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Leptonscatterfingfisanestabflfishedfideafltooflfforstudyfingfinnerstructureoffsmaflflpartficflessuchas
nucfleonsasweflflasnucflefi.Asaffuturehfighenergynucflearphysficsproject,anEflectron-fioncoflflfiderfin
Chfina(EficC)hasbeenproposed.Itwfiflflbeconstructedbasedonanupgradedheavy-fionacceflerator,
HfighIntensfityheavy-fionAccefleratorFacfiflfity(HIAF)whfichfiscurrentflyunderconstructfion,together
wfithaneweflectronrfing. Theproposedcoflflfiderwfiflflprovfidehfighflypoflarfizedeflectrons(wfithapo-
flarfizatfionoff∼80%)andprotons(wfithapoflarfizatfionoff∼70%)wfithvarfiabflecenteroffmassenergfies
ffrom15to20GeVandtheflumfinosfityoff(2–3)×1033cm2·s1.PoflarfizeddeuteronsandHeflfium-3,
asweflflasunpoflarfizedfionbeamsffromCarbontoUranfium,wfiflflbeaflsoavafiflabfleattheEficC.
ThemafinffocfiofftheEficCwfiflflbeprecfisfionmeasurementsoffthestructureoffthenucfleonfinthesea
quarkregfion,fincfludfing3Dtomographyoffnucfleon;thepartonficstructureoffnucflefiandtheparton
finteractfionwfiththenucflearenvfironment;theexotficstates,especfiaflflythosewfithheavyflavorquark
contents.Inaddfitfion,fissuesffundamentafltounderstandfingtheorfigfinoffmasscoufldbeaddressed
bymeasurementsoffheavyquarkonfianear-threshofldproductfionattheEficC.Inordertoachfievethe
above-mentfionedphysficsgoafls,ahermetficafldetectorsystemwfiflflbeconstructedwfithcuttfing-edge
technoflogfies.
Thfisdocumentfistheresufltoffcoflflectfivecontrfibutfionsandvafluabflefinputsffromexpertsacross
thegflobe. TheEficCphysficsprogramcompflementstheongofingscfientfificprogramsattheJefferson
LaboratoryandtheffutureEICprojectfintheUnfitedStates. Thesuccessoffthfisprojectwfiflflaflso
advancebothnucflearandpartficflephysficsasweflflasaccefleratoranddetectortechnoflogyfinChfina.

Keywords eflectronfioncoflflfider,nucfleonstructure,nucfleonmass,exotfichadronficstates,quantum
chromodynamfics,3D-tomography,heflficfity,transversemomentumdependentpartondfistrfibutfion,
generaflfizedpartondfistrfibutfion,energyrecoveryflfinac,poflarfizatfion,spfinrotator
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Chapter1 Executfivesummary

1.1 Physficshfighflfights

Thestudyonthefinnerstructureoffmatterandffunda-
mentaflflawsofffinteractfionshasaflwaysbeenoneoffthe
researchfforeffrontsoffnaturaflscfience.Itnotonflyaflflows
mankfindtounderstandtheunderflyfingflawsoffnature,but
aflsopromotesvarfiousadvancesfintechnoflogfies. Consfid-
erfingthemass–energybudgetofftheUnfiverse,fiflflustrated
finFfig.1.1:darkenergyconstfitutes71%;darkmatterfis
another24%;andtheremafinfing5%fisvfisfibflematerfiafl.
Lfittflefisknownaboutthefirsttwo:scfiencecancurrentfly
sayaflmostnothfingabout95%offthemass–energyfinthe
Unfiverse. Ontheotherhand,theremafinfing5%hasffor-
everbeenthesourceoffeverythfingtangfibfle,whfichcanbe

beautfiffuflflydescrfibedwfithfintheStandardModefl.
Oneoffthegreatestachfievementsoffphysficsfinthe20th
centuryfisthefinventfionofftheStandard Modefl[2–7].It
fisthetheorydescrfibfingthestrong,eflectromagnetfic,and
weakfinteractfionsamongeflementarypartficflesthatmake
upthevfisfibfleUnfiverse. AsshownfinFfig.1.2,wenow
knowthattherearethreegeneratfionsoffquarksandflep-
tonsfinnature.ThefforcesfintheStandardModeflarecar-
rfiedbytheso-caflfledfforcemedfiatfinggaugebosons,whfich
areγ,W±andZ0fforeflectro-weakfinteractfion,andgfluons
gfforthestrongfinteractfion. TheHfiggsbosonHwasfin-
troducedfintheffamousHfiggsmechanfism[8,9]toexpflafin
themassorfigfinofftheW± andZ0bosons,andfitaflso
generatesthemassesoffquarksandfleptons.Yet,amongst
thevfisfibflematter,fless-than0.1%fistfieddfirectflytothe
Hfiggsboson;hence,evenconcernfingvfisfibflematter,too
muchremafinsunknown.
Inpartficuflar,fitfisstfiflflchaflflengfingtoquantfitatfiveflyex-

pflafintheorfigfinsoffnucfleonmassandspfin,whficharetwo
ffundamentaflpropertfiesoffbufifldfingbflocksoffthevfisfibfle
matter.Ffirst,about99%offthevfisfibflemassfiscontafined
wfithfinnucflefi[10]. WfithfinStandard Modefl,theprotons
andneutronsfinnucflefiarecomposfitepartficfles,bufifltffrom
nearflymassflessquarks(∼1%offthenucfleonmass)and
massflessgfluons.Anfimmedfiatequestfionthenarfises:How
does99%offthenucfleonmassemerge?Besfidesthemass
fissue,despfiteoffmanyyearsofftheoretficaflandexperfimen-
taflefforts,thequantfitatfivedecomposfitfionoffnucfleonspfin
fintermsoffquarkandgfluondegreesoffffreedomfisnotyet
ffuflflyunderstood. Toaddresstheseffundamentaflfissues,
wehavetounderstandthenatureoffthesubatomficfforce
betweenquarksandgfluons,andthefinternaflflandscapeoff
nucfleons.
Theunderflyfingtheory,whfichdescrfibesthestrongfinter-

actfionsbetweenquarksandgfluons,fisknownasQuantum
Chromodynamfics(QCD)[11]. Asanon-Abeflfiangauge
theory,QCDhastheextraordfinarypropertfiesoffasymp-
totficffreedomatshortdfistance[12,13]andcoflorcon-
finementatflongdfistance.Thestrongfforcemedfiatedby
gfluonsfisweakfinhardscatterfingswfithflargemomentum
transffers.Ontheotherhand,fithastobefincredfibflystrong
tobfindquarkstogetherwfithfinthetfinyspaceoffanucfleon.

Ffig.1.1 Themass–energybudgetofftheUnfiversedetermfin-
edby WfiflkfinsonMficrowaveAnfisotropyProbe(WMAP)[1].
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Fig. 1.2 The Standard Model of elementary particles.

Confinement is crucial because it ensures stability of the
proton. Without confinement, protons in isolation could
decay; the hydrogen atom would be unstable; nucleosyn-
thesis would be accidental, with no lasting consequences;
and without nuclei, there would be no living Universe.
All in all, the existence of our visible Universe depends on
confinement.

In QCD, the proton mass is usually decomposed into
several elements in terms of quark and gluon degrees of
freedom. Specifically, it is believed that the nucleon mass
can be almost entirely derived from the kinetic energy of
quarks and gluons, interactions between them, as well as
other novel dynamical effects of QCD. Similarly, despite
being composite particles, nucleons have a constant spin
of 1/2 which is an intrinsic property like electric charge.
It is extremely fascinating to note that proton spin can
manifest itself from the many-body system of quarks and
gluons. In addition to the spin contributions of quark
and gluon, which has been measured in certain kinematic
regions, the orbital angular momentum contributions due
the orbital motions of quark and gluon have been shown
to be indispensable for the proton spin.

Hence, QCD should be the physical mechanism respon-
sible for the majority of visible matter in the Universe. To
gain a more comprehensive understanding of the internal
partonic structure of a nucleon, explore the nature of color
confinement and ultimately explain the emergence of the
nucleon mass and spin, we certainly need to expand the
scope of our current experiments and enrich our knowledge

on the dynamics of the strong interaction, especially the
non-perturbative aspects of QCD. In the following, a few
highlighted physics topics, highly relevant to above men-
tioned essential QCD physics, that EicC can significantly
contribute to will be discussed briefly. For the detailed
discussions regarding physics, accelerators, and detectors
for the EicC project, please refer to the following chapters
of this document1).

1.1.1 Partonic structure and three-dimensional
landscape of nucleon

In the naiive constituent quark model [14, 15], nucleons
are considered as the bound states of u- and d-quarks. The
proton (neutron) corresponds to a uud-state (udd state).
These quarks are known as valence quarks. However, due
to the quantum property of QCD, quarks can radiate glu-
ons, and these gluons, in turn, can fluctuate into quark-
antiquark pairs. Therefore, a nucleon is a composite ob-
ject containing quarks, antiquarks, and gluons. Besides
valence quarks (and possible intrinsic quarks), there are
also sea quarks coming out of quantum fluctuations. Es-
pecially, when the probing scale becomes smaller as the
energy scale goes higher, one sees more sea quarks compar-
ing to valence quarks, as illustrated in Fig. 1.3. Moreover,
compared to the simple picture of the constituent quark

1)By default, the natural unit system is used in all the physics dis-
cussions and plots.
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Fig. 1.3 Illustration of the quark and the partonic structure
of the proton.

model, the underlying dynamics among quarks/gluons is
a lot more interesting and intricate, and offers much more
important information regarding the internal structure of
nucleons as a composite many-body system.

In high-energy scatterings, the proton can be viewed
as a cluster of high energy quarks and gluons, which are
collectively referred to as partons. The probability distri-
butions of partons within the proton are called the parton
distribution functions (PDFs). In general, PDFs give the
probabilities of finding partons (quarks and gluons) in a
hadron as a function of the momentum fraction x w.r.t.
the parent hadron carried by the partons. Due to the QCD
evolution, quarks and gluons can mix with each other, and
their PDFs depend on the resolution scale. When the res-
olution scale increases, the numbers of partons and their
momentum distributions will change according to the evo-
lution equations. These evolution equations can be de-
rived from the perturbation QCD, although PDFs them-
selves are essentially non-perturbative objects. Thanks to
QCD factorization theorems, PDFs can be extracted from
measurments of cross-sections and spin-dependent asym-
metries.

The partonic structure of the nucleon was firstly stud-
ied in experiments of electron–nucleon Deeply Inelastic
Scattering (DIS). Since electrons are point-like particles
and they do not participate in the strong interaction,
they are the perfect probe for studying the internal struc-
ture of hadrons in high energy scatterings. Therefore, the
DIS experiment is also known as the “Modern Ruther-
ford Scattering Experiment”, which opens up a new win-
dow to probe the subatomic world. In 1969, the pioneer
DIS experiments at SLAC discovered the so-called Bjorken
scaling [16], which showed that the proton is composed
of point-like partons with spin 1/2 (which are known as
quarks afterward). Starting from DIS with unpolarized
fixed targets, DIS experiments are later extended to unpo-
larized collider experiments and fixed-target experiments
with polarized beam and targets. These DIS experiments
have revolutionized our understanding of the subatomic
structure of nucleons and nuclei. Later on, high energy
DIS experiments observed the violation of Bjorken scal-
ing [17], which indicates the existence of gluon and QCD
evolution mentioned above. All these results across a wide
range of energy scales have verified that QCD is the cor-
rect theory for the strong interaction between quarks and
gluons within hadrons. In addition, within the current ex-

perimental accuracy, lepton and quark are still point-like
particles at the scale of 10 3 fm, which is one-thousandth
of the size of the proton.

With better experimental precisions, our understanding
of nucleon structure continues to improve even in unpo-
larized PDFs. Furthermore, many interesting phenomena,
such as the isospin asymmetry of ū and d̄ quark distribu-
tions and the asymmetry between strange and anti-strange
quark distributions in the proton, were discovered. These
phenomena are still compelling issues in medium and high
energy physics research.

In the wake of the development of polarized source in
the 1970s, the study of the nucleon spin structure became
possible by exploring the helicity distributions of quarks
and gluons, also defined as the longitudinally polarized
PDFs analog to their unpolarized counterparts discussed
above, from high-energy scattering processes involving po-
larized leptons and/or polarized nucleons. A lot more
interesting phenomena have been unraveled by polarized
DIS experiments. One of them is the so-called “proton
spin crisis”. Experimental data showed that the sum of the
spin from quarks and anti-quarks is only a small fraction
of the total spin of a proton. It triggered a series of exper-
imental and theoretical investigations on the origin of the
proton spin. From the QCD perspective, we now know
that the proton spin is built up from the spin and orbital
angular momenta of quarks and gluons. Currently, except
the quark spin contribution, other decomposed contribu-
tions in the spin sum rule, especially the ones from or-
bital angular momenta, are largely unexplored. Through
semi-inclusive DIS and other interesting processes, recent
experimental and theoretical developments have enabled
us to extend our research on nucleon structure from one-
dimensional PDFs to three-dimensional imaging. These
have been providing us new insights into the proton spin
puzzle.

Currently, there are two immediate and important is-
sues in the research frontier of nucleon structure: i) The
precision measurement of the one-dimensional spin struc-
ture of the polarized nucleon; ii) The study on the three-
dimensional imaging of the partonic structure of the nu-
cleon.

An interesting question when studying the one-
dimensional spin structure of the nucleons is how to
clearly decompose the individual contributions from dif-
ferent quark flavors. Despite the large uncertainty, the
recent measurement at Relativistic Heavy Ion Collider
(RHIC) implies that the sea quark helicity distributions
also have flavor asymmetries. Furthermore, the polarized
quark distribution of different flavors, especially for sea
quarks, still have large uncertainties. This directly im-
poses a challenge to our efforts to understand the proton
spin structure. Therefore, the precise determination of
various quark helicity distributions is a fundamental issue
which is needed to be addressed.

In the meantime, three-dimensional imaging of the par-
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ton structure has attracted a lot of attention as well. By
additionally measuring the transverse momentum and an-
gular distribution of the final hadron in DIS, one can
extract important information about initial transverse
momentum distributions of partons in the incoming nu-
cleon, thus explore the internal three-dimensional struc-
ture of the nucleon in the momentum space. Meanwhile,
through some exclusive processes, in which all the parti-
cles are measured, one can access the three-dimensional
spatial distributions of partons. In general, the inter-
nal three-dimensional structure of the nucleon in the
momentum and coordinate space can be characterized
by the Transverse-Momentum-Dependent parton distribu-
tion functions (TMDs) and Generalized Parton Distribu-
tions (GPDs), respectively. Compared to one-dimensional
PDFs, these more sophisticated parton distribution func-
tions encode much more abundant information about the
internal structure of the nucleon. For example, they can
allow us to access the orbital angular momenta of par-
tons and the quantum effect of multi-parton correlations.
Future experimental efforts, especially the high precision
measurements, can certainly have a profound impact on
the theoretical development of TMD and GPD physics.

EicC, together with existing experiments at Jefferson
Lab, CERN COMPASS, BNL RHIC, Fermi-Lab, and the
proposed EIC in the US, can offer significant insights into
the three-dimensional landscape of internal structure of
the proton and other hadrons, and provide us important
clues on how the mass and spin as well as other interesting
properties of proton emerge from the quark and gluon
degrees of freedom.

1.1.2 Partonic structure of nuclei

One of the biggest challenges in nuclear physics is how
to study the nuclear structure in the partonic level us-
ing the QCD theory that has successfully described the
partonic structure of a free nucleon. While the focus of
studying partonic structure in free nucleons has been ex-
tended from the precisely known one-dimensional PDFs
to the three-dimensional distributions such as TMD and
GPD, the knowledge of the partonic structure in nuclei,
however, remain largely unknown.

The most outstanding reason for this gap is that the
nucleons with their sizes much smaller than the size of a
nucleus are interacting weakly with each other through
the long-range interactions. Conventional models, such
as the mean-field theory, can describe the nuclear struc-
ture in the nucleonic degree of freedom without introduc-
ing the partonic pictures. On the other hand, the par-
tonic structure of a bounded nucleon in a heavy nucleus
had been naively treated as the same as one in a free nu-
cleon, until the discovery of the EMC effect. In the 1980s,
the European Muon Collaboration (EMC) at CERN used
heavy nuclei as a high-density target to measure the PDFs.
They discovered the measured cross-sections differed from

ones using free nucleons, and meanwhile, observed these
differences strongly depend on the nuclear numbers [18].
This lately-called EMC effect has been further studied
at SLAC, HERMES, Fermi-Lab and lately JLab [19–22]
in the valance quark region (0.3 < x < 0.7) and the
correlation with nuclear numbers were obtained. These
experimental results also reveal much richer details at
lower x where anti-shadowing and shadowing effects are
present. However, the physics origin of how the nuclear
PDFs (nPDF) are modified in nuclei is still puzzling us
and no single theoretical interpretation is satisfactory.
A full understanding of the physics behind the EMC,
anti-shadowing, and shadowing effects will open a door
to describe the nuclear structure in QCD. An encourag-
ing development in the last few years was the suggestion
of possible connection between the EMC effect and the
short-range correlations (SRC) which describe a case when
nucleons are largely overlapping and strongly interacting
with each other [23–25]. This new finding sheds a light to
cover the gap between studying nuclear structure in the
nucleonic level and the partonic level.

The EMC effect implies that the distributions of va-
lence quarks in the nucleus are modified. However, no
existing experimental evidence suggests that the distribu-
tions of sea quarks and gluons in bounded nucleons are
also modified in the nuclear medium. Joint research of
theory and experiment is eagerly needed to obtain the
precise global description of nPDFs of different quark and
gluon flavors in the entire x region for a wide range of
nuclei, and finally unveil the physics origin of the EMC,
anti-shadowing and shading effects. A power tool in the
last many decades is to utilize the high-energy electrons
in colliding with light to heavy nuclei and measure the in-
clusive DIS cross-sections by only detecting outgoing elec-
trons. On top of that, one can also detect the additional
outgoing hadrons which contain the information of the
initial quark or gluon, and study their semi-inclusive DIS
(SIDIS) cross-sections or other observable to decouple the
nPDFs of different partonic flavors.

Another hot topic in high-energy eA physics is to under-
stand the quark confinement. Quarks cannot exist alone
but have to be combined with other quarks to form color-
neutral hadrons such as mesons and nucleons. When a
quark is struck by a high-energy particle, it will contin-
uously interact with its surroundings via strong interac-
tion, generate additional quarks and gluons, and even-
tually “fragment” into color-neutral hadrons or jets in-
side the nucleus or in the vacuum. This process is called
hadronization. Studying the hadronization process has
important implications for the formation of matter and
even the evolution of the Universe. One can perform a
detailed study of the hadronization physics by measuring
the SIDIS processes in eA collision. With a wide variety of
nuclei that serve as QCD laboratories, one can control the
sizes of different nuclei so that the hadronization happens
at varying depth inside the nuclei or the vacuum.
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Fig. 1.4 Illustration of conventional and exotic hadrons.

1.1.3 Exotic hadronic states

Quark model was invented before QCD to classify var-
ious hadrons composed of light (up, down and strange)
quarks [14, 15]. After incorporating the QCD dynamics,
it was able to provide an excellent description of the mass
spectrum of hadrons up to a few exceptions (see, e.g.,
Refs. [26, 27]). In the traditional quark model, a meson
is formed by a quark and an antiquark, and a baryon is
formed by three quarks. Most of the hadrons discovered
in the last century can be classified into flavor multiplets
in the quark model. But quarks and gluons can consti-
tute other types of hadronic objects: the so-called com-
pact tetraquark and pentaquark states contain more than
three (anti-)quarks as a single colorless cluster; hadronic
molecules are bound states of hadrons formed by the me-
diation of the strong force, just like that the deuteron is a
proton-neutron bound state; there can be colorless states
with both quark and gluonic excitations, i.e., the hybrid
states; glueballs composed of gluons. These different types
of hadrons are shown in Fig. 1.4. Such hadrons beyond
the traditional quark model are collectively called exotic
hadron states. Although such a classification is a quark
model notation, the hadron spectrum as observed presents
a grand challenge to understand from QCD, and the ex-
perimental search of exotic hadrons is one of the most
important handles towards understanding how the mas-
sive hadrons emerge from the underlying nonperturbative
strong interactions among quarks and gluons.

Since the beginning of the 21st century, experimental
study on hadron states has made significant progresses.
Experiments such as BESIII (Beijing Spectrometer III) at
Beijing Electron-Positron Collider (BEPC) in China, Belle
at KEK in Japan, BABAR at the SLAC National Accelera-
tor Laboratory in US, LHCb at the Large Hadron Collider
(LHC) in Europe and many others have reported fasci-
nating discoveries of candidates of exotic hadron states.
These discoveries have opened up a new exciting window

in the nonperturbative regime of QCD at the low-energy
frontier of the Standard Model. However, until now there
is no unified picture for understanding the new experimen-
tal discoveries, and the internal structure of these states
is still a mystery to be resolved.

EicC can contribute significantly in studying exotic
hadron states, especially the charmonium-like states and
hidden-charm pentaquarks, which can be produced abun-
dantly. EicC has a unique place for studying their pho-
toproduction, beyond the JLab 12 GeV programme. In
particular, given the existing measurements, the interpre-
tation of some of the prominent candidates of hidden-
charm tetraquarks and pentaquarks (either compact or
of hadronic molecular type) is not unambiguous due to
the the so-called triangle singularity contribution. Such
singularities are due to the simultaneous on-shellness and
collinearality of all intermediate particles in a triangle dia-
gram and are able to produce resonance-like signals when
the special kinematics required by the Coleman–Norton
theorem [28] is fulfilled [29]. However, for the photopro-
duction processes at EicC, the production mechanism is
free of such kinematic singularities. Therefore, one can
investigate the properties of pentaquark states and other
hidden-charm hadrons in a more clear way. The energy
coverage of EicC also allows for the seek of hidden-bottom
exotic hadrons. A clearer picture of the hadron spectrum
is foreseen with the inputs from EicC.

1.2 Polarized electron ion collider
in China (EicC)

The polarized electron ion collider in China (EicC) aims
at achieving the highlighted physics goals presented above.
It will be based on the existing High Intensity heavy-ion
Accelerator Facility (HIAF). HIAF is the major national
facility focusing on nuclear physics, atomic physics, heavy
ion applications and interdisciplinary researches in China.
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Ffig. 1.5 AccefleratorsfintheEficCaccefleratorffacfiflfity.

Itfisdesfignedtoprovfidefintensebeamsoffprfimaryand
radfioactfivefionsfforawfiderangeoffresearchfieflds.HIAF
wfiflflbeascfientfificuserffacfiflfityopentoresearchersffromaflfl
overtheworfldthatenabflesscfientfistswfithconcertedeffort
toexpflorethehfithertounknownterrfitorfiesfinthenucflear
chart,toapproachtheexperfimentaflflfimfits,toopennew
domafinsoffphysficsresearchesfinexperfiments,andtode-
veflopnewfideasandheavy-fionappflficatfionsbeneficfiaflto
thesocfiety. HIAFfisflocatedfinHufizhouCfityoffGuang-
dongProvfincefinsouthChfina.Itfisffundedjofintflybythe
NatfionaflDeveflopmentandRefformCommfissfionoffChfina,
GuangdongProvfince,andHufizhouCfity.Thetotaflfinvest-
mentfisabout2.5bfiflflfionfinChfineseYuan,fincfludfingabout
1.5bfiflflfionYuanffromthecentraflgovernmentfforffacfiflfity
constructfionand1.0bfiflflfionYuanffromtheflocaflgovern-
mentsfforfinffrastructure. Theconstructfionfisschedufled
fforsevenyears,andthebeamcommfissfionfingfispflanned
ffor2025.HIAFfisacompfleteflynewffacfiflfitythataserfies
offupgradesfforEficCfintheffuturehavebeentakenfinto

consfideratfiondurfingthedesfignstage,andfitscapabfiflfity
torunwfithEficCconcurrentflyfisaflsoreserved.
EficCwfiflfladopttheschemeoffcfircuflarcoflflfiderswhfich
fincfludesafigure-8shapedfioncoflflfiderrfing(pRfing),an
eflectronfinjectorasweflflasaracetrackeflectroncoflflfider
rfing(eRfing),asshownfinFfig.1.5.Thecenteroffmassen-
ergyofftheEficCwfiflflrangeffrom15GeVto20GeV,wfith
theflumfinosfityhfigherthan2.0×1033cm2·s1,andthe
averageprotonpoflarfizatfionabout70%,theaverageeflec-
tronpoflarfizatfionabout80%finthecoflflfisfionsoffeflectrons
wfithprotons. Thefintegratedflumfinosfityfishfigherthan
50ffb1whentheoperatfingtfimeaccountsffor80%offthe
entfireyear. Aflfltheseparameterscansatfisffythephysfics
goaflsrequfired. Avafiflabflepartficfles,fincfludfingheavyfions,
andthefircorrespondfingenergy,poflarfizatfion,flumfinosfity,
andfintegratedflumfinosfityareflfistedfinTabfle1.1.
Ingenerafl,thefionaccefleratorcompflexofftheEficCac-

cefleratorffacfiflfitymafinflyconsfistsoffapoflarfizedfionsource,
fiLfinac,BRfing,andpRfing,whfifletheeflectronacceflerator

Tabfle 1.1 Avafiflabflepartficflesandthefircorrespondfingenergy,poflarfizatfion,flumfinosfityandfintegratedflumfinosfity.

Partficfle
Momentum
(GeV/c/u)

CMenergy
(GeV/u)

Averagepoflarfizatfion
Lumfinosfityat
thenucfleonflevefl
(cm2·s1)

Integratedflumfinosfity
(ffb1)

e 3.5 80%

p 20 16.76 70% 2.00×1033 50.5

d 12.90 13.48 Yes 8.48×1032 21.4

3He++ 17.21 15.55 Yes 6.29×1032 15.9

7Lfi3+ 11.05 12.48 No 9.75×1032 24.6

12C6+ 12.90 13.48 No 8.35×1032 21.1

40Ca20+ 12.90 13.48 No 8.35×1032 21.1

197Au79+ 10.35 12.09 No 9.37×1032 23.6

208Pb82+ 10.17 11.98 No 9.22×1032 23.3

238U92+ 9.98 11.87 No 8.92×1032 22.5
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compflexfiscomposedoffaneflectronfinjectorandeRfing.
Twofinteractfionregfionswfiflflbeavafiflabfle.Severaflkeyac-
cefleratordesfignsareflfistedbeflow.
•Generateflowemfittancefionbeams. Reducfing
thebeamemfittancetotheonerequfiredbythedesfign
specfificatfionsfisoffcrucfiaflfimportancefforachfievfing
thetargetedflumfinosfityfintheEficCaccefleratorffacfifl-
fity.Tothfisend,theschemeoffstagedeflectroncooflfing
wfiflflbeadopted.Inthefirststage,thecooflfingoffthe
protonbeamswfithflowenergywfiflflbeperfformedbya
DCeflectroncooflerfintheBRfing.Inthesecondstage,
theprotonbeamwfiththeenergywfiflflbecoofledbythe
hfighenergybunchedbeameflectroncooflerbasedon
anenergyrecoveryflfinac(ERL).Thfisschemeensures
optfimumeficfiencyfforthecooflfingsystemfinthefion
accefleratorcompflexofftheEficCaccefleratorffacfiflfity.

•Mafintafinandcontroflbeampoflarfizatfion. The
physficsgoaflsofftheEficCprojectputhfighrequfire-
mentsontheaveragepoflarfizatfionandthepoflarfiza-
tfiondfirectfionoffthebeams.Reflevantbeampoflarfiza-
tfioncontroflschemesshoufldbemadefforboththefion
accefleratorcompflexandtheeflectronaccefleratorcom-
pflex.Specfificaflfly,theSfiberfiansnake,whfichfisacon-
troflsystemoffspfintune,wfiflflbefinstaflfledtokeephfigh
poflarfizatfionfintheaccefleratfionprocessfintheBRfing,
wheredepoflarfizatfionresonancesexfist. Fortheac-
cefleratfionfinthepRfing,onflyweaksoflenofidmagnetfic
fiefldsarerequfiredtokeephfighpoflarfizatfionoffthe
fionbeams,thankstothefigure-8shapeddesfignoff
thepRfing.Thepoflarfizatfiondfirectfioncontroflsystem
wfiflflbesetupaflongthebeamflfinesandatbothsfides
offthefinteractfionregfions. Suchadesfign makesfit
possfibfletoperfformtherotatfionoffbeampoflarfizatfion
dfirectfionsarbfitrarfifly,asweflflascontroflthepoflarfiza-
tfiondfirectfionsofftwobeamsaccordfingfly.

•Optfimfizefinteractfion regfions (IR). Affuflfl-
acceptancedetectorwfiflflbebufiflttodetectandfiden-
tfiffyaflmost100%offreactfionproductsatoneofftwo
IPswhfiflethesecondIPwfiflflbereservedfforupgrad-
fing. Thespecfificatfionsoffthedetectorputfforwards
manyconstrafintsonthedesfignandoptfimfizatfionoff
thefinteractfionregfion(IR).TheIRwfiflflbedesfigned
tobeasymmetrficaflsfincethereareflotsoffdfifferences
betweeneflectronbeamsandfionbeams.Suchadesfign
wfiflflnotonflyreducethebackgroundoffthedetector
butaflsoensuretheffeaturesofftheffuflflacceptanceoff
thedetector.Furthermore,thebeamflfinesreflatedto

Tabfle 1.2 Thecomparfisonbetweentheparametersoffthe
eflectron-fioncoflflfidersproposedfinChfinaandfintheUS[30].

Facfiflfity CoMenergy
Lum./1033

(cm2·s1)
Ions Poflarfizatfion

EficC 15–20 2–3 p→U e,p,andflfightnucflefi

EIC-US 30–140 2–15 p→U e,p,3He

thefforwardreactfionproductswfiflflbepflaceddown-
streamoffthefinteractfionpofint(IP)finthepRfingand
eRfing.
Forthedesfignspecfificatfionsflfistedabove,apre-research

wfiflflbecarrfiedout,fincfludfingthepoflarfizedfionsource,
thephotocathodepoflarfizedeflectrongun,thehfighenergy
bunchedbeameflectroncooflerbasedontheenergyrecov-
eryflfinac(ERL),theSfiberfiansnake,thespfinrotatoras
weflflasthepreservatfionoffthepoflarfizatfionfinthefigure-8
shapedsynchrotron.Aflfloffthemwfiflflcertafinflyprovfidethe
technficaflunderpfinnfingsffortheconstructfionofftheEficC
accefleratorffacfiflfityfintheffuture.

1.3 CompflementarfityoffEficCandEIC-US

Botheflectron-fioncoflflfidersafimattheprecfisfionexpfloratfion
offthepartonficstructureoffnucfleon/nucfleus,butffocuson
dfifferentkfinematficsandperspectfives.Thedesfignparam-
etersandtheflumfinosfityversuscenter-off-massenergyoff
twocoflflfidersareshownfinTabfle1.2andFfig.1.6,respec-
tfivefly.AsshownfinFfig.1.7,thex–Q2coverageputsEficC
atasweetspottosystematficaflflystudythebehavfioroff
seaquarks.EIC-US[30]fisahfigherenergymachfinewfith
anemphasfisonflowandmoderate-xregfion. Combfinfing
themeasurementsatbothcoflflfiderswfiflflprovfidesystem-
atficaflflycontroflfledphysficsfinterpretatfion. Herearesome
exampfles.
•Nucfleonspfin. Wfithwfidekfinematficcoverageand
hermetficdetectordesfigns,EICswfiflflprovfideafinafl
answertothfisdecades-ofldquestfion.Oneoffthema-
jorgoaflsofftheEIC-USffocusesonthegfluonheflficfity
contrfibutfionatsmaflfl-x.EficCfisoptfimfizedtosystem-
atficaflflyexpflorethenucfleonspfinfincfludfingseaquark
heflficfitycontrfibutfionandorbfitaflanguflarmomentum
contrfibutfionsffromquarksandgfluonsfinthe mod-
eratexregfime. TheunfiqueQ2rangewfiflflposfitfion

Ffig. 1.6 Lumfinosfityandcenter-off-massenergyoffthepro-
posedeflectronfioncoflflfiders[30–34]. FortheEficC,thethree
datapofintsarecorrespondfingtoeflectron–protoncoflflfisfions
wfithenergy3.5GeV(eflectron)+16GeV(proton),3.5GeV+
20GeV,5GeV+26GeV,respectfivefly.
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Fig. 1.7 Kinematic coverage of deep inelastic scattering pro-
cess for different beam energy configurations at two proposed
electron ion colliders as well as JLab. Note that there are other
energy configurations for both electron ion colliders, as shown
in Fig. 1.6.

EicC at a crucial place between JLab and EIC-US to
unambiguously interpret and determine the orbital
angular momentum contributions, hence providing a
comprehensive 3-D imaging for the sea quarks inside
a nucleon .

• Proton mass decomposition. Electroproduction
and photoproduction of heavy quarkonia near thresh-
old have been proposed to study the proton mass de-
composition. EicC can contribute these important
physics uniquely, through systematically investigat-
ing the Υ production with high luminosity near its
threshold, where the optimal energy range of EicC is.
Because of the 3 times larger mass of Υ, the physics
behind the measurement becomes much cleaner as
compared to that of J/ψ production at JLab 12GeV.
Because of different kinematic coverage, EicC and
EIC-US will be complementary to each other for Υ
near-threshold production.

• Exotic hadron states. Both EicC and EIC-US
can contribute to understanding the challenge posed
by the unexpected XY Z structures in the heavy-
quarkonium mass region. The hidden-charm pen-
taquarks observed at LHCb need independent confir-
mation, and their hidden-bottom analogues are hard
to be found at LHC but can be sought at EicC and
EIC-US. The events of these states at EIC-US are
expected to be more than those at EicC due to the
larger energy and higher luminosity. For exclusive
productions of exotic hadrons, the final state particles
at EicC are within the middle rapidity range, facili-
tating the detection with relatively low background.

• Partonic structure in nuclear environment.
Nuclear modification of the structure functions and
hadron production in deep inelastic scattering eA col-
lisions are major focuses at both EIC-US and EicC.
The kinematics at EicC provide a unique perspec-

tive to investigate the details of fast parton/hadron
interactions with cold nuclear matter and shed light
on energy loss and hadronization mechanisms. New
information on the parton distribution in nuclei can
be achieved at EicC at moderate x, whereas EIC-US
concentrates in the small-x region.

Chapter 2 EicC physics highlights

2.1 One-dimensional spin structure of nucleons

EicC will enable us to study the one-dimensional struc-
ture of the nucleons in various aspects, and to a great ex-
tent help search answers to many fundamental questions
concerning the structure of nucleons with unprecedented
precision. In particular, through a large amount of data,
EicC can provide us the direct and precise information
regarding the distributions of valence quarks, sea quarks,
and gluons inside nucleons in the moderate and large x
regime. Furthermore, it can reveal the internal landscape
of nucleons and deepen our understanding of their struc-
ture, and give us excellent opportunities for important
discoveries in high energy nuclear physics. In addition
to the physics significance by themselves, accurate parton
distribution functions are extremely important for the pre-
cision study of particle physics and the exploration of new
physics at the Large Hadron Collider.

How to understand the spin of protons in terms of the
quark and gluon degrees of freedom has been an impor-
tant cutting-edge research problem in high energy nu-
clear physics. In the 1980s, the EMC collaboration [35]
used a muon beam as a probe, and found that the sum
of the spin contributions of all quarks inside the pro-
ton is very small comparing to the spin of the proton:
∆Σ = ∆u+∆d+∆s = 12%±9(stat)%±14(syst)%. This
measurement has then precipitated the so-called “proton
spin crisis” in nuclear physics research. The current un-
derstanding of the structure of the proton spin is that
the spin of proton consists of the spin contributions from
quarks and gluons, and the orbital angular momenta of
quarks and gluons. In addition to the spins of the va-
lence quarks, many experimental results show that the
sea quarks inside the proton also have non-zero spin con-
tributions. Nowadays, the pressing issue is that the cur-
rent measurement of the sea quark spin distribution is not
particularly accurate. Through the double polarized col-
lision processes, the spin distribution of different flavors
of sea quarks can be precisely measured at the EicC, and
elaborate experimental analysis on the spin distribution
of sea quarks can be carried out, which will help to fur-
ther study the spin structure of nucleons and enrich our
understanding of non-perturbative properties of quantum
chromodynamics.

With its designed high luminosity, EicC can generate
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Ffig. 2.1 DfiagramofftheDeepIneflastficScatterfing(DIS)
process.Inthfisprocess,fifftheffour-momentumoffthefincomfing
andoutgofingeflectronarekandk′,theffour-momentumoffa
nucfleonfisp,thereflevantkfinematficvarfiabflescanbedefinedas:
thesquarede+pcoflflfisfioncenter-off-massenergys=(p+k)2,
thesquaredmomentumtransfferofftheeflectronQ2= q2=

(k k′)2,theBjorkenvarfiabflex= Q2

2p·q
,thefineflastficfityy=

q·p
k·p
. InaddfitfiontotheseLorentzfinvarfiants,therearetwo

otherfimportantkfinematficvarfiabfles:thefinvarfiantmassoffthe
producedhadronficsystemW = (q+p)2,theenergyflostby
theeflectronfinthenucfleonrestfframeν= q·p

M
whereM fisthe

nucfleonmass.

anenormousamountoffexperfimentafldata,whfichheflps
tocflarfiffysomefintrfigufingprobflemsandphenomenaob-
servedfinexperfimentsfinthepastffewyears. Thefirst
phenomenonfistheasymmetryfinthedfistrfibutfionoffflfight
seaquarks.Inhfigh-precfisfionunpoflarfizedscatterfingex-
perfiments,wehaveobservedthattheunpoflarfizedūand
d̄areasymmetrficaflflydfistrfibutedfinsfidetheproton,and
themeasuredasymmetryfisflargerthanwhatpeopflehave
expected[36–40].Thetheorfiesandmodeflswhfichexpflafin
thfisasymmetryaflsopredficttheasymmetryfforpoflarfized
flfightseaquarks[41–43]. Moreover,themeasurementoff
theflongfitudfinaflspfinasymmetrfiesfforweakbosonproduc-
tfionfinproton–protoncoflflfisfionsatRHIC[44]suggestsa
dfifferencebetweenthe∆̄uand∆d̄heflficfitydfistrfibutfions
asweflfl. Anotherfinterestfingfissuefisthepoflarfizeddfistrfi-
butfionoffthestrange(s)quarkandfitscontrfibutfionto
theprotonspfin. AssumfingtheSU(3)flavorsymmetry,
onefindsthattheanaflysfisoffDISdata[45,46]findficates
thatthestrangequarkcontrfibutfiontotheprotonspfin
fisroughfly 0.1.Itfisweflfl-knownthatthestrangequark
contrfibutfioncanbedfirectflyprobedbysemfi-fincflusfiveDIS
(SIDIS).However,finSIDISexperfiments,fitfisdfificuflt
todfistfingufishthecurrentffragmentatfionprocessffrom
thetargetffragmentatfionprocess. Aflso,theffragmen-
tatfionffunctfionwhfichdescrfibesthestrangequarktoa
hadrontransfitfionprocessfisnotsuficfientflyprecfise. Due
totheabove-mentfioneddfificufltfies,fitfisstfiflflchaflflengfingto
drawanyfirmconcflusfionsonthepoflarfizatfionoffstrange
quarks[47,48].Inaddfitfion,whetherthedfistrfibutfionffunc-
tfionoffthepoflarfizedsquarkasaffunctfionoffxchangesfits
sfignornotfisaflsoanfinterestfingresearchquestfion[49].
InthefincflusfivedoubflepoflarfizedDISprocess(Ffig.2.1),

whereonflythefinaflstateeflectronsaremeasured,thespfin-
dependentg1structureffunctfioncanbeextractedffrom
thedoubflespfinasymmetrymeasurements.Intheparton
modefl,theg1structureffunctfioncanbeexpressedasthe
sumoffthecontrfibutfionsoffvarfiousflavoroffquarks

g1(x,Q
2)=

1

2
q=(u,d,s)

e2q∆q(x,Q
2)+∆q(x,Q2),(2.1)

wherethecontrfibutfionffromtheflfightffavorquarksfis
summedover. Ffigure2.2showsthekfinematficaflcover-
ageofftheg1structureffunctfionattheEficC,ascompared
tothecurrentflyavafiflabfleexperfimentafldata. Generaflfly
speakfing,g1fisofftenmeasuredthroughthefincflusfiveDIS
experfiment,andfitaflflowsustoextractthepoflarfizeddfis-
trfibutfionffunctfionsoffquarksoffvarfiousflavorsbasedon
theassumptfionofftheSU(3)flavorsymmetry. However,
thfismethodhasastrongmodefldependence,andfitmfixes
thecontrfibutfionsffromquarksoffdfifferentflavors.
Anothermethod[50]fistouseSIDISprocessestoex-

tractmorequarkandhadronflavorfinfformatfionffromex-
perfimentafldata,whereafleadfinghadronamongthefi-
naflstatehadronsfinFfig.2.1fisdetectedfincofincfidence
wfiththescatteredeflectron. Whenaquarkfinsfideapro-
tonabsorbsavfirtuaflphotonemfittedbyaneflectron,the

Ffig.2.2 Gflobafldataoffthepoflarfizedprotonstructureffunc-
tfiong1ffromfincflusfiveDISmeasurementscomparedwfiththe
projectedEficCdatabasedonthefintegratedflumfinosfityoff
50ffb1(aboutoneyearoffrunnfingattheEficC).
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quarkgetsstruckoutofftheprotonandbecomesafinafl
statejet,whfichconsfistsoffmanyhadronscflusteredfinsfide
anarrowcone.Thfisfinaflstatehadronfizatfionprocesscan
bedescrfibedbyffragmentatfionffunctfions.Thefinafl-state
hadroncontentsfinthejetcarrytheflavorfinfformatfion
offthefinfitfiaflstatequark,therefforethfisprocessoffersa
waytotagtheflavorofftheproducedquark.Iffonemea-
suresapfionorakaonfintheSIDISprocessfinaddfitfionto
therecofifledeflectron,onecanseparatespfincontrfibutfions
ffromquarksoffdfifferentflavors.Inthfiscase,thepoflarfized
structureffunctfionfinthepartonmodeflcanbewrfittenas

g1(x,Q
2,z)=

1

2
q

e2q∆q(x,Q
2)Dq→h(Q2,z)

+∆q(x,Q2)Dq→h(Q2,z), (2.2)

whereDq→h(Q2,z)descrfibestheffragmentatfionprocess
ffromaquarkqtoahadronh.zrepresentsthemomen-
tumffractfionoffthefinaflstatehadronwfithrespecttothe
momentumofftheproducedquark,experfimentaflfly,fitfis
definedasz=Phadron·p

q·p .

Throughmeasurementsfine+e ande–pscatterfings,we
havebeenstudyfingandextractfingvarfioushadronffrag-
mentatfionffunctfions. Usfingthesehadronffragmentatfion

ffunctfionsasfinputs,wecanffurtherseparateandextract
thepoflarfizedquarkdfistrfibutfionsoffcertafinflavoraccu-
rateflyffrompoflarfizedSIDISdatameasuredatEficC.Ffig-
ure2.3showstheEficCprojectfionoffthepoflarfizedsea
quarkandgfluondfistrfibutfions,respectfivefly,fforvarfiousfla-
vorsoffquarksobtafinffromflongfitudfinaflflypoflarfizeddoubfle
spfinasymmetry measurementsvfiaDISandSIDISpro-
cesses.Inthesefigures,theflfightbfluebandrepresentsthe
orfigfinafluncertafintyofftheDSSV14gflobafldatafit[51].
Thered(green)dashedbandfistheuncertafintyffroma
next-to-fleadfingorderfitusfingePump[52,53]byaddfing
DSSV14fitwfithEficCDIS(SIDIS)pseudodatawfithfin-
tegratedflumfinosfityoff50ffb1fforbotheflectron–proton
(3.5GeV+20GeV)andeflectron–3Hecoflflfisfions(3.5GeV
+40GeV).OnecanteflflthattheSIDISdata,takfingad-
vantageoffπ± andK± finaflstatesffrombothprotonand
effectfiveneutrontargets,fismorepowerffuflcomparfingto
DISdatafintheflavorseparatfions.Thepflotscflearflyshow
thatEficCcansfignfificantflyfimprovetheprecfisfionoffheflfic-
fitydfistrfibutfionsoffseaquarksandgfluonsfinthex>0.005
regfion.Thfiscanhaveanfimpactontheunderstandfingoff
theprotonspfinpuzzfle,sfincethecurrentseaquarkcon-
trfibutfiontotheprotonspfin ∆q(x)dx(q=ū,d̄,s)has
anuncertafintyoff100%–200%.ThemeasurementatEficC

Ffig. 2.3 Resufltsontheuncertafintybandoffpoflarfizedseaquarkandgfluondfistrfibutfionsaffteranext-to-fleadfingorderfitby
fincfludfingEficCpseudodata. TheflfightbfluebandrepresentstheorfigfinaflDSSV14gflobaflfit. Thered(green)bandshowsthe
resufltsbyaddfingDSSV14fitwfithEficCDIS(SIDIS)pseudodatawfithfintegratedflumfinosfityoff50ffb1(10monthsoffrunnfing
at2×1033 cm2·s1finstantaneousflumfinosfity)fforbotheflectron–proton(3.5GeV+20GeV)andeflectron–3Hecoflflfisfions
(3.5GeV+40GeV). Durfingthepseudodataanaflysfis,theffoflflowfingcutswereappflfied:Q2 > 2GeV2,W2 > 12GeV2,
0.05<y<0.8,0.05<z<0.8.
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canheflptofimproveprecfisfionbymorethanaffactoroff
five.
Asashortsummary,thankstothepartficuflarenergy
rangeoffEficC,thehfigh-flumfinosfityandversatfiflecapabfifl-
fityofftheaccefleratormachfinedesfign,andthe4πcoverage
flayoutoffthedetector,SIDISatEficCaflflowsustomea-
surethepoflarfizedseaquarkandgfluondfistrfibutfionswfith
remarkabfleprecfisfion. Moreover,usfingvarfiouspoflarfized
hadronbeams(protonsandheflfium-3)togetherwfiththe
detectorwfiththecapabfiflfityoffpartficflefidentfificatfion,EficC
canheflptosfignfificantflyfimprovetheflavorseparatfionand
thusextractpoflarfizedquarkdfistrfibutfionsoffdfifferentfla-
vorreflfiabfly.
AffteroneyearoffrunnfingattheEficC,about50ffb1fin-
tegratedflumfinosfitywfiflflbeobtafined,asonecanseeffrom
theabovestatfistficaflanaflysfisthatthemeasurementcan
besfignfificantflyfimprovedcomparfingtotheexfistfingworfld
data. Thereffore,fitfiscrfitficafltocontroflthesystematfic
uncertafinty. Accordfingtothestudyfintheongofingex-
perfiments,themajorsourcesoffsystematficuncertafintyare
ffromtheprecfisfionoffmeasurementsonthebeampoflarfiza-
tfion,flumfinosfityfluctuatfionoffbeambunchesfindfifferent
spfinstates,contamfinatfionoffphoton-finducedeflectronsfin
thescatteredeflectrondetectfion,andsoon.Thesesources
areaflsoappflfiedtotheffoflflowfingphysficstopficsandwfiflfl
beffurtherfinvestfigatedquantfitatfiveflywhfiflethedetector
desfignfisrefinedfintheffoflflowfingyears.

2.2 Three-dfimensfionafltomographyoffnucfleons

Theconventfionaflpartondfistrfibutfionffunctfions(PDFs)
firstfintroducedby Feynman[54]andfformaflfizedby
BjorkenandPaschos[55]onflycontafinthefinfformatfionon
theflongfitudfinaflmotfionoffpartonsfinsfideanucfleon. To
gafinmorecomprehensfiveknowfledgeaboutpartonficstruc-
turesoffthenucfleon,onemayfintroducemufltfi-dfimensfionafl
dfistrfibutfions,fincfludfingtransversemomentumdependent
partondfistrfibutfions(TMDs)[56,57]andgeneraflfizedpar-
tondfistrfibutfions(GPDs)[58–61].Foragfivenflongfitudfinafl
momentumffractfionxcarrfiedbyaparton,TMDsrepre-
sentthetransverse momentumdfistrfibutfionoffthepar-
tonsandGPDsencodethetransversespatfiafldfistrfibutfion
offthepartons. BothTMDsandGPDsprovfidethree-
dfimensfionaflfimagesoffthenucfleon,aflflowfingustoaccess
muchrficherpartonficstructures,especfiaflflywhenthespfin
degreesoffffreedomaretakenfintoaccount.Thereffore,the
measurementoffTMDsandGPDswfiflflfleadustoamore
proffoundunderstandfingoffstrongfinteractfion.
ExperfimentaflstudfiesoffTMDsandGPDshavebeen
carrfiedoutfintheexfistfingffacfiflfitfiesdurfingtheflasttwo
decades. Aflthoughvafluabfledatahavebeencoflflectedffor
afirstexpfloratfion,TMDsandGPDsarestfiflflffarffromweflfl
constrafined,especfiaflflyfforseaquarksandgfluons,dueto
theflowflumfinosfityandtheflfimfitedkfinematficcoverage.
Recentflyapprovedeflectron–fioncoflflfidertobebufifltatBNL

fisdesfignedtoreachahfighcenter-off-massenergyregfion,
whfich makesthequantfitatfiveexpfloratfionoffseaquark
TMDsandgfluonTMDspossfibflefforthefirsttfime. On
theotherhand,EficCasaffacfiflfityatthefintensfityffrontfier
wfithreflatfiveflyhfighcenter-off-massenergy,andversatfifle
beamspecfies,wfiflflbeanfideaflmachfinefforexpflorfingthe
finternaflflandscapeoffthenucfleonfintheseaquarkregfion.
Inthfissectfion,wedescrfibetheTMDandGPDpro-
gramsatEficCvfiathesemfi-fincflusfivedeepfineflastficscatter-
fing(SIDIS),deepflyvfirtuaflComptonscatterfing(DVCS),
anddeepflyvfirtuaflmesonproductfion(DVMP)processes.

2.2.1 Transversemomentumdependentparton
dfistrfibutfions

Theextractfionoffpartonficstructuresoffthenucfleonffrom
hfighenergyscatterfingprocessesreflfiesontheQCDffac-
torfizatfion,whfichprovfidestheflfinkbetweentheobserved
hadronsandthepartonsthatpartficfipatefinthehardscat-
terfing.InfincflusfiveDIS,whereonflythescatteredflepton
fisfidentfified,theflargemomentumscafleQmedfiatedby
thevfirtuaflgaugeboson,fi.e.,photonorW±/Z,servesas
ashort-dfistanceprobe,aflflowfingusto“see”thequarks
andgfluonsfindfirectfly.Thecrosssectfioncanbeffactorfized
fintotheflepton–partonscatterfingatshort-dfistanceconvo-
flutedwfiththePDFsfinwhfichtheactfiveparton’strans-
versemomentumkTfisfintegrated.Overaflflcorrectfionsare
suppressedbyfinversepowersoffQ.Thfisfisknownasthe
coflflfinearffactorfizatfion.
Apartffromthescatteredflepton,onefinafl-statehadron

wfithmomentumPhfisfidentfifiedfinSIDIS(Ffig.2.4),whfich
notonflyaflflowsustodetectquarkandgfluondfistrfibutfions
finthenucfleonasfinthefincflusfiveDIS,butaflsoprovfides
theopportunfitytoexpflorethehadronfizatfionprocess,the
emergenceoffcoflorneutraflhadronsffromcofloredquarks
andgfluons.Itaflsoaflflowsustoflearntheflavordependence
byseflectfingdfifferenthadrons,e.g.pfionsandkaons,finthe
finaflstate,asexpflafinedfintheprevfioussectfion.
Inaddfitfiontotheflarge momentumscafleQ,anad-

justabflemomentumscaflefisgfivenbythetransversemo-
mentumofftheobservedhadronfinthefinaflstate. In
theBrefitfframe,wherethevfirtuaflgaugebosonandthe
nucfleonareheadedon,theSIDISprocessfisnaturaflfly
domfinatedbythesmaflfltransverse momentumregfion,
Ph⊥ ≪Q.Inthfisregfime,thehardmomentumscafleQflo-
caflfizestheprobetoseethepartficfleffeatureoffquarksand
gfluonsfinthenucfleonandthesofftscaflePh⊥ fissensfitfive
totheconfinedmotfionoffpartonsperpendficuflartothe
coflflfidfingdfirectfion. TheSIDIScrosssectfioncanbeffac-
torfizedfintotheflepton–partonshort-dfistancescatterfing
convoflutedwfithtransversemomentumdependentparton
dfistrfibutfionffunctfionsandffragmentatfionffunctfions.Thfis
fisknownastheTMDffactorfizatfion. Overaflflcorrectfions
aresuppressedbypowersoffPh⊥/Q.Foreventswfithflarge
transversemomentumcomparabfletoQ,theSIDISprocess
fiseffectfiveflycharacterfizedbyasfingfleflargemomentum
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Ffig. 2.4 TheTrentoconventfionoffSIDISkfinematficvarfiabfles[62]. Thez-dfirectfionfisdefinedbythevfirtuaflphoton(or
W±/Z),momentum,aflsorefferredtoasthephoton-targetfframe.Thefincomfingandoutgofingfleptonsdefinethefleptonpflane,
andthedetectedfinafl-statehadrontogetherwfiththevfirtuaflphotondefinesthehadronpflane. Theazfimuthaflangfleϕh fis
definedffromthefleptonpflanetothehadronpflane.Foratransverseflypoflarfizednucfleonbeam/target,theazfimuthaflangfleoff
thetransversespfinS⊥ fisdefineffromthefleptonpflanetothetransversespfindfirectfion.

scafle,noflongersensfitfivetothetransversemotfionoffpar-
tons.Thecrosssectfionfisdescrfibedbythecoflflfinearffactor-
fizatfionasfintheprevfioussectfion,wheredoubflepoflarfized
SIDISeventsareutfiflfizedtoextractheflficfitydfistrfibutfions.
Here weffocusonthesmaflfltransverse momentum
regfimewhereonecanappflytheTMDffactorfizatfion[63,
64]. Byfintroducfingthespfindegreesoffffreedom,one
candefineefightfindependentfleadfing-twfistquark/gfluon
TMDs[65]asshownfinFfig.2.5. Thespfin-dependent
TMDsencoderfichfinfformatfionoffthenucfleonstructure,
andfinpartficuflarcanshedflfightonourunderstandfingoff
partonorbfitaflmotfionsandspfin–orbfitcorreflatfions. When

fintegratfingoutthetransversemomentumkT offthepar-
ton,threeoutofftheefightfleadfing-twfistTMDs,theun-
poflarfizeddfistrfibutfionff1(x,kT),theheflficfitydfistrfibutfion
g1L(x,kT)andthetransversfitydfistrfibutfionh1(x,kT)re-
ducetothefircoflflfinearcounterparts,whfifletheotherfive
thatdescrfibethecorreflatfionsbetweenpartontransverse
momentumandtheparton/nucfleon’sspfinvanfish.
Underthesfingfle-photonexchangeapproxfimatfion,the
SIDIScrosssectfioncanbeexpressedfintermsoff18
structureffunctfions,correspondfingtodfifferentpoflarfiza-
tfionconfiguratfionsandfinafl-stateazfimuthaflmoduflatfions.
Thespfin-dependentTMDsareusuaflflyextractedbymea-

Ffig. 2.5 Thefleadfing-twfistquarkTMDdfistrfibutfions.
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Tabfle 2.1 TheexfistfingmeasurementsofftheSfiversasymmetryfinSIDIS.

Coflflaboratfion
√
s(GeV) Target Ffinaflstatehadron Lfiterature

COMPASS(CERN) 18 Deuterfium h±,π±,K±,K0 [73,74]

Proton h± [75]

Proton π±,K± [76]

HaflflA(JLab) 3.5 Neutron π±,K± [77]

HERMES(DESY) 7.4 Proton π± [78]

Proton π±,(π+ π ),π0,K± [79]

surfingpartficuflarazfimuthaflasymmetrfies,whfifletheun-
poflarfizedTMDscanbeobtafinedbyanaflyzfingunpoflar-
fizedSIDIScrosssectfionor mufltfipflficfity. Amongthe
fleadfing-twfistspfin-dependentTMDs,theSfiversffunctfion
ff⊥1T(x,kT)[66],asweflflasreflatedphenomenoflogfies,stfim-
uflatestremendoustheoretficaflprogressandexperfimentafl
finvestfigatfionsfinrecentyears.Itdescrfibesthecorrefla-
tfionbetweenquarktransversemomentumandthetrans-
versespfinoffthenucfleon. Toputfitsfimpfly,theSfivers
ffunctfionreflectstheflefft-rfightasymmetryoffquarktrans-
versemomentumdfistrfibutfionfinatransverseflypoflarfized
nucfleon. Oneoffthemostdfistfingufishedffeaturesoffthe
Sfiversffunctfionfisfitsunfiqueunfiversaflfitypropertyexhfib-
fitedfindfifferentprocesses.Ifffinafl/finfitfiafl-statefinterac-
tfions,whficharefformaflflysummarfizedfintothegaugeflfink,
wereabsentbetweentheactfivequarkandtheremnants
offthenucfleon,thetfimereversaflfinvarfiancerequfiresthe
Sfiversffunctfiontobezero[67],andthusfitfiscommonfly
refferredtoasnafivetfime-reversaflodd(T-odd)dfistrfibu-
tfion.OnceturnfingonQCDfinteractfions,theSfiversffunc-
tfioncanarfiseffromthefinafl-statefinteractfionfintheSIDIS
processandffromthefinfitfiafl-statefinteractfionfintheDreflfl–
Yanprocess.Asthestapfleflfike Wfiflsonflfineflfipsthedfirec-
tfionbetweenthefinafl-stateandfinfitfiafl-statefinteractfions,
thequarkSfiversffunctfionsarepredfictedtohaveanex-
actsfignchangebetweenSIDISandDreflfl–Yanprocesses,
ff⊥1T(x,kT)|SIDIS= ff⊥1T(x,kT)|DY [68,69].Aflthoughre-
centW productfiondataffromSTAR[70]andtheπN
Dreflfl–YandataffromCOMPASS[71]supportthfispredfic-
tfion,thecurrentuncertafintfiesaretooflargetoconfirmthe
sfignchange. FutureprecfisemeasurementsofftheSfivers
ffunctfionfindfifferentprocessesareoffgreatfimportanceto
testthfispredfictfionassocfiatedwfiththeQCDffactorfiza-
tfion. Moreover,theoretficaflstudfieshavesuggestedthat
theSfiversffunctfionfiscfloseflyreflatedtopartonorbfitaflan-
guflarmomentum[72].Thereffore,theexperfimentaflstud-
fiesofftheSfiversffunctfionarenotonflycrucfiaflfforunvefifl-
fingthespfinstructureoffthenucfleon,butaflsofimportant
ffordeepenfingourunderstandfingoffthestrongfinteractfion
and/orQCD.
InSIDIS,onecanaccesstheSfiversffunctfionbymea-
surfingatransversesfingfle-spfinasymmetry,knownasthe
Sfiversasymmetry. WfithfintheTMDffactorfizatfion,the
correspondfingstructureffunctfioncanbeexpressedasthe
convoflutfionofftheSfiversffunctfionandtheunpoflarfized

ffragmentatfionffunctfion. Durfingthepasttwodecades,
greateffortshavebeenmadetoextracttheSfiversffunc-
tfionasweflflasotherTMDsvfiatheSIDISprocessatmany
experfimentaflffacfiflfitfiesaroundtheworfld,fincfludfingHER-
MES,COMPASS,andJLab,assummarfizedfinTabfle2.1.
However,TMDs,especfiaflflythespfin-dependentones,are
stfiflflverypoorflydetermfinedduetovarfiousdfificufltfies.
TheJLabexperfimentswerecarrfiedoutatreflatfiveflyflow
energfies,wherehfigh-twfisteffectsandtargetmasscorrec-
tfionsareexpectedtobesfizabfle. HERMESdatawere
mostflycoflflectedfintheso-caflfledvaflencequarkregfion,
wherethecontrfibutfiontothecrosssectfionfisdomfinated
byvaflencequarks,andhencethedataarenotqufitesensfi-
tfivetoseaquarkdfistrfibutfions.Theongofingandupcom-
fingSIDISexperfimentsatthe12-GeVupgradedJLabafim
atunprecedentedprecfisemeasurementsoffvaflencequark
TMDs. RecentflyapprovedEIC-USatBNLfisdesfigned
wfithahfighcenter-off-massenergyandwfiflflhavequantfita-
tfivemeasurementsoffgfluonandseaquarkTMDsfforthe
firsttfime. EficCgfiventhecenter-off-massenergyfinbe-
tweenhasunfiqueadvantagestostudyseaquarkTMDs
andfiflflstheenergygapffromJLabtoEIC-US.Inaddfi-
tfion,theseparatfionoffcurrentffragmentatfionandtarget
ffragmentatfionremafinsasachaflflengfingtaskattheex-
fistfingfixedtargetffacfiflfitfies. Theflargeexperfimentaflac-
ceptanceatEficCwfiflflprovfideawfidekfinematficcoverage,
whfichfiscrucfiafltomakethecfleanseflectfionoffeventsfinthe
currentffragmentatfionregfion,aflflowfingustoappflymore
strfictkfinematficcuts,especfiaflflyfforKmesonproductfions
thatpflayanfimportantroflefinflavorseparatfiondueto
fitssensfitfivfitytostrangequarkdfistrfibutfions. Currentfly
avafiflabfleKmesonproductfiondataffrompoflarfizedSIDIS
areratherflfimfited.EficCSIDISexperfimentswfiflflhavehfigh
statfistficsmeasurementsoffbothchargedpfionandcharged
kaonproductfions.Togetherwfiththecombfinatfionoffthe
protonbeamandthe3Hebeam,EficCwfiflflaflflowaffuflfl
separatfionoffaflflflfightquarkflavors,u,d,s,̄u,̄d,and̄s.
InFfig.2.6,weshowthex Q2dfistrfibutfionoffEficC

SIDISevents.Insteadoffpresentfingaflflcases,weonflyse-
flecttwoexampfles,theπ+ productfionffromtheproton
beamandtheK+ productfionffromthe3Hebeam,to
coverbothepande3Hecoflflfisfionsandbothpfionandkaon
productfions. Kfinematficcuts,fincfludfingQ2>1GeV2,
W > 5GeV, W′> 2GeV, 0.3<z < 0.7,andthe
currentffragmentatfioncutasdescrfibedfinReff.[80],have
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Ffig. 2.6 x–Q2coverageoffEficCSIDISeventsffromsfimuflatfion. Lefft:π+ productfionffromtheprotonbeam. Rfight:K+

productfionffromthe3Hebeam.Kfinematficcutsaredescrfibedfinthetext.

beenappflfied. OnecanseethatwfiththecurrentEficC
desfign,thereflatfiveflyhfighQ2coveragefinthetypficaflsea
quarkregfion(x∼0.05)ensuresareflfiabfleextractfionoff
seaquarkTMDs. Moreover,comparedtothefixed-target
experfiments,thecoflflfidermodeoffEficCaflflowsawfidekfine-
matficcoverage,whfichprovfidestheopportunfitytoquan-
tfitatfiveflyestfimatepowersuppressedcorrectfions.
AmongthekT-oddTMDs,quarkSfiversffunctfionfisthe
mostextensfiveflystudfied,butfitfisstfiflflpoorflyconstrafined,
partficuflarflyfintheseaquarkregfionwherethesfignfiseven
notyetdetermfinedwfithoutambfigufity[81].Herewetake
theSfiversffunctfionasanexampfletodemonstratethefim-
pactoffEficCSIDISexperfiments.
WesfimuflateSIDISeventsaccordfingtoEficCkfinemat-
fics:3.5GeVeflectronbeam,20GeVtransversepoflarfized
protonbeam,and40GeVtransversepoflarfized3Hebeam
servfingaseffectfivepoflarfizedneutronbeamsfincethespfin
off3Hefismafinflygfivenbytheneutronspfin.Integrated
flumfinosfitfiesarechosenas50ffb1fforepand50ffb1ffor
e3Hecoflflfisfions. A4πangflecoveragefisassumedfforthe
acceptance.FortheprojectfionoffEficCresuflts,weseflect

sfimuflatedSIDISeventswfithQ2>1GeV2,W> 5GeV,
W′>2GeV,0.3<z<0.7,andthecurrentffragmen-
tatfioncut[80]. Weaflsorequfirethescatteredeflectron
momentumPe>0.35GeVandthefidentfifiedfinafl-state
hadron momentumPh >0.3GeVffordetectfionreason.
Apartffromthestatfistficafluncertafinty,weconsfidersome
majorsystematficuncertafintfies,fincfludfing3%reflatfiveun-
certafintyfforbeampoflarfizatfionsand5%reflatfiveuncer-
tafintyffor3Henucfleareffect.Othersystematficuncertafin-
tfies,e.g.detectorresoflutfion,partficflefidentfificatfion,ran-
domcofincfidence,radfiatfivecorrectfions,arenotexpected
tobedomfinantbasedonexfistfingexperfience,aflthough
moredetafifledstudfieswfiflflbecarrfiedoutwfiththefinafl
detectordesfign. Weutfiflfizetheparametrfizatfionfformoff
theSfiversffunctfionfinReff.[81]asthefinputmodefl.In
Ffig.2.7,weshowtheresufltsofftheextractfionoffupand
downquarkSfiversffunctfions.InFfig.2.8,weshowthere-
sufltsofftheextractfionoffthestrangequarkSfiversffunctfion.
Theouterflfightgreenbandsrepresentthepresentaccuracy
ffromworfldexfistfingSIDISdata,thefinnerredbandsrepre-
senttheaccuracyfincfludfingprojectedEficCdatawfithsta-

Ffig. 2.7 TheprecfisfionoffextractfionsoffupanddownquarkSfiversffunctfions.Theflfightgreenbandsrepresenttheaccuracy
ffromthecurrentflyavafiflabfleSIDISdata,theredbandsrepresenttheaccuracybyfincfludfingtheprojectedEficCdatawfith
statfistficafluncertafintyonfly,andthebfluebandsrepresenttheaccuracybyfincfludfingtheprojectedEficCdatawfithpartoff
systematficuncertafintfiesasdescrfibedfinthetext.Integratedflumfinosfitfiesoff50ffb1fforepand50ffb1ffore3Heareadoptedfin
thfisprojectfion.
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tfistficafluncertafintyonfly,andthebfluebandsrepresentthe
accuracyfincfludfingprojectedEficCdatawfithpartoffthe
systematficuncertafintfiesmentfionedabove. Astheworfld
exfistfingK mesonproductfiondataffrompoflarfizedSIDIS
areveryflfimfited,thecurrentuncertafintyoffthestrange
quarkSfiversffunctfionfishuge,andeventhesfignfisnotyet
determfined. Hencethepresentaccuracybandsarenot
shownfinFfig.2.8.Recenttheoretficaflstudysuggestedan
opposfitesfignbetweenthestrangequarkandantfi-strange
quarkSfiversffunctfions[82]apartffromthesfign-flfippredfic-
tfionofftheSfiversffunctfionsprobedfinSIDISandDreflfl–
Yanprocesses. Theexperfimentafltestoffthfispredfictfion
atEficCwfiflflenrfichourknowfledgeabouttheprotonspfin
structure,partficuflarflyfinthereflatfiveflysmaflflxregfion. We
shoufldaflsonotethatduetotheflargeuncertafintyoffthe
flfimfitedavafiflabflepoflarfizedSIDISdataonecannotappflya
veryflexfibfleffunctfionaflfformfinthegflobaflanaflysfis.Once
moreprecfisedataareavafiflabfleffromEficCandotherffu-
tureexperfiments,wewfiflflbeabfletohaveflessbfiasedex-
tractfionsofftheSfiversffunctfionasweflflasotherTMDsby
usfingmuchmoreflexfibfleparametrfizatfionsandmorereafl-
fistficestfimatfionsofftheuncertafintfies.ResufltsfinFfigs.2.7
and2.8canbeunderstoodasthefimpactoffEficCSIDIS
experfimentsffromstatfistficspofintoffvfiewsfincethesame
anaflysfismethodfisappflfiedtoworflddataandprojected
data.
TheEficCdesfignenabflesustoprecfisefly measureaflfl
18structureffunctfionsbycombfinfingdfifferentbeampo-
flarfizatfionconfiguratfionsandtheseparatfionoffdfifferent
azfimuthaflmoduflatfionterms. OtherTMDsaflsorecefive
greatfinterest.Forfinstance,thetransversfityTMD,whfich
survfivesaffterkTfintegratfion,measuresthenetdensfityoff

Ffig. 2.8 Theprecfisfionofftheextractfionoffstrangequark
Sfiversffunctfion. Theredbandsrepresenttheaccuracybyfin-
cfludfingtheprojectedEficCdatawfithstatfistficafluncertafinty
onfly,andthebfluebandsrepresenttheaccuracybyfincfludfing
theprojectedEficCdatawfithpartoffsystematficuncertafintfies
asdescrfibedfinthetext.Integratedflumfinosfitfiesoff50ffb1ffor
epand50ffb1ffore3Heareadoptedfinthfisprojectfion.

transverseflypoflarfizedquarksfinatransverseflypoflarfized
nucfleon.Thefirstmomentoffthefintegratedtransversfity
dfistrfibutfionfisthetensorcharge,whfichfisaffundamentafl
QCDquantfitydefinedbythematrfixeflementofftheten-
sorcurrentoperator.Itfisrecognfizedasabenchmarkoff
theflattficeQCDstudyoffhadronstructures.Thereffore,a
precfisedetermfinatfionoffthetensorchargefincfludfingthe
flavorseparatfioncanserveasanexperfimentafltestoffflat-
tficeQCD.Duetofitschfirafl-oddproperty,thetransversfity
TMDcontrfibutfiontofincflusfiveDIScrosssectfionfishfighfly
suppressedbythepoweroffmq/Q.Incontrast,fitcan
beextractedffromafleadfingpowersfingflespfinasymme-
tryfinSIDISprocess,knownastheCoflflfinsasymmetry,
whficharfisesffromthecoupflfingoffthetransversfityTMD
andtheCoflflfinsffragmentatfionffunctfion.Aflternatfivefly,the
transversfitydfistrfibutfioncanaflsobeaccessedbyanaflyz-
fingthedfi-hadronSIDISeventsatEficC.Inthepresent
gflobaflanaflysfis,theseaquarktransversfitydfistrfibutfionfis
commonflyassumedtobezero. EficCasanfideaflffacfiflfity
fforthestudyoffseaquarkdfistrfibutfionswfiflflprovfidethe
opportunfitytotestthfisassumptfion.
Inconcflusfion,EficCwfithwfidekfinematficcoverageand

hfighflumfinosfityhasthecapabfiflfitytodeflfiverthehfighpre-
cfisfionexperfimentafldata. TheSIDIS measurementsat
EficCcombfinedwfiththoseat12-GeVupgradedJLabffo-
cusfingonthestudyoffvaflencequarkdfistrfibutfionsand
therecentflyapprovedhfigh-energyEICatBNLwfiflflpro-
vfidecompflementaryextractfionsoffTMDscoverfingtheffuflfl
xrangetowardsacompfletethree-dfimensfionaflfimagfing
offthenucfleonfinthe momentumspace. EficCasaffa-
cfiflfitythatbrfidgestheenergygapbetweenJLab-12GeV
andtheffutureEICatBNLfisaperffectmachfinetostudy
TMDevoflutfioneffects,finpartficuflar,toconstrafinthenon-
perturbatfivepartofftheevoflutfionkernefl[83].

2.2.2 Generaflfizedpartondfistrfibutfions

Generaflfizedpartondfistrfibutfions(GPDs)encodefinfforma-
tfiononthethreedfimensfionaflstructureoffnucfleonfinthe
jofinttransverseposfitfion-flongfitudfinafl momentumphase
space[58–61,84]. Theywerefinfitfiaflflyfintroducedtode-
scrfibetheexcflusfiveprocesseswhereanactfivepartonpar-
tficfipatfingfinthehardscatterfingfisre-absorbedfintonu-
cfleonthatremafinsfintactafftercoflflfisfions. GPDsdepend
ontwoflongfitudfinaflmomentumffractfionsxandξandon
thesquaredmomentumtransfferttotheproton.
GPDsarewfideflyconnectedtootherphysficsquantfitfies.

Inthedfifferentkfinematficaflflfimfits,GPDsarereducedto
thenormaflpartonPDFsandeflectromagnetficfformffactors
offthenucfleon.Inpartficuflar,settfingξ=0andperfformfing
aFourfiertransfformwfithrespecttothetransversecompo-
nentofft,oneobtafinsanfimpactparameterdfistrfibutfion,
whfichdescrfibesthejofintdfistrfibutfionoffpartonsfinthefir
flongfitudfinaflmomentumandthefirtransverseposfitfionb⊥
finsfidetheproton[85,86].
OneoffthemostfimportantphysficsmotfivatfionsoffGPD
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studfiesfistounderstandnucfleonspfinstructure. The
GPDs’connectfionwfithpartonsanguflar momentumfis
quantfifiedthroughtheJfi’ssumrufle[60],

Jq,g=
1

2

1

1

dxx[Hq,g(x,ξ,0)+Eq,g(x,ξ,0)], (2.3)

whereJq,grepresentsthetotaflanguflar momentumffor
quarkandgfluon,whfichcanbeffurtherdecomposedas

1

2
=Jq+Jg=

1

2
∆Σ+Lq+Jg, (2.4)

wfith 1
2∆Σ,LqandJgbefingthequarkspfinanguflarmo-

mentum,quarkorbfitaflanguflarmomentumandgfluonto-
taflanguflar momentumrespectfivefly. Thequarkorbfitafl
anguflarmomentumcanbeextractedthroughthemea-
surementsoffGPDsHandEfinexcflusfiveprocessesbysub-
tractfingthequarkheflficfitycontrfibutfion.Itfisaflsoworth
tomentfionthatGPDsencodetherfichfinfformatfiononthe
mechanficaflpropertfiesoffnucfleonfinternaflstructure[87–
90]throughthegravfitatfionaflfformffactors(GFFs),whfich
fisreflatedtothesecondmomentofftheunpoflarfizedGPD.
These mechanficaflpropertfies,suchasthepressureand
shearfforcedfistrfibutfions,themechanficaflradfius,andthe
mechanficaflstabfiflfityoffapartficfle,contafinthecrucfiaflfin-
fformatfiononhowthestrongfforcefinsfidenucfleonbaflance
tofformaboundstate.However,theprecfiseextractfionoff
GFFsatthecurrentffacfiflfitfiesremafinsprobflematficdueto
poordataconstrafints[91–94].AsGPDspflayanessentfiafl
roflefinexpflorfingthefinternaflnucfleonstructureffrommany
aspects,theexperfimentaflstudfiesoffGPDshavebeenand
areacuttfing-edgefiefldoffhfighenergynucflearphysficsdur-
fingtheflasttwodecades.
Themafinexcflusfiveprocesseswhfichaflflowtoaccessto
theGPDsfinepcoflflfisfionsaredeepflyvfirtuaflComptonscat-
terfing(DVCS)ep → epγ[Ffig.2.9(a)],tfime-flfikeComp-
tonscatterfingep → epfl+fl [Ffig.2.9(b)]anddeepfly
vfirtuaflmesonproductfion(DVMP)ep → epM[Ffig.2.9
(c)][59,60]. Atthefleadfingorder,DVCSprocessfisde-
scrfibedbythepartonficchanneflqγ∗ → qγwherethe
vfirtuaflphotonfisprovfidedbytheeflectron. GPDsen-
terthecrosssectfionoffDVCSprocessthroughtheComp-
tonfformffactors(CFF)definedas(fforexampfle,thequark

GPDHq)[95–98]

H(xB,t,Q
2)=

1

1

dx
1

ξ x fiϵ

1

ξ+x fiϵ

·
q=u,d,s,···

e2qH
q(x,ξ,t,Q2), (2.5)

whereξ≈xB/(2 xB)wfithxB befingtheBjorken’svarfi-
abfle.ThesfimfiflarreflatfionhofldsfforotherGPDs.Thepre-
cfisemeasurementsoffthevarfiousanguflarmoduflatfionsand
poflarfizatfiondependenceoffDVCScrosssectfionatdfifferent
kfinematficpofintsfin(Q2,xB,t)woufldaflflowustoextract
dfifferentCFFs,aseachoffthemhasunfiqueanguflarand
poflarfizatfiondependencfies(seeReff.[84]andtherefin).The
correspondfingGPDscanbesubsequentflyconstrafinedby
theextractedCFFs.
Letushfighflfightsomespecfificffeaturesoffdfifferentpro-
ductfionchannefls.ThemafinflfimfitatfionoffDVCSprocessfis
thatfitfissensfitfiveonflytothesumoffquarkandantfi-quark
dfistrfibutfionsfinapartficuflarflavorcombfinatfion.Incon-
trast,excflusfivemesonproductfionofferssubstantfiaflheflpfin
theseparatfionoffdfifferentquarkandantfiquarkflavorsand
offgfluons.Forexampfle,thevaflencequarkandseaquark
GPDscanbeprobedvfiapseudoscaflarmesons(π,K,η,...)
productfionprocesses,whereasthevectormesons(ρ,ϕ,ω)
productfionfismoresensfitfivetoseaquarkandgfluonGPDs.
However,extractfingGPDsffromexcflusfivemesonproduc-
tfionrequfirestheknowfledgeoffaddfitfionaflnon-perturbatfive
matrfixeflement,themesondfistrfibutfionampflfitude.
TheprecfiseextractfionoffGPDsffromthemeasurements

offexcflusfiveprocessesputsthehfighestdemandsonex-
perfimentsfforvarfiousreasons,fincfludfingthesmaflflnessoff
crosssectfionsfinexcflusfiveprocesses,thefinterfferencewfith
theBethe–Hefitfler(BH)process,etc. Themeasurements
offGPD-reflatedobservabflesfintheregfionoffmoderateto
flargexhavebeencarrfiedoutatHERMES[99],COM-
PASS[100],andJLab[101]. However, mostoffthese
measurementshavesfizabflestatfistficafluncertafintfiesand
provfidereasonabfleconstrafintsfforonflyone GPD,H.
ThecompfleteandprecfiseextractfionoffaflflGPDsrequfires
hfighflumfinosfity,detectorswfithffuflflhemfispherecoverage,
beamswfithvarfiouspoflarfizatfionchofices,andwfidekfine-
matficreach.Untfiflnow,therehavebeennoffacfiflfitfiesbefing
abfletomeetaflflthesedemands.Forexampfle,theflumfi-
nosfityatHERAandCOMPASSfisflow,meanwhfifleCOM-

Ffig. 2.9 DfiagramsoffvarfiousprocessestostudyGeneraflfizedPartonDfistrfibutfions(GPDs).(a)Deepflyvfirtuaflcompton
scatterfing,(b)tfime-flfikecomptonscatterfing,(c)deepflyvfirtuaflmesonproductfion.
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Ffig. 2.10 ThedfistrfibutfionsoffDVCS(flefftpanefl)andπ0DVMP(rfightpanefl)eventsfinthexandQ2ffor3.5GeVeflectron
beamscoflflfidfingwfith20GeVprotonbeamsenergyatEficC.Theeventnumberwfitharbfitrarynormaflfizatfionfisfindficatedby
dfifferentcoflors.Intheflefftpanefl,thecontrfibutfionsffromboththeDVCSandtheBHprocessesasweflflasthefirfinterfferenceare
fincfluded,andtheusedkfinematficcutsandbfinnfingschemeareaflsoshown.

PASShasfitscompflficatfionwhfifleflfippfingthemuonbeam
heflficfity,whfichmakestheextractfionsoffsomepoflarfizatfion
dependentGPDsextremeflydfificuflt.Ontheotherhand,
thoughtheflumfinosfityatJLab-12GeVfisveryhfigh,the
mostDVCSeventsflfieweflflbeflowQ2<10(GeV2)[102–
105]wherethevarfioushfightwfisteffectsorhfighorder
effectscanpflayarofleandcompflficatetheextractfionoff
GPDs(see,e.g.,[106–109]).Itfisusuaflflybeflfievedthat
thesetheoretficafluncertafintfiescanbeweflflcontroflfledfiff
gofingtohfigherQ2regfion[107].
TheprogramsofftheexperfimentaflGPDsstudfieswfiflfl
bedramatficaflflyextendedbyEficC,predomfinantflyfinthe
seaquarkkfinematficaflregfion.Theprecfisemeasurements
offbothDVCSandDVMPcanbecarrfiedoutatEficC
wfithversatfiflebeamspecfies/poflarfizatfions.ThetypficaflQ2

rangeaccessfibflewfithEficCfis1GeV2<Q2<30GeV2

(seetheflefftpanefloffFfig.2.10adaptedffromMILOUpack-

age[110]). Meanwhfifle,theBjorkenvarfiabflexcanreach
downtox≈0.05whenrestrfictfingQ2totheperturba-
tfiveregfionQ2>10GeV2.Thfiskfinematficcoveragewfith
thecurrentdesfignwfiflflmakeEficCaunfiquemachfineto
expflorepartonspatfiaflfimagfingoffthenucfleonfinthesea
quarkregfion.Inthevaflencequarkregfion,thetheoretfi-
cafluncertafintfieswfiflflbesubstantfiaflflyreducedatEficCas
comparedtothatatJLab-12GeVduetoreflatfiveflyhfigher
Q2. Moreover,EficCfisaflsocompflementarytotheUS
EICfinstudyfingtheDVCSprocess. Thfisfisbecausethe
finterfferencecontrfibutfionbetweentheComptonandthe
Bethe–Hefitflerprocessesfismorepromfinentatafloweren-
ergymachfine,whereastheComptonprocessmaydomfi-
nateatEICfforgfivenxandQ2vaflues.
Asmentfioned,partonorbfitaflanguflarmomentumcan

bedetermfinedbyextractfingGPDEandHffromexcflu-
sfiveprocessesaccordfingtotheJfi’ssumrufle.However,fin

Ffig. 2.11 TheprojectedaccuracyfforA
sfin(ϕ ϕs)cosϕ
UT asymmetryfintheprocessoffDVCSoffatransverseflypoflarfizedproton

targetatEficCfintheregfion1GeV2<Q2<30GeV2.Onflystatfistficsuncertafintyfisfincfluded.ThesfizeoffAUT fisestfimatedwfith
theGofloskokov–Kroflflmodefl[114–116].ThebflackstarfistheHERMESdataoffA

sfin(ϕ ϕs)cosϕ
UT,I asymmetry[117].Thevafluesoff

|t|bfinsunderthesameQ2arenotshownherefforsfimpflficfity.
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Ffig. 2.12 Anexpfloratoryextractfionoffthereafl(RE)andthefimagfinary(IM)partoffCFFEandHatt= 0.2(GeV
2)

ffromthepseudodatageneratedfforkfinematficaflpofintsshownfinFfig.2.11usfingtheneuraflnetworkmethod[92,111,113].

practfice,fitfisextremeflychaflflengfingtoachfievethfisbecause
fitrequfiresmeasurfingthevafluesoffHandEfforaflflxat
fixedξ.Neverthefless,EficChasgreatpotentfiafltoadvance
ourknowfledgeoffGPDEandaflsoHwfithatransversepo-
flarfizedprotonbeam.Ffigure2.11dfispflaysthesfimuflatfion
resufltsffortheComptonscatterfingoffapoflarfizedproton.
TheEficCmeasurementsofftheDVCStransversepoflarfiza-
tfionasymmetryAUT wfithasfingfleazfimuthaflmoduflatfion
sfin(ϕ ϕs)cosϕhavearathersmaflflstatfistficafluncertafin-
tfiesfforawfidekfinematficregfionwfith|t|>0.01GeV2.Here
theDVCSeventsareseflectedfinthekfinematficregfion0.01
<y<0.95andγpcenteroffmassenergy W>2GeV.
Thefimpactoffthesepseudodataontheextractfionoff
DVCSComptonfformffactors(CFF)EandHfisdfispflayed
finFfig.2.12. Theapproachoffgflobaflanaflysfisutfiflfizfing
theartfificfiaflneuraflnetwork[94,111,112]fisempfloyedfin
ordertoreducemodefldependencyandpropagatetheun-
certafintfiesproperfly. Thepoorflyconstrafinedreaflpartoff
EandHsfimpflyareassumedtobevanfishfing[92,111,113]
finthesfimuflatfion. Theflfightgreenbands,mafinflydrfiven
bystatfistficafluncertafintfies,representtheaccuracyoffthe
exfistfingJLabandHERMESdata. Theredbandsshow
theaccuracyaffterfincfludfingtheprojectedAUT dataoff
EficCwfithstatfistficafluncertafintyonfly. Onecanseethat
theuncertafintyffortheextractfionofftheCFFEfisreduced
fintheseaquarkregfiononcetheEficCmeasurementsare
fincfluded.Inmostoffthekfinematficspacesystematficun-
certafintyfisatthesfimfiflarfleveflorevensmaflflerthanthe
statfistficaflone.Sowewoufldstfiflflretafinpoweroffextractfion
offCFFssfimfiflartowhatfisshownonFfig.2.12,affterfincflud-
fingsuchflevefloffsystematficuncertafinty.Inaddfitfionto
theAUT asymmetry,otherasymmetrfies,e.g.,ALU,AUL,
ALL andALT canbeprecfisefly measuredwfiththedfiff-
fferentbeampoflarfizatfionconfiguratfionsandthedfifferent
azfimuthaflmoduflatfionsatEficCasweflfl.Acombfinedanafl-
ysfiswfithaflflthesemeasuredmoduflatfionswoufldffurther

reducesfignfificantflytheerrorbandsshownfinFfig.2.12.
SounderthehfighflumfinosfitydesfignoffEficC,thestatfistfi-
cafluncertafintfieswfiflflnotpflayessentfiaflroflefintheffuture
GPDextractfionandthesystematficuncertafintfies,whose
mafinsourcesaredfiscussedfinprevfioussectfions,areantfic-
fipatedtobedomfinant,whfichwfiflflbeundergoodcontrofl
byffacfiflfitydesfign.
Asdfiscussed,EficCcandeflfiverhfighprecfisfiondataffor
theDVMPprocessfintheflargeQ2> 10GeV2regfion,
wherethenon-perturbatfiveeffectsandhfigher-twfistcon-
trfibutfionsaresuppressed,sothatGPDscanbeextracted
reflfiabfly. Ffigure2.10(rfightpanefl)dfispflaystheexpected
dfistrfibutfionoffDVMPeventsatEficCfinbfinsoffQ2and
x.NotethatDVMPcrosssectfionsrapfidflydecreasewfith
fincreasfingQ2. Oneseesthattherearesubstantfiaflevent
numbersfinthemoderateQ2regfionwhereperturbatfive
treatmentfisjustfified. Thfiswfiflflffacfiflfitatecflearflysepa-
ratfingdfifferentquarkflavorcontrfibutfionsbycombfinfing
wfithDVCSdata.Forfinstance,onecanseparateupquark
anddownquarkcontrfibutfionsbycarryfingoutthemea-
surementsoffAcosϕLL whficharfisesffromthecoupflfingoffthe
chfirafl-oddGPDsandthetwfist-3dfistrfibutfionampflfiutdeoff
pfion[114,115,118,119]. Thfisobservabflecoufldprovfide
vafluabflefinfformatfionontransversfityPDFthatfishardto
accessfinfincflusfiveprocess. Despfitethehfighertwfistna-
tureoffthfisobservabfle,weffoundthattheasymmetryfis
sfignfificantffortheDVMPchannefloffπ0productfion. Wfith
theEficCDVMPpseudo-datadfispflayedfinFfig.2.10,fit
fisshownfinFfig.2.13thatatflargeQ2thestatfistficaflun-
certafintyofftheAcosϕLL finπ0productfionfissfignfificantfly
reduced.Thereffore,EficCpresentsanunfiqueopportunfity
tostudythechfirafloddGPDs.
Insummary,judgfingffromoursfimuflatfionresufltspre-
sentedhere, EficCwfiflflgreatflyadvanceourknowfledge
aboutthefinternaflstructureoffnucfleons. Thecombfined
kfinematficcoverageofftheEficC,JLabandoffEIC-USfis
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Fig. 2.13 The statistics error of the projected Acos ϕ
LL asymmetry for π0 production in DVMP process at EicC. The CLAS

data is taken from Ref. [119].

essential for ultimately yielding the complete 3D images
of proton from the large x down to the saturation regime,
and for much more profound understanding of the proton
spin puzzle as well.

2.3 Partonic structure of nucleus

The electron–ion collision has been recognized as an ideal
process to explore the distributions of quarks and gluons
inside the nucleus, as well as to study the QCD dynam-
ics of multiple parton interactions in the nuclear medium.
In this process, the electron scattering part, which can
be well controlled both experimentally and theoretically,
provides a high precision probe to reveal the detailed par-
tonic structure of the nucleus which is impossible to be
calculated theoretically. Besides, the nucleus can also
serve as a QCD laboratory at the fermi scale to investigate
the strong interactions between the energetic parton and
the nuclear medium by carefully studying the so-called
hadronization process which largely depends on the type
of the nucleus. The detailed analysis of these nontrivial
nuclear medium effects can help us to probe the funda-
mental differences of partonic properties in free nucleons
and the nuclear medium, as well as to understand the
mystery of hadronization mechanisms and the QCD con-
finement of quarks and gluons.

2.3.1 The nuclear quark and gluon distributions

A full understanding of the difference between the proper-
ties of quarks and gluons inside a free nucleon and that in-
side a nucleon bounded within the nucleus will help us un-
derstand how the nucleus is formed at the partonic level.
The longitudinal momentum distributions of quarks and
gluons in a free nucleon are characterized by the usual
leading twist parton distribution functions (PDFs) which

have been precisely measured in the high-energy electron–
proton collisions. A natural question is: how these PDFs
are modified by the nuclear medium when the nucleon
is bounded? To answer such a fundamental question re-
mains one of the biggest challenges in the nuclear physics
community. Due to the lack of experimental data and
the limited kinematic coverage, the precision for nPDFs
global extraction is far less than that for PDFs in free nu-
cleons [120–126]. In particular, the extraction of nPDFs of
sea-quarks and gluons is suffering from even much larger
uncertainties. It is strongly desired to perform more high-
precision measurements of conventional experimental ob-
servables as well as to explore new observables that are
sensitive to the sea-quark and gluons.

In the past three decades, various experiments have
confirmed that the PDFs measured in free nucleons and
bounded nucleons are significantly different. Data shown
in Fig. 2.14 reveal the cross-section ratios for inclusive DIS
between eA and eD collisions in terms of Bjorken x distri-
butions. The solid circles, the open squares, and stars cor-
respond to the data from SLAC E139 [20], BCDMS [19],

Fig. 2.14 The cross section ratio between electron–ion and
electron–deuteron deep inelastic scattering [128].
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Ffig.2.15 Lefft:TheūdfistrfibutfionfinPbatQ2=10GeV2,thegraybandcomesffromtheorfigfinaflnNNPDF2.0set,thebflue
bandcorrespondstothesetrewefightedwfiththeEficCpseudodatabasedonthefintegratedflumfinosfityL=0.01ffb1. Rfight:
ThereflatfiveuncertafintyffortwosetsoffnPDFs.

andEMC[127],respectfivefly. Despfitethefirdfifferentre-
actfionsandkfinematficranges,thesedataexhfibfitavery
sfimfiflarnucflearmedfiumeffect.Thereareffourdfistfingufish-
abfleregfions[21]:fi)Fermfimotfionfinx>0.7;fifi)EMC
effectfintherangeoff0.3<x<0.7;fififi)Antfi-shadowfing
aroundx∼0.1;fiv)Shadowfingfinx<0.01.
Amongthem,theFermfimotfionregfioncanbefinterpo-
flatedastheresufltoffthemomentumdfistrfibutfionsoffnu-
cfleonsboundedfinthenucfleuswhfichdfifferamongflfightto
heavynucflefi.Theso-caflfledEMCeffect,whfichfisbeflfieved
tobeduetothe modfificatfionoffthevaflancequarksfin
thenucflearmedfium,hasbeenexcflusfiveflystudfiedsfincefits
dfiscoveryfin1980sbutnosatfisffactoryexpflanatfionhasyet
beenreachedtoaddressfitsrootcause. Themostrecent
dfiscoveryofffitsstrongcorreflatfionswfiththeshort-range
correctfions(SRC)[23–25]shedsaflfighttoffuflflyunvefiflthfis
mysteryandprovfideanewwaytostudythenucflearstruc-
turefinthepartonficflevefl[129]. Enormousnewexperfi-
mentaflprogramsandtheoretficaflcaflcuflatfionshavebeen
pflannedtocontfinuestudyfingthfiseffect. Ontheother
hand,noexperfimentaflevfidencehasshownthatsuchan
effectaflsoexfistsfinsea-quarksandgfluons.Furthermore,
thephysficsorfigfinsofftheantfi-shadowfingandshadowfing
atsmaflflxremafinunknownduetoaflackoffexperfimentafl
measurementsandtheoretficaflfinterpoflatfions.
InthemostrecentnPDFdetermfinatfion,nNNPDF2.0,
arobustquarkflavorseparatfionandagoodhandfleoff
thegfluonareperfformed[120]. However,comparedto
thosefforffreenucfleonsflargeuncertafintfiesoffnPDFsre-
mafinduetotheveryflfimfitedexfistfingmeasurements.Thfis
fisaflsotruefinothergflobaflfittfingssuchasEPPS16[121].
TheffutureEficCwfiflflpflacefitskfinematficsfinthesweet
spotwherethenucflearmedfiumeffectsoffvaflance-quarks
andsea-quarkscanbeextensfiveflystudfiedbymeasurfing
thefirfintrfinsficPDFsfinboundnucfleonsusfingtheeADIS
processeswfithawfiderangeoffnucflefibeams. Basedon
theprojectfionsffortheEficCpseudo-datawhficharegen-

eratedthroughNLOcaflcuflatfionoffDIScross-sectfionus-
fingthenNNPDF2.0nucflearPDFs,thefimpactoffffuture
EficCmeasurementsonnucflearPDFsutfiflfizfingBayesfian
rewefightfingfisshownfinFfigs.2.15and2.16.InFfig.2.15,

theseaquarkdfistrfibutfionfinPbatQ2=10GeV2ffor

boththeorfigfinaflandrewefightednNNPDF2.0fitsare
shownwfithuncertafintybandscorrespondto90%confi-
denceflevefl.Inpartficuflar,thereductfionoffrewefightedū
uncertafintyfinthekfinematficregfioncoveredbyEficC,fi.e.,
x>0.01,strongflyfindficatesEficCpseudodataareaddfing
asfignfificantamountoffnewfinfformatfiontothegflobaflfit.
AsfimfiflaranaflysfisfforgfluondfistrfibutfionfinPbfisshownfin
Ffig.2.16,whfichfindficatestheconstrafinfingpoweroffEficC
measurementsongfluonnucflearmodfificatfion.Notficethat
theanaflysfisshownfinFfigs.2.15and2.16arebasedonthe
fintegratedflumfinosfityL=0.01ffb1,whfichcorresponds
toonflyaffewhoursoffrunnfing1).Thereffore,thereaflmea-
surementswfithhfighprecfisfionandflargecoveragewfiflflpro-
vfideastrfingentconstrafintonnPDFsffromtheshadowfing
totheantfi-shadowfingregfion.
Inaddfitfiontotheeflectrons,thedetectfionoffvarfiedfinafl-
statehadrons,suchaspfions,kaonsandheavfiermesons,
servesastheflavor-taggfingtodecoupflethecontrfibutfions
ffromdfifferentquarkflavors.Thehfighprecfisfiondatawfith
flargekfinematficcoveragewfiflflgreatflyfimprovethegflobafl

1)StudfiesusfingEficCpseudodatawfithanfintegratedflumfinosfity
equfivaflenttooneweekor moreoffrunnfinghaveaflsobeenper-
fformed.However,thefimpactonthenNNPDF2.0PDFsestfimated
byrewefightfingfissosfignfificantthatthenumberoffeffectfiverepflfi-
caswfithnon-zerowefight“survfivfing”theanaflysfisreducesffroman
finfitfiaflsetoff1000toaffewdozenorfless. Thfisreflectstheffact
thatthefleapfinprecfisfionbetweenthedataaflreadyfincfludedfin
thenNNPDF2.0anaflysfisandtheffutureEficCdatafistoowfideffor
rewefightfingtechnfiquestoreturnvfiabfleresufltsandstrongflysug-
geststheneedoffanewfit.Sfimfiflarconcflusfionsontherewefightfing
procedurehavebeenffoundrecentflyfinfimpactstudfiesfforpoflarfized
PDFsattheffutureUSEICusfingeflectron–heflfiumSIDISpseudo
data[130].
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Fig. 2.16 Same as Fig. 2.15, but for gluon.

extraction of quark nPDFs in the medium to low x regions.
Most importantly, EicC will, for the first time, precisely
measure the undiscovered medium modification effect of
sea-quarks as well as unveil the puzzle of anti-shadowing
which remains largely unknown.

On the other hand, various species of beam nuclei at
EicC will also provide unique opportunities to shedding
light on studying the nuclear structure at the partonic
level. By detecting the outgoing protons and neutrons at
the forward angles during the eA collision, the spectator-
tagging DIS process serves as a powerful tool to exam
the QCD origin of nucleon–nucleon interactions, such as
the link between the SRC to EMC effects at x > 0.2
region as well as the nucleon coherence phenomena at
low x that lead to the anti-shadowing and shadowing ef-
fects [131, 132].

2.3.2 Hadronization and parton energy loss in nuclear
medium

Precise measurements and phenomenological investiga-
tions on the SIDIS process with different nuclei in
electron–ion collisions are the fundamental tools to an-
alyze two widely discussed nuclear effects, i.e., the parton
energy loss effect and hadronization in the medium [133–
137]. In a nuclear medium, the highly energetic parton
generated in the hard scattering process will continuously
encounter the multiple scatterings with the surrounding
nucleons before it completely escapes from the nucleus or
is converted inside the nucleus into charge-neutral parti-
cles, a complicated process also known as the hadroniza-
tion. The collective consequence eventually leads to non-
trivial phenomena of nuclear modifications, including the
attenuation and broadening of the hadron spectrum in eA
collisions comparing to ep collisions. These phenomena,
which are very sensitive to the nuclear parton densities
and QCD dynamics of multiple parton interactions in the
nuclear environment, have been observed in semi-inclusive
deep inelastic scatterings in HERMES [138] and Drell–Yan

dilepton production in proton–nucleus collisions in FNAL-
866 [139]. The available data are used to extract the
transport properties of cold nuclear matter and study the
parton energy loss mechanism in the nucleus [140–143].
However, large uncertainties still exist, mainly originated
from two aspects: i) limited kinematic coverage of experi-
mental data; ii) the assumption in energy loss calculation
that the partons fragments outside the nuclear medium.
To obtain more precise information about the hadroniza-
tion process and the mechanism of parton energy loss in
medium, we need EicC to fill in the open window that has
not been covered by existing experimental measurements.

Hadronization, as encoded in fragmentation functions,
describes the process of quarks and gluons fragment into
final state hadrons. In the presence of a large size nuclear
medium, the hadronization dynamics will be affected and
eventually leads to different hadron spectrum comparing
to that in a vacuum [144, 145]. As we know, parton en-
ergy loss effects also lead to the suppression of the hadron
spectrum as functions of beam energy ν and fragmentation
fraction zh in eA collisions comparing to that in ep colli-
sions [138, 141]. Therefore, we cannot disentangle these ef-
fects from the available experimental data, as they lead to
the same phenomena but with very different mechanisms.
This requires us to perform the measurement more differ-
entially and consider as many as possible the final state
identified hadrons. The high collision energy and the high
luminosity, as well as the capability of identifying various
hadrons in future EicC, will play a key role to differentiate
the parton energy loss effect and medium hadronization
effect.

Shown in Fig. 2.17 is the comparison between predic-
tions from parton energy loss model (solid curves) and
hadron transport model (dashed curves) for the nuclear
modification factors, where only events with 0.1 < y <
0.85, W 2 > 4 GeV2, Q2 > 1 GeV2 are selected in the pro-
cess when 3.5 GeV electron collides with 20 GeV (per nu-
cleon charge) Pb beam, and various hadrons represented
by different shaped points are considered in the simula-
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Ffig.2.17 Lefft:Thecrosssectfionratfiosfforπ+,K+ andpbetweeneflectron–fionandeflectron–protoncoflflfisfionsatEficCenergy
regfion,fi.e.,3.5GeVeflectronbeamand20GeVperchargefforheavyfionbeam,asaffunctfionoffvfirtuaflphotonenergyν.Rfight:
ThetransversemomentumbroadenfingfforπandJ/ψatffutureEficC.

tfions.ByflookfingatthedependenceoffRhM asaffunctfion
offthevfirtuaflphotonenergyν,thecapabfiflfityoffpartficfle
fidentfificatfionasweflflasthekfinematficcoveragefinEficC
wfiflflaflflowustodfisentangflethehadronfizatfionmechanfism
ffromthepartonenergyflosseffectasfindficatedbythedfiff-
fferencebetweensoflfidanddashedcurves.Thoughthetwo
modeflsgfiveverysfimfiflarnucflearmodfificatfioneffectfforπ+

productfion,enormousdfifferencesfforpandK+ arepre-
dficted.ThesedfifferencescanbefidentfifiedfinEficCconsfid-
erfingfitshfighflumfinosfity50ffb1,whfichfleadstofinvfisfibfle
statfistficafluncertafintyasshownfinFfig.2.17.
Thetransverse momentumbroadenfingeffectfisvery
sensfitfivetotheQCDdynamficsoffmufltfipflepartonfinterac-
tfionsfinthenucflearenvfironmentandthenucflearmedfium
transportproperty. Ithasbeenextensfiveflystudfiedfin
heavy-fioncoflflfisfions,seefforexampfle[134,146,147].Sfim-
fiflarfly,wecanaflsousethfisobservabfletoprobetheffunda-
mentaflpropertfiesoffthenucflearmedfiumfineAcoflflfisfions.
ComparfingtopAcoflflfisfions,eAcoflflfisfionsfismuchcfleaner
duetotheabsenceoffthestrongfinteractfionbetweenthe
beameflectronandthetargetnucfleus. Basedontheas-
sumptfionthatthepartonshadronfizeoutsfidethenucflear
medfium,weshowfinFfig.2.17thetransversemomentum
broadenfingfforflfighthadron(redcurve)andJ/ψ(bflue
curve),whfichcanbeusedtoprobethejettransportpa-
rametersfforquarkjetandgfluonjet,respectfivefly.Notfice
thattheavafiflabflemeasurementsonthegfluonjettrans-
portparameterareveryflfimfited,andEficCcanmakea
sfignfificantcontrfibutfiontothfissubject.

2.4 Exotfichadronficstates

Hadronspectroscopystartedanewerafin2003whenthe
D∗s0(2317),Ds1(2460)andX(3872)

1)weredfiscoveredat
theBffactorfies.Sfincethenmanynewhadronresonances
orresonantstructuresweredfiscoveredatvarfiousexperfi-

1)Itfisdenotedasχc1(3872)accordfingtofitsquantumnumbersfinthe
flatestversfionoffRevfiewoffPartficflePhysfics(RPP)bythePartficfle
DataGroup[148].

mentsaflflovertheworfld.Inpartficuflar,mostoffthemcon-
tafinatfleastoneheavy(charmorbottom)quark,andhave
propertfiesatoddwfithexpectatfionsffromquark modefl.
The mesonstatesdfiscoveredfintheheavy-quarkonfium
massregfionarecaflfled XYZ states,seeTabfle2.2ffora
flfist. NotabfleexampflesfincfludetheX(3872),Zc(3900),
Zc(4020)andothers.In2015and2019,theLHCbCofl-
flaboratfiondfiscoveredpentaquarkcandfidateswfithhfidden
charm,Pc(4312),Pc(4440)andPc(4457). Thecharged
heavy-quarkonfiumflfikeZcandZbstatesasweflflasthese
Pcstatesarecflearflybeyondthescopeofftheconventfionafl
quarkmodeflfformesonsandbaryons,andthusexceflflent
candfidatesoffexotfic mufltfiquarkstates. Understandfing
thenatureoffthesestructureshasbeenthemafinconcern
fforhadronspectroscopy,andfisachaflflengethatneedsto
besoflvedtowardreveaflfingthemysteryoffhowmassfive
hadronsemergeffromthefinteractfionbetweenquarksand
gfluons.
Varfious modeflswereproposedtoexpflafin(someoff)

theseobservatfions,fincfludfingmufltfiquarkstates,hadronfic
moflecufles,hybrfidstates,mfixfingoffdfifferentcomponents
andnon-resonanteffectssuchaskfinematficaflsfinguflarfitfies
andfinterfference.Thesefinvestfigatfionswerewfitnessedby
aflargenumberoffrevfiewartficflesfinthepastffewyears,see
Reffs.[29,148–169]emphasfizfingonvarfiousaspectsoffthese
newresonantstructures. Manyofftheobservedstructures
needtobeconfirmedbyotherexperfiments,andmostoff
thetheoretficaflmodeflsaflsopredfictedflfight-flavorand/or
heavy-quarkpartnerstatesofftheobservedones.Thus,fin
ordertounderstandthepatternbehfindthemessyspec-
trumoffthesenewhadronsandtobeabfletocflassfiffythem
fintoacflearpficture,whfichcanfinturngfivefimportanthfints
towardsunderstandfingtheconfinementmechanfism,more
experfimentaflmeasurementsareurgentflyneeded.

2.4.1 Statusoffhfidden-charmandhfidden-bottomhadron
spectrum

InFfig.2.18,weshowthespectrumoffthecharmonfium(-
flfike)andbottomonfium(-flfike)statesflfistedfinRPP[148].
Thehfidden-charmstructuresthatwerereportedfinvar-
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Fig. 2.18 Comparison of the mass spectra of the observed heavy quarkonia and quarkonium-like states [148] with those
predicted by the Godfrey–Isgur quark model [26, 170]. The states are listed according to their quantum numbers IG(JPC).
The states with quantum numbers not fully determined are listed in the column “???” with the exception of Υ(10753) which
is listed in the 0 (1 ) bottomonium column though its IG have not been fixed. For the experimentally observed states, the
shaded areas indicate the central values of the widths of the observed states.

ious experiments since 2003 are also listed in Table 2.2,
together with their production processes and observed de-

cay channels. The nomenclature of the latest RPP is used
in the figure and table and will be used in the following
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Tabfle 2.2 Structuresobservedexperfimentaflflysfince2003finthecharmonfiummassregfionandthefirproductfionanddecay
processes. Wegroupthemesonficstructuresfintothreebflocks:thosewfithPC= quantumnumbersaregfivenfinthesecond
bflock;thefisospfin-1structuresaregfivenfinthethfirdbflock;theothersaregfivenfinthefirstbflock.Thefirquantumnumberscan
beffoundfinFfig.2.18.Theexotficbaryoncandfidatesareflfistedfintheffourthbflock.HereweusethenomencflatureoffRPP[148],
accordfingtowhfichstatesarenamedaccordfingtothefirquantumnumbers.FormorefinfformatfionofftheXYZstatesandthefir
propertfiesandtheorfigfinaflexperfimentaflrefferences,seeReff.[148].

XYZ Productfionprocesses Decaychannefls

χc0(3860) e+e → J/ψX,γγ→ Xa) DD̄,γγa)

χc1(3872) B→ KX/KπX,e+e → γX, π+π J/ψ,ωJ/ψ,D∗0D̄0,D0D̄0π0,

pp/p̄psemfi-fincflusfive,γ∗γ π0χc1,γJ/ψ,γψ(2S)

γ∗N→ Xπ±Nb)

X(3915) B→ KX,γγ→ X,e+e → γX ωJ/ψ,γγ

χc2(3930) γγ→ X,ppsemfi-fincflusfive DD̄,γγ

X(3940) e+e → J/ψ+X DD̄∗

χc1(4140) B→ KX,p̄psemfi-fincflusfivec) ϕJ/ψ

X(4160) e+e → J/ψ+X D∗D̄∗

χc1(4274) B→ KX ϕJ/ψ

X(4350) γγ→ X ϕJ/ψ,γγ

χc0(4500) B→ KX ϕJ/ψ

χc0(4700) B→ KX ϕJ/ψ

ψ2(3823) B→ Kψ2,e+e → ππψ2 γχc1

ψ3(3842) ppsemfi-fincflusfive DD̄

ψ(4230/4260) e+e → Y,e+e → YγISR ππJ/ψ,ππψ(2S),χc0ω,hcππ,

DD̄∗π,γχc1(3872),J/ψKK̄

ψ(4360) e+e → Y,e+e → YγISR ππψ(2S),ππψ2(3823)d),D1(2420)̄Dd)

ψ(4390) e+e → Y ππhc,ππψ(3770)d)

ψ(4660) e+e → YγISR ππψ(2S),Λc̄Λc,D
+
sDs1(2536)

Zc(3900)± e+e → πZc, πJ/ψ,DD̄∗

b-hadronsemfi-fincflusfivedecays

X(4020)± e+e → πZc πhc,D∗D̄∗

X(4050)± B→ KZc π±χc1

X(4055)± e+e → πX π±ψ(2S)

X(4100)± B→ KZc π±ηc

Zc(4200)± B→ KZc π±J/ψ

Rc0(4240) B→ KRc0 π ψ(2S)

X(4250)± B→ KZc π±χc1

Zc(4430)± B→ KZc π±J/ψ,π±ψ(2S)

Pc(4312)+ Λb→ K Pc
e) pJ/ψ

Pc(4380)+ Λb→ K Pc pJ/ψ

Pc(4440)+ Λb→ K Pc pJ/ψ

Pc(4457)+ Λb→ K Pc pJ/ψ

a)FromtheanaflysfisoffReff.[171].
b)Itfisflfikeflyadfifferentstate.ItwasreportedbytheCOMPASSCoflflaboratfionfinmuoproductfion[172];however,theππfinvarfiantmass
spectrumdoesnotagreewfiththatcomfingffromaρ,andanegatfiveC-parfityfisprefferred.
c)Notseenfinγγ→ J/ψϕande+e → γJ/ψϕ.
d)Notedas“possfibflyseen”finRPP.
e)NosfignafloffPcwasseenfinγp→ J/ψp[173].

dfiscussfion.
Oneseesthatthecharmonfium-flfikestructureswereob-
servedmafinflyfinthreetypesoffprocesses,andmanyoff
themwereonflyseenfinonepartficuflarproductfionprocess

asweflflasfinonflyonepartficuflarfinaflstate. Thus,one
fimmedfiatequestfionfiswhethertheycanbeffoundfinother
processesand,finpartficuflar,finothertypesoffexperfiments
suchastheeflectron–proton/eflectron–fioncoflflfisfions. Let
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usfirstdfiscusstheexperfimentsthathaveaflreadysfignfifi-
cantflycontrfibutedtothefiefld.
Weakdecaysoffthegroundstatebottom-hadronscon-
trfibutedtotheobservatfionoffhfidden-charmstatesmore
thanotherprocesses.Thedecayshappenmafinflyvfiathe
sfingfly-CKMsuppressedb→ c̄csatthequarkflevefl. The
mafinexperfimentsaretheBffactorfiesBeflfle,BaBarand
theLHCbexperfimentatLHC.Therearetwomafinpro-
cesses.Ffirst,thethree-bodydecaysoffBmesonswfiththe
finaflstatebefingakaonandapafiroffcharmedmesonsor
acharmonfiumandflfightmesons.Themaxfimaflmassoffa
charmonfium-flfikestatethatcanbeproducedfinthfiswayfis
themassdfifferencebetweentheBandKmesons,whfichfis
about4.8GeV.Inffact,thehfighestcharmonfium-flfikestruc-
turereportedsoffarfistheX(4700)observedbytheLHCb
Coflflaboratfion[174],cflosetothfisbound. Second,the
three-bodydecaysofftheΛb,suchastheΛ

0
b→J/ψpK ,

whfichfistheprocesswherethehfidden-charmpentaquark
candfidatesPc(4312),Pc(4380),Pc(4440)andPc(4457)
weredfiscoveredatLHCb[175,176]. Thehfidden-charm
pentaquarkstatethatcanbeproducedthroughsucha
processneedstohavea massflowerthanthe massdfiff-
fferencebetweenΛbandK,whfichfisabout5.1GeV.For
theseweakdecayprocesses,themassoffthefinfitfiaflpartfi-
cflefisfixed.Furthermore,thefinaflstatesaflwaysfinvoflveat
fleastthreepartficfles,whfichcompflficatesthedataanaflysfis
andmaybrfingambfigufitfiesduetofinsuficfienttreatment
offcrosschanneflsandthree-bodyfinaflstatefinteractfion.
Vectorcharmonfium(-flfike)statesaremostflyeasfiflystud-
fiedfine+e coflflfisfions.TheyhavethesameJPCquantum
numbersasavfirtuaflphotonsothattheycanbedfirectfly
producedfine+e coflflfisfions;byemfittfingaphotontoad-
justtheenergytothefinterestedregfion,theycanaflsobe
producedusfingthefinfitfiafl-stateradfiatfion(ISR)process,
whosecrosssectfion,however,fissmaflflerbytwoordersoff
magnfitudebecauseoffthesuppressfionoff α. The mafin
experfimentsfincfludeBESIII,CLEO-c,BeflfleandBaBar.
Thus,morevectorstateshavebeenobservedthanother
quantumnumbers,andtheyarenormaflflyobservedfin
morechanneflsasweflflduetothehfighflumfinosfityoffthe
e+e machfines. Therefisaflsoonenewvectorstatefin
thebottomonfiummassregfion,theΥ(10753),reportedby
Beflfle[177].Thestructureswfithotherquantumnumbers
needtobeproducedthroughthedecaysoffhfigherstates
ortwo-photoncoflflfisfions,andthushavemuchsmaflflerpro-
ductfionratesorbeyondtheenergyreachoffBESIII.
Someoffthestructureswereaflsoproducedfintheprompt
productfionprocessesathadroncoflflfiders,andobserved
semfi-fincflusfivefly.ThemafinexperfimentsareCDFandD0
atTevatronandCMS,ATLASandLHCbattheLHC.
Suchprocesseshavemuchflargercrosssectfionsthanthose
vfiavfirtuaflphotons.However,theflargeenergyandflarge
strong-finteractfioncrosssectfionsaflsofimpflyhugeback-
grounds,whfichflowersthedetectfioneficfiency.Thetypes
offfinaflstatepartficflesthatcanbeeficfientflydetectedare
usuaflflyrestrfictedtochargedflfighthadronsand muons,

andsofftphotonsarehardflydetected.

2.4.2 ExotfichadronsatEficC

Forthestudyoffexotfichadrons,eachofftheexperfiments
hasfitsadvantagesandflfimfitatfions. Dfifferentkfindsoff
experfimentscompflementtooneanother,andtheyare
neededtoestabflfishamorecompfletepfictureofftheheavy-
flavorhadronspectroscopy.Evenfinthecharmsector,the
so-ffarcoflflectedfinfformatfionfisnotenoughtobufifldupa
cflearpficturefforaflfloffthesenewstructures.Furthermore,
aflthoughfitfisexpectedthatthereshoufldbeanafloguesoff
resonanceswfithopenorhfiddencharmfinthebottomsec-
tor,ffarffewerstateswfithbottomhavebeenobserveddue
totheflfimfitatfionsoffthecurrentexperfiments.Letustake
heavyquarkonfiaasanexampfle.
InFfig.2.18,wepresentacomparfisonofftheobserved

heavyquarkonfiaandquarkonfium-flfikestates wfiththe
QQ̄massspectrumpredfictedfintheGodffrey–Isgurquark
modefl[26,170].ItfiscflearthataflflofftheXYZstructures
areflocatedaboveoratfleastverycflosetotheopen-charm
threshoflds,whfiflethereareonflyacoupfleoffanaflogous
statesfinthebottomonfiumsector.Themessysfituatfionoff
thecharmonfium(-flfike)statesnficeflyfiflflustrateshowflfittfle
weunderstandtheconfinementaspectoffQCD.Aflthough
thefimportanceofftheopen-charmcoupfledchanneflswas
aflreadynotficedfinthesemfinaflCorneflflmodefl[178,179],
thefirroflefinfformfingtheobservedspectrumfisstfiflflffar
ffrombefingunderstood. Thehfighflyexcfitedstatescflose
toorabovetheopen-flavorthreshofldscontafinfimportant
finfformatfionabouttheflong-dfistancefinteractfionbetween
heavyquarksandabouthowtheflfightdegreesoffffreedom
comefintopflaythefirrofle.Thus,adetafifledstudyoffthese
statesfishfighflyvafluabflefforunderstandfingconfinement.
Furthermore,nomatterhowthehfidden-charmmeson

spectrumemerges,onewoufldexpecttohaveananaflogous
spectrumfforhfidden-bottommesonsasweflflasfinhfidden-
charmandhfidden-bottombaryonficsectors. Especfiaflfly,
fiffthecoupfledchanneflsarecrucfiafltofformthespectrum,
phenomenasfimfiflartothoseofftheXYZstateswoufldre-
peatfinthesesectors.
TheEficCenergyregfioncoversaflflthesefinterestfing

physfics.Intheffoflflowfing,fletusbrfieflydfiscussaffewtopfics
onheavy-flavorhadronspectroscopythatEficCcansfignfiff-
ficantflycontrfibuteto.
•Charmonfium(-flfike)states
Thephotoproductfioncrosssectfionofftheexcflusfivepro-

cessγp→ J/ψpfisattheorderoff10nbfforthec.m.
energyofftheγpwfithfin10to20GeV,whfichfistheenergy
regfionoffEficC.Thecrosssectfionoffthesemfi-fincflusfivepro-
ductfionoffc̄cXfisflargerbyaflmosttwoordersoffmagnfi-
tude,seeFfig.2.19.Thedatashownfinthfisfigurefincflude
theexcflusfiveJ/ψproductfiondataffromReffs.[180–186]
(J/ψpdatabeffore2002),[173](GflueX),andthesemfi-
fincflusfivec̄cXdataffromReffs.[187](CIF),[188](Fermfi-
flab),[189](EMC),and[190](SLAC).Thedatawerefit-
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Ffig.2.19 Thedependenceoffthephotoproductfioncrosssec-
tfionsontheγpc.m.energyffortheexcflusfiveγp→ J/ψpand
semfi-fincflusfiveγp→ c̄cXprocesses[173,180–190]. TheEficC
energycoveragefisdenotedbytheshadedarea. Here,X de-
notestheaflflpartficflesthatarenotdetectedandshoufldnotbe
conffusedwfiththeXcharmonfium-flfikestates.

tedusfingparametrfizatfionorfigfinedffromthevector-meson
domfinancemodefloffReff.[191].Thecrosssectfionfforthe
eflectroproductfionprocessfisabouttwoordersoffmagnfi-
tudesmaflflerduetoanaddfitfionaflffactoroffeflectromag-
netficcoupflfingα. Consfiderfinganfintegratedflumfinosfity
off50ffb1,onemayestfimatethattheJ/ψeventspro-
ducedffromtheexcflusfiveprocessfisaboutO(5×106).Be-
causeaflmostaflflexcfitedcharmedmesons(baryons)wfiflfl
decayfintoD(Λc)andthefirantfipartficfles,onecanexpect
thattheremustbemanymoreDandΛcevents.There-
ffore,finaddfitfiontothehfidden-charmchannefls,theXYZ
charmonfium-flfikestates,fincfludfingthehfighflyexcfitedones
beyondthecapabfiflfityoffBESIIIandJLaborthosethat
cannotbeproducedthroughtheBmesondecays,canbe
studfiedthroughopen-channeflfinaflstates. Asabench-
mark,theproductfionofftheχc1(3872)andZc(3900)are
sfimuflatedandwfiflflbedfiscussedfinSectfion2.4.3.
•Hfidden-charmpentaquarks
Soffar,theonflyobservatfionsoffhfidden-charmpen-
taquarkscameffromLHCb:Pc(4312),Pc(4380),Pc(4440)
andPc(4457)[175,176].

1)Inffact,theexfistenceoffnarrow
hfidden-charmbaryonresonances,ashadronficmoflecufles
offapafiroffcharmmesonandcharmbaryon,havebeen
predfictedtoexfistfinthemassregfionabove4GeV[193–
199]. As mentfionedabove,sfimfiflartotheexfistenceoff
manyhfidden-charmXYZstates,thereshoufldaflsobeflots
offhfidden-charmbaryonficexcfitedstates. Searchfingffor
themandverfiffyfingtheLHCbobservatfionswfiflflprovfide
vafluabflefinputstounderstandfingthespectroscopyoffex-
cfitedhadrons. ThenonobservatfionoffthePcstatesat
theGflueXexperfiment[173]findficatesthatthebranchfing

1)ThePc(4380)herefisabroadstructurefintroducedtofimprove
thefittfingquaflfityfinthe2015LHCbanaflysfis[175],andfitfisnot
neededtofittheupdatedJ/ψpfinvarfiantmassdfistrfibutfion[176].
However,therefisahfintffortheexfistenceoffanarrowPc(4380)[192]
finthenewLHCbdata.

ffractfionsoffthePcstatesfintoJ/ψptobesmaflfl(fforacom-
bfinedanaflysfisofftheGflueXandLHCbmeasurements,see
Reff.[200]). ThenthedomfinantdecaymodesoffthePc
shoufldbetheopen-charmchannefls,fincfludfingtheD̄(∗)Λc
andD̄(∗)Σc[192,201–203]. Thereffore,atEficC,thePc
needtobesearchedfforfinexcflusfiveprocesseswfiththefinafl
statesbefingnotonflytheJ/ψN,butaflsotheopen-charm
D̄(∗)ΛcandD̄

(∗)Σcchannefls[204,205]. Semfi-fincflusfive
processesofftheseprocesseswfiflflaflsobeacrucfiaflpartas
theyhavemuchflargercrosssectfions. Pentaquarkswfith
bothhfiddencharmandhfidden(oropen)strangenesscan
aflsobesearchedfforfinanaflogousprocesses.Foranestfi-
mateoffthesemfi-fincflusfiveproductfionratesfinthehadronfic
moflecuflarmodefloffthePcstates,seethenextsubsectfion.
Fromtheabovedfiscussfions,oneseesthataneficfient
detectfionofftheD/̄DandΛcpartficflesfisessentfiaflfforthe
studyoffthehfidden-charm mesonsandbaryons. From
RPP[148],onefindsthatthemostfimportantdecaychan-
neflsofftheD+areK 2π+[(9.38±0.16)%]andK0Sπ

+π0

[(7.36±0.21)%],thoseffortheD0areK π+π0[(14.4±
0.5)%]andK π+ [(3.950±0.031)%],andthosefforthe
Λ+careΛπ

+π0[(7.1±0.4)%]andpK π+[(6.28±0.32)%].
Thus,boththechargedandneutraflpfionsandkaonsneed
tobeeficfientflydetected. Onceoneofftheopen-charm
finaflstatepartficflesfisreconstructed,theeventsfforthe
otheronecanbeseflectedffromthe mfissfing massspec-
trumfinthereflevantenergyregfion.Inthfisway,searchfing
fforhfidden-charmstatesfintheopen-charmfinaflstatesfis
promfisfing.
•Bottomhadrons
InFfig.2.20,weshowthecrosssectfionsffortheexcflu-

sfivephotoproductfionofftheΥandfforthesemfi-fincflusfive
b̄b.TheshadedareafincorrespondfingtotheEficCenergy
regfioncoversthehfidden-bottomhadronmasses.Theex-
cflusfivedataaretakenffromReffs.[206,207](ZEUS),[185]
(H1),and[208](CMS);thesemfi-fincflusfivedataaretaken
ffromReffs.[209](EMC)and[210](H1).Themodeflsused

Ffig.2.20 Thedependenceoffthephotoproductfioncrosssec-
tfionsontheγpc.m.energyffortheexcflusfiveγp→ Υpand
semfi-fincflusfiveγp→ b̄bXprocesses.TheEficCenergycoverage
fisdenotedbytheshadedarea.
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tofitthedatafincfludetheempfirficaflfformuflafforthedeepfly-
vfirtuaflmesonproductfion(DVMP)modefl[211](Favartet
afl.),the2-gfluonexchangemodefl[212](Brodskyetafl.),
theparametrfizatfion[191](Grynfiuketafl.),andthedfipofle
Pomeronmodefl(Q2=0,10,50GeV2)[213,214](Mar-
tynovetafl.). Oneseesthatfforthec.m.energyfinthe
rangebetween15and20GeV,thephotoproductfioncross
sectfionfforΥpfisoffO(10pb);thus,thecorrespondfing
eflectroproductfionep→ eΥpcrosssectfionshoufldbe
offO(0.1pb). Consfiderfinganfintegratedflumfinosfityoff
50ffb1,theeventnumberoffΥthatcanbeproduced
throughtheexcflusfiveΥpprocessfisoffO(104),consfis-
tentwfiththesfimuflatfionfinSectfion2.5.1andtheestfimate
finReff.[215]. Thecrosssectfionfforthesemfi-fincflusfive
b̄b+anythfingfistwoordersoffmagnfitudehfigher. Thus,
mfiflflfionsoffbottommesonsBandΛbcanbeproduced.Iff
thesebottomhadronscanbeeficfientflydetected,theEficC
wfiflflbeabfletocontrfibutetothestudyoffexcfitedbottom
hadrons.Aflthoughthegroundstatebottomhadronsare
moredfificuflttobedetectedthanthefircharmedcousfins,
thefirflfiffetfimesare muchflonger, makfingthesecondary
decayvertficesuseffuflfindetectfingthem. Hfidden-bottom
pentaquarkstatesthatareexpectedtobedecayfintoΥN,
ΛbB

(∗)andΣbB
(∗)finaflstatesmayaflsobesearchedffor

finprocessessfimfiflartothosefforthesearchfingoffthePc
states.
Next,fletusbrfieflydfiscusstheadvantagesoffEficCfin
thestudyoffhadronspectroscopy.Comparfingwfithexper-
fimentsutfiflfizfingeflectron–posfitroncoflflfisfionsandtheB/Λb
decays,onespecfiaflffeatureofftheEficCfisthatfithasdfiff-
fferentkfinematficswhfichcanavofidtheambfigufityofffin-
terpretfingresonancesfignaflsfinducedbytheso-caflfledtrfi-
angflesfinguflarfity. Trfiangflesfinguflarfityfisatypeoffkfine-
matficaflsfinguflarfity,whfichoccursbecauseoffthesfimufl-
taneouson-sheflflnessoffthreefintermedfiatepartficfles,and
canproducepeaksmfimfickfingthebehavfioroffresonances
(fforarecentrevfiew,seeReff.[29]).Forfinstance,thetrfi-
angflesfinguflarfity mechanfismhavebeenconstructedffor
producfingresonance-flfikesfignaflsfforthepromfinentmufl-
tfiquarkcandfidatesPc(4450)[216,217],Zc(3900)

± [218–
220](seeaflsoReffs.[221–224]),Zc(4200,4430)

± [225]and
X(4050,4250)± [226]. Thfismeansthatfitfisessentfiaflto
dfistfingufishthesfignaflsffromresonancesffromthoseffrom

kfinematficaflsfinguflarfitfies.Trfiangflesfinguflarfityfisverysen-
sfitfivetothefinvoflvedkfinematficaflvarfiabflessuchasmasses
andenergfies.Theexampflesmentfionedfintheabovewere
aflflreportedfinthedecaysoffbottomhadrons(BorΛb),
whfichhavefixed masses,ore+e coflflfisfions. Thepho-
toproductfionoreflectroproductfionprocessesatEficChave
compfleteflydfifferentkfinematficaflregfionsffromtheseexper-
fiments;thephotonfisspace-flfikeornearflyonsheflfl,mak-
fingtheoccurrenceofftrfiangflesfinguflarfitfiesfintheexcflusfive
processesfimpossfibfle.Furthermore,thedependenceoffthe
sfignaflsontheenergyandQ2canaflsobemeasured.Inad-
dfitfion,thedoubflepoflarfizedbeamsffacfiflfitatetheEficCto
determfinethequantumnumbers,suchasspfinandparfity,
offhadronresonances.Incomparfisonwfithhadroncoflflfid-
ers,theEficChasabettersfignafltonofiseratfio.Further-
more,theEficCcoversaflflthemassregfionsfforcharmo-
nfium,bottomonfium,Pc,Pbandexcfitedheavyhadrons.
Asaresuflt,thestudyoffexotficmesonsandbaryonswfiflfl
beoneofftheffocfioffEficC.
AsearchfforthephotoproductfionoffZc(3900)[227]and

χc1(3872)[172]hasbeenperfformedbyCOMPASSwfith
muonbeam,gfivfingvafluabflefinputfforthesfimuflatfionoff
EficC.Wfithfinsfimfiflarrangeoffc.m.energy,EficCcansearch
ffortheseandaflsootherstateswfithmorethanoneorder
hfigherflumfinosfity. Furthermore,wfithsoflfidangflecover-
age,especfiaflflyhadronPIDfinthefforwardangfleandgood
vertexdetectorffordecaytopoflogy,theacceptanceand
reconstructfioneficfiencyoffEficCareexpectedtobesfig-
nfificantflyfincreased,sothedfiscoverypotentfiafloffexotfica
stateswfiflflbeexpflofited.

2.4.3 Crosssectfionestfimatesandsfimuflatfions

Inthfissubsectfion,morequantfitatfiveestfimatesoffthepro-
ductfionratesfforaseflectedflfistoffexotfichadroncandfi-
datesandsfimuflatfionsofftheep→ eχc1(3872)p,ep→
eZ+c(3900)n,ep→ ePc→ eJ/ψp,andep→ ePb→ eΥp
processesarereported.Formoremodeflestfimatesoffthe
excflusfiveproductfionsoffhfidden-charmandbottomexotfic
hadrons,wereffertoReffs.[172,204,205,227–250].
Motfivatedbytheheavyquarkflavorsymmetryfforthe

potentfiaflbetweenheavymesonsandbaryons,anaflogues
offthepentaquarkcandfidatesPcfinthebottomsector,

Ffig. 2.21 Lefft:Theep→ epV→ epfl+fl process.Rfight:Theep→ eχc1(3872)pandep→ eZ
+
c(3900)nprocess.
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flabefledasPbhere,areexpectedtoexfist[199,237,251–
258]. AresonantstatePbcoupflfingtoΥpwfithamass
around11.12GeVandawfidthrangfingffromtensoffMeV
to300MeVfispredfictedbynearflyaflflmodefls. Wesfimuflate
theexcflusfiveeflectroproductfionofftwoPbatEficCwfitha
wfidthoff30MeV[Pb(narrow)]and300MeV[Pb(wfide)],
respectfivefly,togetherwfiththethreenarrowPcstateswfith
theresonanceparametersreportedbyLHCb.
TheprocessfisdepfictedfintheflefftpanefloffFfig.2.21,
whereVrepresentstheJ/ψ(Υ)andthePc(Pb)coupflesto
theJ/ψN(ΥN)finthes-channefl.Thenon-resonantback-
groundfismodefledbyPomeron-exchangetobedfiscussed
finSectfion2.5.1.ThePc/Pbstatesareproducedffromthe
finteractfionbetweenthevfirtuaflphoton,emfittedffromthe
eflectronbeam,andtheprotonbeamfinthes-channefl.The
upperflfimfitoffproductfionratesatEficCcanbedetermfined
bytheupperflfimfitoffcrosssectfionoffγp→ Pc→ J/ψp
measuredbytheGflueXCoflflaboratfion[173],byproperfly
fincfludfingthephotonfluxandQ2dependenceoffampflfi-
tudes. AccordfingtotheanaflysfisofftheLHCbdata,the
flowerflfimfitoffthebranchfingratfioPc→ J/ψpfisaround
0.5%[200],andweassumethesameflowerflfimfitfforthe
Pb→ Υp.TheflowerflfimfitoffproductfionratesatEficCfis
obtafinedbythevectormesondomfinance(VMD)modefl,
see,e.g.,[245,249].
Afftertakfingfintoaccountthedetectfioneficfiencyand
thedfifleptondecayratesofftheJ/ψandΥ,theexpected

productfionratesofftheseexotficstatesatEficCareshown
finTabfle2.3. Herethedetectfioneficfiencfiesfinthethfird
coflumnareestfimatedffromthesfimuflateddfistrfibutfionoff
finafl-statepartficfles.Theproductfionratesonflfightnucflefi
aresupposedtobeflarger[241,248],whfichhoweverwfiflfl
haveflowerflumfinosfity. Thedfistrfibutfionsoffthefinvarfi-
antmassspectra,thetransversemomenta,thepseudo-
rapfidfitfies,andtherapfidfitfiesoffthePb/Pcstatesarepre-
sentedfinFfig.2.22.Theyareobvfiousflycharacterfizedby
thes-channeflresonances,wfithsmaflfltransversemomenta
andnarrowrangesoffpseudo-rapfidfityandrapfidfity,appar-
entflydfifferentffromthenon-resonantPomeron-exchange
contrfibutfionwhfichfissmoothflyspannedfintheffuflflrange,
asdemonstratedfindetafifledfinvestfigatfion[247,249].Itfis
suggestedtoextractthepentaquarksfignaflffromflargenon-
resonantcontrfibutfionwfithaproperkfinematficcut[249].
Asdfiscussedabove,thecrosssectfionofftheopencharm
channeflD̄(∗)Λcfisexpectedtobemuchbfiggerthanthe
thatoffJ/ψp,sofisthecaseofftheopenbottomchan-
neflB̄(∗)ΛbfincomparfisonwfiththeΥp.Inpartficuflar,the
branchfingffractfionsoffthePcandPbstatesfintoopen-
flavorchanneflsareexpectedtobeatfleastone-order-off-
magnfitudeflargerthanthoseoffthe J/ψpandΥp. In
addfitfion,asmentfionedfinSectfion2.4.2,theopen-charm
groundstatehadronscoufldbereconstructedattheflevefl
off10%. Thus,fitfisoptfimfistficthatthePcstatescan
bestudfiedfindetafiflthroughprocessesep→ J/ψpand

Ffig.2.22 Thedfistrfibutfionsofffinvarfiantmasses,transversemomenta,pseudo-rapfidfitfiesandrapfidfitfiesoffthePcandPbstates.
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Tabfle 2.3 Estfimatedeventnumbersthatcanbecoflflectedat
EficCassumfinganfintegratedflumfinosfityoff50ffb 1.Theflepton
pafirsfl+fl denotebothµ+µ ande+e. Theeventnumbers
areestfimatedusfingtheassumeddetectfioneficfiencfiesflfisted
finthethfirdcoflumn,whfichareexpectedtobehfigherfinthe
mfiddflerapfidfitythanthatfinthefforwardregfion.

Exotfic
states

Productfion/decay
processes

Detectfion
eficfiency

Expected
events

Pc(4312)

ep→ ePc(4312)

∼30% 15 1450Pc(4312)→ pJ/ψ

J/ψ→ fl+fl

Pc(4440)

ep→ ePc(4440)

∼30% 20 2200Pc(4440)→ pJ/ψ

J/ψ→ fl+fl

Pc(4457)

ep→ ePc(4457)

∼30% 10 650Pc(4457)→ pJ/ψ

J/ψ→ fl+fl

Pb(narrow)

ep→ ePb(narrow)

∼30% 0 20Pb(narrow)→ pΥ

Υ→ fl+fl

Pb(wfide)

ep→ ePb(wfide)

∼30% 0 200Pb(wfide)→ pΥ

Υ→ fl+fl

χc1(3872)

ep→ eχc1(3872)p

∼50% 0 90χc1(3872)→ π+π J/ψ

J/ψ→ fl+fl

Zc(3900)+

ep→ eZc(3900)+n

∼60% 90 9300Z+c(3900)→ π
+J/ψ

J/ψ→ fl+fl

ēD(∗)ΛcatEficC.Ifftheopen-bottomhadronscanaflsobe
eficfientflyreconstructed,thehypothesfizedPbstatesmay
aflsobesoughtatEficC.
InaddfitfiontothePcandPbstates,theexcflusfivepro-
ductfionsofftheχc1(3872)andZc(3900)areaflsosfimu-
flated. Theχc1(3872)fisarguabflythe mostfinterestfing
charmonfium-flfikestate.Itsmassfis(3871.69±0.17)MeV,
cofincfidfingwfiththeD0D̄∗0threshofldexactfly,andwfidth
fissmaflflerthan1.2MeV[148].1)Thequantumnumbers
are1++ [261].Itfisthefirstdfiscoveredandmoststudfied
exotficmesoncandfidatefinthecharmonfiumregfion[262].
ThemassoffZc(3900)

±fis(3888.4±2.5)MeVwfithawfidth
off(28.3±2.5)MeV[148].ItwasdfiscoveredfintheJ/ψπ±

spectrumbyBESIII[263]andBeflfle[264]andconfirmed
byotherexperfiments[265,266].TheBESIIIcoflflaboratfion
fidentfifiedfitsspfin-parfityas1+andfisospfinas1[267,268].

1)ThemassquotedfinRPPfisffromaveragfingprevfiousexperfiments.
Recentfly,theLHCbCoflflaboratfionreportedprecfisedetermfinatfions
offthemassandwfidth[259,260].Inpartficuflar,aFflattéanaflysfis,
whfichfismoreproperthantheBrefit–Wfigneroneffornear-threshofld
states,fisperfformedfinReff.[259].

Asachargedstatedecayfingfintoacharmonfium,thequark
contentoffZc(3900)contafinsatfleastūdc̄c, makfingfita
promfinentcandfidateofftetraquarksormoflecuflarstates.
TherfightpanefloffFfig.2.21showstheep→eχc1(3872)p

andep→ eZ+c(3900)nprocesses wfiththeyeflflowefl-
flfipserepresentfingthet-channeflexchange. Theγp→
χc1(3872)pcanproceedthroughtheexchangeoffvec-
tormesons(e.g.,ρ,ωandJ/ψ)finthet-channefl. The
γp→ Z+c(3900)ncanproceedthroughcharged mesons
(e.g.,π+anda+0)[228]ormesonficReggetrajectorfies[230]
finthet-channefl.Aroundtheaveragedc.m.energyWγp=
13.7GeV,whfichfisfintheEficCenergyregfion,theCOM-
PASSCoflflaboratfionhassearchedffortheZc(3900),and
thenonobservatfionsetsanupperflfimfitfforthecrosssec-
tfion:B(Zc(3900)

± → J/ψπ±)σ(γN→ Zc(3900)
±N)<

52pbatthe90%confidenceflevefl[227].Inasfimfiflarenergy
regfion,theCOMPASSCoflflaboratfionhasaflsoobtafined
anupperflfimfitffortheχc1(3872)atthesameconfidence
flevefl:B(χc1(3872)→ J/ψππ)σ(γN→ χc1(3872)N)<
2.9pb[172].Aparametrfizatfionoffthesefinfformatfionwfith
areasonabflefformuflafisusedasfinputtotheeSTARflfight
generator[269]toobtafintheproductfionratesatEficC.
TheresufltfingestfimatedeventnumbersareshownfinTa-
bfle2.3.Inpartficuflar,theupperboundsffortheproduc-
tfionofftheχc1(3872)andZc(3900)

+ areconstrafinedby
theCOMPASSmeasurements.Theflowerboundsarevery
roughflyestfimatedbyreducfingthesevafluesbytwoorders
offmagnfitude,asfinfferredffromthedfifferencebetweenthe
flowerandupperboundsoffthePc/Pbproductfionrates.
ItfisexpectedthataconsfiderabfleamountoffZ+c(3900)
coufldbeobservedwhfifletheeventsoffχc1(3872)areflower.
Thedfistrfibutfionsoffthefinvarfiantmassdfistrfibutfion,the
transversemomentum,thepseudo-rapfidfityandtherapfid-
fityffortheZ+c(3900)areshownfinFfig.2.23ffordfifferent
Q2regfions. Theredcrosshfistogramfisthecontrfibutfion
ffrom0<Q2<1GeV2,thebfluestaronefisthatffrom
1<Q2<5GeV2,andthebflackcfircfleonefistheoveraflfl
contrfibutfion.Itfisseenthatmostofftheeventsarewfithfin
theflowQ2range.
Theabovesfimuflatfionsshowthattheexotfichadrons
producedatEficCarecflosetothemfiddflerapfidfityrange.
Thfisfisbeneficfiaflffordetectfion.Thus,EficCprovfidesanex-
ceflflentpflatfformtostudythenatureoffknown,butbarefly
understood,charmonfium-flfikestatesandsearchffornew
states.
Inaddfitfiontotheexcflusfiveprocessesdfiscussedso
ffar,exotfichadronscanbesearchedfforfinsemfi-fincflusfive
processes. Inpartficuflar,fforthosehfidden-flavorexotfic
hadronswhfichcoupflestrongflytoapafiroffheavyhadrons,
suchastheχc1(3872)andtheZc(3900),onecanachfieve
anorder-off-magnfitudeestfimateofftheproductfioncross
sectfionsffoflflowfingthe methodoffReffs.[271–275]. The
productfioncanbeffactorfizedfintoashort-dfistancepart
andaflong-dfistancepart. Atshortdfistancesthehadron
pafirsofffinterestareproduced,whfichcanbesfimuflatedus-
fingthePythfiaeventgenerator[276]. Thehadronpafirs
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Ffig. 2.23 Thedfistrfibutfionsofffinvarfiantmasses,transversemomenta,pseudo-rapfidfitfiesandrapfidfitfiesofftheZc(3900)
+ fin

dfifferentQ2ranges.

thenmergetofformtheexotfichadronswhfichcoupfleto
themstrongfly,andtheflong-dfistancepfiececanbecom-
putedatthehadronficflevefl.Themechanfismfisshownfin
Ffig.2.24.Thfismechanfism,whenappflfiedtohadroncoflflfid-
ers,canproducecrosssectfionsfforthepromptproductfion
offtheχc1(3872)fiffthemomentumfintegratfionrangeffor
thehadron-hadronGreen’sffunctfionextendsuptoaffew
hundredsoffMeV[272,274,275].
Asanexampfle,finFfig.2.25weshowthedfifferentfiafl

Ffig. 2.24 ThemechanfismconsfideredfinReff.[270]fforthe
semfi-fincflusfiveproductfionoffexotfichadrons(denotedasX)
whfichcoupflestrongflytoapafiroffhadrons(H andH′)fin
flepton-protoncoflflfisfions.

crosssectfionsgeneratedusfingPythfia[276]fforthesemfi-
fincflusfiveproductfionsofftheD∗0D̄∗0andΣ∗+c D̄

0pafirsfin
eflectron–protoncoflflfisfionswfiththeeflectronandproton
beamenergfiessetto3.5and20GeV,respectfivefly. The
dfistrfibutfioncanbeweflflfittedbyak2dependencewfith
kthec.m. momentumofftheopen-charmhadrons. The
XHH′coupflfingfinFfig.2.24canbeextractedffrommea-
surementsorevafluatedfinphenomenoflogficaflmodefls.In
partficuflar,fforthehadronficmoflecuflarmodefl,thecoupflfing
fisconnectedtothebfindfingenergy(see[159]). Thefloop
finFfig.2.24fisufltravfiofletdfivergent,andthedfivergence
finprfincfipaflneedstobeabsorbedfintothemufltfipflficatfive
renormaflfizatfionofftheshort-dfistancepart.Foranorder-
off-magnfitudeestfimate,thefloopfintegraflfisevafluatedus-
fingaGaussfianreguflatorwfithacutoffΛoff0.5and1GeV.
Weflfistroughestfimatesffortheproductfioncrosssectfions
offtheχc1(3872),Zc(3900)

+,0,X(4020)0andthePcstates
observedbyLHCbfinTabfle2.4. Theestfimatesfforffour
morePcstatespredfictedfinthehadronficmoflecuflarmodefl
usfingheavyquarkspfinsymmetry[192,197,277]areaflso
presentedwfithmassesandcoupflfingstakenffromReff.[192].
Consfiderfinganfintegratedflumfinosfityoff50ffb 1,thfisfleads
toO(105)eventsfforeachoffthePcstates,andO(10

6)ffor
theχc1(3872)andO(10

7)eventsfforZcstates. Notfice
thatnefitherbranchfingffractfionsoffffurtherdecaysnorthe
detectfioneficfiencyfistakenfintoaccounthere.Formore
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Ffig. 2.25 Dfifferentfiaflcrosssectfionsdσ/dk(finunfitsoffnb/GeV)fforthesemfi-fincflusfiveproductfionoffD∗0D̄∗0andΣ∗+c D̄
0

througheflectron–protonscatterfing[270],wherekfisthec.m. momentumofftheopen-charmhadrons. Thehfistogramsare
obtafinedffromthePythfiaeventgeneratorwhfiflethecurvesarefittedaccordfingtothemomentumdependencek2.Theeflectron
andprotonenergfiesaresetto3.5and20GeV,respectfivefly.

detafifls,wereffertoReff.[270].
Toconcfludethfissectfion,fitfispromfisfingthatEficCcan
contrfibutesfignfificantflytothestudyoffheavy-flavorex-
otfichadrons,finpartficuflartocharmonfium-flfikestatesand
hfidden-charmpentaquarks,andthuscontrfibutetothe
understandfingoffhowtheemergenthadronspectrumfis
fformedbythenonperturbatfivestrongfinteractfion.

2.5 Otherfimportantexpfloratorystudfies

2.5.1 Protonmass

Themajorpartoffthemassoffobservabflematterfiscar-
rfiedbythenucfleons(neutronsandprotons)thatcon-
stfituteaflfltheatomficnucflefifintheUnfiverse. Nucfleons

Tabfle 2.4 Roughestfimatesofffintegratedcrosssectfions(fin
unfitsoffpb)atEficCfforthesemfi-fincflusfiveproductfionoffaffew
seflectedstatesfinthehadronfic moflecuflar(HM) modefl[270],
whereΛrefferstothecutofffintheGaussfianreguflatoroffthe
two-hadron Green’sffunctfion. Theprocessesaree +p→
HM+aflfl,whereHM=χc1(3872),Zc(3900)

0/+,X(4020)0,and
sevenPcstates. Theenergyconfiguratfionconsfideredherefis
Ee=3.5GeVandEp=20GeV.Thebranchfingffractfionsoff
ffurtherdecaysandthedetectfioneficfiencyarenotyetconsfid-
eredhere.

Channefl Λ=0.5GeV Λ=1.0GeV

χc1(3872) DD̄∗ 21 89

Zc(3900)0 (DD̄∗)0 0.3×103 1.1×103

Zc(3900)+ (DD̄∗)+ 0.4×103 1.3×103

X(4020)0 (D∗D̄∗)0 0.1×103 0.5×103

Pc(4312) ΣcD̄ 0.8 4.1

Pc(4440) ΣcD̄∗ 0.7 4.7

Pc(4457) ΣcD̄∗ 0.5 1.9

Pc(4380) Σ∗cD̄ 1.6 8.4

Pc(4524) Σ∗cD̄
∗ 0.8 3.9

Pc(4518) Σ∗cD̄
∗ 1.2 6.9

Pc(4498) Σ∗cD̄
∗ 1.2 9.8

themseflvesareconstfitutedffromthegfluonsandquarks
offQCD.Soakeypfieceoffthepuzzflesurroundfingthe
orfigfinoffmassflfieswfithunderstandfinghowtheproton’s
massemergesffromtheQCDLagrangfian,expressedfin
termsoffflfightvaflence-quarks,massflessgfluonsandthefin-
teractfionsbetweenthem. Thecurrent-quarkmassesare
producedbytheHfiggsmechanfism;butbasedonthose
masses,astrafightfforwardappflficatfionoffnotfionsffromrefl-
atfivfistficquantummechanficsdeflfiversaprotonmassthatfis
twoorders-off-magnfitudetoosmaflfl.Pflafinfly,thesourceoff
theproton’smassfisffarmoresubtfle.Consfider,thereffore,
asumrufleconnectedwfiththetraceoffQCD’senergy-
momentumtensor(EMT)[278]:

mp=Hm+Ha, Hm =⟨p|mψ̄ψ|p⟩,

Ha=⟨p|[γmmψ̄ψ+β(g)(E
2 B2)]|p⟩, (2.6)

where: ⟨p|p⟩=1;andmrepresentstheflfight-quarkcur-
rentmasses,whosevafluesareofftheorder2-4MeVata
renormaflfisatfionscafleζ=2GeV.Thefirstoffthetwoterms
finEq.(2.6)fisthatseededbytheHfiggsmechanfism.The
secondtermfismorefinterestfingfinmanyways:fitfisthe
traceanomafly,whoseorfigfinfisfintfimateflyconnectedwfith
theneedtoreguflarfizeandrenormaflfizeanyquantumfiefld
theorydefinedfinffourdfimensfionaflspacetfime.(Theseand
reflatedfissuesaredfiscussedffurtherfinSectfion2.6.1.)
TheHm termfinEq.(2.6)fisunambfiguous;butthere
aremanywaystodecomposeandrearrangeHa[279,280].
Onepopuflarapproachfistoffocusontheenergyoffaproton
atrestandwrfite[281–283]:

mp=Hm+Ha=Hm+Hq+Hg+
1
4Ha, (2.7)

where

Hq=⟨p|ψ
†(fiD·α)ψ|p⟩, Hg=⟨p|

1
2(E

2+B2)|p⟩(2.8)

are,respectfivefly,thequarkandgfluonkfinetficenergfies.
Contemporaryflattfice-QCDcaflcuflatfionsreveafl[284–286]
thatonflyabout9%offmpfisgeneratedbytheu-,d-,s-
quarkcontrfibutfionsfinHm. However,eventhfiscontrfi-
butfionfisnontrfivfiaflbecausefitfisbufifltffromproductsoff
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theHfiggs-generatedcurrent-quarkmassesandenhance-
mentffactorsthatexpressnonperturbatfiveQCDdynam-
fics,vfiz.Hm ∼mHfiggs×⟨p|̄ψψ|p⟩npQCD. Theremafinfing
91%fisessentfiaflflydynamficafl.Itcanbeconsfideredasthe
contrfibutfiongeneratedbystrongQCDfforcesthroughthe
traceanomafly;orfintheseconddecomposfitfion,broken
fintofidentfifiedpfiecesthatfincfludethoseffromquarkand
gfluonkfinetficenergfies. Nonethefless,nomatterhowone
choosestocutthepfie,averyflargeffractfionoffthepro-
ton’smassemergesasadynamficaflconsequenceoffstrong
finteractfionswfithfinQCD.Thereareaflsorecenttheoretficafl
deveflopmentontherenormaflfizatfionanddecomposfitfionoff
theEMTtrace[287–289],andaflsothenumerficaflresuflts
ffortheQEDandQCDcases[290–292].
Asnotedaboveanddescrfibedfinmoredetafiflbeflow,the
appearanceoffanonzerocontrfibutfiontothetraceoffthe
QCDEMT,caflflfitΘ,fisaqufintessentfiaflflyquantumfiefld
theoretficafleffect. Empfirficaflfly,theexpectatfionvaflueoff
Θfisflargefinaflmosteveryhadronstate. Theexceptfion
fisthechfirafl-flfimfitpseudoscaflarmeson,fforwhfichtheex-
pectatfionvafluefisexpectedtovanfish.Provfidfingamath-
ematficaflflyrfigorousprooffthattheseoutcomesaretrufly
dynamficaflconsequencesoffQCDwoufldconstfituteasoflu-
tfiontooneoffthesevenMfiflflennfiumPrfizeProbflems[293].
Modernprogressfintheoryfisseemfingflybrfingfingsucha
prooffwfithfinreach;andnumerficaflsfimuflatfionsoffflattfice-
reguflarfizedQCDarebegfinnfingtoyfiefldquantfitatfivere-
sufltsfforthefindependenttermsfinEq.(2.7).
Gfiventheffundamentaflfimportanceoffthescaflesetby
mp,muchattentfionfisnowffocusedontheexperfimentafl
confirmatfionoffEq.(2.6). Inthfiscontextfithasbeen
argued,usfingtheoperatorproductexpansfionandflow-
energytheorems[294–296],thattheheavy-vector-meson–
protonscatterfingampflfitudenearthreshofldfisdomfinated
byHaandsensfitfivetotheHm correctfion.Recenttheoret-
ficaflstudyaflsosuggeststhatthfisprocessatflargephoton
vfirtuaflfitfiesQ2canbeusedtoextractthegfluonpartoff
theprotongravfitatfionaflfformffactorandsensfitfivetothe
traceanomaflyeffectatsubfleadfingflevefl[296]. Apreflfim-

finaryanaflysfisoffGflueXdataonJ/ψphotoproductfionfin
Haflfl-DatJLabfisbroadflyconsfistentwfiththepredfictfion.
However,arangeofftheoretficaflfissuescompflficatethefin-
terpretatfionoffsuchJ/ψmeasurementsfinthfiswayand
substantfiaflflymoreworkfisneededbefforefirmconcflusfions
canbedrawn.
Ontheotherhand,thecasefforaconnectfionbetween

theΥpnear-threshofldscatterfingampflfitudeandthepro-
ton masssumruflefistheoretficaflfly muchcfleaner. Ex-
perfimentaflfly,thfissystemfisfinaccessfibfleatJLab;and
exfistfing measurementsatotherffacfiflfitfiesarerestrficted
toW ≳ 90GeV,asevfidentfinFfig.2.19,whfichfisffar
abovethreshofld. Consequentfly,theEficCcanherecon-
trfibuteunfiquefly,befingabfletoexpflorecoflflfisfionenergfies
W<20GeV.
Usfingthereactfionep→ epΥ→ epfl+fl,aspficturedfin

Ffig.2.21whereV=Υandtheorangearearepresentsa
t-channeflPomeron[214,297],thedfistrfibutfionoffevents
achfievabflewfithEficCfisshownfinFfig.2.26.Itseemsthat
thecrosssectfionestfimatfionwfithfinPomeronexchangeun-
deraproperconsfideratfionoffphasespace[214]fisfindeed
consfistentattheorder-off-magnfitudefleveflwfithothermod-
eflsasshownfinFfig.2.20,finwhfichdfipoflePomeronmodefl
fisusedasthefinputoffsfimuflatfion.Evfidentfly,EficCcoufld
producearound600eventsundertheproposeddesfign,80-
85%offwhfichflfiefintheQ2<1GeV2regfion,wfithmore
than90%atQ2<10GeV2. Moreover,fiffthetwodecay
channeflsΥ→ µ+µ,e+e aredetectedsfimufltaneousfly,
thenumberoffreconstructedeventsfisevenflarger. Ffig-
ure2.27dfispflaystheantficfipatedreconstructfionprofifles
offtheΥfinthedfistrfibutfionsoffmass,transversemomen-
tum,rapfidfityandquasfi-rapfidfity. Thoughthedetector
reconstructfioneficfiencywoufldbeflowerthanthatoffthe
resonantprocessfinTabfle2.3,onecanconfidentflyassume
avaflueoff20%,gfiventhatthefinaflstatesareaflflcharged
partficfles. Sofitfisffeasfibfletofinvestfigatedetafifledflythe
t-dependentcrosssectfionsatEficC.
ThfisdfiscussfiondemonstratesthatEficCcandeflfiverpre-

cfisfionfinthestudyoffΥproductfionandpotentfiaflflythereby

Ffig. 2.26 Dfistrfibutfionoffep→ epΥ→ epµ+µ events,assumfing50ffb1fintegratedflumfinosfity. Theepcentraflenergy
√
s=16.755GeVfinthefigurecorrespondstothatoffEficC.Caseswfithcentraflenergy

√
s=15.0,17.755and20.0GeVareaflso

fiflflustrated,butonfly
√
s=16.755GeVfisexpectedfforarunnfingtoaccumuflate50ffb 1flumfinosfity.Lefft:Numberoffeventsas

affunctfionoffphotonvfirtuaflfity,Q2;Rfight:Eventnumberasaffunctfionoff
√
s.
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Fig. 2.27 Reconstruction profiles in the distributions of mass, transverse momentum, rapidity and quasi-rapidity, for the
final state Υ in the reaction ep→ epΥ→ epµ+µ .

open a window onto the origins of the proton’s mass. As a
significant collateral benefit, Υ production is an important
background that must be understood when analysing data
taken in searches for the hidden-bottom five-quark state,
Pb.

2.5.2 Structure of light pseudoscalar mesons

Theoretical imperatives for investigating and revealing the
structure of light pseudoscalar mesons are detailed in Sec-
tion 2.6. The case has many facets because the pion is
the lightest known hadron and it has a unique and crucial
position in nuclear and particle physics [298]. For exam-
ple, the pion is the closest approximation to a Nambu-
Goldstone (NG) boson in Nature. It is massless in the
absence of Higgs-boson couplings into QCD and remains
unusually light when those couplings are switched on. In
addition, this light pion is essential to the formation of
nuclei, carrying the strong force over length-scales large
enough to enforce stability against electromagnetic repul-
sion between the protons within a nucleus. Thus, un-
derstanding pion structure is of the utmost importance.
Two clear paths are available: namely, the measurement
of pion elastic form factors and of pion structure functions.

Existing empirical knowledge of pion structure is poor.
Elastic form factor measurements do not extend beyond
Q2 = 2.45GeV2 [299–304] and existing structure function
measurements are more than thirty years old [305–310].

The kaon situation is worse; and that is unsatisfactory
for many more reasons. Largest amongst them being that
the standard model of particle physics has two sources
of mass: explicit, generated by Higgs boson couplings;
and emergent, arising from strong interaction dynamics,
responsible for the mN ∼ 1GeV mass-scale that charac-
terises nuclei, and the source for more than 98% of visible
mass. Emergent hadronic mass is dominant for all nuclear
physics systems; but the Higgs mechanism applies modu-
lations that are critical to the evolution of the Universe,
e.g., CP-violation, discovered in neutral kaon decays [311].
Thus, knowledge of kaon structure is necessary because it
provides a window onto the interference between Higgs
boson effects and emergent mass [312, 313].

The impediment to experimentally mapping the struc-
ture of light pseudoscalar mesons is simply explained.
These systems are unstable, they decay quickly: so, how
can one build a target? One answer is to use the Drell–
Yan process at high-energy accelerators. This is the mode
exploited thirty years ago [305–310]. Another approach
is to measure the leading neutron in high-energy ep col-
lisions [314, 315]. In these processes, the range of light-
front momentum fraction, x, has been somewhat limited
and existing errors are large.

At high-luminosity facilities, the Sullivan process, illus-
trated in Fig. 2.28, becomes a very good method for for
gaining access to meson targets. The approach capital-
izes on the feature that a proton is always surrounded
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Ffig. 2.28 Suflflfivanprocesses:anucfleon’spfioncfloudpro-
vfidesaccessto(a)pfioneflastficfformffactorand(b)pfionparton
dfistrfibutfionffunctfions.Thefintermedfiatepfion,π∗(P=k k′)
wfiththeMandeflstamvarfiabflet=P2,fisoff-sheflfl.

byamesoncfloudandcansometfimesbevfiewedasacor-
reflatedπ+n(K+Λ)system. Theorypredficts[316]that
suchprocessesprovfidereflfiabfleaccesstoapfiontargeton
t≲0.6GeV2;andfforthekaon,on t≲0.9GeV2.The
12GeV-upgradedJLabffacfiflfitywfiflflexpflofitthesereactfions
toextendtheQ2reachoffexfistfingπandK fformffactor
measurements[317,318]andthex-rangeoffavafiflabfledata
onthepfionstructureffunctfion[319].Effortswfiflflaflsobe
madetomeasurethekaonstructureffunctfion[320].Gfiven
thewfiderkfinematficrangeoffEficC,fitscapacfitytoachfieve
thesegoaflswfiflflbeffargreater.AttheEficC,thescatterfing
angfleandenergyoffthefinaflstatebaryonscanbemea-
suredprecfisefly,totagtheSuflflfivanprocessandtomeasure
thefinvarfiantmassoffthevfirtuaflflfightmesons.Technoflo-
gfiesofftheffar-fforwardhadroncaflorfimeterandtrackers
coufldbeflearnedffromprojectsatHERA(H1andZEUS),
andffromsfimfiflarexperfimentsattheUS-EIC.Thefinafl
stateneutronattheEficChasenergyaround15GeV,a
thetaangflearound25mrad,andpT <0.5GeV.Assum-
fingtheenergyresoflutfiontobe35%/(E/GeV)andthe
spatfiaflresoflutfiontobe1cmffortheffar-fforwardneutron
detector,onecanestfimatetheresoflutfionfforthefinvarfiant

Ffig.2.29 ProjectedstatfistficaflerrorsonEficCpfionfformffac-
tormeasurementscomparedwfiththoseattheUSEIC[312]
andJLab12GeVprogram[321]. Aflsodepficted:extantJLab
dataobtafinedbytheFπ-Coflflaboratfion[300–304];andstatfis-
tficaflerrorprojectfionsfforkaonfformffactormeasurementsat
EficC.

massoffthevfirtuaflmeson,
σ|m2(π∗)|
|m2(π∗)|,tobearound27%at

theEficC.
Appflficatfionandexperfiencehavedeflfiveredareflfiabfleap-

proachtoobtafinfingthepfioneflastficfformffactor,Fπ(Q
2),

ffromtheSuflflfivanprocess[322–325].Theflongfitudfinafleflec-
troproductfioncross-sectfionfisexpressedsuchthatFπ(Q

2)
fistheonflyunknown,whfichcanbedetermfinedbycompar-
fisonbetweendataandthemodefl.Theπ+/π productfion
ratfioextractedffromeflectron–deuteronbeamcoflflfisfionsfin
thesamekfinematficsaschargedpfiondataffromeflectron–
protoncoflflfisfionsfisusedtoensurethattheflongfitudfinafl
cross-sectfionhasbeenfisoflated[298]. Ffigure2.29shows
thatahfigh-flumfinosfity,hfigh-energyEficCcandeflfiverpre-
cfiseresufltsonpfionandkaoneflectromagnetficfformffac-
tors,provfidfingdetafifledmapsonthedomafinQ2/GeV2∈
[10,30],whfichhasthehfighestphysficsdfiscoverypotentfiafl.
TheestfimatesfinFfig.2.29werepreparedusfingtheffofl-
flowfingcuts:|t|<0.6GeVandW/GeV∈(2,10).Sepa-
ratfingthedatafintotenbfinsonQ2/GeV2∈[10,30],the
statfistficaflerrorsonFπ(Q

2)dataarecompetfitfivewfithaflfl
otherexfistfingproposafls. Regardfingthesfizeofftheestfi-
matedstatfistficaflerrors,thesamefistrueffortheEficCkaon
fformffactormeasurement.
Ffigure2.28(b)showsthataSuflflfivanprocesscanaflsobe

usedtomeasureπandKstructureffunctfions.Compared
wfitheflastficfformffactormeasurements,thecross-sectfionfis
muchflargerbecausethemesontargetfisshattered.Deep
fineflastficeπfinteractfionsareensuredbyseflectfingeventsfin
whfichthetransversemomentumoffthetaggedfinafl-state
neutronfissmaflflandfitsflongfitudfinaflmomentumexceeds
50%offthatoffthefincomfingproton.
Forkaonstructureffunctfions,thetaggedoutgofingsys-
temfistheΛ-baryon.
TheprojectedstatfistficaflprecfisfionoffanEficCpfionstruc-
tureffunctfion measurementfissketchedfinFfig.2.30.It
assumesroughflyoneyearoffrunnfingandfisbasedon
aMonte-Carflosfimuflatfionofffleadfing-neutrontaggedDIS
wfiththepfionvaflence-quarkdfistrfibutfionffunctfiontaken
ffromReff.[326].Ffigure2.30findficatesthatEficCcanmap
thedomafinxπ∈(0.01,0.95)wfithprecfisfion,yfiefldfingdata
thatcoufldbecrucfiafltoresoflvfingthepfionstructureffunc-
tfioncontroversydescrfibedfinSectfion2.6.3.2.

2.5.3 Intrfinsficcharm

Greatprogresshasbeenmadefintheflfiteraturefinunder-
standfingtheffundamentaflstructureoffthenucfleonfinre-
centyears.However,westfiflflknowflfittfleabouttheproper-
tfiesanddfistrfibutfionsofftheheavyquarksfinnucfleon.Asa
potentfiaflconstfituentoffthenucfleon,finfformatfionfforthose
heavy-flavorcontentpflaysanfimportantroflefintestfing
Standard Modefl(SM),andfinsearchfingffornewphysfics
beyondtheSM.
Heavycontentfinnucfleonfispredfictedtheoretficaflflyfin

QCDtheory.Intheflfight-conefframework,thewaveffunc-
tfionoffaprotoncanbeexpandedfintermsoffsuperposfitfion
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Ffig. 2.30 Projectedstatfistficafluncertafintyonpfionstruc-
tureffunctfionfinacertafinQ2bfinasaffunctfionofftheffour-
momentum-transffer tandtheBjorken-xoffpfion. Thecuts
fforproducfingtheprojectfionareaflsoshownfinthepflot.Inor-
dertoseflectthescatterfingbetweeneflectronandvfirtuaflpfion,
acutonxL>0.75fismade[315]. Moreover,thedetectfioneff-
ficfiencyfforthefinaflstateneutronfisassumedtobe50%.The
measurementatEficCcoufldbeperfformedonaflargekfinematfic
domafinwfithuncertafintythatfisunfifformfly≲5%.

offFockstatesasffoflflowfing:

|p⟩=c1|uud⟩+c2|uudg⟩+c3|uudc̄c⟩+···. (2.9)

Here, |F⟩aretheFockstates,andthecoeficfientscj
(j=1,2,···)areproportfionafltothewaveffunctfionam-
pflfitudesoffFockcomponents[327–329].Itfindficatesthat
thereareheavycharmquarksarfisefintheproton,even
thestatessuchas|uudc̄c⟩areextremeflyrare. Onthe
vfiewpofintoffQCDtheory,theextrac̄cpafirfinthepro-
toncanbegeneratedfintwodfistfinctprocessesfinvoflvfing
finperturbatfiveandnonperturbatfiveeffects.
Oneprobabflecharmcontentarfisenfinaprotonfisthe
“extrfinsficcharm(EC)”.Inthfiscase,agfluonradfiates
ffromthevaflencequarkfintheproton,andthenspflfits
toac̄cpafirassocfiatedwfithflargetransversemomentum.
Thegfluonmustbehardenoughfinordertoproducea
heavyc̄cpafir. Theprocessfistherefforegovernedbythe
QCDevoflutfioncorrespondfingtotheshortdfistanceeff-
ffects.Inthfisscenarfio,thecharmandantfi-charmquarks
havethesamesfignfificantffeaturesfintheproton. The
ECbehavesflfikeaseaquarkandfisgeneraflflysoffterthan
thegfluonbyaffactoroff1 x,wherexfisthemomen-
tumffractfionoffECfintheproton. Thepartondfistrfibu-
tfionffunctfion(PDF)descrfibestheextrfinsficcharmdensfity
fintheproton,whfichfisreflatedtothe momentumffrac-
tfionxandtheffactorfizatfionscafleµF. Usfinganfinfitfiafl
fformataspecfificscafle,suchasthecharmquarkmass
mc,theECPDFcanbeevoflvedtoanyffactorfizatfion
scafleµFwfiththeheflpofftheDokshfitzer–Grfibov–Lfipatov–
Afltareflflfi–Parfisfi(DGLAP)evoflutfionequatfions[330–333].
Inpractfice,thefinfitfiaflfformofftheECPDFcoufldbemod-
efled,whoseparameterscanbefixedffromacomprehensfive
gflobaflanaflysfisoffhardscatterfingdatageneratedffroma
varfietyofffixed-targetorcoflflfisfionexperfiments. Theex-

trfinsficcharmdfistrfibutfionfisassumedtobeconcentrated
finthesmaflflregfionoffmomentumffactfion,e.g.,x∈[0,0.1],
sfincefitdropsdownqufickflyatx>0.1. TheECcompo-
nentfisusuaflflynegflectedfinearflystudfiesontheprocesses
wfithsmaflflandmoderatecenter-off-massenergy(CME)fin
coflflfisfions,especfiaflflyfforthehadronficcoflflfiderswherethe
smaflflxeventsaregeneraflflynotrecorded. Wfith much
hfigherCMEoffcoflflfiderstoday,theECbecomesmoreand
morefimportantfinhfighenergyprocesses.

Anotherprobabflecharmcontentarfisenfinaprotonfis
the“fintrfinsficcharm(IC)”,whfichfisqufitedfifferentffrom
theextrfinsficoneandhasstronghfintsffromexperfimentafl
observatfions.Inyear1979,theproductfionoffcharmed
partficfleswasreportedbytheCERNandACCDHWCofl-
flaboratfionsvfiapp→ D+(Λ+c)X wfiththecenter-off-mass
energy

√
s=53and63GeV,respectfivefly[334–337].The

crosssectfionwas measuredtobe0.1–0.5mb,whfichfis
flargerthantheoretficaflpredfictfions(10–50µb[338])by
aboutoneorderoff magnfitude. Moreover,theD+ was
ffoundtobegeneratedabundantflyfinthefforwardregfion,
whfichfishardtobeexpflafinedbysfimpflyusfingtheordfinary
extrfinsficcharm.Inordertonarrowthegapbetweenex-
perfimentafldataandtheoretficaflpredfictfions,thefideaoffIC
wasproposedbyBrodskyetafl.finReffs.[339–341].Theo-
retficaflfly,thfisfluctuatfionofftheprotoncanbeachfievedfin
twoways,onefisthefinteractfionbetweenvaflancequarks
andmufltfipflesofftgfluons,anotheronefisvacuumpoflarfiza-
tfionwhfichfisusuaflflyextremeflyrareandcanbenegflected.
Thefintrfinsficcharmgeneratedfinthfismannerexhfibfitsre-
markabfledfifferencesffromtheextrfinsficcharm,andthe
probabfiflfityofffindfingICfinaprotonfisproportfionaflto
O(1/m2c).IncontrasttotheEC,theICcanbegenerated
atorevenbeflowtheenergyscafleofftheheavyquarkmass
threshofld. Thefintrfinsficcharmandantfi-charmarenot
necessarytohavethesamedfistrfibutfionsfintheproton.
TheIChasa“vaflence-flfike”character,whfichhassmaflfl
contrfibutfionsfinflowmomentumffractfionxanddomfinates
finthereflatfiveflyflargexregfion. TheICdfistrfibutfionfis
non-perturbatfive,andmanymodeflshavebeensuggested
fintheflfiterature,whosefinputscanbefixedbygflobaflfit-
tfingoffvarfiousknownexperfimentafldata.

Someprevfiousflydonemeasurementscoufldfindficatethe
exfistenceoffICfinthenucfleon.In1980s,thecharmstruc-
tureffunctfionFc2(x,µ)was measuredbytheEuropean
MuonCoflflaboratfion(EMC)[189,342].Anenhancement
atflargexbeyondtheoretficaflexpectatfionwasreported
byEMC,andsuchagapcoufldbecompensatedbytak-
fingtheICfintoconsfideratfion[343]. Thefincflusfivepho-
tonproductfionwfithheavy-flavorQjetsfinhadronficcofl-
flfisfionswoufldaflsoprovfidevafluabflefinfformatfionfforthe
ICdfistrfibutfionsfinthenucfleon. Thepartonficprocess
g+Q→γ+Q+Xgfivesthemafincontrfibutfionstothepho-
tonevents,whfichdependsstrongflyontheheavycontents
finanfincfidenthadron. DataffromtheDØexperfimentat
theTevatron[344]showsdfisagreementbetweenthepre-
dfictfionwfithoutICandthemeasurementfforγ+c+X
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finflargetransversemomentumoffthephoton.Byfincflud-
fingICcontrfibutfions,thedfiscrepancyfisreducedbutstfiflfl
promfinentfintheflargerpγTregfion,finpartficuflarwhenp

γ
T

fisflargerthan80GeV.
Uptonow,adefinfiteconcflusfionontheexfistenceoff
ICfisstfiflflmfissfing. Addfitfionaflexperfimentsarenecessary
fforfinvestfigatfingtheIC.The measurementofffincflusfive
charmedhadronproductfionathadroncoflflfidersfisanaddfi-
tfionaflpromfisfingwaytofinvestfigatetheIC[345,346].The
doubflyheavybaryons(especfiaflflyΞcc)productfionassocfi-
atedwfithfinfitfiaflcharmquarkatthepartonfleveflwfiflflbe
sufitabfletofinvestfigatethefintrfinsficcontent,sfincetheIC
fimpactssfignfificantflyontheseproductfionchannefls. The
Ξccproductfionfinhadronficcoflflfisfionsfinvoflvethreetypfi-
caflmechanfisms,fi.e.,thegfluon-gfluonffusfion(g+g),the
gfluon-charmcoflflfisfion(g+c),andthecharm–charmcoflflfi-
sfion(c+c),attheproton–proton(orproton–antfiproton)
coflflfiders. Conventfionaflfly,contrfibutfionsffromthegfluon-
gfluonffusfionareexpectedtobedomfinantfinthehadronfic
productfionoffΞcc.However,otherproductfionmechanfisms
mayaflsohavesfizabflecontrfibutfions.Forthe(g+c)and
(c+c)productfionmechanfisms,thefinfitfiaflcquarkcanbe
efitherextrfinsficorfintrfinsficfinthefincfidentprotons. Be-
causetheproportfionofftheICcomponentsfinthenucfleon
fissmaflfl,whfichfisonflyupto∼1%,thefintrfinsficcharmusu-
aflflygfivesnosfignfificantcontrfibutfionfinmostoffthehfigh-
energyprocesses.However,finspecfifickfinematficregfions,
theICmayfleadtounexpectedconspficuousconsequences
fintheΞccproductfion.
ThehadronficproductfionoffΞccbaryonwasfinvestfigated
attheLHC,theTevatron,andtheFfixed-targetExperfi-
mentsathadroncoflflfider(FfixExp@HC)[347–349]. Us-
fingthegeneratorGENXICC[350–353],onemaysfimuflate
thehadronficproductfionoffΞccwfithbothextrfinsficand
fintrfinsficcharmbefingconsfidered. Becausethefintrfinsfic
componentatflargexwfiflfldecreaseatthehfighffactorfiza-
tfionscafle,the(g+g)channeflbecomesdomfinantfinthe
ΞcchadroproductfionwfithhfighCME.TheICmechanfisms
shaflflhaveasfignfificantfimpactonthehardprocesseswfith
moderateffactorfizatfionscaflesatthosecoflflfiderswfitharefl-
atfiveflyflowercenter-off-massenergy. Thereffore,coflflfiders
wfithhfighflumfinosfityatflowercenter-off-massenergy,such
asthefixed-targetexperfiment(flfikeAffter@LHC[354–358]
operatfingatacenter-off-massenergy

√
s=115GeV)and

ffutureeflectron–fioncoflflfiders(e.g.,EICUS[30]andEficC,
etc.),woufldbefideaflflysufitedtodfiscoverorconstrafinthe
fintrfinsficcontentfinnucfleon.
TheEficCwfiflflprovfideabrandnewmodetostudythe
productfionoffdoubflycharmedbaryon. Twofimportant
subprocessesoccurfintheeflectron–nucfleus(e–N)coflflfisfion
wfithexchangeoffavfirtuaflphotonbetweentheeflectron
andnucfleus,fi.e.,γ+g→Ξcc+̄c+̄candγ+c→Ξcc+̄c,
whficharecflassfifiedbythevfirtuaflfityQ2offthephoton.
Numerficaflfly, weobservethatthefintrfinsficcharmen-
hancedthetotaflcrosssectfionsbynearfly3tfimestothat
wfithoutfintrfinsficcomponentswfithAfin=1%finthee–Au

coflflfisfionmodeattheEficC.Moreover,atthefinstantaneous
flumfinosfityoff2.0×1033cm2·s1,theestfimatednumber
offΞcceventsfinoneyearfisabout4.0×10

5byadoptfing
theNon-reflatfivfistficQuantumChromodynamfics[359].It
makestheprecfisefinvestfigatfionoffthepropertfiesoffthe
doubflycharmedbaryonaccessfibfleattheEficC.
TheobservatfionoffthedoubflycharmedbaryonΞ++cc had
beenreportedbytheLHCbcoflflaboratfion[360]fin2017.
However,theΞ+ccwfithasfimfiflarproductfionratebutabfit
shorterflfiffetfimethanΞ++cc,hasnotbeendfiscoveredyet.
Theshorterflfiffetfime means moreflosseventsoffΞ+ccbe-
fforetestedbythedetectors,whfichrequfiresmoreefforts
finexperfimentaflmeasurements. Recentfly,theLHCbcofl-
flaboratfionsreportedzeroresufltsoffsearchfingfforΞ+cc[361]
agafinwfithhfigherfintegratedflumfinosfitythanthatfin2013
byanorderoffmagnfitude. Thfisfisfincontradfictfionwfith
theobservatfionoffΞ+ccbaryonbytheSELEXfin2002[362]
andfin2005[363]. Thfiscontrarymaybefinterpretedby
thedfifferenceoffkfinematficcutsbetweenthosetwoex-
perfiments. TheLHCbexperfimentmayflosemoreevents
finthesmaflflptregfionthanthatfintheSELEX,whfich
arereflatedcfloseflytothefintrfinsficcontentfinanucfleon.
Thereffore, moredfifferentkfindsoffexperfiments,suchas
theAffter@LHC,theEficC,andtheLHeC,areneededffor
cflarfiffyfingthepuzzflefinsearchfingffortheΞ+cc.Conversefly,
experfimentaflstudfiesonΞccproductfionatthosecoflflfiders
coufldheflptoffurtherprogressfinverfiffyfingtheexfistenceoff
IC.
Inconcflusfion,dfifferenthfigh-energycoflflfiders(suchas

theAffter@LHC,theEficC),areexpectedtofincreasethe
probabfiflfityfforthedfiscoveryoffIC.Moreover,thosedfiffer-
entexperfimentaflpflatfformscoufldprovfidefimportantcross-
checkstoensurethecorrectnessoffexperfimentaflmeasure-
mentsandtheoretficaflanaflysfis.Andfitshaflflshedflfighton
thefintrfinsficheavymechanfismandffundamentaflstructure
offthenucfleon.

2.6 QCDtheoryandphenomenoflogy

2.6.1 Synergfies

Hfighflevefltheoryandphenomenoflogyarerequfiredfinorder
tofinspfire,gufide,andcapfitaflfizeonthewfiderangfingpro-
gramoffEficCexperfiments.RfigorousQCDtheorymustbe
compflementedbyfinsfightffuflphenomenoflogysothatevery
dfiscoveryopportunfitycanbesefized. Theflattficefformu-
flatfion mafintafinsthecflosestconnectfionswfiththeQCD
Lagrangfian.Here,steadyprogresscontfinuesandtestabfle
predfictfionsarebefingdeflfivered. TfightflfinkswfithQCD
areaflsoprovfidedbycontfinuumSchwfingerffunctfionmeth-
ods,e.g.,theDyson-Schwfingerequatfions(DSEs). Wfith
theaddedflexfibfiflfityoffcontfinuummethods,DSEsprovfide
accesstoawfiderrangeoffobservabfles. Thus,wfiththefir
compflementarycontent,flattficeQCDandDSEshavea
naturaflsynergythatcanbeexpflofitedfforthebenefitoff

64701-38 DanfiefleP.Anderfle,etafl.,Front.Phys.16(6),64701(2021)



Review article

EicC physics.

2.6.2 Lattice QCD

Lattice QCD is a fundamental method to study strong
interactions non-perturbatively from first principles. It
directly computes the QCD path integral in a discretized
finite-volume Euclidean space-time, and then the finite
lattice spacing and volume provide natural ultraviolet and
infrared cut-offs. The input parameters in lattice QCD are
the quark masses and the coupling constant, which is re-
lated to the lattice spacing by the renormalization group.
Today, with the help of powerful computing facilities, lat-
tice QCD can provide important information on many as-
pects of EicC physics and comparisons with experimental
results.

2.6.2.1 Nucleon spin structure

As discussed in Section 2.1, the proton’s spin can be de-
composed into the helicity and orbital angular momen-
tum of quarks and gluons. The contribution from quark
helicity is the sum of quark polarization along the proton
spin direction, which can be obtained from lattice QCD by
computing the first Mellin moment of the polarized parton
distribution function of quarks. There have been many
lattice calculations, see Refs. [364, 365] for reviews. Re-
cent lattice results [366–368] are mutually consistent and
agree well with global fits; and strange flavor results are
more precise than the global fits. Both experiment [369]
and lattice calculation [370] indicate that the gluon helic-
ity contributes considerably to proton spin, but improved
lattice QCD calculations are needed in order to deliver
precise predictions [371].

The QCD energy–momentum tensor admits several ex-
pressions for the quark and gluon orbital angular momen-
tum contribution to the proton spin. With the Jaffe-
Manohar decomposition [372], both the orbital and to-
tal angular momentum of quarks and gluons can be de-
fined in a gauge invariant manner with appropriate light-
cone gauge links. On the other hand, gauge invariant and
frame independent total angular momentum of quarks and
gluons can be defined through the symmetrized energy-
momentum tensor based on Ji’s decomposition [60], ex-
pressed in Eq. (2.3). The difference between the two is
that the quark-gluon interaction term is allocated to the
gluon (quark) orbital angular momentum in the Jaffe-
Manohar (Ji) decomposition. The gauge invariant total
angular momenta of quarks and gluons have been calcu-
lated in lattice QCD [366, 373, 374]: the gluon angular
momentum result needs improved precision. Exploratory
lattice studies have been made for the quark orbital an-
gular momentum and preliminary results have been ob-
tained [375, 376].

Lattice QCD is playing a valuable role in the study of
nucleon spin structure, with important recent progress.
Quark helicity results for different flavors have reached

10% precision, and preliminary estimates have been ob-
tained for the gluon helicity, quark orbital angular mo-
mentum and quark (gluon) total angular momentum. It
is expected that lattice QCD will be able to provide more
accurate and extensive information on nucleon spin struc-
ture.

2.6.2.2 Proton mass decomposition

From the sum rule of the QCD energy-momentum tensor,
Eq. (2.6), the invariant mass of proton can be decomposed
into quark mass term and the trace anomaly [278]. The
quark mass term is a product, involving the chiral conden-
sate and quark current masses; hence, it is directly related
to the mass generated by the Higgs mechanism and scale
invariant. This part only contributes about 9% of the to-
tal proton mass [283] for three light flavors; so most of the
proton mass can be considered as arising from the trace
anomaly [278].

In the chiral limit, the pion matrix element of the trace
anomaly is zero, whereas it is nonzero for the nucleon,
yielding the entire nucleon mass. As yet, there is no di-
rect calculation of the trace anomaly using lattice QCD,
but the proton mass sum rule has been used to predict the
trace anomaly contribution to mp [283]. A calculation of
the trace anomaly contribution to mp is being pursued us-
ing lattice QCD; and success will enable a comparison be-
tween QCD theory and the EicC measurements described
in Section 2.5.1.

Using one definition of the quark kinetic energy [281],
its contribution to mp can be obtained from the quark
light-front momentum fraction, i.e., the first moment of
the unpolarized quark distribution functions; similarly, for
the gluon kinetic energy contribution. Lattice results for
the momentum fraction [283] agree with phenomenological
analyses [364]; but uncertainties still need to be further
suppressed, especially for the sea quarks and gluons.

2.6.2.3 1-D and 3-D structure of nucleons

Most lattice QCD calculations of PDF-related quantities
have been limited to the first few PDF moments, mainly
due to the fact that light-cone PDFs are not directly acces-
sible in Euclidean space-time. However, novel theoretical
developments in recent years [377–379] are enabling lattice
QCD to directly calculate PDFs, including 1-D Bjorken-
x dependent PDFs, generalized parton distribution func-
tions(GPDs), and also transverse moment dependent par-
ton distribution functions(TMDs).

Large momentum effective theory (LaMET) is one ap-
proach [380]. It uses an equal time correlation function
to reach a light cone correlation function using standard
methods of effective field theory matching and running.
Namely, from the equal time correlations that can be
computed in lattice QCD, one obtains the so-called quasi-
PDFs; and when the nucleon momentum is large enough,
quasi-PDFs can be matched perturbatively to the physi-
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Ffig. 2.31 LattficeresufltsffortheTMDsofftffunctfion:fintrfinsficpart(flefftpanefl)[388]andrapfidfitydependentpart(rfight
panefl)[387,388]. Fortherapfidfitydependentpart,theresufltsffromReff.[388](red/bfluepofints)areconsfistentwfiththose
ffromReff.[387](green/brownpofints).Theflattficecaflcuflatfionreachesmuchflargertransverseseparatfionb⊥ thanperturbatfive
caflcuflatfions.

caflPDFs,wfithcomputabfleflarge-momentumpowercor-
rectfions.
LaMEThasbeenempfloyedfinsomeflattficeQCDcafl-
cuflatfions,wfithnotabfleprogressonthenon-sfingfletquark
PDFs(u(x) d(x)),fincfludfingunpoflarfized,poflarfizedand
transversedfistrfibutfions. Theflatestresufltsagreewfith
gflobaflfits[381–383].Thesmaflflxregfionfischaflflengfingffor
flaMETbecausefitrequfiressfimuflatfionswfithhfighnucfleon
momenta,whfichfisdfificufltfinflattficeQCD.Atpresent,
flattficeQCDcancomputevaflence-quarkPDFsonx≳0.1
andprovfidesomeconstrafintsatsmaflfl-xffortheseaquarks
vfiaPDFmoments[384].LaMETcanaflsobeusedtocom-
puteGPDs,e.g.,thepfion’sunpoflarfizedquarkGPDhas
beenexpflored[385]andthfismaybeextendedtothenu-
cfleoncase.
TMDcaflcuflatfionsusfingflattficeQCDare morecom-
pflficatedthanthoseoffPDFsandGPDs. Anaddfitfionafl
sofftffunctfionfisrequfiredtoffactorfizeprocessesfinvoflvfing
smaflfltransverse momentum,flfikeDreflfl–Yanproductfion
andsemfi-fincflusfiveDIS.Thfisffunctfionfinvoflvestwoflfight-
flfikegaugeflfinksaflongreversedflfight-conedfirectfions;hence,
cannotbesfimuflateddfirectflyfinEucflfideanspace. Re-
centfly,fitwasarguedthatthfisdfificufltycanbeover-
come[386];andasshownfinFfig.2.31,severaflflattficeQCD
attemptsatcompuatfionoffthesofftffunctfionhavebeen
carrfiedout[387,388].Thfisopensapathtopredfictfionoff
TMD-reflatedquantfitfiesusfingflattficeQCD.

2.6.2.4 Partonficstructureoffthenucfleus

Nucfleonswfithfinthenucfleusappeartofinteractweakfly
wfitheachothervfiaflong-rangefforcesandthebfindfingen-
ergypernucfleonfissmaflflfincomparfisonwfiththenucfleon
mass;yet,asfiflflustratedfinFfig.2.14varfiousexperfiments
havefindficatedthatthePDFsoffboundnucfleonsaredfiffer-
entffromthosefinffreespace[20,127,389].Thfishfighflfights
thefimportanceunderstandfingnucflearstructureffromthe
gfluon-quarkflevefl. Naturaflfly,fforquarksandgfluonscon-
tafinedwfithfinnucfleonsandnucflefi,thenon-perturbatfive

natureoffthebound-stateprobflemmakesthetheoretficafl
studyverydfificuflt. LattficeQCDsfimuflatfionscanshed
flfightonthfisprobflem.
Lattficecaflcuflatfionatphysficaflkfinematficsareverychafl-

flengfingowfingtothesfignafl-to-nofiseprobflem.Inafirst
step,Reff.[390]reportedastudyoffthePDFsoff3He,ex-
tractfingthefirstMeflflfinmomentofftheunpoflarfizedfisovec-
torquarkPDFsatanunphysficaflquarkmasscorrespond-
fingtomπ∼800MeV.Theratfiooffthequarkmomentum
ffractfionfin3Hetothatfinaffreenucfleonwasffoundtobe
consfistentwfithunfity. AflthoughnoEMCeffectwasob-
served,thfisstudytogetherwfithanearflfierflattficeanaflysfis
offthe4Hebfindfingenergy[391]showthatflattficemeth-
odsarereachfingaflevefloffpractficabflematurfityfforvery
flfightnucflefi. Caflcuflatfionprecfisfioncanbecontroflfledto
aflevefloffffewpercentbyusfingareflatfiveflyheavypfion
mass;andevenfinthfisunphysficaflreaflm,resufltsffromthe
HALQCDcoflflaboratfionsuggestthatsomenucflearphysfics
remafins[392].
Furtherreductfionoffbothstatfistficaflandsystematficun-

certafintfiesrequfiresmoreeffortffromtheflattficeQCDcom-
munfity.Onecanantficfipatethat,wfiththecontfinufingde-
veflopmentoffcomputerhardwareandsofftware,flattficecafl-
cuflatfionsmaycometopflayaunfiqueroflefinhuntfingthe
EMCeffect.

2.6.2.5 Exotfichadrons

ThemethodstostudyhadronspectroscopyfinflattficeQCD
arereflatfivefly mature. Onecomputescorreflatfionffunc-
tfionsoffoperatorswfiththedesfiredquantumnumbersand
obtafinsthespectrumffromthefirtfimedependence. The
finterpoflatfingoperatorsencodethehadronstructurefin-
fformatfion. Usuaflflytheoperatorsareconstructedbya
quark–antfi-quarkpafir(meson)orthreequarks(baryon).
Toexpflorethestructureoffexotfichadrons,suchasthose
dfiscussedfinSectfion2.4,oneneedstobufifldoperatorsthat
expresstheexotfic’sflfikeflycomposfitfion,e.g.,mufltfi-quark
states,hybrfidsandgfluebaflfls,etc. Mosthadronsareunsta-
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bfleresonances,whfichappearaspoflesoffhadronscatter-
fingampflfitudes.Agafin,owfingtotheEucflfideanspace-tfime
usedfinflattficeQCD,reafl-tfimedependentmatrfixeflements
reflatedtothescatterfingprocessescannotbecomputed
dfirectfly. Onewaytocfircumventthfisprobflemfistouse
thefinfitevoflumemethoddeveflopedbyLüscher[393],by
whfichthescatterfingfinfformatfioncanbeextractedffrom
theenergfiesoffanaflogoussystemsfinafinfitebox. Thfis
approachoffersapathfforwardfforflattficeQCDfincaflcu-
flatfionsoffthestructureandpropertfiesoffexotficstates.
EficCfisfideaflfforthestudyoffheavyflavorhadrons.
Manycharmedexotfichadronshavebeenobservedfinex-
perfiments,e.g.,theXYZ partficflesandthepentaquark
candfidatesPcs,butthestructureoffthesestatesarenot
knownyet. SomestudfiesonXYZ partficfleshavebeen
perfformedfinLattficeQCD[394–397]. However,there-
sufltsaregeneraflflycontamfinatedbysystematficuncertafin-
tfies,whfichcomeffromfinfiteflattficespacfing,finfitevoflume,
unphysficaflflfightquarkmass,fignorfingcoupfledchannefleff-
ffects,andsoon.Atthesametfime,fitfisexpectedthatthe
bottomcounterpartoffthecharmexotficstatesshoufldaflso
exfist;yetthenumberoffobservedexotficbottomhadrons
fisffewerthanfinthecharmsector. Wfithcontfinufingsteady
fimprovement,flattficeQCDwfiflflbeabfletocontrfibutetore-
soflvfingthepuzzflesassocfiatedwfithheavyflavorhadrons.

2.6.3 Contfinuumtheoryandphenomenoflogy

2.6.3.1 Massandmatter

Sectfion2.5.1hfighflfightsthatthe massesofftheneutron
andproton,thekerneflsoffaflflvfisfibflematter,areroughfly
100-tfimesflargerthantheHfiggs-generatedmassesoffthe
flfightu-andd-quarks.Incontrast,Nature’scomposfite
Nambu-Gofldstonebosonsare(nearfly)massfless.Inthese
states,thestrongfinteractfion’smN ≈1GeVmass-scaflefis
effectfiveflyhfidden.Furthermore,finthechfiraflflfimfit,when
theHfiggs-generatedcurrentmassesfinQCD’sLagrangfian
areomfitted,theπandK mesonsareexactfly massfless
andperturbatfiontheorysuggeststhatstrongfinteractfions
cannotdfistfingufishbetweenquarkswfithnegatfiveorpos-
fitfiveheflficfity.Suchachfiraflsymmetrywoufldhavemany
consequences,butnoneoffthemfisreaflfisedfinNature.In-
stead,thesymmetryfisbrokenbyfinteractfions.Dynamficafl
chfiraflsymmetrybreakfing(DCSB)entafiflsthatthemass-
flessquarksfinQCD’sLagrangfianacqufireaflargeeffectfive
mass[398–400]andensuresthatthefinteractfionenergy
betweenthosequarkscanceflsthefirmassesexactflysothat
thechfirafl-flfimfitpfionfismassfless[401–403].
DCSBunderpfinsthenotfionoffconstfituent-quarkmasses
and,hence,setsthecharacterfisfingmass-scaflefforthespec-
trumoffmesonsandbaryonsconstfitutedffromu,dquarks
and/orantfiquarks. Moreover,restorfingtheHfiggsmecha-
nfism,thenDCSBfisresponsfibfleffor,finteraflfia:themea-
suredpfionmass(mπ ≈0.15mN);andtheflargemass-
spflfittfingbetweenthepfionandfitsvaflence-quarkspfin-flfip

partner,theρ-meson(mρ>5mπ).Therearemanyother
coroflflarfies,extendfingaflsotothephysficsoffhadronswfith
strangeness,wherefinthecompetfitfionbetweendynamficafl
andHfiggs-drfivenmass-generatfionhasnumerousobserv-
abfleconsequences.Thecompetfitfionextendstothecharm
andbottomquarksectors;andmuchcanbeflearntbytrac-
fingfitsevoflutfion.
Suchphenomena,thefirorfigfinsandcoroflflarfies,entafifl

thatthequestfionoffhowdfidtheUnfiverseevoflvefisfinsep-
arabfleffromthequestfionsoffhowdoesthemN ≈1GeV
mass-scaflethatcharacterfizesatomficnucflefiappear;why
doesfithavetheobservedvaflue;and,enfigmatficaflfly,why
doesthedynamficaflgeneratfionoffmN havenoapparenteff-
ffectonthecomposfiteNambu–GofldstonebosonsfinQCD,
fi.e.,whencethenear-absenceoffthepfionmass? Adecfi-
sfivechaflflengefistodetermfinewhethertheanswerstothese
questfionsarecontafinedfinQCD,orwhether,evenhere,
theStandardModeflfisfincompflete.
ThesequestfionsarebefingaddressedusfingDSEs,whfich

provfideasymmetry-preservfingapproachtosoflvfingthe
contfinuumhadronbound-stateprobflem[298,404–407].
Inconnectfion wfiththeemergenceoffhadronfic mass,
thefframeworkhasdeflfiveredasfignfificantadvancewfith
thepredfictfionoffaprocess-findependent QCDeffectfive
charge[408].DepfictedfinFfig.2.32,α̂(k)saturatesatfin-
ffraredmomenta,α̂(0)/π=0.97(4),owfingtotheemer-
genceoffagfluonmass-scafle:m0/GeV=0.43(1). These
andotherffeaturesoffα̂(k)suggestthatQCDfisrfigor-
ousflydefined;fiffso,thenfitfisunfiqueamongstknown
ffour-dfimensfionaflquantumfiefldtheorfies. Numerouscon-
sequencescanbetestedwfithEficCexperfiments,affewoff
whficharesubsequentflydescrfibed.

Ffig. 2.32 QCD’sprocess-findependentrunnfing-coupflfing,
α̂(k2)/π,obtafinedbycombfinfingthebestavafiflabfleresufltsffrom
contfinuumandflattficeanaflyses[408]. Worflddataonthe
process-dependentcharge,αg1,definedvfiatheBjorkensum
rufle,areaflsodepficted.(Sourcesaredetafifledeflsewhere[408].
ImagecourtesyoffD.Bfinosfi.)
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2.6.3.2 1-Dhadronstructure

Mesonfformffactors.

ThebestknownandmostrfigorousQCDpredfictfionsare
thosemadeffortheeflectromagnetficfformffactorsoffpseu-
doscaflarmesons,e.g.,thepfionandkaon.Thesehadrons
areabnormaflflyflfight;yet,thefirpropertfiesprovfidethe
cfleanestwfindowontotheemergenceoffmasswfithfinthe
StandardModefl[409].Thfisconnectfionfisexpressedmost
fforceffuflfly,finthebehavfiouroffmesonfformffactorsatflarge
momentumtransffers.Onthfisdomafin,QCDreflatesmea-
surementssfimufltaneousflytoflow-andhfigh-energyffeatures
offQCD,vfiz.tosubtfleffeaturesoffmesonwaveffunctfions
andtothecharacteroffquark-quarkscatterfingathfigh-
energy[327,328,410].Thesereflatfionshfipsareexpressed
concreteflyfinadvancedDSEanaflyses,wfithpredfictfions
thatexposethecrucfiaflrofleoffemergentmass[411].
Throughoutthemodernhfistoryoffnucflearandpartficfle
physfics,muchattentfionhasffocusedonfindfingevfidence
fforpower-flawscaflfingfinexperfimentafldata. Thfisfisan
fimportantstep;butfitshoufldberememberedthatQCD
fisnotffoundfinscaflfingflaws.Instead,sfincequantumfiefld
theoryrequfiresdevfiatfionsffromstrfictscaflfing,thenQCDfis
tobeffoundfintheexfistenceandcharacteroffscaflfingvfiofla-
tfions.Consfiderfingmesoneflastficeflectromagnetficfformffac-
tors,theorypredfictsthat(fi)scaflfingvfioflatfionswfiflflbecome
apparentatmomentumtransffersQ2≳10GeV2[411]and
(fifi)themagnfitudeoffanygfivenfformffactoronasfizeabfle
domafinaboveQ2=10GeV2fisdetermfinedbythephysfics
offemergentmass.Hence,experfimentsffocusedfinthfisarea
areoffthegreatestfimportance;andasdfiscussedfincon-
nectfionwfithFfig.2.29,EficCcanheremakecrucfiaflcontrfi-
butfions.

Mesonstructureffunctfions.

Atasfimfiflarflevefloffrfigorfisthe QCDpredfictfionffor
thebehavfioroff mesonstructureffunctfions. The mo-
mentumdfistrfibutfionsoffflfightvaflencequarkswfithfinthe

pfionhavetheffoflflowfingbehavfiouratflarge-x[412–414]:
uπ(x;ζ≈ m0)∼ (1 x)2. The mostrecent measure-
mentsoffuπ(x;ζ)arethfirtyyearsofld[305–310];andcon-
cflusfionsdrawnffromthoseexperfimentshaveprovedcon-
troversfiafl[415].Forexampfle,usfingafleadfing-order(LO)
perturbatfive-QCDanaflysfis,theE615experfiment[310]re-
ported:uπE615(x;ζ5=5.2GeV)∼ (1 x)1,finstrfikfing
conflfictwfiththeexpectedbehavfior.Subsequentcaflcufla-
tfions[416]confirmedtheQCDpredfictfionandeventuaflfly
promptedreconsfideratfionofftheE615anaflysfis,demon-
stratfingthatE615datamaybevfiewedasconsfistentwfith
QCD[417,418].However,uncertafintyoveruπ(x)remafins
becausemorerecentanaflysesoffavafiflabfledatahaveffafifled
toconsfistentflytreathfigher-ordereffectsand,crucfiaflfly,
moderndataareflackfing.
Pressurefisaflsobefingappflfiedby modernadvances

fintheory. Lattfice QCDfisbegfinnfingtoyfiefldresuflts
fforthepofintwfisebehavfiouroffthepfion’svaflence-quark
dfistrfibutfion[422–425]. Furthermore,contfinuumanafly-
ses[419,420]haveyfiefldedthefirstparameter-ffreepredfic-
tfionsfforthevaflence,gflueandseadfistrfibutfionswfithfinthe
pfion;andreveafledthat,flfikethepfion’sfleadfing-twfistpar-
tondfistrfibutfionampflfitude(PDA)[426],thevaflence-quark
dfistrfibutfionffunctfionfishardenedasadfirectconsequence
offemergentmass.
Thevaflence,gflueandseadfistrfibutfionsffromReffs.[419,

420]aredrawnfinFfig.2.33. Aflsoshownarethephe-
nomenoflogficaflextractfionsffromReff.[421]. Eventhough
thevaflencedfistrfibutfionfittedfinReff.[421]yfiefldsamo-
mentumffractfioncompatfibflewfiththetheorypredfictfion,
fitsx-profiflefisverydfifferent.(Reff.[421]dfidnotfincflude
thehfigher-ordercorrectfionsdfiscussedfinReff.[418].)It
fissfignfificant,thereffore,thatthecontfinuumresufltffor
uπ(x;ζ5)matchesthatobtafinedusfingflattficeQCD[425].
Consequentfly,theStandardModeflpredfictfion:uπ(x;ζ=
m0)∼(1x)

2,fisstrongerthaneverbeffore;andasdemon-
stratedbyFfig.2.30EficCdesfignspecfificatfionswouflden-
abflefittodeflfivercflearexperfimentaflvaflfidatfion.

Ffig. 2.33 Lefft: Bfluesoflfidcurve —theorypredfictfionfforuπ(x;ζ2=2GeV)[419,420];andcyanshort-dashedcurve —
phenomenoflogficaflresufltffromReff.[421].Rfight:Theorypredfictfionsfforthepfion’sgflueandsea-quarkdfistrfibutfions[419,420]:
greensoflfidcurve —gπ(x;ζ2);andreddot-dashed,S

π(x;ζ2).Theassocfiatedmomentumffractfionsare:⟨2xq
π(x;ζ2)⟩=0.48(4),

⟨xgπ(x;ζ2)⟩=0.41(2),⟨xS
π(x;ζ2)⟩=0.11(2). Forcomparfison,phenomenoflogficaflresufltsffromReff.[421]:p=gflue —dark-

greenflong-dashed;andp=sea —browndashed.(Thebandsaroundthetheorycurvesexpressthefimpactofftheuncertafinty
fin̂α(k2=0),Ffig.2.32.Normaflfisatfion:⟨x[2uπ(x)+gπ(x)+Sπ(x]⟩=1.)
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Iffthepfion’svaflence-quarkdfistrfibutfionsarecontrover-
sfiafl,thenfitsgflueandseadfistrfibutfionscanbedescrfibed
asuncertafinorworse.TherfightpanefloffFfig.2.33com-
paresthepredfictfionsffromReffs.[419,420]wfithfitsffrom
acombfinedanaflysfisoffπ-nucfleonDreflfl–YanandHERA
fleadfing-neutroneflectroproductfiondata[421]. Thegfluon
dfistrfibutfionpredfictedfinReffs.[419,420]andthatfitted
finReff.[421]aremarkedflydfifferentonx≲0.05;andboth
gflueDFsfinFfig.2.33dfisagreewfiththosefinfferredprevfi-
ousfly[326,427].Theseremarkshfighflfightthatthepfion’s
gfluoncontentfisempfirficaflflyuncertafin. Thus,newmea-
surementswhficharedfirectflysensfitfivetothepfion’sgfluon
contentarenecessary.PromptphotonandJ/ψproduc-
tfioncoufldaddressthfisneed[428,429]. TheseaDFsfin
Ffig.2.33havedfifferentprofiflesontheentfirex-domafin.
Hence,fitfisffafirtodescrfibethesea-quarkdfistrfibutfionas
empfirficaflflyunknown. Thfisprobflemcoufldbeaddressed
wfithDYdataobtafinedffromπ± beamsonfisoscaflartar-
gets[428,430].EqufivaflenttaggedDISmeasurementsat
theEficCcoufldaflsoprovfidethfisfinfformatfion.Evfidentfly,
precfisfionmeasurementsthataresensfitfivetomesongflue
andsea-quarkdfistrfibutfionsarehfighflydesfirabfle. Here,
too,EficCcanhaveasfignfificantfimpact.

BaflancfingEmergentMassandtheHfiggsMechanfism.
Theabfiflfityofffformffactorandstructureffunctfion mea-
surementstoexposeemergenthadronficmassfisenhanced
fiffonefincfludessfimfiflarkaondatabecausetheoryhasre-
veafledthats-quarkphysficsflfiesattheboundarybetween
domfinanceoffstrong(emergent)massgeneratfionandweak
(Hfiggs-connected) mass[409],ashfighflfightedfintheflefft
panefloffFfig.2.34.Hence,comparfisonsbetweendfistrfibu-
tfionswfithfinsystemsconstfitutedsofleflyffromflfightvaflence
quarksandthoseassocfiatedwfithsystemscontafinfings-
quarksarefideaflflysufitedtoexposfingmeasurabflesfignafls
offemergentmassfincounterpofinttoHfiggs-drfiveneffects.
Oneexampflecanbeffoundfinthecontrastbetweenthe
partondfistrfibutfionffunctfionsoffthepfionandkaon,first
theorypredfictfionsfforwhficharenowavafiflabfle[431,432].

AnotherfisfiflflustratedfintherfightpaneflFfig.2.34,whfich
dfispflaysaflavor-separatfionoffthecharged-kaon,K+,eflas-
tficeflectromagnetficfformffactor:sK :=F

s̄
K fisthes-quark

contrfibutfiontothefformffactoranduK :=F
u
K fistheanafl-

ogousu-quarkterm.TherateoffgrowthffromQ2=0,the
peakhefightandflocatfion,andtheflogarfithmficdecayaway
ffromthepeakareaflflexpressfionsoffemergentmassand
fitsmoduflatfionbyHfiggs-bosoneffects[433].
Anaflogouspredfictfionsexfistorarebefingcompfletedffor

nucfleonfformffactors,ffoflflowfingtheapproachfinReff.[434],
andpartondfistrfibutfionffunctfions[435].Sfimuflatfionsfindfi-
catethatthepflannedEficCcoufldbeusedtovaflfidatethe
connectfionbetweenemergentmassandtheseobservabfles;
andaflsomanyothersthataremembersoffthesamecflass.

2.6.3.3 Mesonffragmentatfionffunctfions

AflongwfiththepromfisedrewardsdescrfibedfinSectfion2.2,
manynewchaflflengesareffacedfinextractfing3-Dfim-
agesffromnew-generatfionexperfiments.Phenomenoflogficafl
modeflsoffawfidevarfietyoffpartondfistrfibutfionffunctfions
wfiflflbecrucfiafl. Theycanprovfidegufidanceonthesfize
offthecross-sectfionstobemeasuredandthebestmeans
bywhfichtoanaflysethem[112]. Ontheotherhand,as
experfienceswfithmesonstructureffunctfionshaveshown,
finordertoprofitffuflflyffromsuchexperfiments,onemust
usecomputatfionaflfframeworksthatcanreflfiabflyconnect
measurementswfithquaflfitfiesoffQCD.Here,contfinuum
caflcuflatfionscanprovfidevafluabflefinsfights[436–440].
Regardfing TMDs,therefisanaddfitfionaflcompflfica-

tfion. Namefly,everycross-sectfionthatcanyfiefldagfiven
hadronficTMDfinvoflvesareflatedpartonffragmentatfion
ffunctfion(PFF)[441],thestructureoffwhfich mustbe
knownfindetafifl. Thereffore,theffutureoff momentum
fimagfingdependscrfitficaflflyonmakfingsfignfificantprogress
wfiththemeasurementandcaflcuflatfionoffPFFs.Notwfith-
standfingthesedemands,therearecurrentflynoreaflfistfic
computatfionsoffPFFs. Evenafformuflatfionofftheprob-

Ffig.2.34 Lefft:Twfist-twopartondfistrfibutfionampflfitudesatζ=2GeV=:ζ2.Asoflfid(green)curve —pfion⇐ emergentmass
generatfionfisdomfinant;Bdot-dashed(bflue)curve —ηcmeson⇐ Hfiggsmechanfismfistheprfimarysourceoffmassgeneratfion;
Csoflfid(thfin,purpfle)curve —asymptotficprofifle,φas(x);andDdashed(bflack)curve —“heavy-pfion”,fi.e.,apfion-flfikepseudo-
scaflarmesonfinwhfichthevaflence-quarkcurrentmassestakevafluescorrespondfingtoastrangequark⇐ theboundary,where
emergentandHfiggs-drfivenmassgeneratfionareequaflflyfimportant.Rfight:Soflfidcurve —ratfiooffstrange-to-normaflmatterfin
theK+;greendashedcurveandband —resufltsobtafinedusfingtheQCDhard-scatterfingfformufla[327,328,410].
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flemremafinsuncertafin.Herearebothachaflflengeandan
opportunfityfforEficC.
IffEficCcanprovfideprecfisedataonquarkffragmenta-
tfionfintoapfionorkaon,fitwfiflfldeflfiverresufltsthatdfi-
rectflytestthoseaspectsoffQCDcaflcuflatfionswhfichfin-
corporateandexpressemergentphenomena,e.g.,confine-
ment,DCSB,andbound-statefformatfion. Theffactthat
onflybound-statesemergeffromsuchprocessesfisoneoffthe
cfleanestavafiflabflemanfiffestatfionsoffconfinement.Asacofl-
flfider,EficCmeasurementswfiflflpotentfiaflflyhaveenormous
advantagesoverearflfierandexfistfingfixed-targetexperfi-
ments. Bycapfitaflfisfingonenergyrange,versatfiflfity,and
detectfioncapabfiflfitfiesfinthecoflflfiderenvfironment,EficC
shoufldbeabfletofirstcfleanflysfingfleoutthepfionorkaon
targetandsubsequentflytheffragmentatfionprocesstag,
therebydeflfiverfinganarrayofffinfformatfionthatwfiflflbest
testtheoryafimedatthecaflcuflatfionandfinterpretatfionoff
PFFs.

Chapter3 Accefleratorconceptuafldesfign

ToachfievetheproposedscfientfificgoaflsfinChapter2,
theEficCprojectwfiflflconstructahfighperfformancepo-
flarfizedeflectron–protoncoflflfiderwhfichcanreachtheflumfi-
nosfityoff2.0×1033cm2·s1atthecenter-off-massen-
ergyoff16.76GeVwhfifleensurfinganaveragepoflarfizatfion
fforeflectronsandprotonsoffabout80%and70%,respec-
tfivefly.Forconvenfience,unflessstated,theffoflflowfingpoflar-
fizatfionaflflrepresentstheaveragepoflarfizatfion.Moreover,
thecenter-off-massenergyofftheEficChasaflexfibflerange
ffrom15GeVto20GeVfinordertoservedfifferentexperfi-
mentaflpurposes.Tokeepabaflancebetweenthephysfics
goaflsandtheoveraflflcost,wewfiflfltakeffuflfladvantageoff
theexfistfingHIAFaccefleratorcompflexandfitsancfiflflary
ffacfiflfitfies.Thereffore,onflyanewfigure-8fioncoflflfiderrfing,
apoflarfizedeflectronfinjector,andaracetrackeflectroncofl-
flfiderrfingwfiflflbeconstructed. Thfischapterfisorganfized
asffoflflows:InSectfion3.1,wepresentacomprehensfive
overvfiewofftheEficCaccefleratorffacfiflfity,fincfludfingfitsde-
sfigngoafls,mafinflayout,keyaccefleratorparameters,and
potentfiafltechnficaflchaflflenges.Sectfion3.2wfiflflmafinflydfis-
cussthebasficoperatfionmodesoffthefionaccefleratorcom-
pflexandtheeflectronaccefleratorcompflexofftheEficC.The
ffoflflowfingSectfion3.3toSectfion3.5wfiflflprovfideadetafifled
descrfiptfionoffthreekeyconceptuafldesfignfingredfientsffor
theEficCaccefleratorffacfiflfity,fi.e.,beamcooflfing,beampo-
flarfizatfion,andfinteractfionregfions(IRs).Lastbutnotthe
fleast,severafltopficsoffthetechnficaflpre-researchfinthe
accefleratorswfiflflbepresentedfinSectfion3.6.

3.1 Overaflfldesfignandkeyparameters

Thevarfiousscfientfificgoaflsposethevarfiousrequfirements
thatmustbemetfintheEficCaccefleratorffacfiflfity. Tak-
fingtheprotonbeamastherefferencebeam(aflsofforthe

ffoflflowfingsectfions),theserequfirementsareexpflafinedas
ffoflflows:

1)Thecenter-off-massenergyshoufldrangeffrom15GeV
to20GeV, whfichcorrespondstotheenergyoff
2.8GeVto5.0GeVfforeflectronbeamsfintheeflectron
coflflfiderrfingandtheenergyoff19.08GeVfforproton
beamsfinthefioncoflflfiderrfing.Thecenter-off-massen-
ergyoffotherfionbeamscanbeobtafinedaccordfingto
themaxfimummomentumrfigfidfitywhfichfis86T·m.

2)Theflumfinosfityshoufldreach upto2.0×1033

cm2·s1andshoufldbeoptfimfized mafinflyatthe
center-off-massenergyoff16.76GeV.

3)Atthefinteractfionpofint(IP),theeflectronbeams
shoufldbepoflarfizedflongfitudfinaflflywfiththepoflar-
fizatfionoff80%,whfifletheprotonbeamsshoufldbe
poflarfizedbothflongfitudfinaflflyandtransverseflywfith
thepoflarfizatfionoff70%. Besfidesthepoflarfizedpro-
tonbeams,thefionaccefleratorcompflexshoufldaflso
provfidepoflarfizeddeuterfium(2D+)beams,poflarfized
Heflfium-3(3He2+)beamsasweflflasunpoflarfizedheavy
fionbeams.

4)ThedesfignofftheIRsshoufldffuflflyaccommodatethe
desfignofftheEficCdetectorsoffwhfichaflargenumber
offcomponents,suchasthepoflarfimetry,flumfinosfity
monfitors,fforwarddetectors,andsoon,wfiflflbefinte-
gratedfintothebeamflfines.

AsshownfinFfig.3.1,theEficCwascareffuflflydesfigned
tomeetaflflrequfirementsflfistedabove. Thefionacceflera-
torcompflexwfiflflffuflflyutfiflfizetheexfistfingHIAFcompflex
whfichheflpsustoflargeflyreducetheconstructfioncost.
Ontopoffthat,anewfioncoflflfiderrfing(pRfing)wfiflflbe
constructed. Thehfigh-fintensfityheavy-fionboosterrfing
(BRfing)fintheHIAFcanproduceprotonbeamsoffen-
ergyupto9.3GeV,whfichcoversthefinjectfionenergyoff
2GeVfinthepRfing. Furthermore,fintheBRfing,there
wfiflflbesuficfientffreespacereservedfforthefinstaflflatfionoff
aDCeflectroncooflerfforbeamcooflfingandtheSfiberfian
snakefforspfinpreservatfion.Thereffore,theBRfingfinthe
HIAFfispflannedtobeupgradedandffuflflyempfloyedas
theboosterfintheEficCfionaccefleratorcompflex.Toavofid
thedepoflarfizatfionresonancesdurfingtheaccefleratfionpro-
cess,afigure-8rfingwfiflflbeadoptedfforthepRfing. Thfis
desfignensuresthespfintuneoffthepRfingfisaflwayszero
andmakesfitpossfibfletoachfievethehfighpoflarfizatfionoff
protonbeamsdurfingtheaccefleratfionprocesswfithaflarge
energyrange. Meanwhfifle,fitaflsoaflflowsustocontroflthe
poflarfizatfiondfirectfionoffprotonbeams moreeficfientfly.
Thefigure-8rfingdesfignfisoneofftheessentfiafltechnficafl
soflutfionstoachfievethehfighpoflarfizatfionfintheEficCfion
accefleratorcompflex.Besfidesthepoflarfizatfiondesfign,fitfis
aflsofimportanttoachfievehfighflumfinosfityfintheEficC.To
thfisend,amufltfistagebeamcooflfingschemefisproposed.
Ffirstfly,thepre-cooflfingoffprotonbeamswfiflflbeperfformed
fintheBRfing. Secondfly,ahfighenergybunchedbeam
eflectroncooflerbasedonanenergyrecoveryflfinac(ERL)
wfiflflbefinstaflfledfinthepRfingandempfloyedtocooflthe
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protonbeamsafftertheyareaccefleratedtotheenergyoff
19.08GeV.Thebeamcooflfingwfiflflbeempfloyedtosup-
pressthefintra-beamscatterfingeffectoverthewhoflecofl-
flfisfionprocess,whfichfisthekeytoachfievetherequfired
flumfinosfity.
TheEficCeflectronaccefleratorcompflexmafinflyconsfists
offaneflectronfinjectorandaneflectroncoflflfiderrfing(eR-
fing).Theeflectronfinjectorfisasuperconductfingradfioffre-
quency(SRF)flfinacwhfichfisconsfideredtobethebest
choficetodeflfivertheeflectronbeamswfiththeenergyrange
ffrom2.8GeVto5.0GeV.SfincetheeRfingadoptstheffuflfl
energyfinjectfionschemewhfichmeanstherefisnoaccefl-
eratfionprocess,andtheeflectronbeamswfiflflexperfience
theseflff-poflarfizatfionprocess,theeRfingfisdesfignedasa
racetrackrfingwhfichfiswfideflyusedfintheeflectronffacfifl-
fitfies. Meanwhfifle,thepoflarfizatfiondfirectfionofftheeflec-
tronbeamsproducedbytheeflectronfinjectorshoufldbe
matchedwfiththeeRfing.
BasedontheflayoutofftheEficCaccefleratorffacfiflfity,two
IRsareavafiflabfleattwofintersectfionsofftheflongstrafight
sectfionsoffthepRfingandtheeRfing,asshownfinthe
Ffig.3.1. ThesetwofidentficaflIRswfiflflaflflowustofinstaflfl
twofindependentdetectorsystemsffordfifferentscfientfific
goaflssfimufltaneousflyorthesamephysficsgoaflbutwfithdfiff-
fferentexperfimentafltechnfiquesfforcross-vaflfidatfion.How-
ever,thecurrentdesfignonflyconsfidersonedetectortobe
finstaflfledfinoneofftheseIRs,wfiththeotheronereserved
ffortheffutureupgrade.
Theflumfinosfityfisoneoffthe mostfimportantcharac-
terfistficsoffacoflflfider. DfifferentffromotherEICdesfigns
fintheworfldwhfichcommonflychoosehfighcoflflfisfionffre-
quencyandflowbunchfintensfity,theEficCaccefleratorffacfifl-

fitywfiflfladopttheunfiqueschemeoffflowcoflflfisfionffrequency
andhfighbunchfintensfitytoachfieveaffourffofldfincreaseoff
flumfinosfitytoreachtherequfiredflumfinosfityoff2×1033

cm2·s1,satfisffyfingthephysficsgoaflsofftheEficCproject.
Thfisfisanessentfiaflpartofftheflumfinosfitydesfignoffthe
EficC.Forthecoflflfisfionbetweenaprotonwfithconstant
currentIpandaneflectronbeamwfithconstantcurrentIe,
theflumfinosfitycanbeexpressedas

Npffc∝Ip≡const, (3.1)

Neffc∝Ie≡const, (3.2)

L=
NpNeffc
4πσxσy

H∝
IpIe
σxσyffc

. (3.3)

HereNpandNearethenumbersoffpartficflesfinoneproton
bunchandeflectronbunch,respectfivefly.ffcfisthecoflflfisfion
ffrequency.σx andσyarethetransversebeamsfizefin
horfizontaflandvertficafldfirectfions,respectfivefly.H fisthe
hourgflassffactor,whfichremafinsconstantwhentheratfio
offtheβffunctfiontothebunchflengthfisfixed. Aflthough
therefisaposfitfivecorreflatfionbetweenσxorσyandthe
numberoffpartficflesfinthebunch,fitcanbeproventhat
thefinfluenceoffσxandσyontheflumfinosfityfisflessthan
thatoffffc. Thereffore,adecreaseoffffccanfincreasethe
flumfinosfity.Inffact,constantaveragebeamcurrentand
constantfintra-beamscatterfingfinthebunchfisamajor
ffactoroffcoflflfisfionflfiffetfime,fi.e.,

1

τ
∝

Np
εxεyσδσs

, (3.4)

ffromwhfichfitcanbederfivedthatfiffthebunchfintensfity
fisfincreasedbym tfimes,thefincreaseoffthehorfizontafl

Ffig. 3.1 TheflayoutoffEficCaccefleratorffacfiflfity.
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emfittanceεx,thevertficaflemfittanceεy,theflongfitudfinafl
bunchflengthσδandthemomentumspreadσsreads

εx∝m
1
3,εy∝m

1
3,σδ∝m

1
6,σs∝β

∗
x,y∝m

1
6. (3.5)

SubstfitutfingtheEq.(3.5)totheEq.(3.3),thereflatfionshfip
betweentheflumfinosfityandthebeamfintensfityfis

L∝
√
m, (3.6)

findficatfingthattheflumfinosfityfincreasesby
√
m tfimes

whfiflethebunchfintensfityfincreasesbymtfimes.
Basedontheoptfimfizedflumfinosfityschemefintroduced
above,themafinparametersofftheEficCaccefleratorffa-
cfiflfityaregenerated,asflfistedfinTabfle3.1finwhfichpro-
tonbeamsareusedastherefferencebeamandtheop-
tfimfizatfionfisperfformedatthecenter-off-massenergyoff
16.76GeV.Furthermore,severafltechnficaflflfimfitatfionsare
consfideredfinTabfle3.1,asfisshownbeflow.
1)Thepowerdensfityoffthesynchrotronradfiatfionfinthe
eRfingshoufldbeflessthan20kW/m.

2)Thebeam-beamfinteractfionparameteroffproton
beamsfisflessthan0.03.

3)Thebeam-beamfinteractfionparameteroffeflectron
beamsfisflessthan0.1.

Tomeetthescfientfificgoafls,theparametersoffcoflflfisfions
betweeneflectronbeamsandseveraflheavyfionbeamsare
aflsoshownfinTabfle3.2.Intheffoflflowfingsectfionsoffthfis
chapter,thedesfignandthefimpflementatfionoffeachpa-
rameterfinTabfle3.1wfiflflbedfiscussedfindetafifl.

Tabfle 3.1 MafinparametersffortheEficC.

Partficfle e p

Cfircumfference(m) 809.44 1341.58

Kfinetficenergy(GeV) 3.5 19.08

Momentum(GeV/c) 3.5 20

Totaflenergy(GeV) 3.5 20.02

CMenergy(GeV) 16.76

ffcoflflfisfion(MHz) 100

Poflarfizatfion 80% 70%

Bρ(T·m) 11.7 67.2

Partficflesperbunch(×109) 170 125

εx/εy(nm·rad,rms) 60/60 300/180

β∗x/β
∗
y(m) 0.2/0.06 0.04/0.02

Bunchflength(m,rms) 0.02 0.04

Beam–beamparameterξx/ξy 0.09/0.05 0.004/0.004

Lasfletttuneshfifft – 0.09

Energyflossperturn(MeV) 0.32 –

TotaflSRpower(MW) 0.86 –

SRflfinearpowerdensfity(kW/m) 3.3 –

Current(A) 2.7 2

Crossfingangfle(mrad) 50

Hourgflass 0.78

Lumfinosfityatnucfleonflevefl(cm 2·s1) 2.0×1033
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Fig. 3.2 The beam path of the EicC accelerator facility.

3.2 Accelerator facilities

The EicC mainly consists of an ion accelerator complex
and an electron accelerator complex, as shown in Fig. 3.1.
Figure 3.2 illustrates the operation mode of the two accel-
erator complexes. There are a lot of differences between
the ion accelerator complex and the electron accelerator
complex, not only on the complicated beam manipula-
tions but also on the key design and technical challenges,
all of which will be described in detail in the following
subsections. In Section 3.2.1, the ion accelerator complex
of the EicC will be described, mainly including the accel-
eration scheme of the pRing, the collective effects, and so
on. The details of the electron accelerator complex, in-
cluding some key designs and beam manipulations of the
eRing, will be presented in Section 3.2.2. The topic of
beam cooling and beam polarization will be discussed in
Section 3.3 and Section 3.4, respectively. The design of
the IRs, which is one of the most important accelerator
designs in the EicC accelerator facility, will be presented
in Section 3.5.

3.2.1 Ion accelerator complex

In the proposed ion accelerator complex of the EicC ac-
celerator facility, the existing Ion Linac (iLinac) and the
BRing of the HIAF will be employed respectively as the
ion injector and the booster to provide injection beams for
the pRing. The iLinac will be operated in pulsed mode, in
which the polarized proton beams can be accelerated to
the energy of 48 MeV, and then injected into the BRing
with a matched polarization direction. In the BRing, a

two-plane painting injection scheme will be adopted for
the beam accumulation with coasting beams to increase
the beam intensity. In this scheme, a tilted electrostatic
septum will be employed for painting simultaneously in
the horizontal and vertical directions during the injection.
As a result, the beam intensity will be increased by 100
times and as high as 4 × 1012 ppp. The proton beams of
the energy of 48 MeV in the BRing will be captured into
two bunches and accelerated to the energy of 2 GeV. Dur-
ing the acceleration, the Siberian snakes will be used to
maintain the polarization of the proton beams[442], since
the beams will cross several depolarization resonances.

The proton beams of the energy of 2 GeV which reach
the extraction energy of the BRing in the ion accelera-
tor complex will experience the first stage of beam cool-
ing provided by a DC electron cooler. There are sev-
eral advantages of performing beam cooling at the energy
of 2 GeV. Firstly, the beam cooling effect is still strong
around such energy while the space charge effect is rel-
atively weak. Secondly, as a well-developed technology
widely used for the beam cooling, the DC electron cooler
can effectively reduce the technical difficulties and the con-
struction costs. At this stage, to obtain a more efficient
beam cooling, a longitudinal bunch rotation at the en-
ergy of 2 GeV will be performed before the beam cool-
ing to minimize the bunch momentum spread as much as
possible. After the bunch rotation, the bunched proton
beams will be debunched into coasting beams to improve
the beam cooling efficiency. After the beam cooling, the
coasting proton beams in the BRing will be bunched once
again into one bunch and compressed to match the injec-
tion settings of the pRing. The polarization direction of
the proton beams extracted will get matched to the po-
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flarfizatfiondfirectfionoffthepRfingbyusfingaspfinrotator.
ThepRfingwfiflflaccefleratethefinjectedprotonbeamsoff
theenergyoff2GeVtoreachtheenergyoff19.08GeV.For
suchawfideenergyrange,theSfiberfiansnakesareunabfle
tokeepthepoflarfizatfionofftheprotonbeams.Thereffore,
thepRfingwfiflflbedesfignedasafigure-8shape,finwhfichthe
spfintunepureflycontrfibutedbythepRfingfitseflffremafins
zero.Thefigure-8desfign,aflongwfithasoflenofidfintheflong
strafightsectfions,ensuresthattheprotonbeamswfiflflnot
crossanydepoflarfizatfionresonancesdurfingaccefleratfion.
Moreover,suchadesfignwfiflflffacfiflfitatethecontrofloffthe
beampoflarfizatfiondfirectfion.Thebucket-to-bucketfinjec-
tfionschemewfiflflbeadoptedfforthefinjectfionoff14bunches
ffromtheboosterBRfingtothepRfing.Thebeamfintensfity
wfiflflfincreaseto5.6×1013ppp,equfivaflenttoanaverage
beamcurrentoff2A.Affterthefinjectfion,thebeamswfiflfl
bespflfitfinto448bunchesstepbystepandfinaflflyaccefler-
atedtotheenergyoff19.08GeV.Thecoflflfisfionffrequency
fintroducedbythese448bunchesfis100MHz,whfichmeets
therequfirementsofftheflumfinosfitydesfign.
Tofincreasetheflumfinosfity,thepRfingwfiflflfinstaflfla500
MHzRFsystemtoshortenthebunchflength. Affterthe
protonbunchesareaccefleratedtotheenergyoff19.08GeV,
abunchrotatfionwfiflflbeperfformed.Anddurfingthebunch
rotatfion,thebunchflengthwfiflflbesharpflyshortenedwhfifle
themomentumspreadwfiflflbefincreased,whfichfisqufite
dfifferentffromthebunchrotatfionfintheBRfing. Aflong
wfiththebunchrotatfion,the500MHzRFsystemwfiflflbe
turnedontomakethebunchflengthasshortaspossfibfle
whfiflekeepfingpartficflenumbersfinthebunchunchanged,
sothattherequfirementsofftheflumfinosfitydesfignwfiflflbe
satfisfied.
Theflongfitudfinaflmanfipuflatfionofftheprotonbeamsfis
ffoflflowedbythesecondstageoffbeamcooflfingwhfichfis
supportedbyhfighenergybunchedbeameflectroncoofler
basedonanenergy-recoveryflfinac(ERL).Thefintra-beam
scatterfingeffectwfiflflbeaflsosuppresseddurfingthewhofle
coflflfisfionprocessbythfiscooflertofimprovetheflumfinosfity
flfiffe.
Theflumfinosfityoptfimfizatfionschemeoffflowcoflflfisfionffre-
quency,hfighbeamfintensfitycoufldbrfingstrongsfingfle-
bunchcoflflectfiveeffects.Thereffore,besfidesthethreshofld
vafluesofftheaveragecurrent,andbeam-beamparame-
ters,thefimpedanceflfimfitatfionsfintroducedbythesfingfle-
bunchcoflflectfiveeffectsareaflsosfignfificantfinthecoflflfider
rfingssfincefitdetermfinestheffeasfibfiflfityoffflumfinosfityop-
tfimfizatfionschemefinthepRfing.Inprfincfipfle,theflongfi-
tudfinaflmficrowavefinstabfiflfity,whfichfiscausedbytheflon-
gfitudfinaflbroadbandfimpedance,fisoneoffthemostcon-
cernedflongfitudfinaflcoflflectfiveeffects. Whenthepartficfle
numbersfinthebunchexceedthecorrespondfingflfimfits,
theflongfitudfinaflmficrowavefinstabfiflfitywfiflflfleadtoanfin-
creasefinthemomentumspread,whfichcanffurtherfinduce
bunchflengthenfingandweakentheflumfinosfity.Thetypfi-
caflgrowthtfimeoffthefinstabfiflfityfisshorterthanonesyn-
chrotronperfiod.InthepRfing,fithasbeencaflcuflatedthat

theflongfitudfinaflbroadbandfimpedance(Z∥/n)shoufldbe
flowerthan87.4Ω,whfichfisachfievabflefinpractfice.Inthe
transversepflanes,thetransversemodecoupflfingfinstabfiflfity
causedbythetransversebroadbandfimpedancefisthemost
flfikeflytooccuramongthesfingfle-bunchcoflflectfiveeffects.
Whenthebunchfintensfityexceedsthethreshofld,partficfles
finthebunchwfiflflbeflostqufickfly.Caflcuflatfionresufltshave
shownthatthetransversebroadbandfimpedancethresh-
ofldfinthepRfingfis30.3MΩ/m,whfichfisaflsoachfievabfle
finpractfice.FromthevfiewoffthepRfing,theflumfinosfity
optfimfizatfionschemewfithflowcoflflfisfionffrequency,thehfigh
beamfintensfityfisffeasfibfleffortheEficCaccefleratorffacfiflfity.
Oneoffthebfiggestchaflflengesfintheoptficafldesfignoff

coflflfidersfisthecorrectfionofftheflargechromatficfityfin-
troducedbytheverysmaflflβffunctfionattheIPs,wfith
therequfirementoffflargedynamficaperture. Asshownfin
Ffig.3.1,thereareffourarcsectfionsfinthepRfing. These
arcsectfionsareconnectedvfiatwoshortstrafightsectfions
andtwoflongstrafightsectfions.Theflongstrafightsectfions
areempfloyedffortheIPs,thebeamcooflfingsectfions,the
spfinrotatorsasweflflastheRFdevfices.Accefleratorcon-
trofldevfices,suchasthechromatficfitycorrectfionsextupofle
magnetsandsoon,arepflacedontheshortstrafightsec-
tfionsandthearcsectfions. Thechromatficfitycorrectfion
schemebasedonsextupoflemagnetsonthearcsectfions
andthestrafightsectfionswfithdfispersfionwfiflflbeempfloyed
finthepRfing. EacharcsectfionconsfistsoffefightFODO
ceflflswfith90◦-phaseadvanceperFODOceflfl,where12
sextupoflemagnetswfiflflbefinstaflfled. Dfispersfionexfistfin
theshortstrafightsectfions,andtheoptficaflparametersare
desfignedsymmetrficaflflytothecenterofftheshortstrafight
sectfion. Bydofingthfis,theflargerβy-vaflueappearsat
theposfitfion±π/2ffromthecenter,whfichcanenhance
thecapabfiflfityoffchromatficfitycorrectfioncontrfibutedby
thesextupoflemagnetshere.Thechromatficfitycorrectfion
scheme,whfichfisbasedon52sextupoflemagnetsfintotafl
pflacedonthearcsectfionsandtheshortstrafightsectfions,
cancorrectthechromatficfityoffthepRfingtozero,asweflfl
askeepthedynamficapertureflargerthan8σ.Thfisscheme
satfisfiestherequfirementofftheEficCaccefleratorffacfiflfity.

3.2.2 Eflectronaccefleratorcompflex

Arecfircuflatfingsuperconductfingradfioffrequency(SRF)
flfinearaccefleratorwfiflflbeempfloyedasthefinjectoroffthe
eflectronaccefleratorcompflexofftheEficCaccefleratorffacfifl-
fity. TherecfircuflatfingSRFflfinacfisconsfideredtobethe
bestchoficeffortheeflectronfinjectorsfincefithastheadvan-
tagesnotonflyoffflfinearacceflerators,fi.e.,hfighaccefleratfing
gradfient,greatercompactnessbutaflsooffcfircuflaraccefler-
ators,fi.e.,hfigheficfiencyandflowcost. Thepoflarfized
eflectronbeamsgeneratedffromthepoflarfizedphotocath-
odeeflectrongunwfiflflgetmatchedtotheeflectronfinjector,
andthenaccefleratedtotheextractfionenergyrangeffrom
2.8GeVto5.0GeVvfiapassfingthroughtheRFcavfitfies
severaflturnstoprovfideeflectronbeamsffortheffuflflenergy
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finjectfionschemefintheeRfing.Inthfisprocess,thepoflar-
fizedeflectronbeamswfiflflbebunchedfintomficrobunches
wfiththebunchflengthoffpficoseconds. Takfingfintoac-
counttheflfimfitatfionsoffbeampowerandbeamdump,the
recfircuflatfingSRFflfinaccanprovfidetheeflectronbeamsoff
mficro-Amperebeamfintensfity. Furthermore,thepoflar-
fizatfiondfirectfionofftheeflectronbeamsextractedffromthe
eflectronfinjectorshoufldgetmatchedtotheeRfing,whfich
canbeachfievedvfiaaspfinrotator.
Becauseofftheffuflflenergyfinjectfionschemeandthe
seflff-poflarfizatfioneffectfintheeflectronbeams,theeRfing
fisdesfignedtoberacetrack-shapedas manyothereflec-
troncoflflfiders. TheRFsystemofftheeRfingwfiflfladopt
theffrequencyoff500 MHztogenerate1350stabflebuck-
ets.Thepoflarfizedeflectronbeamswfiflflbefinjectedfinto270
stabflebuckets,fformfingfinto270equaflflyspacedeflectron
bunches,tomeetthecoflflfisfionffrequencyoff100MHzfinthe
flumfinosfitydesfign. Moreover,asthetransverseandflon-
gfitudfinaflbeamsfizeswfiflfldecreaserapfidflybecauseoffthe
dampfingeffectsfintroducedbythesynchrotronradfiatfion,
theffuflflenergyfinjectfionschemewfiflflbeadoptedtoreach
thebunchfintensfityoff1.70×1011ppbrequfiredbythe
flumfinosfitydesfign. Affterbeamaccumuflatfionfisfinfished,
theeflectronbunchesfintheeRfingwfiflflberefinfforcedorre-
pflacedbytherecfircuflatfingSRFflfinaconflfinetomafintafin
theflumfinosfity.
Inaddfitfiontotheflfimfitatfionsoffaveragebeamcurrent,
synchrotronradfiatfionpowerdensfity,andbeam-beamfin-
teractfionparametersasflfistedfinTabfle3.1,theflumfinos-
fityoptfimfizatfionschemewfithflowcoflflfisfionffrequency,hfigh
beamfintensfitycoufldaflsobrfingflongfitudfinafl mficrowave
finstabfiflfityandtransversemodecoupflfingfinstabfiflfity.Thfis
fissfimfiflartothecasefinthepRfing.Itcanbecaflcuflated
theoretficaflflythatthethreshofldsofftheflongfitudfinafland
thetransversebroadbandfimpedance(Z∥/nandZ⊥)fin
theeRfingare0.040Ωand0.259MΩ/m,respectfivefly.The
threshofldsareconsfideredtobereachabfle,fiffwetakefinto
accountthecasefintheKEKBeflectron–posfitroncoflflfider
finJapanwfiththecorrespondfingthreshofldsoff0.012Ω
and0.235MΩ/m.Thereffore,theflumfinosfityoptfimfizatfion
schemeoffflowcoflflfisfionffrequency,thehfighbeamfintensfity
fisffeasfibflefintheeRfing.
SfincetheeRfingfisdesfignedtoberacetrack-shaped,
thechromatficfitycorrectfionschemebaseonthesextupofle
magnetsonthearcsectfionswfiflflbeadopted.Specfificaflfly,
therearetwoarcsectfionsfintheeRfing,asshownfinthe
Ffig.3.1.Eachoffthemconsfistsoff20FODOceflflswfith120◦

phaseadvance.TwopafirsoffFODOceflflsatbothendsoff
onearcsectfionareusedfforoptficaflmatchfing,whfiflethe
other16FODOceflflsareempfloyedfforchromatficfitycor-
rectfion. Eachthreeoffthe16FODOceflflsfformasuper
perfiodficaflstructuretocancefloutthenon-flfineareffects
causedbythesextupoflemagnetswfithfinthearcsectfions.
Byusfingsuchachromatficfitycorrectfionscheme,thechro-
matficfitycanbecorrectedtozerowhfiflekeepfingthedy-
namficapertureflargerthan20σ,whfichsatfisfiestheaccefl-

eratordesfignrequfirements.

3.3 Beamcooflfing

Hfighflumfinosfity,whfichfistheprfimarygoafloffaneflectron–
fioncoflflfider,fisthusthemostessentfiaflparameterfforthe
desfignofftheEficCaccefleratorffacfiflfity.Itcanbeproven
ffromtheflumfinosfityfformuflathataneficfientwaytofin-
creasetheflumfinosfityfistodecreasethesfix-dfimensfionafl
emfittanceofffionbeams. Sfincetherefisnosynchrotron
radfiatfiondampfingeffectfintheheavyfionsynchrotrons,
anexternaflcooflfingmechanfismfisrequfiredtoreducethe
fionbeamemfittance. Fordecades,noweflectroncooflfing
hasbecomeoneoffthemosteffectfiveandweflfl-devefloped
methodstoreducethefionbeamemfittance.Sfinceeflec-
troncooflfinghasagreatereffectonthefionbeamsoffflow
energyandflowemfittance,theEficCaccefleratorffacfiflfity
wfiflfladoptthestagedeflectroncooflfingschemetoshorten
thecooflfingtfimeandfimprovethecooflfingeficfiency.In
thefirstcooflfingstage,aneflectroncoofler[443],basedon
conventfionafleflectrostatfichfighvofltageaccefleratfion,wfiflfl
befinstaflfledfintheBRfingtoreducethetransverseemfit-
tanceandthemomentumspreadoffthemedfium-energy
fionbeamstoreachthedesfignvaflue.Inthesecondcoofl-
fingstage,ahfighenergybunchedbeameflectroncoofler,
basedonanenergyrecoveryflfinac(ERL),wfiflflbefinstaflfled
finthepRfingtoffurtherreducethetransverseemfittance
andthemomentumspreadoffthehfigh-energyfionbeams.
Thefintra-beamscatterfingeffectfinthecoflflfisfionwfiflflbe
suppressedbythfiscooflertokeeptheemfittanceandthe
momentumspreadtobethedesfignvaflue,whfichcanen-
surehfighflumfinosfityandflongflumfinosfityflfifferequfiredby
thescfientfificgoafls.Duetoareducedemfittanceaffterthe
flow-energycooflfingfinthefirststage,thecooflfingtfimeffor
thehfigh-energybeamcanaflsobeflargeflyreduced,fleadfing
toashortenedtotaflcooflfingtfimeandenhancedcooflfing
eficfiency.Thestagedeflectroncooflfingschemefforthefion
beamsofftheEficCaccefleratorffacfiflfityfisshownfinFfig.3.3.
Tabfle3.3flfiststhedetafiflsoffthestagedbeamcooflfing
schemefintheEficCaccefleratorffacfiflfity.Takfingthepoflar-
fizedprotonbeamasanexampfle,fitwfiflflbefirstaccefler-
atedtotheenergyoff48MeVbythefiLfinac,thenfinjected
fintotheBRfingfforffurtheraccumuflatfion,andacceflerated
rapfidflyto2GeVvfiatheRFcavfitfies. Theprotonbeam
wfiflflbedebunchedfintoacoastfingbeamaffterthemomen-
tumspreadfisreducedbyabunchrotatfionmanfipuflatfion.
ThecoastfingbeamwfiflflbecoofledvfiaDCeflectronbeams
offtheenergyoff1.09MeVwhfichareproducedffromacon-
ventfionafleflectrostatficeflectroncoofler. Thecooflfingpro-
cesscanreducetheemfittanceandthemomentumspread
offtheprotonbeamtothedesfignvaflue. Affterthat,the
hfighfintensfitypoflarfizedprotonbeamfintheBRfingwfiflflbe
finjectedtothepRfingfforffurtheraccumuflatfionandaccefl-
eratfion. Whentheprotonbeamfisaccefleratedtoreach
theenergyoff19.08GeV,thesecondcooflfingstage,whfich
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Fig. 3.3 The layout of the staged electron cooling scheme for the EicC accelerator facility.

is based on high energy, high-intensity and high-quality
electron bunches produced by an energy recovery linac
(ERL), will be performed to cool the beam again and
suppress the emittance growth and the bunch lengthen-
ing caused by intra-beam scattering effects over the whole
collision process. For other ion beams with lower energy
and higher cooling efficiency, the staged electron cooling
process requires a shorter cooling time compared to proton
beams.

The DC electron cooler in the BRing consists of an
electron gun, an accelerating section, a cooling section,
a decelerating section, a collector, several solenoids, and
several correctors, as shown in Fig. 3.4.

The electron beams emitted from the cathode of the
electron gun can be extracted to the accelerating section
via a potential difference introduced at the anode. Af-
ter acceleration via electrostatic high voltage to obtain
the same average speed as the ion beams, the electron
beams will be transported to the cooling section, in which
they will interact with the ion beams and absorb part of
the heat from the ion beams via the Coulomb interaction.
Then the electron beams will pass through the decelerat-
ing section and be collected in the collector. The repeated
electron beams with low temperatures can finally reduce
the emittance and the momentum spread of the ion beams
to the design value. Nowadays the technology of the DC
electron cooling has already been well-developed and there

are many DC electron coolers around the world, with the
energy ranging from a few tens of KeV to a few MeV.
For instance, in the Recycler Ring, Fermi-Lab, USA, the
energy of the electron beam is as high as 4.3 MeV. In the
COSY electron cooler in the Jülich, Germany, the electron
beam reaches the energy of 2 MeV. And also the first RF
linac-based electron cooler (bunched beam cooling) with
an electron energy of 1.6 and 2.0 MeV was successfully
commissioned at RHIC. For the EicC accelerator facility,
the energy of the electron beam is designed to be 1.09 MeV
for the DC electron cooler, which is technically achievable.

In the pRing, beam cooling requires electron beams with
a maximum energy of 10.4 MeV. Since the conventional
DC electron cooler are unable to accelerate the electron
beams to this energy, it is necessary to employ the elec-
tron beams accelerated by RF cavities, which is high en-
ergy bunched beam electron cooling. However, the specific
electron beams cannot be used in the beam cooling for a
very long time and should be always replaced by new elec-
tron beams, because the electron cooling requires the elec-
tron beams of very high quality (low emittance, low energy
spread, high beam intensity). Moreover, the discarded
electron beams should be collected to avoid radiation pro-
tection issues, since there is almost no energy loss during
beam cooling. The quality of the electron beams in the
synchrotrons hardly satisfies the requirement of the beam
cooling. It is limited by the equilibrium conditions of the

Table 3.3 The staged electron cooling scheme of the EicC accelerator facility.

Position Function Proton energy (GeV) Electron energy (MeV) Cooler

Phase 1 BRing Reduction of beam emittance 2 1.09 DC

Phase 2 pRing Beam emittance reduction and
intra-beam scattering suppression 19.08 10.4 Bunched beam (ERL)
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Fig. 3.4 Layout of the low energy DC electron cooler.

synchrotron radiation effects. The electron linear acceler-
ator can accelerate, transport beams effectively, and keep
the high beam quality. However, the high power level of
the RF cavity increases the cost of construction and oper-
ation. Meanwhile, the collection of such high power elec-
tron beams can cause severe issues of radiation protection,
such as neutron activation, and environmental pollution.
In comparison, the energy recovery linac (ERL) cannot
only accumulate the electron beam intensity as effectively
as a synchrotron but also keep high beam quality as the
linear accelerators, which satisfies the requirement of the
high energy bunched beam cooling. The electron beams
in the ERL can be sent back into the RF cavities with
a decelerating phase, where the power of the high energy
electron beams can be transferred to the power of the
microwave acceleration field which can be used to accel-
erate newly injected electron beams. The energy recovery
from the discarded electron beams in the ERL cannot only
largely reduce the technical difficulty and the costs of the
RF power, but also decrease the power deposition in the
beam collector, solving the possible problems of the ra-
diation protection and environmental pollution caused by
the high power electron beam. The ERL-based high en-
ergy bunched beam electron cooler employed in the EicC
accelerator facility is shown in Fig. 3.5. It consists of a
photocathode electron gun, merger line, superconducting
RF cavities, arc sections, two 25-meter-long cooling sec-
tions, beam matching sections, circulating sections, and
collectors.

The high intensity, high-quality electron bunches gen-
erated from the photocathode will be firstly accelerated
via the pre-accelerating cavity to 2 MeV, then transported
into the main accelerating section of the ERL through the
merger line while keeping the initial emittance and energy
spread. The electron bunches are further accelerated by
the superconducting RF cavities to reach the energy of
10.4 MeV. The electron bunches are transported through
the arc sections to the cooling sections to travel along with
the ion beams. Then, the electron bunches interact with
the ion bunches within the cooling sections in the strong
solenoid magnetic field. After that, the electron bunches
are stored in the circulating ring until making 53 bunches
in the circulating ring, with the frequency between the
bunches being 100 MHz. Then, the first stored electron
bunch is kicked out of the circulating ring by an ultra-fast
kicker cavity, with its energy recovered in the supercon-
ducting RF cavities. Finally, the residual power can be
deposited in the collectors. The newly-injected electron
beams will be accelerated by the recycled energy in the RF
cavities and replace the bunch which had been kicked out
of the circulating ring every 160 ns. This process will be
repeated until the emittance and the momentum spread
of the ion beams meet the design requirements. The ERL
and its circulating ring are shown in Table 3.4.

In recent years, compared to many other types of high
energy particle accelerators, the ERL has been paid more
attention and experienced rapid development and wide
application, since it has the advantages of less power con-

Fig. 3.5 The high energy bunched beam cooler based on the ERL.
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Tabfle 3.4 ThemafinparametersoffERLandcfircuflatfingrfing.

Guntype SRF RMSenergyspread 5×10 4

PRF 6.25MHz Cooflfingenergy 10.4MeV

MafinRFffrequency 700MHz Cooflfingsectfionflength 50m

Chargeperbunch 4nC Cryostatnumber 1

Injectfionenergy 2MeV Cryostatflength 1.5m

BeamcurrentfinERL 25mA Beamcurrentfincfircuflatfingrfing 400mA

RMSbunchflengthfinthecooflfingsectfions 150ps Cfircumfferenceoffcfircuflatfingrfing 159m

TransverseRMSnormaflfizedemfittance 2.5π·mm·mrad Bunchffrequencyfincfircuflatfingrfing 100 MHz

sumptfion,hfighbeamquaflfity,andsoon. TheERLsare
befingconsfideredtorepflacetheconventfionaflflfinearorrfing
accefleratorffortheappflficatfionofftheffree-eflectronflaser
(FEL),thesynchrotronradfiatfionsources,thecoflflfiders,as
weflflastheeflectroncooflers. Uptonow,thereexfistsev-
eraflestabflfishedERLffacfiflfitfiesaroundtheworfld,fincfludfing
theNovosfibfirskERLatBINPfinRussfia,theCEBAF-ER
andtheIRERLfintheJeffersonflaboratorfies(JLab)fin
theUSA,theS-DALINACERLatTechnficaflUnfiversfity
DarmstadtfinGermanyandtheERLofftheHfighEnergy
AccefleratorResearchOrganfizatfion(KEK)finJapan,and
soon.BNLhasaflsotrfiedtobufifldtestERLandCeCERL
fforhfigh-energybeamcooflfingbeffore. Wfiththetechnoflogy
deveflopmentoffthephotocathodegunandthesupercon-
ductfingradfioffrequency(SRF),thedfificufltfiesfforthecon-
structfionoffthehfighenergy,hfigh-fintensfityERLhasbeen
reducedaflot.ThereareseveraflERLsunderconstructfion
orproposed,fincfludfingthebERLfinProofftheHeflmhofltz–
ZentrumBerflfin(HZB)andthe MESAattheJohannes
Gutenberg-Unfiversfität MafinzfinGermany,Corneflfl-BNL-
ERL-Test-Acceflerator(CBETA),theflfightsourcefinthe
CorneflflUnfiversfity,theUS-EICfintheBNLandtheLHeC
finCERN.Someoffthemwfiflflbeempfloyedashfighenergy
bunchedbeameflectroncoofler,whfichcanflayasoflfidffoun-
datfionffortheconstructfionoffthehfighenergybunched
beameflectroncooflerbasedontheERLfintheEficCaccefl-
eratorffacfiflfitywhfifleflargeflyreducfingthetechnficaflrfiskoff
thebeamcooflfingfintheproject.

3.4 Beampoflarfizatfion

Asaduafl-poflarfizedeflectron–fioncoflflfider,thebeampoflar-
fizatfionfisanotherfimportantpartoffthedesfignofftheEficC
accefleratorffacfiflfity,besfidestheflumfinosfityandthebeam
cooflfingwhficharetypficafldesfignsoffacoflflfider.Thephysfics
goaflsofftheEficCprojectposetheffoflflowfingrequfirements
onthebeampoflarfizatfiondesfignofftheEficCacceflerator
ffacfiflfity.
1)Thepoflarfizedeflectronbeamswfiflflcoflflfidewfiththepo-
flarfizedprotonbeams,thepoflarfizeddeuterfiumbeams,
andthepoflarfizedHeflfium-3beams,respectfivefly.The
requfiredpoflarfizatfionherefisabout80%ffortheeflec-
tronbeams,70%ffortheprotonbeams. Otherfion

beamsarenon-poflarfized.
2)AttheIPs,thepoflarfizatfiondfirectfionofftheeflec-
tronbeamsshoufldbeflongfitudfinafl,whfiflefforthepro-
tonbeams,thedeuterfiumbeams,andtheHeflfium-3
beams,thepoflarfizatfiondfirectfioncoufldbearbfitrary.

3)Themeasurfingerrorsoffthepoflarfizatfionfforthepro-
tonbeams,thedeuterfiumbeams,andtheHeflfium-3
beamsshoufldbeflessthan5%,whfifleffortheeflectron
beamsfitfisflessthan2%.
Fortheserequfirementsandgoaflsflfistedabove,the
schemeoffthebeampoflarfizatfionfisdesfignedandoptfimfized
basedontheflayoutfinFfig.3.1andtheoperatfionmode
finFfig.3.2,fincfludfingpoflarfizatfioncontroflandpoflarfizatfion
measurement,whfichfisshownfinFfig.3.6.

3.4.1 Ionpoflarfizatfion

Forthefionaccefleratorcompflex,theatomficbeampo-
flarfizedfionsource(ABPIS)canproducebothpoflarfized
andnon-poflarfizedprotonbeams,whfifleotherpoflarfized
fionbeamsaresfimfiflartotheprotonbeams. Thereare
ffoursuccessfiveprocessestotransfformhydrogenatomsfinto
poflarfizedprotonbeams,fi.e.,thedfissocfiatfion,thesepara-
tfionfinasextupoflemagnet,thetransfitfionfinaweakRF
fiefld,andfionfizatfion.Sfincethedfissocfiatedhydrogenatom
hasanfisotropficspfindfistrfibutfion,thehydrogenatomsoff
hfighenergyfleveflandwfithaneflectronspfinoff1/2can
beseflectedandgufidedfintothenextdevfices.Durfingthe
transfitfion,anatomwfithaprotonspfinoff 1/2wfiflfljump
seflectfiveflyfintotheatomficstateoff1/2protonspfin,fform-
fingfintohfighfintensfityandhfighpoflarfizedatomficbeams.
Furthermore,wfiththeseflectfionoffthepoflarfizatfiondfirec-
tfionofftheweakRFfiefld,thepoflarfizatfiondfirectfionoffthe
atomficbeamsfinthetransfitfionmoduflecanbecontroflfled
tomatchthepoflarfizatfiondfirectfionsofftheffoflflowfingbeam-
flfinesandacceflerators.Protonbeamsoffhfighfintensfityand
hfighpoflarfizatfioncanthusbeproducedvfiathefionfizatfion
offsuchatomficbeams. TheABPISfisoneoffthe most
wfidefly-empfloyedfionsourcesandcangeneratetheproton
beamsoffpoflarfizatfionashfighas90%[444].
Thepoflarfizedprotonbeamsextractedffromthepoflar-

fizedfionsourcewfiflflbe measuredvfiaaLamb-shfifftpo-
flarfimeter.TheLamb-shfifftpoflarfimeterscansthemagnetfic
fiefldfintheRFspfinfifltertoquenchthedfifferentmeta-

64701-52 DanfiefleP.Anderfle,etafl.,Front.Phys.16(6),64701(2021)



Review article

Fig. 3.6 The polarization design of the EicC accelerator facility.

stable hydrogen atoms and measures the Lyman-α pho-
tons from the quenching downstream. The meta-stable
hydrogen atoms neutralized from the polarized protons
will be quenched at special spin filter magnetic field val-
ues and emit Lyman-α photons. The polarized proton
beams will be accelerated in the iLinac to reach the en-
ergy of 48 MeV needed by the injection of the BRing, and
finally injected to the BRing via a beamline for injection.
During this process, the polarization of the proton beams
remains unaffected since there is no spin resonance. How-
ever, to measure the polarization direction of the beams
injected into the BRing, a polarimeter will be still installed
in the beamline for the polarization direction matching to
the BRing. The polarimeter mainly records the counting
rate of the Coulomb elastic scattering between the polar-
ized proton beams and the target at different angles, from
which the polarization at a certain angle can be calculated.

High intensity polarized proton beams of the energy of
48 MeV will be accelerated to 2 GeV in the BRing. Dur-
ing the acceleration, the polarization of the beam will sig-
nificantly decline because the spin tune will experience
several depolarization resonances. To maintain high po-
larization, two Siberian snakes will be installed at the two
ends of the electron cooling section of the BRing to change
the spin tune of the ring. The Siberian snakes, i.e., the
solenoids whose magnetic fields are synchronized with the
beam energy, can keep the spin tune always to be 1/2
which is far from the depolarization resonances. In this
way, the problem of the decline of the polarization of the
proton beams caused by the depolarization resonances can
be solved. Besides, a polarimeter will be installed, which
can be used for the on-line measurement of the polar-
ization direction and the polarization of the beams and
provide useful information for adjustment and optimiza-

tion of the polarization-related parameters of the BRing.
The polarimeter should operate at the energy range from
48 MeV to 2 GeV in which a high counting rate should
remain and the requirement of high-precision control for
the BRing should be met.

The polarized proton beams of 2 GeV energy will be
extracted via a fast extraction scheme from the BRing
and injected into the pRing after measuring and match-
ing the polarization direction. The polarization match-
ing can be implemented via a spin rotator. Based on a
set of magnets consisting of solenoid-horizontal bending
dipole magnet-solenoid-horizontal bending dipole magnet,
the polarization direction can be guided arbitrarily. This
is one of the most essential polarization control devices
in the EicC accelerator facility. The polarization direc-
tion control scheme is illustrated in Fig. 3.7, taking as
the example of a vertical polarization rotating to the lon-
gitudinal polarization. In Fig. 3.7, the blue line denotes
the rotation of polarization direction contributed by the

Fig. 3.7 The spin rotation in a spin rotator.
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solenoids, and the purple line represents the rotation from
the horizontal bending dipole magnets. The initial and fi-
nal polarization directions are shown in red. When passing
through a solenoid, the polarization direction of the polar-
ized beam will rotate with a certain angle with the beam
direction as the axis. In the horizontal bending dipole
magnets, the polarization direction will rotate around the
vertical direction. With once more such rotations in an-
other solenoid and horizontal bending dipole magnet, the
polarization direction of the beam can be transferred from
the vertical direction to the horizontal direction. Simi-
larly, the polarization direction of the beam will rotate to
an arbitrary direction by this spin rotator with carefully-
chosen rotation angles in the solenoids and the bending
dipole magnets. Moreover, the polarization direction can
be well-controlled in a wide energy range while leaving the
closed orbit unchanged, because the four spin angles pro-
vide sufficient polarization control variables, which makes
it possible to provide multiple solutions for the adjustment
of a certain polarization direction. With the help of the
spin rotator, the polarization direction of the extracted
high intensity polarized proton beams can be matched
with one of the arc sections in the pRing, thus avoiding
the depolarization caused by the mismatch of the polar-
ization direction. Another polarimeter will be installed
near the injection section of the pRing to ensure an effi-
cient and complete matching of the polarization direction
during the injection.

After injected into the pRing, the polarized pro-
ton beams will be further accelerated to the energy of
19.08 GeV. During the acceleration, the proton beams
will experience several depolarization resonances, which
means it is very difficult to maintain the polarization of
the proton beams in the conventional racetrack-shaped
accelerators. Furthermore, for the large energy range in
the pRing, there are quite a lot of technical challenges
in Siberian snakes consisting of solenoids. However, the
alternative Siberian snakes consisting of dipole magnets
will cause the closed orbit distortion. These make it diffi-
cult to avoid the depolarization resonances by only using
the Siberian snakes. To solve the issues, the pRing of the
EicC accelerator facility is designed to be a novel figure-8
structure, in which the spin precession in the arc sections
of one side can be always exactly canceled by the ones of
the other side, keeping the total spin tune in the ring to
be zero. The spin precession angle of the proton along
the reference orbit is Gγ times the bending angle. The
total bending angle of figure-8 ring is zero, so the spin
tune will be zero independent of the beam energy for the
convenience of spin control and the spin tune is far away
from all intrinsic depolarization resonances. Meanwhile, a
small solenoid added in the long straight section to intro-
duce additional spin precession angle can ensure the spin
tune to be far away from the imperfection depolarization
resonances. It can be shown that in the optimized con-
dition the solenoid at the IPs can also meet requirements

for adjusting the spin tune, which is a novel scheme for
the ion accelerator complex design in the EicC project.

Due to the arbitrary polarization direction of the pro-
ton beams needed at the IPs, two spin rotators will be
placed on either side of the long straight section contain-
ing the IPs and the arc sections at both ends of the long
straight section. As discussed above, each spin rotator
can perform polarization direction rotation to generate
the arbitrary direction needed by the experiments. More-
over, by using the spin rotator, the polarization direction
will get matched to the direction of the arc sections before
the proton beams enter the arc sections upstream of the
IPs. With this scheme, the requirements of the arbitrary
polarization directions and the polarization matching can
be satisfied easily.

A polarimeter will also be installed in the pRing for the
online measurement of the polarization direction and the
polarization of the proton beams at the IPs, as well as
providing measuring data of the polarization for various
physics experiments. The measuring accuracy of the po-
larimeter should be as high as 5%, which meets the physics
experiment requirements.

3.4.2 Electron polarization

In the electron accelerator complex, the polarized electron
beams can be produced via the photocathode polarized
electron gun. Since the energy band of the electron ex-
citation in the cathode plated by Cs and GaAs can over-
lap with the energy band of the vacuum, the electrons
will become free electrons when transiting to the excita-
tion energy band. With a laser of a specified energy and
polarization direction, the electrons of the specified spin
state will transit to the excitation energy band, forming
highly-polarized electron beams. The polarization direc-
tion of the electron beams can be controlled by changing
the polarization direction of the laser. Up to now, the po-
larization of the beam generated from the polarized elec-
tron gun can be as high as 90% [445], which can meet the
requirement of the EicC project. Before electron beams
are injected into the electron injector, their polarization
characteristics will be measured via a polarimeter. This
polarimeter can be also employed to adjust the parameters
of the photocathode polarized electron gun according to
the requirements of physics experiments and accelerator
operations.

After the polarized electron beams are injected into the
electron injector, it will be accelerated to reach the en-
ergy range from 2.8 GeV to 5.0 GeV. During the acceler-
ation, the depolarization resonances will not occur since
the electron beam travels through different arc sections in
the different turns, causing a lack of resonances between
the periodic transverse and longitudinal motion, as well
as the spin periodic precession [446]. Therefore, it is not
necessary to place any polarization preservation devices in
the electron injector.
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Thepoflarfizedeflectronbeamwfiflflbeaccefleratedtofits
maxfimumenergyfintheeflectronfinjectorandthenfinjected
fintotheeRfing. Durfingthfisprocess,thepoflarfizatfiondfi-
rectfionofftheeflectronbeamshoufldgetmatchedtooneoff
thearcsectfionsofftheeRfing.Thepoflarfizatfionmatchfing
canbereaflfizedvfiaaspfinrotatorfinthefionacceflerator
compflex.
Thepoflarfizatfiondfirectfionandthepoflarfizatfionoffthe
beamwfiflflbemeasuredbefforethebeamfisfinjectedfintothe
eRfing.Itfisdfifferentffromthecasefinthefionacceflerator
compflexorfintheflowenergyeflectronacceflerators,where
thefinternafl-targetmeasurfingschemefisadopted.Thedfiff-
fferentfiaflComptoncrosssectfionfisaffunctfionoffthefinfitfiafl
eflectronandphotonpoflarfizatfions[447].Thepoflarfizatfion
dfirectfionandthepoflarfizatfionofftheeflectronbeamscanbe
obtafinedfindfirectflyvfiadetectfingthebackscatteredpho-
tonsaffterthescatterfingoffcfircuflarflypoflarfizedphotons
onpoflarfizedeflectrons. Thfisfisanon-finterceptfionmea-
surementschemethatwfiflflnotaffectthebeamquaflfity.
Thepoflarfizedeflectronbeamsshoufldpreservethepo-
flarfizatfionoff80%durfingthewhoflecoflflfisfion. TheeRfing
fisdesfignedtoberacetrack-shapedasotherffacfiflfitfiesac-
cordfingtotheexperfimentresufltsofftheexfistfingffacfiflfi-
tfiesfintheworfld[448]. Suchadesfignhastheadvan-
tagethatthedepoflarfizatfioneffectscanbecancefledby
theseflff-poflarfizatfioneffectfintroducedbythesynchrotron
radfiatfionofftheeflectronbeams,resufltfingfinhfighequfiflfib-
rfiumpoflarfizatfionattheflevefloff80%durfingthewhofle
coflflfisfion.Whenthebeamenergyflfiesnearflyonthedepo-
flarfizatfionresonanceenergyandfitfisnotenoughfforthe
seflff-poflarfizatfioneffecttocanceflthedepoflarfizatfioneffects,
thespfintunecanbemovedawayffromthedepoflarfizatfion
resonancevfiaasoflenofidattheIR.AttheIR,thepoflarfiza-
tfiondfirectfionofftheeflectronbeamfisflongfitudfinafl,sothe
spfintunefismovedvfiathesoflenofidwhfiflethepoflarfizatfion
dfirectfionremafinsflongfitudfinafl. Whencoflflfidfingwfiththe
poflarfizedprotonbeams,thepoflarfizatfiondfirectfionoffthe
poflarfizedeflectronbeamsshoufldbeflongfitudfinafl,butthe
poflarfizatfiondfirectfionmatchfingtothearcsectfionsoffthe
eRfingfistransverse.Thereffore,fitfisnecessarytopflacetwo
spfinrotatorsbetweentheflongstrafightsectfionscontafinfing
theIPsandthearcsectfionstosatfisffythematchfingoffthe
poflarfizatfiondfirectfionandtherequfirementoffthephysfics
goafls. Thespfinrotatorherefissfimfiflartotheonefinthe
fionaccefleratorcompflex.Theonflfinemeasurementoffthe
poflarfizatfiondfirectfionandthepoflarfizatfionfintheeRfing,
asweflflasfitsbeamflfinefforfinjectfion,fisaflsodesfignedbased
ontheComptonbackscatter,onflywfithanaccuracyoff2%
requfiredbythephysficsexperfiments.

3.5 Desfignoffthefinteractfionregfions(IR)

Toachfievethephysficsgoafls,oneffuflfl-acceptancedetector
wfiflflbebufifltatoneIRffordetectfionandfidentfificatfionoff
reactfionproducts,suchaschargedpartficfles,fi.e.,eflectrons

e,muonµ,π-mesonπ,k-mesonK,protonpandsoon,
asweflflasneutraflpartficfles,fi.e.,photonγ,neutronn,etc.
AnotherIRwfiflflbereservedffortheffutureupgrade.Thfis
detectorconsfistsoffacentrafldetectorwfithendcapsand
fforwarddetectors.Thecentrafldetectorwfithendcapswfiflfl
bepflacedaroundasuperconductfingsoflenofidandcanbe
dfivfidedfintotwoparts:thebarreflpartandtheendcap
partonbothsfides,whfichfisusedtodetectthereactfion
productsfinaflargeanguflarrange.Itconsfistsoffaserfiesoff
detectors,fincfludfingvertexdetectors,trackfingdetectors,
tfime-off-flfight(TOF)detectors,Cherenkovdetectors,eflec-
tromagnetficcaflorfimeters,andhadroncaflorfimeters.Free
spacewfithaflengthoff8mfisrequfiredfforthefinstaflflatfion
offthecentrafldetectorwfithendcaps. Thefforwardde-
tectorswfiflflbemafinflyusedfforthedetectfionoffthefinafl-
statepartficflesemfittedffromthereactfionfinasmaflflor
ufltra-smaflflangfle. ThosedetectorsareffarffromtheIP
anddfipoflemagnetsarerequfiredtoseparatethepartficfles.
Thepartficfledetectfionofftheeflectronfforwarddetectorsfis
reaflfizedwfiththeheflpoffdfipoflemagnetsandseveraflflong
drfifftsectfionsaffterthefirstquadrupoflemagnet.Forthe
fionfforwarddetectors,adfipoflemagnetshoufldbefinstaflfled
finffrontoffthefirstquadrupoflemagnettomakefitpos-
sfibfletofidentfiffythereactfionproductsatasmaflflangfle.
Furthermore,otherdfipoflemagnetsandflongdrfifftsectfions
wfiflflbepflacedbehfindthefirstquadrupoflemagnettoaflflow
thefidentfificatfionoffthereactfionproductsfinufltra-smaflfl
angfles.Comparedtoconventfionaflcoflflfiders,suchspecfifi-
catfionsffromthedetectorsrafisemanymorerequfirements
offthefinteractfionregfiondesfignofftheEficCacceflerator
ffacfiflfity.
Typficaflfly,aconventfionaflcoflflfiderposestheffoflflowfingre-

qufirementsabouttheflayoutoffthefinteractfionregfionand
fitsoptficsdesfign.
1)Thebeamtransversesfizeortheβ∗attheIPshoufld
beassmaflflaspossfibfle.

2)Thedevficesfinthefinteractfionregfionshoufldmeetthe
requfiredmfinfimumfinstaflflatfionflengthoffthecentrafl
detector.

3)Theβffunctfionfinthefirstquadrupflemagnetfinthe
finteractfionregfionshoufldbenottooflarge.

4)Theoptficsdesfignfinthefinteractfionregfionshoufldsat-
fisffythechromatficfitycorrectfionoffthecoflflfiderrfing.

5)ThecrossangfleattheIPshoufldbeflargerthanthe
mfinfimumvafluerequfiredfforthebunchseparatfion,
andsmaflflerthanthemaxfimumacceptabflevafluede-
cfidedbythecrabcavfity.

6)Intheoptficsdesfignoffthefinteractfionregfion,thesfize
offeachmagnetshoufldnotexceedthespaceflfimfitfin-
troducedbythedetectors,andthereshoufldbeno
finterfferenceamongthemagnets.
Furthermore,finordertofidentfiffynearfly100%offthere-
actfionproductswfithhfigherresoflutfion,theffuflfl-acceptance
detectorposesmorerequfirementsonthedesfignoffthefin-
teractfionregfionfintheEficCaccefleratorffacfiflfity.
1)InthefinteractfionregfionofftheeRfing,aflargedeflec-
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tion of electron beams should be avoided to reduce
the impact of the synchrotron radiation background
generated by the electron beams themselves on the
detectors in the interaction region.

2) The interaction region of the pRing should be de-
signed as close as possible to the arc sections to re-
duce the hadron background produced by the colli-
sion among the proton beams and the residual gas
molecules which could affect the detectors in the in-
teraction region.

3) In the pRing, a dipole magnet should be placed down-
stream of the IP to improve the detecting resolution
of the reaction products at small angles.

4) In the pRing, a set of dipole magnets should be placed
after the first focusing quadrupole magnet to improve
the detecting resolution of the reaction products at
ultra-small angles.

5) In the eRing, at least one set of dipole magnets should
be placed after the first focusing quadrupole magnet
to improve the detecting resolution of the reaction
products at small angles [449].

6) In the interaction region, the transverse aperture of
the magnets should be larger than the clear zone,
which is at least ten times of the transverse RMS
beam size, to let the debris at larger scattering angles
in the small-angle reaction products pass through the
vacuum pipe of the magnets and reach the forward
detectors downstream of the IP.

Taking each item listed above into consideration, the
overall design of the interaction region is shown in the
Fig. 3.8. Since there are significant differences between
electron beams and proton beams, the detectors in the
different collider rings have different demands on the lay-
out of the interaction region. So, the interaction region
of the EicC accelerator facility is designed to be asym-
metric. In the pRing, the interaction region is close to
the upstream arc sections to reduce the hadron back-
ground caused by the interaction between the residual gas
molecules and the proton beams, improving the resolution
of the detectors. In the eRing, a long straight section will
be placed upstream of the interaction region, keeping the

interaction region away from the arc sections. Meanwhile,
synchrotron radiation absorbers will be installed. These
schemes can reduce the synchrotron radiation background,
further improving the resolution of the detectors.

The interaction region mainly consists of two parts, i.e.,
the straight section with few devices close to the IP for the
installation of the central detector with end caps, and the
beamline that is relatively distant from the IP and con-
tains dipole magnets and drift lines for the installation of
the forward detectors. The installation of the central de-
tector with end caps requires an 8-meter free space. To
follow the magnetic field limits of the magnets and make
full use of the installation space in the interaction region,
all of the magnets are designed to be superconductive for
increasing the length of the free space and save the instal-
lation space so that all the final state particles except the
reaction products at the small and very small angles can
be detected. Based on the superconducting magnets, the
crossing angle at the IP is chosen to be 50 mrad, which can
achieve a fast separation between the electron beams and
the ion beams and suppress the long-range beam-beam
interactions, so as to reduce the limit of the length of
the straight section at the IP. And this design can opti-
mize the minimum β function at the IP, the maximum β
function at the first focusing quadrupole magnet, and the
dipole magnetic field required by the forward detectors for
small-angle reaction products.

The β function values at the IP in the pRing are 0.04
m in the horizontal direction and 0.02 m in the vertical
direction respectively, which can satisfy the luminosity
design. And the maximum β function value in the first
focusing quadrupole magnet is around 1000 m. It makes
sure that this superconducting quadrupole magnet can be
installed in the central detector. Furthermore, in order to
achieve higher luminosity, the dispersion at the IP should
be zero to further reduce the beam transverse size. How-
ever, there is a large dispersion on both sides of the IP to
improve the detecting resolution. A dispersion suppres-
sion section, which consists of two dipole magnets and two
quadrupole magnets, will be installed upstream of the IP
to make sure that the dispersion is zero at the IP while

Fig. 3.8 The interaction region of the EicC accelerator facility.
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thedfispersfionatthefforwarddetectorsfisflargeenoughto
provfidehfighdetectfingresoflutfion.
TheβffunctfionvafluesattheIPfintheeRfingare0.2
mfinthehorfizontafldfirectfionand0.06 mfinthevertfi-
cafldfirectfion,whfichsatfisfiesthedesfignofftheflumfinosfity.
Furthermore,comparedtothecaseoffthepRfing,thefirst
ffocusfingquadrupoflemagnetfintheeRfingfiscflosertothe
IP,finordertoseparatetheposfitfionatwhfichthebeam
sfizefistheflargestfintheeRfingffromthecorrespondfing
posfitfionfinthepRfing.Itmakesfiteasfiertoseparatethe
beamsattheIP.IntheeRfing,themaxfimumvaflueoffβ
ffunctfionfinthefirstffocusfingquadrupoflemagnetfisabout
280masfitfismuchcflosertotheIP.However,theffact
thatthefirstffocusfingquadrupoflemagnetfintheeRfingfis
muchcflosertotheIPfintroducesahugeadvantage. Be-
causetheaperturerequfiredbyeflectronbeamsfis much
smaflfler,thfisquadrupoflemagnetcanreducetherequfired
finstaflflatfionspace,whfichmakesfitpossfibflefforthecentrafl
detectorwfithendcapstodetectaflflthereactfionproducts
moreeffectfiveflyandtoavofidbreakfingtheffuflfl-acceptance
ffeatureoffthecentrafldetector.
Asuperconductfingdfipoflemagnetwfith1-meterflength,
2.1Tmaxfimummagnetficfiefld,and30mraddeflectfion
angflewfiflflbepflaceddownstreamofftheIPfinthepRfing.
Thedfipoflemagnetwfiflflbeabfletoprovfideflargedfispersfion
toenhancethedetectfingresoflutfionoffthefforwarddetec-
torsfinstaflfledbehfindfitfforsmaflfl-angfleproducts.Further-
more,thedfipoflemagnetcanseparatethebeamstomake
fitmoreflexfibfleffortheoptficsdesfignoffthetwocoflflfider
rfings.Behfindthesuperconductfingdfipoflemagnet,therefis
astrafightsectfionthatcontafinsonflyffocusfingquadrupofle
magnets, whfichcanbeusedffortheseparatfionoffthe
smaflfl-angflereactfionproductsandthefinstaflflatfionoffthe
smaflfl-angflefforwarddetectors.Thequadrupoflemagnetfis
ffoflflowedbyadfipoflemagnetprovfidfingaflargedeflectfing
angfletodeflectthebeamtothedfirectfionwhfichfisparaflflefl
wfiththeeRfing. Thedfistancebetweenthebeamflfinesfin
thetwocoflflfiderrfingsfisabout1meter. Aflongwfiththe
ffoflflowfingflongstrafightsectfion,thfisflargedfipoflemagnet
canfimprovethedetectfingresoflutfionffortheufltra-smaflfl-
angflereactfionproducts.Besfides,theneutraflpartficfleswfiflfl
benotdeflectedwhenpassfingthroughthfisdfipoflemag-
net. Todetecttheneutraflpartficflesproducedffromthe
reactfion,thedetectorscanbeputfinthedfirectfionoffthe
extensfionflfineoffthetfifltfingstrafightsectfion. Basedona
systemconsfistfingofftwodfipoflemagnets,thefforwardreac-
tfionproductsoffsmaflflangflesandufltra-smaflflangflesfinthe
fionbeamscanbedetectedtoaflmost100%,whfichensures
theffuflfl-acceptanceffeatureoffthedetector.
IntheeRfing,asetoffcareffuflfly-desfignedbeamflfineseg-
mentsarepflaceddownstreamofftheIP,ffordetectfingthe
smaflfl-angflefforwardreactfionproducts. Wfiththehorfizon-
taflbendfingdfipoflemagnets,theeflectronbeamswfiflflbede-
flectedtoatfiflteddfirectfionwfithrespecttotheeRfing,and
thendeflectedbacktotheparaflflefldfirectfion.Twosetsoff
dfipoflemagnets(4magnetsfintotafl)arepflacedsymmetrfi-

caflflytocanceflthedfispersfiongeneratedbythemseflvesand
generateasmoothdecreaseofftheβffunctfion,whfichmakes
fitconvenfientffortheoptficsparametermatchfingupstream
anddownstream.ThedfipoflemagnetcflosesttotheIPfis
chosentobethefirstdfipoflemagnetoffsuchasetoffffour.It
fisffoflflowedbyaflongstrafightsectfion,whfichcanprovfide
pflentyoffdrfifftfingspacefforthereactfionproductsfinthe
eflectronbeamssothatthereactfionproductscanbeob-
servedbythesmaflfl-angflefforwarddetectors.Thestrafight
sectfionbetweenthesecondandthethfirddfipoflemagnetfis
paraflflefltotheflongstrafightflfineoffthefinteractfionregfion.
Apoflarfimeter,basedontheComptonbackscatteroffthe
eflectronbeams,wfiflflbepflacedfintheextensfionflfineoffthe
strafightsectfion.Fourdfipoflemagnetswfiflflfformadeflect-
fingstructure,whfichensurestheffuflfl-acceptanceffeatureoff
thedetectorfintheeflectronbeams.
Toobtafinhfigherflumfinosfitywfithaflargecrossfingangfle

attheIP,crabcavfitfieswfiflflbepflacedwfithaphaseshfifftoff
π/2ffromtheIP,whfichperfformatransversebunchrota-
tfionbefforethebeamsenterfingtheIP.Ahead-to-headcofl-
flfisfionbetweentheprotonbeamsandtheeflectronbeams
atexactflytheIPcanbeachfievedbythfisscheme. Affter
thecoflflfisfion,othercrabcavfitfieswfiflflrotatethebunchto
fitsfinfitfiafltransversestatefformatchfingothersfingflebeam
dynamficsfinthecoflflfiderrfings. Thecrabcavfitfieshave
beenempfloyedsuccessffuflflyfintheKEKBofftheKEKfin
Japan[450]. Theffrequencyandvofltagearecrucfiaflpa-
rametersfforcrabcavfitfies.ForthepRfing,theffrequency
andvofltageoffthecrabcavfitfiesareseflectedtobe200MHz
and14.9MV,respectfivefly. Wfithprotonbunchflengthoff
0.04m,thephasewfidthfischosenasabout±30◦,whfich
canffuflfiflfltherequfirementsoffcompfletecrabbfing. Asffor
thecrabcavfitfiesfintheeRfing,thesameffrequencyused
finthepRfingfischosenbutwfithaflowervofltage,3.7MV,
resufltfingffromflowerenergyoffeflectronbeams.

3.6 Pre-researchonkeytechnoflogfies

Forthedesfignpresentedabove,thepre-researchoffthe
EficCaccefleratorffacfiflfityandtestfingoffseveraflreflated
keytechnoflogfieswfiflflbecarrfiedoutontheexfistfingffacfifl-
fityHIAF.Itmafinflyfincfludestheatomficbeampoflarfized
fionsources(ABPIS),thephotocathodepoflarfizedeflectron
gun,thehfighenergybunchedbeameflectroncooflerbased
ontheenergyrecoveryflfinac(ERL),theSfiberfiansnake,
thespfinrotator,averfificatfionffacfiflfityoffafigure-8rfing,
andaneflastficscatterfingpoflarfimeter.
Theatomficbeampoflarfizedfionsource(ABPIS)fisthe

essentfiafldevficeffortheproductfionoffthepoflarfizedproton
beams(asweflflastheflfighterpoflarfizedheavyfionbeams).
Thestudyoffthemaxfimumpoflarfizatfionandthemaxfimum
fintensfityoffsuchbeamsfisoneoffthemostfimportanttopfics
fforthepre-researchofftheEficCaccefleratorffacfiflfity.Inthe
pre-research,thepoflarfizedfionsourcewfiflflbefinstaflfledfin
theHIAFfforonflfinetestfingtofindoutfifffit meetsthe
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requirement of the EicC project.
The technology of the photocathode polarized electron

gun is relatively well-developed. However, there are still
several subjects that need to be investigated thoroughly,
such as the control of the polarization direction, the op-
timization of the beam intensity, and the photocathode
lifetime. And it is necessary to study the related parame-
ters of the photocathode polarized electron gun, in order
to determine the injection and accumulation schemes in
the eRing. The photocathode polarized electron gun for
the pre-research of the EicC accelerator facility will be
tested independently since there is no electron accelerator
in the HIAF.

The high energy bunched beam electron cooler based
on the energy recovery linac (ERL) is an indispensable
device to achieve the required collision luminosity and the
collision lifetime in the EicC accelerator facility and will
be developed in the stage of the pre-research. A veri-
fication facility of the high energy bunched beam elec-
tron cooler will be installed in the BRing of the HIAF.
The pre-research of the high energy bunched beam elec-
tron cooler mainly includes three aspects. The first aspect
is about the development of high-quality energy recovery
linac (ERL). Compared to those energy recovery linacs
which are not used for electron cooling, the ERL employed
for the EicC accelerator facility poses higher requirements
on the electron beam quality, because the electron beams
should be kept sufficiently cold. In the pre-research, a
prototype of ERL with low energy will be built to pro-
vide electron beams for the experiment of the high en-
ergy bunched beam electron cooling on the BRing of the
HIAF, in which key technologies and experience about
the cavity design of the ERL, as well as the energy recov-
ery, can be developed and improved. The second aspect
is about the design and implementation of a circulating
ring. Since the electron beams generated from the elec-
tron gun cannot reach the beam current required by the
high energy bunched beam electron cooling, they need to
be recirculated in the circulating ring for 16 turns so that
to reduce the ERL beam current by 16 times. The third
aspect is the development of the ultra-fast kicker cavity.
In the high energy bunched beam electron cooler based on
the ERL, the electron bunches should be either injected
from the main accelerating section to the circulating ring
during the accumulation or extracted to the main accel-
erating section for energy recovery. It is crucial that the
kicker cavity is able to deflect several electron bunches or
even one electron bunch. There are many technical chal-
lenges for the design and production of such kicker cavi-
ties, which need to be examined and verified carefully in
the pre-research. Overall, the high energy bunched beam
electron cooler based on the ERL and developed in the
pre-research stage of the EicC project is expected to be
able to perform high energy bunched beam electron cool-
ing experiments and online testing in the BRing, which
will lay a solid technical foundation for the development

of higher energy bunched beam electron cooler in the EicC
accelerator facility.

The Siberian snake is a key device to avoid the depolar-
ization resonances in the BRing. Technologically, it will
be taken as a solenoid. Compared to dipole magnets, the
solenoid-shaped Siberian snake will not affect the closed
orbit of the BRing. However, its magnetic field ramp-
ing rate can be far lower than the one of dipole magnets.
The BRing will be operated in a rapid cycling mode, in
which the ramping rate of the magnetic field of the dipole
magnets is about 12 T/s. There still exist quite a lot of
technical difficulties in the synchronization of the solenoid
magnetic field with proton beam energy, which needs to
be studied and optimized in detail. The solenoid-shaped
Siberian snake for the EicC accelerator facility will be
firstly designed and built in the BRing. After the polar-
ized ion source developed in the pre-research is installed,
an integration testing of the BRing performance will then
be conducted to check whether the beam intensity and the
polarization of the BRing fulfill the criteria of the EicC
project. So the booster of the EicC accelerator facility,
i.e., the BRing, can be completed during the pre-research
stage.

The spin rotator is an essential device for the adjust-
ment of the polarization at the IP, as well as for the po-
larization direction matching between beamlines and ac-
celerators of the EicC accelerator facility. There are three
most important characteristics of the spin rotator, i.e.,
functioning well for different energies, rotating the polar-
ization direction to arbitrary direction, and introducing no
influence of the closed orbit. A spin rotator for the EicC
accelerator is composed of two solenoids and two dipole
magnets, with the sequence of the solenoid-dipole magnet-
solenoid-dipole magnet. It is important to verify that four
parameters of magnetic fields for an arbitrary given rota-
tion angle can be always specified. To this end, a spin
rotator will be designed and developed at the injection
energy of the BRing, which can be used to perform online
testing of the spin rotator design in the beamline for the
injection of the BRing of the HIAF. Based on these stud-
ies, the design of the spin rotator will be further improved
and eventually applied to the EicC accelerator facility.

There has been no synchrotron with a figure-8 structure
in the world until now, and the property of a zero pure
spin tune in such type of synchrotrons has not yet been
verified. There is some free space reserved for the mirror
ring next to the SRing in the design and construction pro-
cess of the HIAF, which makes it possible to upgrade the
SRing into a figure-8 shaped synchrotron with less cost
to test the effect of the depolarization resonances on such
synchrotrons. If the upgrade is completed smoothly dur-
ing the pre-research stage and the main features (such as
the maintenance of polarization and so on) are verified,
the high-precision spectrometer ring SRing will become
the first figure-8 synchrotron that can store high intensity
polarized proton beams in the world. This work, which
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thuspflaysacrucfiaflroflefinthewhoflepre-researchoffthe
EficCaccefleratorffacfiflfity,wfiflflsupporttheconstructfionoff
thepRfingwfithffrufitffufltechnficaflexperfience.
Sfincetherefisnoeflectronaccefleratorfinthe HIAF
project,fitfisfimpossfibfletoperfformthetestfingoffthepo-
flarfizatfiondfirectfionandpoflarfimeterbasedontheComp-
tonbackscatter.Forthfisreason,thetestoffthepoflarfiza-
tfiondfirectfionandpoflarfimeterbasedonthefinternafltar-
getcoufldbefirstflyperfformed.Typficaflfly,thepoflarfimeter
adoptsthefinternaflpoflarfizedgaseoustarget,finwhfichthe
poflarfizatfionfineveryspecfifieddfirectfionfismeasuredvfia
recordfingthecountfingrateofftheangfledfistrfibutfionoff
theCouflombscatterfing,finwhfichthedfirectfionwfithmax-
fimumpoflarfizatfionrepresentsthepoflarfizatfiondfirectfionoff
thebeams.Inthfismeasurfingscheme,thetransportoffthe
flowenergybeamwfiflflbegreatflyaffected,sofitwfiflflstopthe
beamsandfisnotanonflfinemeasurfingmethod.However,
fforthebeamsoffhfighenergy,themeasurementwfiflflendup
wfithflesseffectonthebeamtransportandbecometheon-
flfinemeasurfingmethod.Thepoflarfimeterfisoneoffthemost
keydevficesfforthepoflarfizatfiondfirectfionandpoflarfizatfion
controfloffthepoflarfizedfionsourceandthephotocathode
poflarfizedeflectrongun.Itfisaflsotheonflyequfipmentthat
canbeempfloyedtoperfformthepoflarfizatfionmatchfingbe-
tweenaccefleratorsandbeamflfines,asweflflastomeasure
thedepoflarfizatfionresonancesfinthesynchrotrons.Inthe
pre-researchofftheEficCproject,severaflfinternafltarget
poflarfizatfiondfirectfionandpoflarfimeterswfiflflbebufifltand
finstaflfledattheexfitoffthepoflarfizedfionsource,attheexfit
offthephotocathodepoflarfizedeflectrongun,attheexfitoff
thespfinrotatorfinthebeamflfinefforthefinjectfionoffthe
BRfing,fintheBRfingandfinthehfigh-precfisfionspectrom-
eterrfingSRfingandsoon,tocheckwhetherthetechnficafl
goaflsoffthepre-researchofftheEficCaccefleratorffacfiflfityfis
ffuflflysatfisfied.

Inconcflusfion,thepre-researchofftheEficCacceflerator
ffacfiflfityfiscrucfiafltoensurethedesfign,constructfion,com-
mfissfionfing,andoperatfionofftheEficCaccefleratorffacfifl-
fitytobefinfishedsmoothflyandsuccessffuflflyfintheffuture.
Wfiththat,thekeytechnficaflbarrfiersfintheEficCproject
wfiflflbeovercome,andthefircorrespondfingsoflutfionsand
schemeswfiflflbeverfified.

Chapter4 Detectorconceptuafldesfign

DrfivenbythephysficsprogramoffEficC,aconceptuaflde-
sfignfforageneraflpurposespectrometerfispresentedfinthfis
chapter. Thephysficsprogramfincfludesfinvestfigatfingthe
nucfleonspfinstructure,thenucfleon3-Dstructurewfithre-
specttoTMDsandGPDs,andthestudyoffexotfics,etc.,
asdetafifledfinprevfiouschapters.
Ffigure4.1showsthedefinfitfionoffthecoordfinatesys-
tem,wheretheeflectronbeampofintsfintothenegatfivez
dfirectfion.Thepseudo-rapfidfityaxfisfisshownasthehaflff-
cfircfle. Theacceptanceoffthedetectorsegmentsfisonfly
meantfforfiflflustratfion.

4.1 Detectorperfformancerequfirements

BasedontheEficCbaseflfinedesfign,aPYTHIA[451]sfim-
uflatfionfisperfformed. IntheEficCbaseflfinedesfign,an
eflectronbeamenergyfis3.5GeV,protonbeamenergyoff
20GeV,resufltsfinacenteroffmassenergyoff16.7GeVand
across-sectfionoff20.8µb.Theflumfinosfityfisexpectedto
beL=4×1033cm2·s1wfithanfinteractfionrateoff
83.2kHz.ThePYTHIAsfimuflatfionshowsthefinaflstate
partficflesareconcerntratednearη=1,wfithapartficfleden-
sfityoffdN/dηdt=8×104/s.Thfisyfiefldsamoderateevent
ratethathastobeconsfideredfinthedesfignoffdetectors
andthedataacqufisfitfionsystem.
Foreflectron–fioncoflflfisfions,thedetectfionoffthescattered

eflectronspflayanfimportantroflefinmostoffthephysfics
programs. AsshownfinFfig.4.2,theISOflfinesoffenergy,
pseudo-rapfidfity,andfineflastficfityoffthescatteredeflectrons
aredrawnfinthex–Q2space.HerexfistheBjorkenvarfi-
abfleandQ2fisthe momentumtransffer. Theredflfines
showthefiso-flfinesofftheenergyoffthescatteredeflectrons.
Ineflastficscatterfingoffeflectronsoffprotonscanbefinter-
pretedaseflastficscatterfingoffeflectronsoffpartonsfinsfide
theproton.Forx=0.175,whfichmeansthattheparton
carrfiesthesamemomentumoff3.5GeVastheeflectron,
eflastficscatterfingwfiflflresufltfinconstant3.5GeVmomen-
tumoffthescatteredeflectron. Thfisfleadstothevertficafl
flfineatx=0.175,separatfingtwogroupsoffISOflfines.On
theflefft-handsfide,wfithx<0.175,theflowmomentum
partoncannotchangethetrajectoryofftheeflectronsfignfiff-
ficantfly,whfichresufltsfinflowQ2andveryfforwardgofing
eflectronsatflargerapfidfity.Incontrast,ontherfight-hand
sfideoffthevertficaflflfine,wfithx>0.175,thehfighmomen-
tumpartoncanboosttheeflectrontoaveryhfighmomen-
tum.Thebflueflfinesfinthefigureshowthepseudo-rapfidfity
ISOflfines.AtverysmaflflmomentumtransfferQ2,thescat-
teredeflectronfisexpectedtobefintheextremefforward
dfirectfion(seetheflowQ2regfionwfithη= 5asanexam-
pfle). Thfisanaflysfisshowsfinstructfivefinfformatfionabout
thekfinematficsfforepcoflflfisfions.

4.1.1 Dfistrfibutfionsoffthefinaflstatepartficfles

Amongthefinaflstatepartficfles,thescatteredeflectrons
provfidecrucfiaflfinfformatfiontomostoffthephysficspro-
grams,finpartficuflarthoseffocusfingontheprocessesoff
DIS,SIDIS,DVCS,andsoon. Wehaveshownveryfin-
structfivefinfformatfionffromageneraflbehavfioranaflysfisfin
Ffig.4.2. Here,wfithadetafifledstudy,morefinfformatfion
aboutthekfinematficsoffthescatteredeflectronscanbeob-
tafined.InFfig.4.3,dfistrfibutfionsoffthescatteredeflectrons
areshownfforvarfiousQ2bfins.Inthesepflots,thecoflor
scaflereflectsthecross-sectfion.Thedfistanceffromthecen-
terpofintdenotesthemagnfitudeoffthescatteredeflectron
momentum,andthedfirectfionreflectsthepseudo-rapfidfity.
TheeventsweregeneratedwfithPythfia6[276].Compar-
fingthepflotswfithvarfiousQ2bfins,fitfisnotficedthatwfith
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Fig. 4.1 Illustration of the coordinate system for EicC.

increasing Q2, the scattered electrons are less boosted to
negative pseudo-rapidity. For physics requiring Q2 larger
than 1 GeV2 (such as SIDIS or DVCS), a detector cover-
age of η > 2 is sufficient for the scattered electron.

In addition to scattered electrons, the other final state
particles are also important and have been studied. In
Fig. 4.4, the momentum distributions for the final state
π (red), K (green), p̄ (blue), p (grey), e (black), and
γ (purple) at a given pseudo-rapidity bin are shown. By
comparing the yields of these particles, it is noticed that
the number of final state pions is about 1–2 orders of
magnitude larger than those of kaons and anti-protons.
The momenta of hadrons in other η regions are also in-
vestigated. At a pseudo-rapidity smaller than 1, the mo-
menta of final state hadrons are expected to be smaller
than 6 GeV, while at large pseudo-rapidity (η > 2), the
final state hadrons have momenta up to 15 GeV. Thus,
the detection and particle identification of the final state
hadrons needs to be considered at various pseudo-rapidity

Fig. 4.2 ISOlines of the scattered electron energy, pseudo-
rapidity and inelasiticity.

regions.
In addition to the above study of events produced with

the Pythia generator, dedicated studies are performed for,
e.g., the study of SIDIS or DVCS processes, which pro-
vide direct constraints for the detector design. Figure 4.5
shows the distribution of scattered electrons, charged pi-
ons and kaons in the SIDIS processes. From these plots,
high momenta larger than 15 GeV for the pions and kaons
at small angles in the ion forward direction are observed.
This is consistent with the previous Pythia simulation.
These SIDIS processes set very basic requirements for the
central detector. Figure 4.6 shows the distributions of the
scattered electrons, protons, and photons in the DVCS
process. Here, the detection of extremely forward going
protons in the DVCS process needs special consideration.
A dedicated device, Roman Pot [452], can be installed to
detect these small-angle protons. Furthermore, the final
state neutrons are important for some physics programs,
such as the meson structure function measurements, in
which a neutron is found at extreme forward angles near
the proton beam. This indicates that a special neutron
detection is needed for EicC to carry out this physics pro-
gram. These small-angle neutrons can be detected with
zero-degree calorimeters after the analysing dipole in the
far ion-forward region. In the meson structure section, the
Kaon structure function is mentioned. With the Sullivan
process, the Kaon structure function can be measured,
in which a forward Lambda baryon needs to be recon-
structed. With the current detector design, the proton
and pion from Lambda decay could be partly detected
by the forward detectors. Detailed studies on the detec-
tion efficiency and background level are needed to provide
guidance to optimize the detector design and to make clear
statement on the physics potential.
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Ffig. 4.3 KfinematficsoffthescatteredeflectronatvarfiousQ2bfins.

InEficC,exotfichadronproductfionfisoneoffthefim-
portantphysficshfighflfights.Ffigure2.22showsthedfistrfi-
butfionsoffvarfiouspentaquarksfinEficC.Toreconstruct
thesepentaquarks,thefinaflstatepartficfles,suchaspro-
tonsandfleptonpafirsffromJ/ψ(Υ),orchargedpfions,
kaons,photonsfforreconstructfionoffopen-charm(open-
bottom)hadrons,areunderfinvestfigatfion.

4.1.2 Lumfinosfityandpoflarfizatfionmeasurements

ForacoflflfidersuchasEficC,theprecfiseknowfledgeoffthe
beamflumfinosfityfisessentfiaflfforanytypeoffcross-sectfion
measurements. Foreflectron–protoncoflflfisfions,e.g.,at
HERA,theflumfinosfitycanbecontfinuousflymonfitoredvfia

Ffig. 4.4 Momentum dfistrfibutfions fforthe finaflstate
π (red),K (green),̄p(bflue),p(grey),e(bflack),andγ(pur-
pfle)atagfivenpseudo-rapfidfitybfin2<η<3.

thebremsstrahflungprocess,ep→ epγ. Thfisfisapure
QEDprocesswherethecross-sectfionfisflargeandweflfl
known(0.2%). Theflumfinosfitycanbequfickflyandpre-
cfiseflymeasuredffromthephotonrateatverysmaflflangfles
byusfingacaflorfimetersystemfinstaflflednexttothebeam-
flfinefintheeflectrondfirectfion. Thecross-sectfionoffthe
bremsstrahflungprocessaflsodependsonthebeampoflar-
fizatfion.
Theprecfisefinvestfigatfionoffnucfleonstructurefinthe
seaquarkregfion,fincfludfingone-dfimensfionaflandthree-
dfimensfionafltomographyoffthenucfleonspfin-flavorstruc-
turefinboththemomentumandspatfiaflspacesfisoneoff
theffeaturedphysficshfighflfightsoffEficC.Foranyoffthese
spfinreflatedmeasurements,thefinaflresufltsaflwaysneed
tobenormaflfizedtothebeampoflarfizatfion.Sfinceanun-
precedentedstatfistficaflprecfisfionfisexpectedffromthepro-
posedhfighflumfinosfityoffEficC,theprecfisfionoffthebeam
poflarfizatfionmeasurementbecomesverydemandfing.For
theeflectronbeam,thepoflarfizatfioncanbemeasuredffrom
dfifferentQEDprocesses,e.g.,theeflectron–photonComp-
tonscatterfingandtheeflectron–eflectronMøflflerscatterfing.
Thespfindependentcross-sectfionandtheanaflyzfingpower
offtheseprocessescanbeprecfiseflyobtafinedffromQED
caflcuflatfions.Togetherwfiththeknownpoflarfizatfionoffthe
poflarfimetertargets,thebeampoflarfizatfioncanthusbe
extracted.TakfingCEBAFatJeffersonLab,fforfinstance,
therearethreetypesoffeflectronbeampoflarfimeterwhfich
areMott[453],Møflfler[454],andCompton[455],respec-
tfivefly,provfidfingpoflarfizatfionmeasurementsasprecfiseas
1%atdfifferentposfitfionsaflongthebeamflfine.TheComp-
tonpoflarfimeterusesahfighflypoflarfizedandhfighpower
flaserasthescatterfingtargetwhfichfisnonfinvasfivetothe
eflectronbeamsothatfitcancontfinuousfly monfitorthe
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Fig. 4.5 Distribution of the scattered electrons and charged pions (the upper two plots) and Kaons (the lower two plots) in
SIDIS processes. Q2 > 1 GeV2 is applied.

beam polarization. The Mott and Møller polarimeters use
gold and iron foils, respectively, as the scattering targets
which have very high rates and are able to perform precise
measurements in a short period of time.

For the proton beam, the polarization can be measured
from elastic proton–proton or proton–nucleus scattering,
where large transverse spin asymmetries are expected. For
example, at RHIC two types of polarimeter are used to
perform proton beam polarization measurements. One of
them, the p-Carbon polarimeter [456], uses carbon fibers
as the scattering target with large scattering rates, peri-
odically measuring the polarization. Another one is the
H-jet polarimeter [457], which continuously performs non-

invasive polarization measurements, just analogous to the
Compton polarimeter for the electron beam. The proton
beam polarization at RHIC can be measured with a pre-
cision at the ∼3% level.

4.2 Detector conceptual design

In the previous section, we showed the requirements de-
rived from the key physics programs at EicC. A summary
table is given in Fig. 4.7, in which the physics require-
ments are listed in terms of momentum or energy reach
at different pseudo-rapidity coverage. For example, the

Fig. 4.6 Distributions of the scattered electrons, protons and photons in the DVCS process.

64701-62 Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)



Review article

Fig. 4.7 Physics requirements for EicC.

hadron separation power at 4 GeV is sufficient for the
e-Endcap region. However, hadrons with momenta up to
15 GeV are expected for the ion-Endcap region. These dif-
ferences indicate that different detection techniques need
to be adopted in the detector design.

As a high luminosity machine, EicC could reduce the
statistical uncertainty down to a few percent for many
measurements. To cope with the small statistical uncer-
tainty, we need a matching systematic error, which re-
quires a good detector. For example, a tracking detector
with a tracking resolution of a few percent is necessary.
In Fig. 4.7, a momentum resolution of 1% for the central
coverage and 2% for small angles are marked based on
experiences from similar experiments. For the first con-
ceptual design, we divide the EicC detector into the cen-
tral detector and forward detectors. The central detector
consists of the barrel part and two endcaps, and it will
be constructed around a solenoid. Four main detection
components include:

1) Vertex detector, for detecting the primary and sec-
ondary vertices. MAPS [458] based vertex detectors
have been used in many experiments and can be con-
sidered for EicC.

2) Tracking detector, for the momentum reconstruction
of charged particles. TPC [459], GEM [460], or Straw
Tube detectors [461] can be considered for EicC.

3) Particle identification detectors, such as Time-of-
Flight (TOF) detectors and Cerenkov detectors.

4) Calorimeter, including electro-magnetic calorimeter
and hadron calorimeters.

For the tracking detector, a momentum resolution of
roughly 1% at 1 GeV with energy deposition (dE/dx)
measurement is widely used in many experiments [462,
463]. For the central rapidity coverage, the tracking de-
tector is usually installed inside a solenoid magnet. As one
of the key components of the central spectrometer, the
solenoid magnet provides the bending power for charged
particles inside a tracking detector. Figure 4.8 shows the
impact of different magnet fields to the momentum reso-
lution with the other parameters fixed. A solenoid magnet
of 1 to 2 Tesla, well used in many experiments [462, 464]
with adequate power to allow for a good momentum res-

Fig. 4.8 Momentum resolution for tracking detectors at dif-
ferent magnetic fields.
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Fig. 4.9 π/K separation power with a Cherenkov detector
of different refractive indices.

olution and less challenging in manufacturing, is fine for
EicC. For the small-angle coverage in the central spec-
trometer, certain layers of position-sensitive detectors can
be adopted, such as the GEM disks or silicon detectors.

One challenge for the EicC detector is the hadron iden-
tification, especially in the ion forward direction where the
hadrons may have large momenta up to 15 GeV. A series
of detectors may serve the particle identifications. The
energy deposition (dE/dx) measurements from tracking
detectors could provide particle identification in the re-
gion of low momenta around a few hundred MeV. A TOF
detector with a time resolution of a few tens of picoseconds
and a flight distance of about 2–3 meters (the forward re-
gion) could extend the particle identification up to a few
GeV. To reach large momenta up to 15 GeV, a Cherenkov
detector [465] with a small refractive index (n = 1.02),

such as the aerogel RICH (Ring Imaging Cherenkov de-
tectors), is a good candidate. As the blue lines shown in
Fig. 4.9, with a 1 mrad Cherenkov angle resolution, an
aerogel RICH of n = 1.02 could achieve a 3σ separation
of the π/K mesons up to almost 15 GeV. A Cherenkov
detector with a further small refractive index, such as
n = 1.0014 with C4F10, covering high momentum range
as shown with the green lines in Fig. 4.9, is unnecessary in
EicC. For the other regions, where the hadron momenta
are smaller than 6 GeV, a compact DIRC (Detection of
Internally Reflected Cherenkov light) detector [466, 467]
could be used. As the red lines shown in Fig. 4.9, with
a 1 mrad (round filled dot) Cherenkov angle resolution,
the π/K separation power at 3σ for a DIRC detector of
n = 1.47 could reach up to 6 GeV.

For EM-Calorimeters, different types of calorimeters
should be adopted at different rapidity coverage. A typi-
cal configuration could be sampling calorimeters for most
of the regions, featuring relatively low-performance at a
low price, and costly homogenous crystal calorimeters for
small region at the e-Endcap side. A compromise between
physics and budget needs to be found in the deployment
of lower price and higher-quality calorimeters in different
regions.

A conceptual design of the EicC detector is shown in
Fig. 4.10. In the current conceptual design, forward de-
tectors are also considered at small angles. These detec-
tors are crucial to many important physics programs of
EicC. As a doubly polarized high luminosity machine, the
polarization and luminosity measurement are important
and are designed with integration to the forward detec-
tors. Starting from the conceptual design, the detector
requirements for each sub-detector will be derived itera-
tively with detector and physics simulations.

Fig. 4.10 Conceptual design of the EicC detector.
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As a general-purpose spectrometer, the EicC detector
design is facing difficulties and challenges. Detector R&D
will be started at the early stage, including the R&D
of Cherenkov detector, tracking detector, calorimeters,
super-conducting solenoid, the data acquisition system,
etc.
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