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Abstract

A precfise knowfledge of the quark and gfluon structure of the proton, encoded
by the parton dfistrfibutfion functfions (PDFs), fis of paramount fimportance for the
finterpretatfion of hfigh-energy processes at present and future flepton–hadron and
hadron–hadron coflflfiders. Motfivated by recent progress fin the PDF determfina-
tfions carrfied out by the CT, MSHT, and NNPDF groups, we present an updated
combfinatfion of gflobafl PDF fits: PDF4LHC21. It fis based on the Monte Carflo
combfinatfion of the CT18, MSHT20, and NNPDF3.1 sets foflflowed by efither
fits Hessfian reductfion or fits repflfica compressfion. Extensfive benchmark studfies
are carrfied out fin order to dfisentangfle the orfigfin of the dfifferences between the
three gflobafl PDF sets. In partficuflar, dedficated fits based on aflmost fidentficafl the-
ory settfings and finput datasets are performed by the three groups, hfighflfightfing
the rofle pflayed by the respectfive fittfing methodoflogfies. We compare the new
PDF4LHC21 combfinatfion wfith fits predecessor, PDF4LHC15, demonstratfing
thefir good overaflfl consfistency and a modest reductfion of PDF uncertafintfies for
key LHC processes such as eflectroweak gauge boson productfion and Hfiggs
boson productfion fin gfluon fusfion. We study the phenomenoflogficafl fimpflficatfions
of PDF4LHC21 for a representatfive seflectfion of fincflusfive, fiducfiafl, and dfiffer-
entfiafl cross sectfions at the LHC. The PDF4LHC21 combfinatfion fis made avafifl-
abfle vfia the LHAPDF flfibrary and provfides a robust, user-frfiendfly, and efficfient
method to estfimate the PDF uncertafintfies assocfiated to theoretficafl caflcuflatfions
for the upcomfing Run III of the LHC and beyond.

Keywords: partficfle physfics, parton dfistrfibutfion functfions, flarge hadron coflflfider,
quantum chromodynamfics

(Some figures may appear fin coflour onfly fin the onflfine journafl)
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1. Introductfion and motfivatfion

Uncertafintfies assocfiated wfith our flfimfited knowfledge of the quark and gfluon structure of the
proton, encoded by fits coflflfinear unpoflarfised parton dfistrfibutfion functfions (PDFs), represent
one of the most sfignfificant flfimfitfing factors fin the theoretficafl finterpretatfion of crucfiafl processes
at the LHC. These fincflude the extractfion of fundamentafl standard modefl (SM) parameters such
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as Hfiggs boson coupflfing measurements [1], theW-boson mass [2–4] and the strong coupflfing

constantαs(mZ), as weflfl as dfirect BSM searches for heavy resonances [5] and findfirect BSM

searches vfia effectfive fiefld theory [6,7]. Despfite encouragfing progress from first-prfincfipfles

flattfice QCD caflcuflatfions [8,9], the domfinant paradfigm for PDF determfinatfions remafins thefir

phenomenoflogficafl extractfion from a gflobafl QCD anaflysfis [10–13] from a wfide range of hard-

scatterfing processes, see [14–20] for recent anaflyses.

The determfinatfion of the parton dfistrfibutfions of the proton by means of a gflobafl anafl-

ysfis fis, however, a rather chaflflengfing endeavour, whfich requfires the resoflutfion of deflficate

fissues that can otherwfise compromfise the reflfiabfiflfity of the resuflts obtafined. An fincompflete

flfist of topfics that need to be deaflt wfith fin a gflobafl PDF fit fincflude flfimfitatfions of fixed-order

theory caflcuflatfions, finternafl or externafl finconsfistencfies of the experfimentafl measurements,

fincompflete correflatfion modefls, chofice of technfiques for PDF error estfimatfion and propagatfion,

chofice of PDF parameterfisatfion, fimpflementatfion of theoretficafl constrafints on the PDF shape

(posfitfivfity, fintegrabfiflfity, countfing rufles, or Regge behavfiour), treatment of heavy-quark

PDFs18, and the chofice of SM parameters, such asαs(mZ), heavy-quark masses, and CKM

matrfix eflements. In-depth understandfing of the dfifferences and sfimfiflarfitfies between gflobafl PDF

determfinatfions requfires dedficated benchmark exercfises finvoflvfing cflose coflflaboratfion between

the dfifferent PDF fittfing groups, and wfith the experfimentafl groups that pubflfished the fitted

data.

Wfith thfis motfivatfion, the PDF4LHC Workfing Group was estabflfished fin 2008 [22]finorder

to coordfinate, facfiflfitate, and promote scfientfific dfiscussfions and coflflaboratfive projects wfithfin

the PDF theory and experfimentafl LHC communfitfies. The first PDF4LHC benchmarkfing exer-

cfise was performed fin 2010 [23], resufltfing fin an finfitfiafl set of recommendatfions [24]forPDF

usage at Run I of the LHC. Subsequentfly, severafl dedficated studfies and benchmark exercfises

were carrfied out [25–28], often fin the coflflaboratfive context of the Les Houches workshops. In

2015, foflflowfing a year-flong study, the PDF4LHC15 combfined sets were refleased [29] together

wfith an updated set of recommendatfions for PDF usage and uncertafinty estfimatfion at the

LHC Run II. PDF4LHC15 was based on the combfinatfion of the CT14 [30], MMHT2014 [31],

and NNPDF3.0 [32] gflobafl anaflyses and benefited from a number of technficafl deveflopments

regardfing the transformatfion of Hessfian PDF sets finto thefir MC representatfion [33,34]and

vfice versa [35–37] and the repflfica compressfion of MC sets [38]. The PDF4LHC15 combfined

PDF sets were made avafiflabfle vfia the LHAPDF finterface [39] and have been extensfivefly used

by the theoretficafl and experfimentafl LHC communfitfies.

Sfince the reflease of PDF4LHC15, severafl fimportant deveflopments have taken pflace fin sub-

jects of dfirect reflevance to gflobafl PDF determfinatfions. Ffirst of aflfl, a flarge number of new

datasets have been measured at the LHC, provfidfing vafluabfle finformatfion on the proton PDFs

over a wfide kfinematfic range and for many compflementary flavour combfinatfions. Secondfly, a

number of flandmark NNLO QCD caflcuflatfions [40] have been compfleted for processes of key

reflevance for gflobafl PDF fits, specfificaflfly fincflusfive jet [41] and dfijet [42] productfion, dfirect

photon productfion [43], dfifferentfiafl top quark pafir productfion [44], and charged-current (CC)

deep-fineflastfic scatterfing (DIS) wfith heavy-quark mass effects [45]. Thfirdfly, recent years have

wfitnessed steady progress fin the deveflopment of novefl fittfing methodoflogfies, fimproved param-

eterfisatfion strategfies, technfiques for error estfimatfion, and machfine flearnfing aflgorfithms. An

update of the PDF4LHC15 combfinatfion fis thus both tfimefly and reflevant, especfiaflfly gfiven the

18See aflso sectfion 22 of [21] for a benchmarkfing of the generafl-massheavy quark schemes used fin PDF fits. The
dfifferences between the schemes were found to bemodest and weflfl understood, especfiaflfly at NNLO.
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upcomfing restart of data-takfing at the LHC durfing Run III and the subsequent hfigh-flumfinosfity
era [46,47].
The goafl of thfis work fis to present PDF4LHC21, a combfinatfion of three recent gflobafl PDF

anaflyses, CT18 [14], MSHT20 [15], and NNPDF3.1 [17], and to study fits fimpflficatfions for
the phenomenoflogy program of the LHC Run III. A prerequfisfite for thfis combfinatfion has
been an extensfive set of benchmark studfies afimfing to understand better the orfigfin of the
dfifferences between the three gflobafl PDF fits fin terms of thefir finput data, theory settfings,
and fittfing methodoflogy. Specfiafl attentfion hasbeen pafid to the assumptfions underflyfing the
experfimentafl correflatfion modefls fin the finterpretatfion of hfigh-precfisfion LHC measurements.
These are often flfimfited by systematfic uncertafintfies, see e.g. [20,48–57] and references
therefin. The new NNPDF4.0 PDF set [18,58] was onfly refleased after the benchmarkfing exer-
cfise fleadfing to PDF4LHC21 was compfleted, and hence wfiflfl not be fincfluded. Comparfisons
between NNPDF4.0 and PDF4LHC21 are presented fin appendfixB. Furthermore, the present
study has benefited from the flessons provfided by findependent PDF studfies carrfied out by the
ATLAS [20,59]andCMS[60] Coflflaboratfions, whfifle not expflficfitfly fincfludfing them fin the
combfinatfion.
One goafl of the present study fis to dfisentangfle the effects of the fitted data and the settfings of

the theory caflcuflatfions from those assocfiated wfith the respectfive fittfing methodoflogfies, fincflud-
fing the chofice of PDF parameterfisatfion, the fimpflementatfion of theoretficafl constrafints, or the
error estfimatfion technfiques adopted. To achfieve thfis, fit fis usefufl for the three groups to perform
fits on a common dataset, wfith common parameter settfings, for the purposes of the benchmark-
fing onfly (fuflfl gflobafl PDF sets are then used flater fin formfing the PDF4LHC21 combfinatfion).
Thfis common reduced dataset,representfing an fintersectfion of the sets fitted by each group,
has a smaflfler totafl number of data pofints than the groups’ defauflt datasets. A centrafl resuflt of
thfis study has thus been the productfion and comparfison of varfiants of CT18, MSHT20, and
NNPDF3.1 each based on thfis common reduced dataset, wfith the settfings of the underflyfing the-
ory caflcuflatfions aflso homogenfised as far as possfibfle. As wfiflfl be shown, whfifle the agreement
between the three groups fis greatfly fimproved for these fits to the common reduced dataset, there
remafin dfifferences that shoufld therefore be attrfibuted to the methodoflogficafl chofices made by
each group.
By and flarge, the resuflts of the benchmark studfies presented fin thfis work demonstrate that

the dfifferences observed between the three gflobafl PDF sets can be expflafined by genufinefly
vaflfid chofices reflated to the finput dataset, theory settfings, and fittfing methodoflogy adopted fin
each case. It fis not our goafl here to resoflve these dfifferences by fimposfing a sfingfle chofice of
‘optfimafl’ settfings, but rather to consfider the resufltfing spread of resuflts as a genufine contrfibu-
tfion to a conservatfive estfimate of PDF uncertafintfies fin LHC processes [61]. We thus proceed
wfith the PDF4LHC21 combfinatfion by usfing the same procedure as fin PDF4LHC15, namefly
we combfine an equaflfly flarge number of Monte Carflo repflficas from the gflobafl fits of each
group and then efither compress the resufltfing ensembfle or construct a Hessfian representa-
tfion. The PDF4LHC21 combfinatfion obtafined fin thfis manner fis found to be consfistent wfith
the prevfious PDF4LHC15 combfinatfion and exhfibfits a modest reductfion fin PDF uncertafintfies
fin some crfitficafl LHC processes, notabfly for eflectroweak gauge boson and Hfiggs boson produc-
tfion measurements. Thfis findfing fis confirmed by an extensfive serfies of comparfisons between
PDF4LHC21 and PDF4LHC15, as weflfl as wfith findfivfiduafl PDF sets, at the flevefl of parton dfis-
trfibutfions at flow and hfigh energy scafles, partonfic flumfinosfitfies, and representatfive fincflusfive,
fiducfiafl, and dfifferentfiafl LHC cross sectfions.
The outflfine of thfis paper fis as foflflows. Ffirst of aflfl, sectfion2summarfises the mafin features

of the three gflobafl sets that enter the PDF4LHC21 combfinatfion and compares them at the flevefl
of PDFs and of partonfic flumfinosfitfies. Sectfion3presents the outcome of the benchmark studfies
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carrfied out between these three PDF sets, fin partficuflar the fits based on an fidentficafl reduced
dataset. Foflflowfing thfis preparatory anaflysfis, the PDF4LHC21 combfinatfion fis constructed and
descrfibed fin sectfion4, the optfimafl number of compressed repflficas and Hessfian efigenvectors fis
determfined, and the PDF4LHC21 and PDF4LHC15 combfinatfions are compared. The fimpflfica-
tfions of the PDF4LHC21 combfinatfion for LHC processes are assessed fin sectfion5. In sectfion6
we flfist the PDF4LHC21 sets that are refleased, provfide prescrfiptfions to evafluate uncertafintfies fin
LHC processes, and gfive usage recommendatfions for specfific appflficatfions. Ffinaflfly fin sectfion7
we summarfise our mafin resuflts and brfiefly consfider possfibfle future deveflopments.
A number of technficafl dfiscussfions are coflflected fin the appendfices: a revfiew of the toofls refl-

evant for Monte Carflo combfinatfion, compressfion, and Hessfian reductfion of PDF fits (appendfix
A); a study of the finterpflay between NNPDF4.0 and PDF4LHC21 (appendfixB); further ded-
ficated studfies utfiflfisfing the reduced fits to finvestfigate dfifferences of finterest fin the gflobafl fits
(appendfixC), and a summary of theL2-sensfitfivfity studfies (appendfixD).

2. Inputs to the PDF4LHC21 combfinatfion

In thfis sectfion, we descrfibe the parton sets that are used as finput to the PDF4LHC21
combfinatfion: CT18, MSHT20, and NNPDF3.1. Varfiants of CT18 (CT18) and NNPDF3.1
(NNPDF3.1) that finvoflve changfing the heavy quark masses to a common vaflue and a smaflfl
varfiatfion of finput data sets for NNPDF3.1, wfiflfl aflso be dfiscussed (and compared to thefir parent
PDFs). It fis these varfiants, pflus the defauflt MSHT20 PDFs, that wfiflfl ufltfimatefly be used for the
combfinatfion fin PDF4LHC21.

2.1. CT18

The CT18 PDFs [14] are the newest generafl-purpose PDF reflease from the CTEQ-TEA (CT)
coflflaboratfion, and fit to a wfide range of hfigh-energy data, fincfludfing hfigh-precfisfion LHC exper-
fiments at 7 and 8 TeV, the HERA I+II combfined data set [62], as weflfl as the defauflt sets
fincfluded fin the CT14 anaflysfis [30]. The CT14 PDFs were fincfluded fin the PDF4LHC15 com-
bfinatfion; CT14HERA2, as fits name fimpflfies, came out after the CT14 PDFs and fincfluded fin
addfitfion the HERA I+II data sets [34]. CT18 NNLO fincfludes a totafl of 3681 data pofints from
over 39 dfifferent experfiments, wfith aflmost 700 data pofints from LHC experfiments. These data
were seflected out of about two dozen candfidate LHC data sets examfined fin pre-fit studfies.
Compared to the prevfious fits to fless precfise data, the CT18 anaflysfis eflevated the strfingency
of goodness-of-fit crfiterfia accordfing to the generafl approach flafid out fin [11], as summarfised
beflow. The experfimentafl data sets were seflected to accommodate these crfiterfia.
The LHC data fin the CT18 NNLO fit—the defauflt of four fits that aflso fincflude CT18Z,A,

andX—are flfisted fin tabfle1. The non-LHC data sets can be found fin the CT18 paper. Shown fin
the tabfle for each data setEare the number of data pofints,Npt,E,theχ

2vaflues for those data,
andSE, an equfivaflent Gaussfian varfiabfle [11,74,75] that quantfifies the flevefl of agreement wfith
Eas the dfifference ofχ2Efrom fits gflobafl best-fit vaflue fin unfits of the standard devfiatfion forE,
equafl to 2Npt,Efor flarge enoughNpt,E. In thfis paper, we adopt

SE= 2χ2E− 2Npt,E−1 (2.1)

fin accord wfith the definfitfion fin [74,76]. (The subscrfipts ‘E’ are omfitted fin the tabfles.) Posfitfive
vaflues ofSEabove two unfits findficate that the data set fis not descrfibed weflfl by the PDF fit.
Large negatfive vaflues may findficate overfittfing or overestfimated experfimentafl errors. The phfi-
flosophy fin CT18 has been to fincflude aflfl pofints fin a partficuflar data set fin order to cover as wfide
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Tabfle 1.Numbers of pofints,χ2/Npt, and the effectfive Gaussfian varfiabfles for the newfly
added LHC measurements fin the CT18 and CT18Z NNLO fits. The ATLAS 7 TeVW/Z
data (4.6 fb−1), flabeflfled by‡, are fincfluded fin the CT18A and CT18Z gflobafl fits, but not
fin CT18 and CT18X.

Experfimentafl data setE Npt χ2/Npt S

LHCb7TeV1.0fb−1W/Zforward rapfidfity [63] 33 1.63 (1.21) 2.3 (0.9)
LHCb8TeV2.0fb−1Z→e−e+ forward rapfidfity [64] 17 1.04 (1.06) 0.2 (0.3)
ATLAS 7 TeV 4.6 fb−1,W/Zcombfined‡[65] 34 8.45 (2.61) 16 (5.1)
CMS 8 TeV 18.8 fb−1muon charge asymmetryAch[66] 11 1.04 (1.10) 0.2 (0.3)
LHCb8TeV2.0fb−1W/Zcross sec. [67] 34 2.17 (1.75) 4.0 (2.7)
ATLAS 8 TeV 20.3 fb−1,ZpTcross sec. [68] 27 1.12 (1.05) 0.5 (0.2)
CMS 7 TeV 5 fb−1, sfingfle fincfl. jets,R=0.7[69] 158 1.23 (1.19) 2.0 (1.7)
ATLAS 7 TeV 4.5 fb−1, sfingfle fincfl. jets,R=0.6[70] 140 1.45 (1.45) 3.4 (3.4)
CMS 8 TeV 19.7 fb−1, sfingfle fincfl. jets,R=0.7, (extended) [71] 185 1.14 (1.12) 1.3 (1.2)
CMS 8 TeV 19.7 fb−1,t̄tnorm. doubfle-dfiff. toppTandy[72] 16 1.18 (1.19) 0.6 (0.6)
ATLAS 8 TeV 20.3 fb−1,t̄tptTandmt̄tabs. spectrum [73] 15 0.63 (0.71) −1.1 (−0.8)

a kfinematfic range as possfibfle (for exampfle, the fuflfl rapfidfity range for the LHC jet data). Such
kfinematfic coverage makes use of the fuflfl constrafinfing power of the data set and aflso reveafls
finstances where there may be conflficts, e.g., between dfifferent rapfidfity fintervafls. Where refle-
vant, statfistficafl correflatfions are taken finto account to aflflow for the use of mufltfipfle observabfles
for a gfiven process, such as for the ATLAS top-quark pafir productfion data.
To better dfissect the potentfiafl sensfitfivfity and PDF fimpact of candfidate experfimentafl data

sets, two numerficafl packages were devefloped for fast preflfimfinary anaflysfis:PDFSense
[77,78]andePump[54,79].PDFSensecan predfict whfich data sets wfiflfl have the flargest
fimpact on the gflobafl PDF fit, andePumpappflfies Hessfian probabfiflfity to qufickfly estfimate the
fimpact of the data on the fit before the actuafl fit fis carrfied out. These programs heflp to seflect
the new data sets that wfiflfl have the greatest fimpact on the PDFs.
The CTEQ gflobafl PDF fittfing code fitseflf was paraflfleflfized fin order to aflflow a fast

turn-around tfime when runnfing on hfigh performance cflusters. For much of the data,
APPLgrfid[80]/fastNLO[81,82] tabfles were computed (to be mufltfipflfied by pofint-by-pofint
NNLO/NLOK-factors). Aflso,fastNNLO[83] tabfles were used for computfing NNLOt̄tcross
sectfions.
As wfith CT14HERA2, the SACOT-χheavy quark scheme at NNLO [84] was used, wfith a

charm pofle mass of 1.3 GeV and a bottom pofle mass of 4.75 GeV. CT18 pflaces kfinematfic cuts
on the data used fin the gflobafl fit that reduce the possfibfle fimpact of any deuteron correctfions.
DIS cross sectfions on firon (CCFR, CDHSW, and NuTeV) and proton-copper Dreflfl-Yan (E605)
data are corrected to the correspondfing cross sectfions on deuterfium usfing a phenomenoflogficafl
parameterfizatfion of the nucflear-to-deuteron cross sectfion ratfios. Thfis modefl fis acceptabfle wfith
the present accuracy of data [85].
Thexdependence of the PDFs fis parameterfized byBernstefin poflynomfiafls, mufltfipflfied by the

standardxaand (1−x)bfactors that controfl the smaflfl-xand flarge-xbehavfiors, respectfivefly.
There are 5–8 findependent fittfing parameters for each parton flavour, whfifle the strangeness
PDF has four fittfing parameters. Some parameters may be determfined by sum rufles or fixed
to physficaflfly reasonabfle vaflues. For exampfle, the CT18 parameters are such that at flargexthe
PDFs are non-negatfive (to avofid havfing negatfive dfifferentfiafl cross sectfions that are common
wfith sfign-findefinfite PDFs) and compatfibfle wfith quark countfing rufles fin accord wfith common
modefls of the nonperturbatfive nucfleon structure [86,87]. Dependence on the parameterfizatfion
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was tested by redofing the fits usfing a flarge number of parameterfizatfion forms. The fits fimproved

(wfith stabfle resuflts) for up to around 30 parameters. Even more parameters tended to destabfiflfize

the fits.

The finafl PDF ensembfle, based on 29 parameters, fis dfistrfibuted fin the form of the centrafl

PDF and 58 Hessfian error PDFs (for posfitfive/negatfive efigenvector dfirectfions) for estfimatfion of

the PDF uncertafintfies. Whfifle thfis ensembfle utfiflfises one out of many acceptabfle PDF functfionafl

forms, gfiven fin appendfix C fin [14], and, sfimfiflarfly, fit empfloys one possfibfle prescrfiptfion for

estfimatfing the systematfic errors, the pubflfished PDF uncertafintfies by constructfion cover centrafl

PDFs obtafined fin the candfidate fits wfith aflternatfive settfings. Many such aflternatfive chofices

have been expflored: fin partficuflar, the finafl PDF uncertafintfies seen fin figure 6 of [14] cover the

centrafl PDFs obtafined wfith more than 250 aflternatfive functfionafl forms as weflfl as by varyfing

efither the QCD scafles fin some experfiments or the prescrfiptfion for estfimatfion of experfimentafl

correflated systematfic errors.19

The key outcome of thfis detafifled anaflysfis fis that the spread of PDF soflutfions fis consfiderabfly

augmented due to the varfiety of methodoflogficafl chofices that can be made, as weflfl as due to

some finconsfistencfies between the fitted experfiments that fimpose competfing puflfls on the PDFs

fin some regfions. The finafl uncertafinty must reflect thfis spread, and hence the CT18 uncer-

tafintfies are enflarged comparatfivefly to those accordfing to theΔχ2=1 crfiterfion or based on

a sfingfle functfionafl form. The CT18 uncertafinty baflances between two competfing demands of

precfisfion and robustness. Whfifle the CT18 anaflysfis can obtafin a smaflfler estfimated uncertafinty

that fis cflose to the MSHT20 one by usfing the dynamfic ‘tfier-2’ toflerance, such estfimate fis

fless robust under the expflored varfiatfions of the underflyfing assumptfions, as those may produce

excursfions outsfide of the nomfinafl uncertafinty bands.

The sfize of the CT18 uncertafinty aflso reflects consfideratfions about the quaflfity of the fits.

The CT18 anaflysfis performs mfinfimfisatfion of the gflobafl flog-flfikeflfihood functfionχ2as the key

statfistfic quantfifyfing the overaflfl agreement of theory and data. By definfitfion, the centrafl PDF

corresponds to the mfinfimumχ2soflutfion for aflfl experfiments.For each fitted experfiment,χ2

takes finto account the statfistficafl errors and (correflated and uncorreflated) systematfic errors of

a data set. By thfis conventfionafl measure, empfloyed fin partficuflar to gauge the quaflfity of the

fits throughout thfis artficfle, the CT18 fit obtafins good overaflfl agreement wfith the fuflfl data set.

It takes a further step and appflfiesstronggoodness-of-fit tests [11] to examfine finternafl consfis-

tency of the resufltfing fits. For a number of key data sets or even thefir parts, fincfludfing severafl

LHC experfiments wfithSE>2fintabfle1, the CT anaflysfis finds enhanced vaflues ofχ
2
Ethat are

fimprobabfle fif dfifferences between data and theory are purefly random. These enhancements

aflso exfist fin the fits by the other groups, as seen fin tabfles2and3. Wfith such enhancedχ2Evafl-

ues, the PDFs fin future fits are flfikefly to show more varfiabfiflfity, and hence the CT18 uncertafinty

must account for these finconsfistencfies, or ‘tensfions’.

For those appflficatfions fin whfich the fuflfl span of PDF soflutfions fis essentfiafl, thfis anaflysfis

provfides a suppflementafl PDF set caflfled CT18Z that fis compatfibfle wfith CT18 wfithfin thefir

respectfive 90% confidence flevefl (CL) uncertafintfies. The CT18Z ensembfle has an eflevated

strangeness PDF atx=0.02–0.1 as a resuflt of fincflusfion of the ATLAS 7 TeVW/Zdata set

[65]. These data were fleft out of CT18 due to the apparent tensfion wfith the other data sets, cf

tabfle1, that weakens the fit accordfing to the strong goodness-of-fit crfiterfia, a tensfion observed

by the other fittfing groups as weflfl, fif not so severefly. The other promfinent dfistfinctfion of CT18Z

19In the defauflt CT18 approach, the reflatfive systematfic errors provfided by the experfiments are converted finto the
absoflute ones by the mufltfipflficatfive ‘extendedT’ prescrfiptfion devefloped fin the prevfious CT papers [25,30,74,88–90].
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Tabfle 2.Numbers of pofints, fit quaflfitfiesχ2/NptandSvaflues for new coflflfider data added
to the NNLO MSHT20 fit.

Experfimentafl data set Npt χ2/Npt S

D0Wasymmetry [108] 14 0.86 −0.3
σt̄tTevatron+CMS+ATLAS 7, 8 TeV [109,110] 17 0.85 −0.4
LHCb 7+8TeVW+Z[63,64] 67 1.48 2.6
LHCb 8 TeVe[67] 17 1.54 1.5
CMS 8 TeVW[66] 22 0.58 −1.5
ATLAS 7 TeV jetsR=0.6[70] 140 1.59 4.4
CMS 7 TeVW+c[104] 10 0.86 −0.2
ATLAS 7 TeVW,Z[65] 61 1.91 4.3
CMS 7 TeV jetsR=0.7[69] 158 1.11 1.0
ATLAS 8 TeVZpT[68] 104 1.81 5.0
CMS 8 TeV jets [71] 174 1.50 4.2
ATLAS 8 TeVt̄t→fl+jsfingfle-dfiff [73] 25 1.02 0.1
ATLAS 8 TeVt̄t→fl+fl−sfingfle-dfiff [111] 5 0.68 −0.4
ATLAS 8 TeV hfigh-mass Dreflfl-Yan [112] 48 1.18 0.9
ATLAS 8 TeVW+,−+jet [113] 32 0.60 −1.7
CMS 8 TeV (dσt̄t/dpT,tdyt)/σt̄t[72] 15 1.50 1.3
ATLAS 8 TeVW+,W−[102] 22 2.61 4.2
CMS 2.76 TeV jets [114] 81 1.27 1.7
CMS 8 TeVt̄tytdfistrfibutfion [115] 9 1.47 1.0
ATLAS 8 TeV doubfle dfifferentfiaflZ[101] 59 1.45 2.3

fis fits enhanced flow-xgfluon dfistrfibutfion, caused by usfing a newxB-dependent chofice of the fac-
torfisatfion scafle for the DIS data that mfimfics the effects of smaflfl-xresummatfion and resuflts fin
a reductfion ofχ2Eof over 50 unfits for the combfined HERA data set.
The CT18Z ensembfle achfieves aχ2/Npt=1.19, for a totafl of 3493 data pofints. (The num-

bers for theχ2andSEvaflues for CT18Z for the LHC experfiments are aflso gfiven fin tabfle1.) For
comparfison,χ2/Npt=1.17 for the CT18 fit at NNLO. The defauflt CT18 ensembfle fis sufficfient
for most appflficatfions; together, CT18 and CT18Z provfide a more compflete map of the PDF
soflutfions.
Ffigure1compares the centrafl vaflues and uncertafintfies for the gfluon, up quark, strange quark

and̄uantfiquark for CT18, CT14HERA2 and CT18Z NNLO PDFs at a scafle of 100 GeV. The
CT18 gfluon dfistrfibutfion fis sfimfiflar to that of CT14HERA2, wfith a reductfion fin uncertafinty and
wfith the gfluon befing somewhat softer at very hfighx, prfimarfifly due the finfluence of the LHC
jet data.
In the same figure, the bflack dashed curves findficate the centrafl PDFs of a modfified versfion

of the CT18 Hessfian PDFs, desfignated as ‘CT18’, that enters the PDF4LHC21 combfinatfion
dfiscussed fin thfis artficfle. The ‘CT18’ PDFs assume the charm pofle massmpoflec =1.4GeV,
whfich fleads prfimarfifly to the shown changes fin the centrafl PDFs, wfithout tangfibfly modfifyfing
the uncertafintfies. For the purpose of the PDF4LHC21 combfinatfion, the Hessfian CT18NNLO
ensembfle shown fin figure1fis approxfimated by an ensembfle of 300 Monte-Carflo repflficas. The
Hessfian and Monte Carflo ensembfles are equfivaflent wfithfin the accuracy of the finput ensembfle,
thefir mfinor numerficafl dfifferencesreflect stochastfic fluctuatfions durfing the repflfica generatfion
[34].
Whfifle not recommended for the generafl use, CT18A and CT18X are two auxfiflfiary fits that

flfie between CT18 and CT18Z and fincflude onfly the ATLAS 7 TeVW/Zdata and onfly the
x-dependent DIS scafle, respectfivefly. Hessfian efigenvector sets are provfided for aflfl these PDF
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Tabfle 3.The numbers of pofints,χ2/NptandSvaflues for new coflflfider data fin the
NNPDF3.1 fit [17] and fin the NNPDF3.1fit varfiant adopted fin the present combfinatfion.
The Tevatron and LHC data sets aflready fincfluded fin NNPDF3.0 are kept fin NNPDF3.1,
but not necessarfifly fin NNPDF3.1. These are not findficated fin the tabfle. Note that, despfite
the number of LHC data pofints befing flarger fin NNPDF3.1than fin NNPDF3.1, the
totafl number of data pofints fin the two anaflyses fis sfimfiflar, mafinfly because the Tevatron
sfingfle-fincflusfive jet measurements (not findficated fin the tabfle) are no flonger fincfluded fin
NNPDF3.1. See text for detafifls.

NNPDF3.1 [17] NNPDF3.1

Experfimentafl data set Npt χ
2/Npt S Npt χ

2/Npt S

D0Weflectron asymmetry [123] 8 2.70 +2.70 11 3.07 +3.64
D0Wmuon asymmetry [124] 9 1.56 +1.18 9 1.58 +1.21
ATLAS flow-mass DY 7 TeV [125] 6 0.90 −0.03 6 0.89 −0.05
ATLASW,Z7TeV[65] 34 2.14 +3.88 61 1.99 +4.58
ATLASZpT8TeV(pT,m )[68] 44 0.93 −0.28 44 0.94 −0.23
ATLASZpT8TeV(pT,yZ)[68] 48 0.94 −0.25 48 0.95 −0.20
ATLAS sfingfle-fincflusfive jets 7 TeV (R=0.6) [70] 31 1.07 +0.33 140 1.25 +2.00
ATLASσtott̄t7, 8, 13 TeV [126,127] 3 0.86 +0.04 3 0.95 +0.15
ATLASt̄t +jets 8 TeV (1/σdσ/dyT)[73] 9 1.45 +0.99 4 3.56 +2.69
CMSWrapfidfity 8 TeV [66] 22 1.01 +0.11 22 1.03 +0.17
CMSZpT8TeV[128] 28 1.32 +1.18 28 1.34 +1.25
CMS sfingfle-fincflusfive jets 2.76 TeV [114] 81 1.03 +0.23 — — —
CMS sfingfle-fincflusfive jets 8 TeV [71] — — — 185 1.30 +2.72
CMSσtott̄t7, 8, 13 TeV [129,130] 3 0.20 −1.14 3 0.18 −1.20
CMSt̄t +jets 8 TeV (1/σdσ/dyt̄t)[115] 9 0.94 −0.01 9 1.67 +1.36
CMSt̄t2D 28TeV(1/σdσ/dytdmt̄t)[72] — — — 16 0.81 −0.48
LHCbW,Z→μ7TeV[63] 29 1.76 +1.55 29 1.96 +3.11
LHCbW,Z→μ8TeV[67] 30 1.37 +1.39 30 1.36 +1.35

ensembfles at both next-to-fleadfing (NLO) and NNLO (a LO PDF set, aflthough not recom-
mended, fis fin progress). Recentfly, a CT18QED NNLO anaflysfis wfith two reaflfisatfions of the
LUXmodefl [91,92] for the photon PDF was aflso refleased [93].
We concflude thfis sectfion by mentfionfing two eflucfidatfing technfiques to expflore finterpflay of

constrafints from findfivfiduafl experfiments dfirectfly wfithfin the fits. TheL2sensfitfivfity technfique
[78] fis summarfized fin appendfixD. It quantfifies the degree to whfich each data set finfluences
the gflobafl PDF fit (for a partficuflar parton, or for a partficuflar parton–parton flumfinosfity) as a
functfion of a gfiven kfinematfic varfiabfle (partonx, parton–parton mass, etc). It aflso findficates
the tensfions that exfist among the data sets. PflottfingSf,L2(E)agafinstxyfieflds usefufl finformatfion
regardfing the puflfls of the CT18(Z) data sets upon the PDFs or PDF combfinatfions. Thfis aflso
permfits rapfid vfisuaflfizatfion of possfibfle tensfions dfirectfly wfithfin a gfiven fit, observed when a
PDF varfiatfion of some parton densfity fis correflated wfith varfiatfions ofχ2Efor some experfiments
(fi.e.,Sf,L2(E)>0), whfifle fit fis antfi-correflated wfith other experfiments (Sf,L2(E)<0) at the same
vaflues of (x,Q). An exampfle fis gfiven fin figure2,theL2sensfitfivfity for the gfluon dfistrfibutfion at a
Qvaflue of 100 GeV. At anxvaflue of 0.01, reflevant for Hfiggs productfion through gfluon–gfluon
fusfion, experfiments such as the HERA I+II data want to decrease the magnfitude of the gfluon,
whfifle experfiments such as E866 and the ATLAS 8 TeVZpTdata prefer a flarger gfluon at thfis
xvaflue. Thfis cflearfly demonstrates the dfiscrfimfinatfing power of theL2sensfitfivfity for expflorfing
the mutuafl agreement of the data sets fincfluded fin a gflobafl fit.
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Ffigure 1.A comparfison of the CT18, CT18, CT18Z, and CT14HERA2 PDFs and thefir
uncertafintfies at NNLO forg,u,s,and̄uatQ=100 GeV.

Whfifle theL2sensfitfivfity approxfimatefly estfimates the experfimentafl sensfitfivfitfies over a wfide
range of parton momentum fractfionx, the Lagrange mufltfipflfier (LM) scan technfique [94] aflflows
a detafifled examfinatfion of the constrafinfing power of a data set at a partficuflar vaflue ofx.TheLM
scans andL2sensfitfivfity are especfiaflfly consfistent wfith one another fin fidentfifyfing the fleadfing
experfiments wfith the strongest puflfls on the PDFs fin the kfinematfic regfion under consfideratfion.
Thfis can be seen fin figure3for the gfluon atx=0.01,Q=125 GeV (fleft) and atx=0.3 (rfight).
Addfitfionafl cross-checks of the finafl fits fincflude an examfinatfion of the dfistrfibutfions of the best-
fit nufisance parameters and of the systematfic error shfifts requfired, as weflfl as comparfisons of
the shfifted data pofints to theunshfifted data pofints for each experfiment. Aflfl are needed for a
compflete understandfing of the resufltant PDFs.

2.2. MSHT20

The MMHT14 PDFs [31] have recentfly been superseded by the MSHT20 [15]sets.The
acronym MSHT fis now fintended to be a permanent namfing conventfion and stands for mass
scheme Hessfian toflerance, fi.e. fit fincorporates some of the centrafl and endurfing features of the
approach. The anaflysfis fincfludes new theoretficafl deveflopments, and an extended parameterfi-
satfion, fin partficuflar for̄d/̄uand the strange quark and more efigenvector sets. There fis much
new, flargefly LHC data, but aflso finafl HERA and Tevatron data sets and very nearfly aflfl cross
sectfions are fincfluded at NNLO fin QCD perturbatfion theory. The fit quaflfity fis generaflfly very
good, but there are some probflems wfith correflated uncertafintfies and tensfions for some data
sets. It fis found that NLO QCD fis cflearfly no flonger sufficfient for reafl precfisfion.
As fin the MMHT14 [31] anaflysfis, heavy flavour fin DIS fis obtafined usfing a generafl mass

varfiabfle flavour scheme based on the TR scheme [95,96], usfing the ‘optfimafl’ chofice [97]for
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Ffigure 2.Thex-dependentL2sensfitfivfity of the CT18 data sets wfith strongest puflfl upon
the gfluon PDF,g(x,Q=100 GeV). A number of tensfions among the fleadfing data sets are
reveafled by examfinfing those regfions ofxwhereSf,L2(E) peaks fin the ‘posfitfive dfirectfion’
for certafin experfiments, whfifleSf,L2(E) fis sharpfly negatfive for others.

smoothness near threshofld. Deuteron and heavy nucflear correctfions are appflfied, the former
befing fit usfing a four parameter modefl, as fin MMHT14 and the flatter use the same correc-
tfions [98] as MMHT14 wfith the fit aflflowfing an addfitfionafl penaflty-free freedom of order 1%.
Data are fit usfing systematfic uncertafintfies usfingefither nufisance parameters fif possfibfle (the
preferred method) or wfith the correflatfion matrfix provfided, and statfistficafl correflatfions are aflso
appflfied whenever these are avafiflabfle. (Some ofld data sets whfich are domfinated by uncorreflated
uncertafintfies and/or where there fis a flfimfited understandfing of correflatfions have errors added
fin quadrature.) In generafl there fis a fit to absoflute cross sectfions fin preference to normaflfised fin
order to avofid floss of finformatfion from normaflfisatfions.
The anaflysfis fincfludes many new NNLO correctfions compared to MMHT14. Use fis made

of the NNLO caflcuflatfions for dfimuon productfion [99], where the correctfion fis negatfive, and
flarger fin sfize at flowerx, aflflowfing the strange quark to be flarger fin the fit to the dfimuon data and
heflpfing to reflfieve tensfion between the dfimuon data [100]andLHCW,Zdata [65,101,102]
whfich prefers a flarger strange quark. Nearfly aflfl other data have the theoretficafl caflcuflatfions at
fuflfl NNLO precfisfion, fin partficuflar NNLO cross-sectfion caflcuflatfions [41]foraflflLHCjetdata
fincfluded, fi.e. fincflusfive jet productfion at 2.76, 7 and 8 TeV, usfing the flarger avafiflabfle jet radfius,
e.g.R=0.6, 0.7 and scaflesμR,F=pT,jet. (Oflder Tevatron jet data are stfiflfl fincfluded but wfith
the threshofld approxfimatfion for NNLO [103]—whfich fis a better approxfimatfion for these data
whfich aflso carry flfittfle wefight.) CMS 7 TeVW+cdata [104] have onfly NLO theory avafiflabfle
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Ffigure 3.LM scans for the gfluon PDF atQ=125 GeV andx=0.01 (fleft) andx=0.3
(rfight), based upon the CT18 NNLO fits.

for the specfific measurement, but the few data pofints carry flfittfle wefight. TheZpTdfistrfibutfion
and aflfl top quark cross sectfions used are fincfluded at fuflfl NNLO. Eflectroweak correctfions are
fincfluded where possfibfle, fif these are not aflready subtracted from the data suppflfied.
There has been a very sfignfificant extensfion ofthe parameterfisatfion. In MMHT14 the param-

eterfisatfion used for PDFs wasA(1−x)ηxδ(1+ n
fi=1afiTfi(1−2x

1/2)), whereTfi(1−2x
1/2))

are Chebyshev poflynomfiafls. In [105] fit was demonstrated how the achfieved precfisfion coufld
fimprove wfith fincreasfingnusfing a fit to pseudo-data. In MMHT14n=4 was deemed suffi-
cfient, but usfingn=6 wfiflfl flead to much better than 1% precfisfion. Hence, MSHT now extend the
parameters of dfifferent flavour PDFs usfingn=6 and aflso now parameterfise (̄d/̄u) finstead of
(̄d−ū), wfith the sofle constrafint on the ratfio befing that (̄d/̄u)→constant asx→0. Thfis fleads to
sfignfificant fimprovements fin the gflobafl fit; mafinfly from changfing to (̄d/̄u)(x,Q20), and extendfing
dV(x,Q

2
0),g(x,Q

2
0)ands

+(x,Q20), wfith overaflflΔχ
2=−73. Overaflfl there fis an fimprovement

fin the fit to hfigh-xfixed-target data, a reductfion fin tensfion between E866 DY ratfio data and
LHC data, and an fimprovement fin the descrfiptfion of the LHC flepton asymmetry data. Usfing
n=6 for the parameterfisatfions except fors−s̄, means an fincrease to 52 parton parameters.
As for MMHT14 the defaufltαS(M

2
Z)=0.118.

The first new data set to be updated compared to the MMHT14 PDFs was the finafl HERA
totafl cross sectfion data [62]. Thfis was studfied fin [106] and found to have a flfimfited effect on
the PDFs, but there was some troubfle fittfing the flowerQ2,xdata. Aflso fincfluded fis the finafl
combfined̃σc̄cand̃σb̄bdata [107]wherethefitatflowQ2fis not optfimafl, but sfimfiflar resuflts are
seen fin other PDF studfies [107]. Another fimportant addfitfionafl new data set fis D0 eflectron/W
asymmetry [108]. TheW±boson fis produced preferentfiaflfly fin the proton/antfiproton dfirectfion,
but theV−Astructure of the flepton decay meanse±fis emfitted preferentfiaflflyopposfite to
W±—fleptons at partficuflarηecome from a range ofηWvaflues and dfiflute the dfirect constrafint on
PDFs at gfivenx. Mappfing the flepton toWasymmetry requfires PDF-dependent modeflflfing, wfith
a smaflfl uncertafinty and thfis gfives a more dfirect constrafint fromWasymmetry data. MSHT20
see a reduced uncertafinty ond/ucompared to usfing theeasymmetry, partficuflarfly at very hfigh
x,wheredVfis reduced.
The MSHT20 anaflysfis contafins a flarge amount of new LHC data. Thfis fincfludes extremefly

hfigh precfisfion data onW,Zat 7 TeV from ATLAS, and hfigh precfisfionW±data and doubfle
dfifferentfiaflZdata at 8 TeV; CMS 8 TeV precfise data on theW+,−rapfidfity dfistrfibutfion; LHCb
data at 7 and 8 TeV onW,Zrapfidfity dfistrfibutfions at hfigher rapfidfity;W+cjets data at 7 TeV
from CMS; ATLAS hfigh mass Dreflfl Yan data at 8 TeV; ATLAS data onW±+jets at 8 TeV;ZpT
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dfistrfibutfions at 8 TeV; new data onσt̄tat 8 TeV pflus ATLAS sfingfle dfifferentfiafl dfistrfibutfions
finpT,t,Mt̄t,yt,yt̄tand CMS doubfle dfifferentfiafl dfistrfibutfions finpT,T,yTboth at 8 TeV; fincflusfive
jet data from ATLAS at 7 TeV and CMS at 2.76, 7 and 8 TeV. Aflfl these recent LHC data
updates are fincfluded fin the fit at NNLO (except forW+c). The fit quaflfity fis generaflfly good,
as seen fin tabfle2. There are reflatfivefly poorχ2vaflues for some sets, seemfingfly observed by
other groups.
The mafin effect of the new LHC data on the MSHT20 PDFs fis on the detafifls of flavour, fi.e.

thedVshape, an fincrease fin the strange quark for 0.001<x<0.3andthēd,̄udetafifls, though
some of these are aflso partfiaflfly from the parameterfisatfion change. There fis a sflfight decrease
fin the hfigh-xgfluon. Generaflfly the fit fis good, but the most strafightforward approach gfives a
dfistfinctfly poor fit quaflfity to some data sets due to tensfions between dfifferent kfinematfic regfions
(e.g. rapfidfity bfins) or dfifferent dfifferentfiafl dfistrfibutfions of the same data. Often, thfis fis cflearfly
reflated to modeflflfing-type systematfic uncertafintfies, partficuflarfly for jet andt̄tdata, as fiflflustrated
fin detafifl fin [48,49], and for some data a smooth decorreflatfion, sfimfiflar to that advocated for
8 TeV ATLAS fincflusfive jet data [116], fis used.
MSHT20 goes from 25 efigenvector pafirs to 32—there fis one extra parameter for each PDF

and two fors+̄s. The mean toflerance fisT∼3–4. About haflf the constrafints are prfimarfifly
provfided by precfisfion eflectroweak coflflfider data, flargefly D0Wasymmetry, 7 TeV and 8 TeV
ATLASW,Zand CMSWdata. 8–10 efigenvectors are mafinfly constrafined by the E866 Dreflfl-
Yan ratfio whfich fis vfitafl for thed̄/̄uconstrafint,∼10 efigenvectors are constrafined by fixed target
DIS data (fi.e. BCDMS, NMC, NuTeV, CCFR) and these data sets stfiflfl mafinfly constrafin hfigh-x
quarks,∼10 efigenvectors are constrafined by CCFR, NuTeV dfimuon data, fi.e. thfis fis stfiflfl the
mafin constrafint on the strange quark and fits asymmetry. Hence, a fuflfly gflobafl fit fis found to be
necessary for a fuflfl constrafint on aflfl PDFs wfithout use of assumptfions and/or modefls. HERA
data provfides good constrafints on the wfidest varfiety of PDF parameters, mafinfly the gfluon and
flfight sea, but now fit fis very rarefly the best. However the HERA data are a very strong constrafint
on the best fit PDFs, and centrafl vaflues and uncertafintfies at smaflflxare stfiflfl strongfly constrafined
by HERA data.
We compare the new MSHT20 PDFs compared to those of MMHT14. Ffirst we show the

gfluon dfistrfibutfion, figure4(top fleft), where there fis no sfignfificant change fin the centrafl vaflue,
though the uncertafinty fis reduced. The detafifls fin shape at hfighxdepend on the LHC jet,ZpT
and dfifferentfiaflt̄tdata. TheZpTdata puflfl the gfluon up and dfifferentfiaflt̄tdata puflfls the gfluon
down, each aflso affectfing the flowerxnormaflfisatfion vfia the momentum sum rufle. Not aflfl jet
data puflfl fin the same dfirectfion though the totafl effect fis sflfightfly downwards. More sfignfificant
changes fin the PDFs fincflude an fincrease fin the strange quark beflowx=0.1, figure4(top
rfight), due to ATLAS 7, 8 TeVWandZdata whfich finfluence PDFs sfimfiflarfly. There fis aflso a
sfignfificant change fin the shape fin vaflence quarks, most notabflydV, due to LHC data onW,Z
and the fimproved parameterfisatfion flexfibfiflfity, figure4(bottom fleft). The strange asymmetry
fis sfimfiflar to MMHT14, but now fis non-zero outsfide uncertafintfies. There fis aflso a change fin the
detafifls of flfight antfiquarks at hfigh-xwhere constrafints are weak, and a sflfight decrease at flow
xdue to compensatfion for the fincrease fin the strange quark. The detafifls of thēu,̄ddfifference,
shownfinfigure4(bottom rfight) are compfletefly changed due to the new type of parameterfi-
satfion. There fis a huge fincrease fin uncertafinty at smaflflx, and a sflfight tendency for negatfive
d̄−ū. However, a dfifferent fimpressfion fis formed by consfiderfinḡd/̄uwhfich has smaflfl flow-x
uncertafinty and notabfly the ratfio→1asx→0 to a good accuracy even wfithout thfis befing a
constrafint.
MSHT20 aflso fincfludes PDFs at NLO (and even stfiflfl at LO, where the fit fis very poor).

However, there fis sfignfificant deterfioratfion fin fit quaflfity for some of the precfisfion LHC data,
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Ffigure 4.The MSHT20 gfluon (top fleft), strange quark sum (top rfight), down vaflence
(bottom fleft) and̄d−ū(bottom rfight) compared to MMHT14.

and NNLO fis now very much preferred. The strong coupflfing vaflue obtafined from the anafl-
ysfis fisαS(M

2
Z)=0.1174±0.0013 [117]. There are constrafints from a varfiety of new LHC

data, but fin dfifferent dfirectfions. In generafl jet data prefer sflfightfly flower, whfifleW,Zdata prefer
sflfightfly hfigherαS(M

2
Z), and no sfingfle new set constrafinsαS(M

2
Z) more strongfly than a number

of oflder data sets. For quark masses, unflfike prevfious resuflts [118] whfich preferred flower vaflues
(mpoflec ∼1.25 GeV), the defauflt chofice ofmpoflec =1.4 GeV fis cflose to optfimafl. There fis no
strong puflfl from the defauflt choficempofleb =4.75 GeV. The PDFs have aflso been presented wfith
an fincflusfion of reflevant eflectroweak correctfions, fin partficuflar a photon parton dfistrfibutfion [119]
usfing a very sfimfiflar formaflfism to that fin [120].
There are no dfirect constrafints appflfied to the MSHT20 PDFS other than those fimposed

by data. Sfince there fis a finfite flexfibfiflfity fin the parameterfisatfion, and Chebyshev poflynomfiafls
oscfiflflate between vaflues of±1, fit fis possfibfle for PDFs to become negatfive fin prfincfipfle. Indeed,
the parameterfisatfion of the gfluon, whfich finvoflves two separate terms, fis desfigned to aflflow thfis
possfibfiflfity at finput at very smaflflx. In practfice the gfluon does become negatfive at some very
flowxandQ2vaflues, as wfiflfl aflways happen eventuaflfly fif performfing backwards evoflutfion,
but thfis feature qufickfly dfisappears as evoflutfion to hfigher scafles takes pflace. At hfigh vaflues
ofxthe flfimfitatfions fin fluctuatfions aflflowed by a smooth parameterfisatfion and data constrafints,
whfich make aflfl PDFs posfitfive fin regfions where data are constrafinfing, resuflt fin any negatfive
PDF vaflues befing at extremefly hfighxand wfith PDFs vaflues of 10−4or fless. At smaflflxthe
three flfight quarks have a common power-flfike behavfiour asx→0, but thefir normaflfisatfions
are aflflowed to dfiffer. For the up and down sea quarks thfis fis a new feature for MSHT20 but,
as mentfioned above, the normaflfisatfions turn out to be very sfimfiflar and the ratfio has a smaflfl
uncertafinty.
For cflarfity, unflfike the case for the other groups, the MSHT finput to PDF4LHC21 fis

unchanged from the MSHT20 pubflfished PDF set.

15



J. Phys. G: Nucfl. Part. Phys.49(2022) 080501 Major Report

2.3. NNPDF3.1

Input to the PDF4LHC21 combfinatfion dfiscussed fin thfis work fis a varfiant of the NNPDF3.1
anaflysfis [17] caflfled NNPDF3.1.1. Thfis PDF set fis made avafiflabfle through the NNPDF web
sfite20, and, anaflogousfly to CT18, wfiflfl be denoted as NNPDF3.1henceforth. Thfis supersedes
the NNPDF3.0 parton set [32] fincfluded fin the prevfious PDF4LHC15 combfinatfion [29]. As
noted fin sectfion1, the NNPDF coflflaboratfion has recentflydeflfivered a more updated anaflysfis,
NNPDF4.0 [18]. Because thfis became avafiflabfle onfly whfifle the PDF4LHC21combfinatfion was
aflready at an advanced stage, fit fis not consfidered here. A descrfiptfion of the NNPDF4.0 base-
flfine PDF set and fits comparfison to the PDF4LHC21 combfinatfion fis neverthefless presented fin
appendfixB.
In comparfison wfith NNPDF3.0, NNPDF3.1 fincorporates flegacy measurements for com-

pfleted experfiments and a sfignfificant number of new LHC measurements. In the first category
there are the combfined HERA measurements of fincflusfive NC and CC DIS cross-sectfions [62],
the H1 [121] and ZEUS [122] measurements of the bottom quark structure functfionFb2(x,Q

2),
and the Tevatron-D0 measurements of theWasymmetry fin the eflectron [123] and muon [124]
channefls. In the second category there are varfious measurements performed by ATLAS, CMS
and LHCb. For ATLAS, NNPDF3.1 fincfludes: the fincflusfiveW±andZdfistrfibutfions, dfifferen-
tfiafl fin rapfidfity, measured at 7 TeV [65] (aflbefit onfly the subset correspondfing to the centrafl
rapfidfity regfion); the flow-mass DY dfistrfibutfion, dfifferentfiafl fin rapfidfity and finvarfiant mass,
measured at 7 TeV [125]; theZboson dfistrfibutfions, doubfle dfifferentfiafl fin theZ-boson trans-
verse momentum and efither fin theZ-boson rapfidfity or fin the finvarfiant mass of the flepton
pafir, measured at 8 TeV [68]; the top quark pafir productfion dfistrfibutfion, dfifferentfiafl fin the
rapfidfity of the top quark and normaflfised to the totafl top quark pafir productfion cross-sectfion,
measured at 8 TeV [73]; the totafl cross-sectfions for top quark pafir productfion at 7, 8 and
13 TeV [126,127]; and the sfingfle-fincflusfive jet productfion dfistrfibutfions, dfifferentfiafl fin rapfidfity
and transverse momentum of the jet, measured at 7 TeV [70]. For CMS, NNPDF3.1 fincfludes:
theW±dfistrfibutfions, dfifferentfiafl fin rapfidfity, measured at 8 TeV [66]; theZboson dfistrfibu-
tfion, doubfle dfifferentfiafl fin theZ-boson transverse momentum and rapfidfity, measured at 8 TeV
[128]; the top quark pafir productfion dfistrfibutfions, dfifferentfiafl fin the rapfidfity of the top quark
pafir and normaflfised to the totafl top quark pafir productfion cross-sectfion, measured at 8 TeV
[115]; the totafl cross-sectfions for top quark pafir productfion at 7, 8 and 13 TeV [129,130]; and
the sfingfle-fincflusfive jet dfistrfibutfions, dfifferentfiafl fin rapfidfity and transverse momentum of the
jet, measured at 2.76 TeV [114]. For LHCb, NNPDF3.1 fincfludes the compflete set of fincflusfive
WandZproductfion dfistrfibutfions, dfifferentfiafl fin rapfidfity, fin the muon channefl measured at 7
and 8 TeV [63,67].
Theoretficafl predfictfions for nearfly aflfl the measurements fincfluded fin NNPDF3.1 are per-

formed at NNLO fin the strong coupflfingαs, the exceptfions befing massfive charm neutrfino-DIS
dfimuon productfion and sfingfle-fincflusfive jet productfion, for whfich NNLO correctfions were not
avafiflabfle when the orfigfinafl NNPDF3.1 anaflysfis was refleased. In these two cases, PDF evoflu-
tfion accurate to NNLO was combfined wfith matrfix eflements accurate onfly to NLO. For very
precfise sfingfle-fincflusfive jet measurements, an addfitfionafl fuflfly correflated theoretficafl systematfic
uncertafinty, estfimated from scafle varfiatfion of theNLO caflcuflatfion, was fincorporated fin the totafl
covarfiance matrfix to account for mfissfing hfigher-order correctfions. For aflfl DIS measurements,
NNLO correctfions are fincfluded exactfly, whfifle for aflfl other measurements NNLO correctfions
are fimpflemented by means ofK-factors, that fis hadron-flevefl bfin-by-bfin ratfios of the NNLO

20Seehttps://nnpdf.mfi.finfn.fit/nnpdf3-1-1/.
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to NLO predfictfions computed wfith a pre-defined PDF set, and appflfied to the NLO computa-
tfion. The PDF dependence of theK-factors fis much smaflfler than aflfl other reflevant uncertafintfies.
Fast-finterpoflatfion tabfles, combfinfing PDF andαsevoflutfion accurate up to NNLO wfith wefighted
grfids for matrfix eflements accurate to NLO (obtafined from varfious Monte Carflo generators
dependfing on the process), are pre-computed wfith APFELgrfid [131,132]. No eflectroweak
correctfions are appflfied upon checkfing that they never exceed experfimentafl uncertafintfies. Lfike-
wfise, no nucflear correctfions are appflfied to DISmeasurements finvoflvfing deuterfium or heavy
nucflefi as targets.
In contrast to CT18 and MSHT20, fin NNPDF3.1 the charm PDF fis parameterfised [133]

on the same footfing as the flfight quark PDFs. The FONLL matched generafl-mass varfiabfle
flavour number scheme [134] fis extended for thfis purpose [135,136]. Wfithfin thfis formaflfism,
a massfive correctfion to the charm-finfitfiated contrfibutfion fis fincfluded aflongsfide the contrfibu-
tfion of fitted charm as a non-vanfishfing boundarycondfitfion to PDF evoflutfion. At NNLO thfis
correctfion requfires knowfledge of massfive charm-finfitfiated contrfibutfions to the DIS coefficfient
functfions up toO(α2s). Because these were known onfly toO(αs) when NNPDF3.1 was refleased
[137], the NLO expressfion for thfis correctfion fis used: thfis corresponds to settfing the unknown
O(α2s) contrfibutfion to the massfive charm-finfitfiated term to zero. Parameterfisfing charm fleads to
fimprovements fin fit quaflfity wfithout an fincrease fin PDF uncertafinty, and fit stabfiflfizes the depen-
dence of PDFs on the charm mass, aflfl but removfing fit fin the flfight quark PDFs. The vaflues of
the charm and bottom quark pofle masses are set accordfing to the Hfiggs cross sectfion work-
fing group recommendatfion [1], nameflymc=1.51 GeV andmb=4.92 GeV. The vaflue of the
strong coupflfing at the mass of theZboson fis fixed toαs(MZ)=0.118.
The NNPDF3.1 anaflysfis has been used as baseflfine fin severafl compflementary studfies of

some of fits theoretficafl aspects. Ffirst, a sfimufltaneous determfinatfion of the strong coupflfingαs
and of PDFs, fincfludfing correflatfionsbetween the two, was carrfied out fin [138]. Aflfl reflevant
sources of experfimentafl, methodoflogficafl and theoretficafl uncertafinty were studfied fin detafifl,
findfingαs(MZ)=0.1185±0.0005

(exp)±0.0001meth±0.0011th, fin good agreement wfith the
PDG average [139]. Second, the photon PDF was determfined fin a dedficated varfiant of the
NNPDF3.1 anaflysfis [140] by means of the LUXqed formaflfism [91,92]. A few percent uncer-
tafinty was found on the photon PDF, wfith photons carryfing up to∼0.5%of the proton’s
momentum; correctfions up to 10% (20%) due to photon-finduced contrfibutfions were found
for hfigh-mass DY (W+W−) productfion. Thfird, fin a varfiant of the NNPDF3.1 anaflysfis [141],
NLO and NNLO fixed-order PDF evoflutfion and DIS structure functfions were suppflemented
wfith NLO+NLLxand NNLO+NLLxsmaflfl-xresummatfion. A quantfitatfive fimprovement
fin the perturbatfive descrfiptfion of the HERA fincflusfive and charm-productfion reduced cross-
sectfions was observed. Ffinaflfly, a generafl methodoflogy to fincorporate theoretficafl uncertafintfies
fin PDF determfinatfions [142] was used to study the fimpact of mfissfing hfigher order uncertafinty
(MHOU) fin the fixed-order QCD caflcuflatfions [143,144] and of nucflear uncertafintfies [145,
146] fin datasets finvoflvfing nucflear targets. Resuflts showed that, fin both cases, PDF accuracy
fimproves whfifle PDF precfisfion reduces onfly moderatefly.
The NNPDF3.1 anaflysfis has been aflso fincrementaflfly extended to fincorporate addfitfionafl

measurements, typficaflfly for LHC processes not prevfiousfly used for PDF determfinatfion, fin
dedficated studfies. Prompt photon productfion was addressed fin [147]; sfingfle top quark produc-
tfionfin[148]; dfi-jet productfion fin [52]; andW+jet productfion fin [149]. As part of two of
these anaflyses, the theoretficafl detafifls enterfing the computatfion of the observabfles have been
revfisfited: NNLO correctfions were fincfluded systematficaflfly fin the anaflysfis of sfingfle-fincflusfive
jet and dfijet productfion [52], as were NNLO massfive correctfions fin the anaflysfis of neutrfino-
DIS dfimuon productfion [149]. In the case of prompt photon and sfingfle top quark productfion, fit
was found that the data has flfittfle or no fimpact fin the gflobafl fit, gfiven the rather flarge uncertafinty
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of the correspondfing measurements; some fimpact was found fin the case ofW+jet productfion,
whfich remafins consfistent wfith the rest of the NNPDF3.1 dataset; and a very sfignfificant fimpact,
dependfing on the dataset anaflysed, together wfith hfints of tensfion wfith other measurements fin
the NNPDF3.1 dataset (partficuflarfly top quark pafir productfion), were found fin the case of dfi-jet
productfion.
The varfiant of the NNPDF3.1 anaflysfis used fin thfis work, NNPDF3.1, benefits from some

of the studfies outflfined above. In terms of data, we repflace the HERA measurements of charm
[150] and bottom [121,122] structure functfions wfith thefir flegacy counterparts [107]. An fincor-
rect kfinematfic cut fin the anaflysfis of the D0 eflectronWasymmetry [123] fis amended. Lfikewfise
we correct a smaflfl bug affectfing the CDFZrapfidfity dfistrfibutfion [151], whereby the flast two
bfins had not been merged consfistentfly wfith the pubflfished measurement. The ATLAS mea-
surements of theWandZcross-sectfions at 7 TeV, dfifferentfiafl fin rapfidfity [65], are extended to
fincflude aflso the forward rapfidfity regfion. The fimpflementatfion of the ATLAS normaflfised dfistrfi-
butfion for top quark pafir productfion at 8 TeV, dfifferentfiafl fin the rapfidfity of the top quark [73],
fis revfisfited by takfing finto account a new pfiece of finformatfion on statfistficafl correflatfions, as
dfiscussed fin [57]; the sfingfle-fincflusfive jet measurements from ATLAS [152]andCMS[114]at√
s=2.76 TeV and from ATLAS [153]at

√
s=7 TeV are no flonger fincfluded because NNLO

QCD correctfions are not avafiflabfle for these measurements, efither at aflfl or for the scafle chofice
used for other jet data [154]. For sfimfiflar reasons the CDF sfingfle-fincflusfive jet data [155]are
aflso not fincfluded. These datasets were aflready removed fin the NNPDF3.1-reflated studfies
mentfioned above [138,143,144,146,148,149]. Ffinaflfly, fin order to make the NNPDF3.1
dataset more sfimfiflar to the CT18 and MSHT20 ones, we fincflude aflfl the rapfidfity bfins of the
ATLAS sfingfle-fincflusfive jet measurements at 7 TeV [70] whfifle decorreflatfing systematfic uncer-
tafintfies across dfifferent bfins (onfly the centrafl rapfidfity bfin was fincfluded fin the orfigfinafl
NNPDF3.1 anaflysfis). For the same reason we aflso fincflude the CMS sfingfle-fincflusfive jet pro-
ductfion measurement at 8 TeV [71] and the CMS normaflfised dfistrfibutfion for top quark pafir
productfion at 8 TeV, doubfle dfifferentfiafl fin the rapfidfity of the top quark and fin the finvarfiant
mass of the top quark pafir [72].
In terms of theoretficafl treatment the changes are the foflflowfing. For DIS we correct a bug

fin the APFEL computatfion of the NLO CC structure functfions, that mostfly affects the flarge-
xregfion; and we re-anaflyse the NuTeV dfimuon cross-sectfion data by fincfludfing the NNLO
charm-quark massfive correctfions [45,99], as expflafined fin [149], and by updatfing the vaflue of
the branchfing ratfio (BR) of charmed hadrons finto muons to the PDG vaflue [139], as expflafined
fin [145]. For fixed-target DY, we fincflude the NNLO QCD correctfions for the E866 measure-
ment [156] of the proton–deuteron to proton–proton cross-sectfion ratfio: these correctfions had
been finadvertentfly overflooked fin NNPDF3.1. For sfingfle-fincflusfive jets, we update the theoret-
ficafl treatment of the ATLAS and CMS measurements at

√
s=7TeV[70,157], by system-

atficaflfly fincfludfing NNLO correctfions wfithK-factors. Moreover NLO and NNLO theoretficafl
predfictfions are computed wfith factorfisatfion and renormaflfisatfion scafles equafl to the optfimafl
scafle chofice advocated fin [154], namefly, the scaflar sum of the transverse momenta of aflfl par-
tons fin the event, see [52]. The same treatment fis aflso adopted fin the anaflysfis of the newfly
added CMS sfingfle-fincflusfive jet measurements at 8 TeV [71]. We finaflfly choose the same vafl-
ues of the charm and bottom quark masses as fin the MSHT20 anaflysfis, nameflymc=1.4GeV
andmb=4.75 GeV. Aflfl the other vaflues of the physficafl parameters are as fin the orfigfinafl
NNPDF3.1 anaflysfis.
A summary of the new measurements fincfluded fin the NNPDF3.1 anaflysfis and fin fits varfiant

used fin the PDF4LHC21 combfinatfion are provfided fin tabfle3. For each dataset we aflso findficate
the number of data pofints fincfluded fin the NNLO fits, theχ2per number of data pofints and the
vaflue of theSmetrfic, as fin tabfle1. The overaflfl fit quaflfity deterfiorates fin comparfison wfith the
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orfigfinafl NNPDF3.1 anaflysfis. The deterfioratfion, whfich brfings the totaflχ2per datapofint cflose
to that of the MSHT20 anaflysfis, see tabfle2, fis drfiven by a sfignfificant deterfioratfion fin the fit to
the D0Weflectron asymmetry and the ATLAS and CMS top quark pafir measurements. Thfis
pattern has been aflso observed fin the recent NNPDF4.0 anaflysfis [18] and, fin the case of top
quark pafir productfion, was traced back to tensfion wfith the addfitfionafl jet data.
Seflected PDF flavours from the NNPDF3.0, NNPDF3.1 and NNPDF3.1sets are compared

fin figure5. We dfispflay the gfluon, strange quark sum, down and antfi-down dfistrfibutfions at
Q=100 GeV, normaflfised to the NNPDF3.0 resuflt. As expected, the three PDF sets are gen-
eraflfly consfistent, wfith the PDF centrafl vafluesof each set befing aflmost aflways fincfluded fin the
PDF uncertafintfies of the other across the entfire range ofx. Some dfifferences are neverthe-
fless seen. These are the flargest for the totafl strangeness. The dfifference between NNPDF3.1
and NNPDF3.0 fis due to the partfiafl fincflusfion of ATLAS 2011W,Zdfifferentfiafl measurements
[65]. The dfifference between NNPDF3.1 and the varfiant used fin thfis work fis expflafined by the
fimproved treatment of the NuTeV data: NNPDF3.1fincorporates NNLO massfive QCD correc-
tfions to the dfimuon cross-sectfions, whfich were not avafiflabfle at the tfime the orfigfinafl NNPDF3.1
set was produced, and an update of the vaflue for the BR of charmed hadrons finto muons. The
combfined effect of these two updates fis an enhancement of the totafl strangeness fin comparfison
to the orfigfinafl NNPDF3.1 anaflysfis, as aflready reported fin [149]. To compensate for thfis effect,
the down quark and antfiquark PDFs are correspondfingfly sflfightfly suppressed. Dfifferences fin
the gfluon PDF are possfibfly due to the dfifferent treatment of sfingfle-fincflusfive jet data: Teva-
tron and 2.76 TeV ATLAS and CMS measurements are no flonger fincfluded fin NNPDF3.1,and
NNLOK-factors are fincorporated for the remafinfing 7 TeV ATLAS and CMS measurements
(no NNLOK-factors were used fin NNPDF3.1, as they were not yet avafiflabfle). The precfisfion of
the PDFs fin the NNPDF3.1 and NNPDF3.1parton sets fis very sfimfiflar; both are more precfise
than NNPDF3.0.

2.4. Comparfison between finput gflobafl ffits

Here we present a comparfison between the CT18, MSHT20, and NNPDF3.1 gflobafl anafly-
ses, specfificaflfly between the varfiants that wfiflfl enter the PDF4LHC21 combfinatfion dfiscussed
fin sectfion4and that have been descrfibed earflfier fin thfis sectfion. These varfiants dfiffer from the
nomfinafl refleases by a number of (fin generafl) smaflfl dfifferences, such as the vaflues of the heavy-
quark masses, whfich are set tompoflec =1.4 GeV andmpofleb =4.75 GeV for aflfl three groups, and
to some varfiatfion fin the finput dataset. We denote the varfiants by CT18and NNPDF3.1.Note
that there fis no MSHT20, as the versfion enterfing the PDF4LHC21 combfinatfion fis the MSHT20
PDF set wfith no changes. The comparfisons presented fin thfis sectfion shoufld be contrasted
wfith the comparfisons derfived from the fits based on the common reduced dataset presented
fin sectfion3.2beflow.
Ffirst of aflfl, we compare the three gflobafl fits at the flevefl of thex-dependent PDFs they

produce. Then we dfispflay the comparfison of the partonfic flumfinosfitfies, whfich wfiflfl be a further
subject of sectfion5once we consfider the fimpflficatfions of the PDF4LHC21 combfinatfion for
LHC phenomenoflogy.
Ffigure6dfispflays a comparfison of the CT18, MSHT20, and NNPDF3.1gflobafl sets nor-

maflfised to the centrafl vaflue of MSHT20 as a functfion ofxatQ=100 GeV. We show the
resuflts for the gfluon and the up, down, antfi-down, strange, and charm quark PDFs21.
Severafl finterestfing observatfions can be derfived from figure6. In the case of the gfluon

PDF, the three sets are fin good agreement for most of thexrange except forx 0.2, where

21Note that for CT18and MSHT20 we are dfispflayfing the Monte Carflo representatfions of the orfigfinafl Hessfian sets.
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Ffigure 5.A comparfison of the gfluon (top fleft), totafl strange (top rfight), down (bottom
rfight) and antfi-down quark (bottom rfight) PDFs between NNPDF3.0 [32] NNPDF3.1
[17] and the NNPDF3.1 varfiant used fin thfis work, NNPDF3.1. Resuflts are shown at
Q=100 GeV and are normaflfised to the centrafl vaflue of NNPDF3.0. Error bars
correspond to 68% CL fintervafls.

NNPDF3.1undershoots MSHT20 by a few percent, though the dfifferences are barefly outsfide
the respectfive 68% CL bands. The dataset dependence of the gfluon PDF fin the three gflobafl
fits wfiflfl be scrutfinfised fin appendficesC.2andD. For the weflfl-constrafined up and down quarks,
the three gflobafl fits agree wfithfin uncertafintfies fin the entfire range ofxconsfidered. The same
fis true for the down antfiquark PDF, whfich fis affected by flarger uncertafintfies especfiaflfly fin the
flarge-xregfion. Some more marked dfifferences are observed for the cases of the strange and
charm quark PDFs.
Concernfing the strangeness content of the proton, the three groups onfly agree wfithfin uncer-

tafintfies at flowx, and there are apprecfiabfle dfifferences fin the centrafl vaflues, wfith CT18befing
suppressed forx 10−3and NNPDF3.1befing enhanced forx 0.1 as compared to MSHT20.
The smaflfler strangeness fin CT18can be traced back fin part to the excflusfion of the ATLASW,Z
2016 dataset from thefir baseflfine (affectfingx≈0.02), combfined wfith a dfifferent dfimuon BR
and a smaflfl mfissfing NNLO QCD massfive correctfion to dfimuon productfion, fin contrast wfith
the chofices adopted fin NNPDF3.1and MSHT20. A dedficated finvestfigatfion of the fimpact of
modeflflfing chofices fin the NuTeV cross-sectfions on strangeness fis presented fin appendfixC.1;
see aflso appendfixDfor an fiflflustratfion of the puflfls of the varfious data sets ons(x,Q)finvarfi-
ousxregfions. In addfitfion, there are sflfight dfifferences between NNPDF3.1and MSHT20 for
10−3 x 10−2, wfith NNPDF3.1reduced reflatfive to MSHT20. Thfis may reflect the fincflu-
sfion of the ATLAS 8 TeVWandZdata fin the flatter whfich has been observed to further rafise
the strangeness fin thfis regfion [15].
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Ffigure 6.Comparfison of the CT18, MSHT20, and NNPDF3.1gflobafl sets, normaflfised
to the centrafl vaflue of MSHT20, as a functfion ofxatQ=100 GeV. We show the resuflts
for the up, down, antfi-down, strange, charm quark and gfluon PDFs. Note that we consfider
the varfiants of the three gflobafl fits that are used as finput for the combfinatfion, and hence
fin the cases of CT18and MSHT20 we are dfispflayfing the Monte Carflo representatfions
of the orfigfinafl Hessfian sets. Error bands correspond to 68% CL uncertafintfies.

Some expected dfifferences fin the charm PDF are aflso observed. Whfifle forx 0.2 the charm
PDF from the three groups fis consfistent wfithfin uncertafintfies, forx 0.2 fit fis sfignfificantfly flarger
fin NNPDF3.1. The reason fis that fin the flatter case thecharm PDF fis fitted rather than generated
perturbatfivefly, whfich resuflts finto a sfizabfle enhancement fin the flarge-xregfion whfich persfists to
hfigh scafles.
In figure7we dfispflay a sfimfiflar comparfison to that of figure6, now comparfing the one-sfigma

PDF uncertafintfies assocfiated to the three gflobafl fits.
Whfifle fin generafl there fis reasonabfle agreement at the quaflfitatfive flevefl between the three fits

fin most cases, one can aflso apprecfiate some sfignfificant dfifferences.
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Ffigure 7.Same as figure6, now comparfing the one-sfigma PDF uncertafintfies assocfiated
to the three gflobafl fits.

For the weflfl-constrafined up and down quarks fin the vaflence regfion, the uncertafintfies fin the
three groups are essentfiaflfly fidentficafl.
Concernfing the gfluon PDF, very sfimfiflar uncertafintfies are obtafined fin the MSHT20 and

NNPDF3.1anaflyses, whfifle those of CT18can be somewhat flarger, by a factor of∼1.5–2, for
seflect regfions ofx.
In the case of the strange PDF, the uncertafintfies fin CT18are flarger than those of efither

MSHT20 or NNPDF3.1forx 10−1.
Aflso, the fincflusfion of fitted charm fin NNPDF3.1fleads to a marked fincrease fin uncertafintfies

forx 10−2compared to charm whfichfis entfirefly perturbatfivefly generated; and thexdepen-
dence of the charm-PDF uncertafinty obtafined by CT and MSHT flargefly reflects that of the
gfluon.
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We consfider finaflfly the comparfison at the flevefl of parton flumfinosfitfies. Ffigure8dfispflays
the partonfic flumfinosfitfies evafluated at

√
s=14 TeV accordfing to the definfitfion fin [158]as

functfions of the finafl state finvarfiant massmX, for the versfions of CT18, MSHT20, and
NNPDF3.1to be fincfluded fin the combfinatfion. No cut fin the rapfidfity of the produced finafl
state,yX, has been appflfied. Resuflts are shown for the quark–quark, quark–antfiquark, and
gfluon–gfluon flumfinosfitfies normaflfised to the centrafl vaflue of the MSHT20 predfictfion as weflfl
as for the correspondfing 68% CL reflatfive PDF uncertafintfies. From thfis comparfison of the par-
tonfic flumfinosfitfies between the three gflobafl PDF sets that enter the present combfinatfion one
sees that for the gfluon–gfluon flumfinosfity there fis good agreement wfithfin uncertafintfies for the
fuflfl range ofmXvaflues, though the centrafl vaflue of NNPDF3.1fis flower than that of CT18
and MSHT20 fin the regfionmX 1 TeV. For the quark–antfiquark flumfinosfity, NNPDF3.1and
CT18are very cflose to each other fin the whoflemXrange, wfith MSHT20 a bfit hfigher at flarge
mXbut aflso fin agreement at fintermedfiate finvarfiant mass vaflues. For the quark–quark flumfinos-
fity, NNPDF3.1and MSHT are very cflose across the whoflemXrange, wfith CT18befing flower
by a few percent formX 100 GeV. Wfith thfis exceptfion, the partonfic flumfinosfitfies from the
three groups are found to agree wfithfin uncertafintfies over the whofle kfinematfic range reflevant
for LHC phenomenoflogy.
Concernfing the magnfitude of the reflatfive flumfinosfity uncertafintfies themseflves, we see that

for the gfluon–gfluon flumfinosfity CT18has the flargest uncertafinty, whfifle NNPDF3.1has a
smaflfler uncertafinty than efither MSHT20 or CT18at hfigh finvarfiant mass,mX 500 GeV. For
the quark–quark and quark–antfiquark flumfinosfitfies, at flow finvarfiant mass CT18agafin has the
hfighest uncertafintfies, whfifle at very hfigh finvarfiant massmX 2 TeV NNPDF3.1has flarger
uncertafintfies than efither MSHT20 or CT18for the quark–antfiquark flumfinosfity.
Aflfl fin aflfl, from these comparfisons between the three gflobafl fits, we see that, whfifle they are

sufficfientfly fin agreement for the PDF4LHC21 combfinatfion to be meanfingfufl, they aflso show
non-negflfigfibfle dfifferences whfich wfiflfl resuflt fin a more conservatfive resuflt fin the combfinatfion
than mfight be obtafined from usfing the sets findfivfiduaflfly.

3. Benchmarkfing of gflobafl ffits

In thfis sectfion we present the outcome of a dedficated benchmarkfing exercfise carrfied out among
the three gflobafl fits consfidered fin the combfinatfion and whose settfings are descrfibed fin sectfion2.
In thfis benchmarkfing we have strfived to homogenfise as much as possfibfle the finput datasets
and theoretficafl settfings, such that any resfiduafl dfifferences can be attrfibuted to the effect of
methodoflogficafl chofices adopted by each of the three groups.
Ffirst of aflfl, we descrfibe the ratfionafle for the chofice of reduced dataset and of the com-

mon settfings for the benchmark comparfison.Then we compare each of the reduced PDF fits
wfith fits gflobafl fit counterparts. We assess the outcome of the three reduced fits both at the
flevefl of the PDFs and of theχ2dataset-by-dataset, and finaflfly we carry out the correspondfing
comparfisons at the flevefl of partonfic flumfinosfitfies at a center-of-mass energy of 14 TeV, reflevant
for the LHC. Thfis represents both a more detafifled descrfiptfion and an update on that presented
fin [159].

3.1. Chofice of the data and theory settfings

In order to estabflfish any dfifferences fin the gflobafl PDF fits, and then to pfinpofint thefir orfigfin, we
adopt baseflfine settfings for thfis benchmarkfing comparfison, removfing as many dfifferences as
possfibfle fin finput dataset, methodoflogficafl chofices, and theory settfings. We therefore choose
a common finput dataset, common settfings for the theoretficafl caflcuflatfions, and we set the
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Ffigure 8.Comparfison of the partonfic flumfinosfitfies, evafluated at
√
s=14 TeV as a func-

tfion of the finafl state finvarfiant massmX, between CT18, MSHT20, and NNPDF3.1.
Resuflts are shown for the quark–quark, quark–antfiquark, and gfluon–gfluon flumfinosfi-
tfies normaflfised to the centrafl vaflue of the MSHT20 predfictfion (fleft panefls) as weflfl as
for the correspondfing 68% CL reflatfive uncertafintfies (rfight panefls).

strangeness asymmetry to zero at the finput scafle. In the foflflowfing we denote the outcome
of PDF fits based on these unfiform settfings as ‘reduced fits’, offerfing ease of comparfison at
the expense of the fuflfl breadth typficaflfly offered fin gflobafl fits. We emphasfise that the goafl
of these reduced fits fis not to produce the most precfise and accurate PDF determfinatfion pos-
sfibfle, but rather to dfisentangfle the fimpact of the fittfing methodoflogy adopted by each group
from possfibfle dfifferences fin the dataset fimpflementatfion or fin the correspondfing theoretficafl
caflcuflatfions.
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Tabfle 4.The measurements fincfluded fin the finfitfiafl round of PDF fits to a reduced dataset,
together wfith the correspondfing pubflficatfion reference. Thfis dataset fis chosen as the
flargest subset of data fit by CT18, MSHT20, and NNPDF3.1 fin an (aflmost) fidentficafl
manner.

Dataset References Dataset References

BCDMS proton, deuteron DIS [160,161] LHCb8TeVZ→ee [64]
NMC deuteron to proton ratfio DIS [162] ATLAS 7 TeV hfigh precfisfionW,Z(2016) [65]
NuTeVνNdfimuon [163] D0Zrapfidfity [164]
HERA I+II fincflusfive DIS [62] CMS 7 TeV eflectron asymmetry [165]
E866 Dreflfl-Yan ratfiopd/ppDIS [166] ATLAS 7 TeVW,Zrapfidfity (2011) [153]
LHCb 7, 8 TeVW,Zrapfidfity [63,67] CMS 8 TeV fincflusfive jet [71]

We begfin wfith the chofice of finput data, whfich fis chosen as the flargest subset of data fit by
aflfl three groups fin an (aflmost) fidentficafl manner. Furthermore, we adopt the most conservatfive
kfinematfic cuts made by any group, fi.e.Q2>4GeV2andW2>15 GeV2. Gfiven the numerous
subtfle dfifferences between groups, the finafl flfist of common data that enters the reduced PDF
fit fis rather restrficted, and summarfised fin tabfle4. Thfis reduced fit dataset aflso satfisfies the
competfing requfirement of befing sufficfientfly flarge and varfied so as to provfide some constrafints
on aflfl the reflevant PDF combfinatfions and thefir uncertafintfies. We expect thfis common chofice
to reduce any dfifferences between the PDFs due to data seflectfion, and hence fiflflumfinate the
orfigfin of dfifferences reflated to the underflyfing methodoflogficafl procedures adopted by the three
groups.
From tabfle4one sees how the reduced PDF fits consfidered here stfiflfl fit data from oflder

fixed target DIS experfiments, such as BCDMS and NMC, the crucfiafl fuflfl HERA combfined
dataset fis aflso fincfluded, whfiflst the NuTeV dfimuon data fis fincfluded to constrafin the strangeness.
Then, newer LHC data on Dreflfl-Yan, fincfludfing the fimportant hfigh precfisfion ATLAS 7 TeV
W,Zdata (2016), fis fincfluded, whfiflst the CMS 8 TeV fincflusfive jet data constrafins the gfluon at
hfighx. The constrafints pflaced by thfis reduced fit dataset wfiflfl necessarfifly be sfignfificantfly more
flfimfited than fin the usuafl fuflfl gflobafl fits, but thfis set-up provfides a more strafightforward baseflfine
for comparfison. Addfitfionafl datasets and further compflexfitfies can then be added to move to the
fuflfl gflobafl fits, provfidfing a weflfl-defined and robust startfing pofint for subsequent extensfions of
the benchmarkfing exercfise, some of whfich are presented fin appendfixC.
Wfith dfifferences fin finput data now removed (or at fleast sfignfificantfly mfinfimfised), we must

aflso make the theoretficafl and methodoflogficafl settfingsas unfiform as possfibfle fin order to avofid
other potentfiafl sources of dfifferences. Specfificaflfly, we adopt the foflflowfing common chofices
among the three groups:

•Same heavy-quark masses:mpoflec =1.4 GeV andmpofleb =4.75 GeV.

•Same vaflue of the strong coupflfing:αs(M
2
Z)=0.118.

•No strangeness asymmetry at the finput scafle, fi.e. (s−s̄)(Q0)=0. Note that NNLO QCD
evoflutfion generates neverthefless a non-zero strangeness asymmetry forQ>Q0.

•The charm PDF fis entfirefly generated by perturbatfive evoflutfion: that fis, any 3FNS
nonperturbatfive (fi.e.fintrfinsfic)charmPDFfisassumedtobezero.

•Posfitfive-definfite quark dfistrfibutfions.

•No deuteron or nucflear correctfions/uncertafintfies.

•A common BR for charm hadrons to muonsB(D→μ), whfich fis taken as fixed and not
aflflowed to float durfing the fit.
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•NNLO correctfions for the heavy quark structure functfions reflevant for the descrfiptfion of
the neutrfino dfimuon process.

Whfifle these common chofices heflp to eflfimfinate known sources of dfifferences between the
three gflobafl fits, each group stfiflfl uses thefir own versfion of the theoretficafl caflcuflatfion at the
approprfiate order fin QCD. However, as further dfiscussed fin appendfixC, no major dfifference
has been observed fin these caflcuflatfions except for the known case of the HERA structure
functfions, due to the dfifferent heavy quark generafl-mass varfiabfle-flavour number (GM-VFN)
schemes adopted by each group. As mentfioned above, these chofices woufld not necessarfifly be
justfified fif the afim were to achfieve the most accurate and precfise PDF fit possfibfle, but the afim
fin thfis sectfion fis finstead to understand better the orfigfin of the dfifferences between the three
groups.
Imposfing the same vaflues of the heavy-quark masses and of the strong coupflfing constant

removes an obvfious source of potentfiafl dfifference between fits. The flack of a strangeness asym-
metry and requfirement of purefly perturbatfivefly-generated charm remove further dfifferences
fin approach taken by findfivfiduafl gflobafl fittfing groups (firrespectfivefly of whether or not they
are physficaflfly justfified), whfiflst the requfirement of posfitfive-definfite quark dfistrfibutfions can be
fimportant when deaflfing wfith such reduced datasets due to the flfimfited constrafints, partficu-
flarfly on the poorfly-known antfi-quark PDFs at flargex. No deuteron or nucflear correctfions
are appflfied, as aflfl three groups appfly them, or not, fin dfifferent ways, see the correspondfing
dfiscussfions fin sectfion2. Ffinaflfly, the flast two requfirements of a fixed BR for charm hadrons
to muons and NNLO correctfions for the dfimuon data are reflevant for the descrfiptfion of the
NuTeV dfimuon data and reflate to specfific dfifferences fin the strange PDF, whfich are dfiscussed
fin more detafifl fin appendfixC.1.
At thfis pofint fit fis worth stressfing once agafin that nefither the dataset nor common theory

settfings of the reduced fit correspond to the baseflfine data or theory settfings adopted by any
group. Rather they represent a compromfise tothe fleast common denomfinator fin each case and
shoufld not be regarded as the best chofices for a gflobafl PDF fit. Indeed, some of the chofices
made are known to be suboptfimafl. Thfis setup therefore appflfies to the benchmarkfing exercfise
onfly. Furthermore, even wfith these dfifferences fin the finput data and theory removed, method-
oflogficafl dfifferences remafin, such as those reflated to the chofice of GM-VFN scheme [21,28,
84], the definfitfion and treatment of the PDF uncertafintfies, and the overaflfl fittfing methodoflogy.

3.2. Reduced ffits versus gflobafl ffits

At thfis stage, before each group performs the benchmarkfing of the reduced fits, fit fis usefufl to
compare the reduced fit produced by each group wfith thefir pubflfished gflobafl fit. In figures9–11
we compare the PDFs from the reduced fits and those from the correspondfing gflobafl anaflyses
by CT18, NNPDF3.1, and MSHT20 respectfivefly.In the fleft panefls, we compare the two fits as
ratfios to the centrafl vaflue of the gflobafl fit, whfifle fin the rfight panefls we dfispflay the assocfiated 1σ
PDF uncertafintfies. For fiflflustratfion purposes, we dfispflay the gfluon, sfingflet, totafl strangeness and
antfi-up quark PDFs atQ=100 GeV, though sfimfiflar consfideratfions appfly to the other flavour
combfinatfions. The CT18A gflobafl fit fis used fin thfis comparfison, as fit fincfludes the ATLAS
7TeVW,Zdata, whfich are aflso fincfluded fin the reduced fit. The NNPDF reduced fit fis compared
to the pubflfished NNPDF3.1 fit, not the varfiant NNPDF3.1(or NNPDF3.1.1) that enters the
combfinatfion (as descrfibed fin sectfion2.3).
We focus mostfly on the comparfison for CT18 for brevfity, though sfimfiflar quaflfitatfive consfid-

eratfions appfly to the NNPDF3.1 and MSHT20 resuflts. Overaflfl, good compatfibfiflfity fis observed
between the centrafl vaflues of the CT18 reduced fit and the CT18A gflobafl fit accordfing to the
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Ffigure 9.Comparfison of the CT18 reduced dataset PDF fit reflatfive to the CT18A gflobafl
anaflysfis (fleft) and of the correspondfing 1σPDF uncertafintfies (rfight panefls). The gfluon,
sfingflet, totafl strangeness and antfi-up quark PDFs are dfispflayed atQ=100 GeV. The
CT18A gflobafl fit fis used fin thfis comparfison as fit fincfludes the ATLAS 7, 8 TeVW,Zdata
whfich are aflso fincfluded fin the reduced fit.

Ffigure 10.Same as figure9for NNPDF3.1.

Ffigure 11.Same as figure9for MSHT20.

pflotted ratfios, wfith changes fin the hfigh-xgfluon shape resufltfing from the dfimfinfished num-
ber of jet and other measurements reflevant finthfis regfion fin the reduced fit. The sfingflet and
strangeness PDFs are both compatfibfle between the reduced and gflobafl fits wfithfin the uncer-
tafintfies, whfiflst there fis an fincrease fin the antfi-up̄uPDF at fintermedfiatex, whfich sfignafls a
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change fin the flavour decomposfitfion fin the reduced fit. Such changes are not unexpected, gfiven
the sfignfificant curtafiflment fin the totafl sfize of the reduced dataset.
In the comparfisons of magnfitudes of PDF uncertafinty bands fin the rfight panefl, cflearfly

there fis some fincrease fin the nomfinafl uncertafintfies of the reduced fit, partficuflarfly at flowx
for the sfingflet, at flargexfor the gfluon and the up antfiquark, and across the whofle range of
xfor strangeness. As wfith the changes to the centrafl PDFs observed above, fincreases fin the
PDF uncertafintfies (as evafluated fin an fidentficafl manner to the gflobafl fit) are generaflfly to be
expected, gfiven the sfignfificantfly reduced amount of data constrafinfing the PDFs. Thfis safid,
thfis fincrease fis not so flarge to make the reduced fits unreflfiabfle, and actuaflfly the resufltfing
PDF uncertafintfies turn out to be rather competfitfive as compared to what coufld have been
expected from the flfimfited dataset flfisted fin tabfle4. Hence, we concflude that the use of a reduced
dataset shoufld not undermfine the mafin concflusfions derfived from the present benchmarkfing
exercfise.
Sfimfiflar dfifferences fin the centrafl vaflues and PDF uncertafintfies are observed fin compar-

fisons of the MSHT20 and NNPDF3.1 reduced fits wfith thefir respectfive gflobafl fits. Agafin,
both groups report dfifferences fin the hfighxgfluon and some dfifferences fin the flavour decom-
posfitfion. In the NNPDF3.1 reduced anaflysfis, one finds an fincreased strangeness PDF refla-
tfivefly to the NNPDF3.1 gflobafl fit, as fis further examfined fin appendfixC.1. MSHT20, on the
other hand, sees a reduced strangeness reflatfiveto thefir gflobafl fit due, fin part perhaps, to the
excflusfion of the ATLAS 8 TeVW,Zdata [65] from the reduced fit, these data have been
shown to fincrease the strangeness fin the regfions ofxwhere there fis a deficfit fin figure11
[15]. In addfitfion, the requfirement to fix the charm hadrons to muons BR for the dfimuon
data, rather than aflflowfing fit to float fin the fit, aflso flowers the strangeness fin thfis regfion. Both
groups see fincreased uncertafintfies fin thefir reduced fits, as expected, partficuflarfly fin the fless
constrafined regfions of the PDFs at flow and hfighx: thfis fis partficuflarfly true for the MSHT
reduced fit at flowx.

3.3. Benchmarkfing of reduced PDF ffits

Now that the prevfious subsectfion has assessed the mafin dfifferences between the reduced and
gflobafl fits, we begfin wfith the benchmarkfing of the reduced fits, by comparfing the outcomes
obtafined by the three groups. As dfiscussed fin sectfion3.1, the use of a common dataset and of
sfimfiflar fit settfings shoufld fimprove the agreement between the three PDF sets as compared to
the baseflfine fits reported fin sectfion2.4.
Severafl approaches can be taken to perform thfis benchmarkfing comparfison. Ffirstfly, we can

compare the centrafl vaflues anduncertafintfies among the three reduced fit PDFs themseflves.
Secondfly, we then seek to fidentfify specfific datasets causfing observed dfifferences by compar-
fing the reduced fits at the flevefl of the dataset-by-dataset findfivfiduaflχ2. To separate the effects
of dfifferences fin theory predfictfions from other sources, theχ2vaflues for each common exper-
fiment of the three fits can be compared usfing afixed PDF parameterfisatfion, specfificaflfly by
adoptfing the PDF4LHC15 NNLO set as the common finput PDF set. Where such dfifferences
were seen, data and theory predfictfions themseflves were dfirectfly compared to fidentfify the orfigfin
of the dfifferences.
We therefore begfin by comparfing the PDFs and uncertafintfies from three reduced fits fin

figure12usfing the same format as fin figure9. In the fleft panefls, PDFs are dfispflayed nor-
maflfised to the centrafl vaflue of the MSHT20 reduced PDF set. The mafin message from thfis
comparfison fis that there fis good generafl agreement between the three reduced fits, wfith the
error bands of most flavours overflappfing over the wfidexrange. Startfing wfith the gfluon, we
note that aflfl three groups agree wfithfin uncertafintfies over the entfirety of thexrange. Thfis findfing
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Ffigure 12.Comparfison between the reduced PDF fits from the three groups, fin the same
format as fin figure9. For the three groups, PDF errors correspond to 1σfintervafls. In the
fleft panefls, PDFs are dfispflayed normaflfised to the centrafl vaflue of the MSHT20 reduced
PDF set.

strongfly suggests that dfifferences fin the hfigh-xgfluon shape between the gflobafl fits and refla-
tfive to the reduced fits are drfiven by the datasets fincfluded. Thfis regfion fis finvestfigated further
fin appendfixC.2, and a further findependent anaflysfis fis performed fin appendfixDby examfin-
fing theχ2puflfls of findfivfiduafl experfiments usfing theL2sensfitfivfity. The three sfingflet PDFs are
aflso fin very good agreement for aflflx. The strangeness fis aflso flargefly consfistent, aflbefit the
NNPDF3.1 centrafl reduced fit fis notabfly hfigh around 10−2 x 10−1, though thfis dfifference
fis wfithfin the overflap of the respectfive PDF uncertafintfies. The orfigfin of the dfifferent trends fin the
strangeness PDF fis further scrutfinfised fin appendficesC.1andD. The up antfiquark PDF fis fin
good agreement between the MSHT and CT reduced fits over aflflx, the NNPDF reduced fit
ū, however, fis flower than both MSHT and CT fin the 10−2 x 10−1regfion, sfignaflflfing a
dfifference fin the hfigh-xflavour decomposfitfion.
The reflatfive 1σPDF uncertafintfies of the three reduced fits, dfispflayed fin the rfightmost

panefls of figure12, turn out to be sfimfiflar fin sfize fin regfions wfith good data constrafints. The
agreement between the PDF uncertafintfies for the gfluon finx 10−2among the three groups
fis partficuflarfly remarkabfle. For flowerxvaflues, the NNPDF3.1 gfluon uncertafinty fis smaflfler.
Thfis has an fimpact on theggPDF flumfinosfity, as wfiflfl be dfiscussed flater. The MSHT20 reduced
fit dfispflays flarger uncertafintfies outsfide of these regfions, fi.e. where constrafints are flackfing fin
the reduced fit—partficuflarfly at flowx. A further examfinatfion of the uncertafintfies of the reduced
and gflobafl fits fis ongofing and wfiflfl be reported fin the future.
In order to further fidentfify any dfifferences fin the reduced fits, we examfine thefir goodness-

of-fit vaflues for each findfivfiduafl dataset, as gfiven byχ2/Npt. Before caflcuflatfing these for the
PDFs from the reduced fits themseflves, fit fis usefufl to compare the agreement between the-
ory and data wfith a fixed PDF4LHC15 NNLO parameterfisatfion as the common finput, fi.e.,
fin flfieu of fittfing. Tabfle5findficates the vaflues of theχ2/Nptfor the measurements that enter
the fits to the reduced datasets and flfisted fin tabfle4. The resuflts are obtafined usfing the codes
from each of the three groups, for the common theory settfings flfisted fin sectfion3.1. Hence thfis
comparfison fis sensfitfive onfly to dfifferences fin the fimpflementatfion of the varfious datasets or to
dfifferences fin the theoretficafl caflcuflatfions performed by each group. In addfitfion to the presented
χ2vaflues, theoretficafl predfictfions for findfivfiduafl data pofints usfing the same PDF4LHC15 set
were compared, whfich aflflowed us to track the dfifferences among the theoretficafl computatfions
fimpflemented fin the three fits. Note that, fin some cases, a poorχ2was expected, for exampfle
for the ATLAS 7 TeVW,Z(2016) data set, whfich had not been fincfluded fin fits for the PDFs
fin the PDF4LHC15 combfinatfion.
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Tabfle 5.The vaflues of theχ2/Nptfor the measurements that enter the fits to the reduced
datasets and flfisted fin tabfle4. The resuflts are obtafined usfing the codes from each of the
three groups, for the common theory settfings flfisted fin sectfion3.1and fin aflfl cases usfing
the PDF4LHC15 PDF as finput, fi.e., wfith fixed PDFs.††MSHT†NNPDF.

χ2/Npt

Dataset Npt CT18 MSHT20 NNPDF3.1

BCDMSFp2 329/163††/325† 1.35 1.20 1.51
BCDMSFd2 246/151††/244† 0.97 1.27 1.24
NMCFd2/F

p
2 118/117† 0.92 0.93 0.94

NuTeV dfimuonν+̄ν 38+33 0.75 0.73 0.84
HERAI+II 1120 1.27 1.24 1.74
E866σpd/(2σpp) 15 0.45 0.54 0.59
LHCb 7 TeV & 8 TeVW,Z 29+30 1.5 1.34 1.76
LHCb 8 TeVZ→ee 17 1.35 1.65 1.25
ATLAS 7 TeVW,Z(2016) 34 6.71 7.46 6.51
D0 Z rapfidfity 28 0.61 0.58 0.61
CMS 7 TeV eflectronAch 11 0.45 0.5 0.73
ATLAS 7 TeVW,Z(2011) 30 1.21 1.23 1.31
CMS 8 TeV fincfl. jet 185/174†† 1.53 1.89 1.78
TotaflNpt — 2263 1991 2256
Totaflχ2/Npt — 1.31 1.36 1.62

Thfis exercfise confirmed that there fis good overaflfl agreement both between the datasets
and theoretficafl computatfions fimpflemented fin the reduced fits of three groups. Note that, as
findficated fin the tabfle, dfifferent groups may have sflfightfly dfifferent numbers of pofints for some
datasets, fin partficuflar for the BCDMS data, wfith MSHT20 havfing substantfiaflfly fewer pofints
due to thefir use of a dfifferent versfion of the same data, whfich encodes essentfiaflfly the same
finformatfion and constrafints. However, there are some dfifferences fin theχ2resuflts among the
three groups, the most sfignfificant of these befing fin the fit quaflfity of the combfined HERA dataset
of NNPDF3.1, whfich has aχ2vaflue per pofint whfich fis 0.5 worse than CT18 and MSHT20.
Sfince thfis dataset comprfises haflf of the overaflfl reduced fit dataset, thfis dfifference fis aflso vfisfibfle
fin the overaflfl fit quaflfity. Thfis fis, however, a known dfifference findficatfive of a mfismatch of the
heavy-flavour schemes between the PDF4LHC15 combfinatfion and those used by the three
groups, whfich fis most prevaflent fin NNPDF3.1 and fin the flowQ2regfion probed by the HERA
dataset [21,28,84]. In partficuflar, thfis dfifference dfisappears fin the correspondfing comparfison
after fittfing (tabfle6), showfing that fit fis weflfl understood.
The theoretficafl predfictfions for the reduced dataset based on the MSHT and CT codes are

generaflfly fin a very good mutuafl agreement, wfith both reportfing very sfimfiflar overaflfl fit quaflfitfies
of 1.31 and 1.36 over the whofle reduced fit dataset. MSHT does have a hfigherχ2/Nptthan CT
and NNPDF for the CMS 8 TeV fincflusfive jet data, but thfis fis expected due to the fincflusfion
of statfistficafl correflatfions fin MSHT (whfich aflso fis the orfigfin of the reduced number of pofints
for thfis dataset fin MSHT). As mentfioned above, aflfl three groups descrfibe poorfly the ATLAS
7TeVW,Z(2016) data usfing the PDF4LHC15 PDFs wfith fits flower strangeness dfistrfibutfion,
whfich fis now finconsfistent wfith that favoured by thfis dataset.
On the other hand, after the three groups fit thefir PDFs to the reduced dataset, the agree-

ment between theory and data fimproves markedfly across the board, see the correspondfing
χ2/Nptvaflues fin tabfle6. Very good totafl figure-of-merfit vaflues ofχ

2/Npt=1.14, 1.15, 1.20
are achfieved for the CT, MSHT and NNPDF reduced fits respectfivefly. Moreover, thfis gflobafl
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Tabfle 6.Same as tabfle5, now dfispflayfing the resuflts obtafined after each group has carrfied
out the correspondfing fits to thfis reduced dataset. That fis, the finput PDF fis now the
best-fit vaflue obtafined for each group to the reduced dataset rather than the common
PDF4LHC15 PDF finput used fin tabfle5.††MSHT†NNPDF.

χ2/Npt

Dataset Npt CT18 MSHT20 NNPDF3.1

BCDMSFp2 329/163††/325† 1.06 1.00 1.21
BCDMSFd2 246/151††/244† 1.06 0.88 1.10
NMCFd2/F

p
2 118/117† 0.93 0.93 0.90

NuTeV dfimuonν+̄ν 38+33 0.79 0.83 1.22
HERAI+II 1120 1.23 1.20 1.22
E866σpd/(2σpp) 15 1.24 0.80 0.43
LHCb 7 TeV & 8 TeVW,Z 29+30 1.15 1.17 1.44
LHCb 8 TeVZ→ee 17 1.35 1.43 1.57
ATLAS 7 TeVW,Z(2016) 34 1.96 1.79 2.33
D0 Z rapfidfity 28 0.56 0.58 0.62
CMS 7 TeV eflectronAch 11 1.47 1.52 0.76
ATLAS 7 TeVW,Z(2011) 30 1.03 0.93 1.01
CMS 8 TeV fincfl. jet 185/174†† 1.03 1.39 1.30
TotaflNpt — 2263 1991 2256
Totaflχ2/Npt — 1.14 1.15 1.20

agreement fis aflso seen fin the dataset-by-dataset comparfisons, wfith the majorfity showfing good
agreement. There are, nonethefless, some dfifferences, notabfly for the NuTeV dfimuon data,
descrfibed wfithχ2/Npt≈0.8 by CT and MSHT, and 1.2 by NNPDF. Thfis fis consfistent wfith the
fincreased strangeness noted earflfier fin the NNPDF reduced fit fin the regfion 10−2 x 10−1,
gfiven the dfimuon data favour flower strangeness here. However, thfis occurs wfithout fimprove-
ment fin the fit quaflfity of the ATLAS 7 TeVW,Zdata whfich puflfls the strangeness upwards fin
thfisxregfion. The orfigfin of thfis dfifference fin thestrangeness fis finvestfigated fin appendfixC.1.
An addfitfionafl dfifference fis observed fin the quaflfity of the NNPDF fit to smaflfler datasets, such as
the E866 Dreflfl-Yan ratfio data or the CMS 7 TeV eflectron asymmetry. For the former, there fis a
known dfifference between CT and MSHT due to the parameterfisatfion of thēd−ūasymmetry
fin the reflevant hfigh-xregfion [14,15]. For the flatter, CT and MSHT both obtafin 1.5 per pofint,
whereas NNPDF achfieves haflf of thfis at 0.76, agafin thfis wfiflfl be anaflysed brfiefly flater fin the
context of appendfixC.2.

3.4. Partonfic flumfinosfitfies fin the reduced ffits

Next, we present a comparfison of partonfic flumfinosfitfies for the three reduced fits, both wfith
and wfithout a cut on the rapfidfity of the massfive finafl state.
Ffigure13dfispflays the comparfison of these partonfic flumfinosfitfies between the CT18,

MSHT20, and NNPDF3.1 reduced fits at
√
s=14 TeV as a functfion of the finvarfiant mass

of the produced finafl statemX. From fleft to rfight we show the gfluon–gfluon, quark–antfiquark,
quark–quark and quark–gfluon flumfinosfitfies, normaflfised to the centrafl vaflue of the MSHT20
predfictfion, together wfith the assocfiated 1σreflatfive PDF uncertafintfies. The upper two rows dfis-
pflay the flumfinosfitfies evafluated wfithout any restrfictfion on the finafl-state rapfidfityyX, whfifle the
bottom two rows finstead account for a rapfidfity cut of|yX|<2.5, whfich restrficts the produced
finafl state to flfie wfithfin the ATLAS/CMS centrafl acceptance regfion.
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Ffigure 13.Comparfison of the partonfic flumfinosfitfies between the CT18, MSHT20, and
NNPDF3.1 reduced fits at

√
s=14 TeV as a functfion of the finvarfiant mass of the pro-

duced finafl statemX. Upper two rows:gg,q̄q,qq,andqgflumfinosfitfies evafluated wfithout
any restrfictfion on the finafl-state rapfidfityyX. Bottom two rows: same, for a rapfidfity cut
of|yX|<2.5.

There fis fin generafl a very good agreement between the centrafl vaflues of the reduced fits
at the flevefl of the parton–parton flumfinosfitfies. The fimportant gfluon–gfluon flumfinosfitfies agree
wfithfin uncertafintfies across the entfiremXrange, and sfimfiflarfly the quark–quark and quark–gfluon
flumfinosfitfies. The agreement of the quark–antfiquark flumfinosfity fis aflso good, however the
NNPDF3.1 reduced fit flumfinosfity fis on the edge of the uncertafinty bands for a smaflfl portfion
of themXrange, perhaps due to the remafinfing dfifference fin the quark flavour decomposfitfion.
Some statfistficaflfly finsfignfificant dfifferences seen among the centrafl vaflues of the three groups
at very flow and very hfighmXmfight be expected, as these regfions are the fleast constrafined fin
generafl and partficuflarfly fin the reduced fits.
The uncertafintfies of theqqandqgflumfinosfitfies from the three groups are sfimfiflar fin the most

constrafinedmXfintervafls. At flowmX, the magnfitudes of uncertafintfies dfiffer among the groups
for aflfl four flumfinosfitfies, wfith the MSHT reduced fit havfing sfignfificantfly flarger uncertafintfies
here, as aflso seen fin the reduced fit PDFs at flowx, agafin more notficeabfly reflectfing the flack of
constrafints fin thfis regfion.
Meanwhfifle, theggandq̄qflumfinosfity uncertafintfies are sfimfiflar fin the CT and MSHT reduced

fits fin the centraflmXregfion, and these both are notabfly flarger than the correspondfing uncer-
tafinty of the NNPDF reduced fit. For exampfle, the uncertafinty on theggflumfinosfity at the Hfiggs
mass fis 2.3% for the MSHT reduced fit, 2.1% for the CT reduced fit, and onfly 1.2% for the
NNPDF reduced fit. Thfis fis despfite the sfimfiflarfly sfized uncertafintfies of the three gfluon PDFs
fin figure12fin the centraflxregfion (x 0.01), most reflevant for Hfiggs productfion fin gfluon
fusfion. However, the gfluon uncertafintfies dfiffer more fin the extreme regfions ofx(especfiaflfly for

32



J. Phys. G: Nucfl. Part. Phys.49(2022) 080501 Major Report

xfless than 0.01). These dfifferences may propagate finto theggflumfinosfity uncertafintfies fin the
second row of figure13, when no rapfidfity cut fis appflfied to the finafl state.
It fis therefore finformatfive to appfly a rapfidfity cut fin order to reduce the effect of extreme

kfinematfic regfions, partficuflarfly from flowx. The bottom panefls of figure13provfide the same
flumfinosfity comparfison as fin the upper panefls, but wfith a rapfidfity cut of|yX|<2.5 appflfied. Thfis
aflso aflflows for a more reaflfistfic comparfison fin the kfinematfic regfion used for centrafl-rapfidfity
measurements by ATLAS and CMS.
As expected, the cut affects the flowmXrange, where the momentum fractfions fin the coflflfid-

fing partons are very unbaflanced fin many events. At flowmX, the cut sfignfificantfly fimproves
the agreement between the centrafl vaflues of the flumfinosfitfies, whfiflst the uncertafintfies for
aflfl four parton–parton flumfinosfitfies are reduced sfignfificantfly and are brought finto a better
mutuafl agreement among the three groups. Agafin however, the uncertafintfies on the
gfluon–gfluon and quark–antfiquark flumfinosfitfies remafin notficeabfly dfifferent even at centraflmX
between the MSHT and CT reduced fits, on the one hand, and the NNPDF’s reduced fit, on the
other.
It fis partficuflarfly finterestfing to note that the uncertafintfies fin theggflumfinosfity at the Hfiggs

mass actuaflfly fincrease sflfightfly for aflfl three groups after appflyfing the rapfidfity cut, wfith the
MSHT, CT, and NNPDF reduced fits achfievfing the uncertafintfies of 2.4%, 2.7%, and 1.7%,
respectfivefly. The three uncertafintfies are now fin a cfloser accord than wfithout the cut; the smaflfler
the uncertafinty wfithout the rapfidfity cut was, the flarger the change after the cut has occurred,
consfistent wfith the expectatfion that the uncertafintfies fin the flow-xPDFs cause some of the
observed dfifferences. The fincrease fin theggflumfinosfity uncertafinty atmX=125 GeV for the
NNPDF reduced fit may reflect the removafl of thex∼10−3regfion of the gfluon, whfich fis better
constrafined fin thefir reduced fit than thex∼0.01 regfion. On the other hand, nafivefly one woufld
expect theggflumfinosfity uncertafinty to be reduced for MSHT and CT after appflyfing the rapfidfity
cut, as thefir gfluons’ uncertafintfies are the smaflflest aroundx∼0.01. The fincrease (aflbefit onfly
a very sflfight one fin MSHT) therefore fimpflfies some antfi-correflatfion between the contrfibutfions
wfith one hfigh-xand one flow-xparton, whfich are now cut, and those wfith reasonabfly sfimfiflar
x,whfichremafin.

3.5. Summary of the benchmarkfing wfith reduced ffits

To summarfise the mafin findfings of thfis benchmark comparfison, once a common dataset and
sfimfiflar theory and methodoflogysettfings are adopted by the three groups, the agreement among
the reduced fits fis findeed better than fit was fin the fuflfl gflobafl fits, both at the flevefl of the PDFs and
of the dataset-by-datasetχ2. The satfisfactory consfistency of the three reduced fits at the PDF
flevefl fis further confirmed by the comparfisons of the partonfic flumfinosfitfies fin figure13. Another
reassurfing resuflt fis based on the comparfisons ofχ2vaflues and theoretficafl predfictfions usfing the
common PDF4LHC15 set, whfich gfive us confidence that there are no ‘trfivfiafl’ expflanatfions of
the dfifferences observed among the gflobafl fits, such as an fincorrectfly fimpflemented dataset or
a buggy theoretficafl caflcuflatfion.
Thfis safid, the fact that the resfiduafl dfifferences remafin after the PDFs are refitted fin thfis

exercfise, such as fin the magnfitude of the PDF uncertafintfies, findficates that the methodoflogficafl
chofices adopted by each group remafin fimportant even when fittfing to the same dataset (aflbefit a
reduced one fin these benchmark fits) wfith very sfimfiflar theory settfings. In some cases, method-
oflogficafl uncertafintfies, such as those assocfiated wfith the functfionafl form, fittfing methodoflogy,
or the definfitfion of the PDF errors can be as flarge or even flarger than the PDF uncertafintfies asso-
cfiated wfith the fitted data. The presence of such ‘firreducfibfle’ dfifferences justfifies the adoptfion
of a PDF4LHC15-flfike strategy for the combfinatfion of the three gflobafl sets fin the next sectfion.
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4. The PDF4LHC21 combfinatfion

In thfis sectfion we present the outcome of the PDF4LHC21 combfinatfion, based on the varfi-
ants of the CT18, MSHT20, and NNPDF3.1 gflobafl PDF anaflyses—CT18,MSHT20and
NNPDF3.1—descrfibed fin sectfion 2. Ffirst of aflfl, we descrfibe the generatfion of the Monte
Carflo repflficas and the mafin features of the resufltfing combfined dfistrfibutfion, fincfludfing a com-
parfison wfith the three constfituent PDF fits. Second, we present the resuflts of the Monte Carflo
compressfion and of the Hessfian reductfion of PDF4LHC21, whfich flead to the LHAPDF grfids
refleased and recommended for phenomenoflogficafl appflficatfions. Thfird, we compare
PDF4LHC21 wfith fits predecessor PDF4LHC15 both at the flevefl of PDFs and of partonfic
flumfinosfitfies. Ffinaflfly, we assess the behavfiour of the PDF4LHC21 combfinatfion at flargex,and
provfide a prescrfiptfion to deafl wfith cross-sectfions whfich may become negatfive fin thfis regfion.
The correspondfing comparfisons at the flevefl of fincflusfive and dfifferentfiafl LHC cross-sectfions
are then presented fin sectfion5.

4.1. Generatfion and combfinatfion of Monte Carflo repflficas

The first step fin the PDF4LHC21 combfinatfion procedure fis the constructfion of a Monte Carflo
sampflfing of the probabfiflfity dfistrfibutfions assocfiated to each of the three finputs to the combfina-
tfion. Thfis requfires fin partficuflar transformfing the natfive Hessfian sets (CT18and MSHT20) finto
a Monte Carflo representatfion usfing one of the avafiflabfle methods, see [33,34] and references
therefin. As an exampfle of thfis transformatfion, fin the Watt–Thorne method [33], there exfist two
optfions to construct a Monte Carflo representatfion of an asymmetrfic Hessfian PDF set, such as
MSHT20. Ffirst, one coufld use the foflflowfing expressfion

F(k)=F(S0)+

Nefig

j=1

F S(±)fi −F(S0) R
(k)
j , k=1...,Nrep, (4.1)

whereFfindficates a generafl PDF-dependent quantfity (fin partficuflar,Fcan be a PDF fitseflf),
Nrepfis the number of repflficas to be generated,S0findficates the centrafl (best-fit) PDF set, and

S(±)fi corresponds to thefith efigenvector (out of a totafl ofNefigefigenvectors) aflong the posfitfive or

negatfive dfirectfion. In equatfion (4.1)theR(k)j are findependent Gaussfian random numbers, and

the sfign ofS±jfis chosen dependfing on the sfign of theR
(k)
j. The expressfion fin equatfion (4.1)

has the dfisadvantage that, fin generafl, the average over the repflficas does not cofincfide wfith the
best-fit predfictfions, that fis,

F rep=
1

Nrep

Nrep

k=1

F(k)=F(S0). (4.2)

To avofid thfis flfimfitatfion, fit fis preferred to adopt a symmetrfised versfion of equatfion (4.1)takfing
the form

F(k)=F(S0)+
1

2

Nefig

j=1

F S(+)fi −F S(−)fi R(k)j, k=1...,Nrep, (4.3)

for whfich finstead the propertyFrep=F(S0) fis satfisfied.
In the case of CT18, the Monte-Carflo repflficas were generated by usfing a flog-normafl sam-

pflfing procedure (the Gaussfian sampflfing of the flogarfithmX≡flnFof PDFs) and asymmetrfic
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errors [34],

X(k)=X(S0)+

Nefig

fi=1

⎛

⎝
X S(+)fi −X S(−)fi

2
R(k)fi

+
X S(+)fi +X S(−)fi −2X(S0)

2
R(k)fi

2

⎞

⎠+Δ. (4.4)

A smaflfl shfiftΔwas appflfied to aflfl CT18MC repflficas fin accord wfith [34] so that the centrafl
vaflue of the resufltfing Monte Carflo set reproduces then the centrafl vaflue of the finput CT18
Hessfian set.
By means of equatfions (4.3)and(4.4), we have constructed Monte Carflo representatfions of

the CT18and MSHT20 varfiants descrfibed fin sectfion2and composed ofNrep=300 repflficas
each. We have verfified thatNrep=300 for each set fis a sufficfientfly flarge number of repflficas to
ensure that aflfl the features of the natfive Hessfian representatfion are approprfiatefly reproduced.
The CT18and MSHT20 repflficas are then combfined together wfithNrep=300 natfive repflfi-

cas of NNPDF3.1based on the fit settfings descrfibed fin sectfion2.3, addfing up to a totafl of
Nrep=900 repflficas whfich define the PDF4LHC21 combfinatfion.
The combfined set wfithNrep=900 repflficas wfiflfl be caflfled thebaseflfinePDF4LHC21 set. Let

us dfiscuss first the mafin features of the baseflfine set and fits comparfison wfith the three constfituent
finputs. Ffigure14dfispflays thfis comparfison atQ=100 GeV, normaflfised to the centrafl vaflue
of the baseflfine set, and showfing the 68% CL uncertafinty bands. Then figure15dfispflays a
sfimfiflar comparfison, now for the reflatfive PDF 68% CL uncertafintfies (shown as fractfions of the
PDF4LHC21 centrafl vaflue) of the four PDF sets.
Severafl finterestfing observatfions can be derfived from figures14and15. Aflfl fin aflfl, the

mafin quaflfitatfive features of the PDF4LHC21 combfinatfion are consfistent wfith the expecta-
tfions derfived from the comparfison between the three finput sets presented fin sectfion2.4,and
the generfic propertfies of the PDF4LHC combfinatfion prescrfiptfion. The PDF4LHC21 combfi-
natfion overflaps wfith the three constfituent sets at the 68% CL, fimpflyfing that there fis no regfion
where the PDF error bands of the combfinatfion and of the findfivfiduafl sets do not touch. In
terms of the reflatfive PDF uncertafintfies, one does observe how the reflatfion between those of
PDF4LHC21 and those of the finput sets depends on both the flavour and on the range ofx.We
recaflfl that, by constructfion, the uncertafintfies of the PDF4LHC21 set are expected to be brack-
eted by those of the constfituents sets fin the cases where there fis good overaflfl consfistency (sfince
then one fis appflyfing effectfivefly an average of the three sets), whfifle for those regfions finxand
flavour where one has dfiscrepancfies between the three finputs, the PDF4LHC21 uncertafintfies
may be flarger than those of any findfivfiduafl constfituent set, sfince they fincflude the spread fin
the centrafl predfictfions [61]. For exampfle, for strangeness atx 0.05 the PDF4LHC21 uncer-
tafintfies are flarger than those of the three finputs, due to thefir dfisagreements fin thfis regfion,
whfifle the uncertafintfies fin CT18are flarger than those of efither MSHT20 or NNPDF3.1for
x 10−1. For the charm PDF the uncertafinty forx 10−2fis domfinated by the fitted charm
contrfibutfion of NNPDF3.1, whfich fleads to a marked fincrease fin uncertafintfies forx 10−2

compared to charm whfichfis entfirefly perturbatfivefly generated. Concernfing the gfluon PDF,
very sfimfiflar uncertafintfies are obtafined fin the MSHT20 and NNPDF3.1anaflyses whfifle those
of CT18can be somewhat flarger, by a factor of∼1.5–2, for seflect regfions ofx.
To further compare the three finput Monte Carflo sets to the PDF4LHC21 combfinatfion, we

show, fin figure16, the Monte Carflo representatfions of the probabfiflfity densfitfies assocfiated wfith
CT18, MSHT20, and NNPDF3.1,whereNrep=300 repflficas from each group are used.
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Ffigure 14.Comparfison of the PDF4LHC21 combfinatfion (composed ofNrep=900
repflficas) wfith the three constfituent sets atQ=100 GeV, normaflfised to the centrafl vaflue
of the former and wfith thefir respectfive 68% CL uncertafinty bands. In the case of the Hes-
sfian sets (CT18and MSHT20) we dfispflay thefir Monte Carflo representatfion composed
ofNrep=300 repflficas generated accordfing to equatfion (4.3). The NNPDF3.1band fis
aflso constfituted byNrep=300 (natfive) repflficas.

We dfispflay sfix pofints fin (x,Q2, flavour) space: namefly, for̄d(x=0.1),dV(x=0.01),
g(x=0.01),g(x=0.2),c+(x=0.3), ands+(x=0.02), aflfl taken atQ=100 GeV. These
pofints fin the (x,Q2, flavour) space have been seflected as representatfive of those regfions for
whfich the dfifferences among the three PDF sets dfispflayed fin figure6are most pronounced.
The reason fis that these are precfisefly the regfions for whfich the combfined probabfiflfity dfistrfi-
butfions mfight be expected to dfispflay non-Gaussfian features. Note that the same bfinnfing fis
appflfied to each of the dfistrfibutfions shown. The medfian and 68% CL fintervafls assocfiated wfith
each dfistrfibutfion are findficated by the horfizontafl flfines. Inspectfion of the probabfiflfity dfistrfibutfions
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Ffigure 15.Same as figure14, now showfing the reflatfive PDF 68% CL uncertafintfies
(shown as fractfions of the PDF4LHC21 centrafl vaflue) of the four PDF sets.

dfispflayed fin figure16reveafls that findeed, for severafl regfions fin the (x,Q2, flavour) space, the
combfinatfion of the three Monte Carflo probabfiflfity dfistrfibutfions wfiflfl resuflt fin a combfined dfistrfi-
butfion wfith cflear non-Gaussfian features. In partficuflar, thedVdfistrfibutfion atx=10

−2exhfibfits
a doubfle-peaked dfistrfibutfion. The flatter fis understood from the substantfiafl dfifference between
the dfistrfibutfion of theNrep=300 CT18repflficas and those of NNPDF3.1and MSHT20. Sfim-
fiflarfly, thec+dfistrfibutfion atx=0.3 fis wfider for NNPDF3.1, resufltfing fin a fat tafifl to the rfight
of the combfined dfistrfibutfion. Lastfly, concernfing the totafl strangenesss+atx=0.02, dfiffer-
ences fin the centrafl vaflues of three error sets flead to the observed bfimodafl structure. Whfifle
these (x,Q2, flavour) pofints were seflected to show the flargest dfifferences observed between the
three finput Monte Carflo sets, fin the other regfions, a generafl agreement between the constfituent
dfistrfibutfions fis found. Hence the combfinatfion of the three groups wfiflfl resuflt fin dfistrfibutfions
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Ffigure 16.The Monte Carflo representatfions of the probabfiflfity densfitfies assocfiated to the
Nrep=300 of CT18, MSHT20, and NNPDF3.1. Resuflts are dfispflayed atQ=100 GeV
for d̄(x=0.1), (d−d̄)(x=0.01)=dv(x=0.01), s+(x=0.02), c+(z=0.3),
g(x=0.01), andg(x=0.2). Note that the same bfinnfing fis appflfied to aflfl the dfistrfibu-
tfions shown. The horfizontafl flfines findficate the medfian and 68% CL fintervafls assocfiated
wfith each dfistrfibutfion (thefir vertficafl posfitfion fis arbfitrary).

whfich are generaflfly Gaussfian to a good approxfimatfion, as wfiflfl be expflficfitfly demonstrated fin
sectfion4.3.
We concflude that the combfinatfion procedure exhfibfits the desfired and expected propertfies.

Due to fits sfize, the baseflfine PDF4LHC21 set fis fimpractficafl for phenomenoflogficafl appflficatfions.
It can be approxfimated to good accuracy wfith smaflfler PDF ensembfles obtafined wfith the Monte
Carflo repflfica compressfion and Hessfian reductfion technfiques, descrfibed fin sectfions4.2and4.3,
respectfivefly.
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4.2. Monte Carflo compressfion

The Monte Carflo repflfica compressfion aflgorfithm presented fin [38,167] reduces a flarge num-
ber of repflficas of the PDF4LHC21 combfinatfion (Nrep=900) whfifle preservfing key statfistficafl
propertfies fin a controflfled way.
The mafin afim of compressfing a Monte CarfloPDF set fis to extract a subset of the repflfi-

cas that most fafithfuflfly reproduces the statfistficafl propertfies of the baseflfine PDF dfistrfibutfion.
The compressfion methodoflogy reflfies on two mafinfingredfients: a proper definfitfion of a dfis-
tance metrfic that quantfifies the dfistfingufishabfiflfity between the baseflfine and the compressed
probabfiflfity dfistrfibutfions, and an approprfiate mfinfimfisatfion aflgorfithm that expflores the space of
possfibfle combfinatfions of PDF repflficas whfich fleads to such mfinfima. More detafifls about the
Monte Carflo compressfion strategy adopted fin thfis work can be found fin appendfixA.1, wfith
technficafl finformatfion about the aflgorfithmfic settfings foflflowfing [167].
We have expflored fin detafifl the dependence of the compressfion efficfiency wfith respect to the

number of repflficas. We emphasfise that a successfufl compressfion shoufld be abfle to reproduce
not onfly the first and second moments of the baseflfine dfistrfibutfion (mean, varfiance, and cor-
reflatfions) but aflso aflfl hfigher-order moments (skewness, kurtosfis, etc). In partficuflar, we have
noted fin sectfion2.4that fin some cases the PDF4LHC21 combfinatfion exhfibfits marked non-
Gaussfian features, and these shoufld be reproduced by the compressfion aflgorfithm. We find that
Nrep=100 represents a good compromfise between reconstructfing the mafin statfistficafl features
of the baseflfine dfistrfibutfion and ensurfing a reasonabfly flow number of repflficas as requfired fin
phenomenoflogy appflficatfions. Thfis vaflue has been obtafined by finspectfion of not onfly PDFs
and flumfinosfitfies, but aflso of representatfive LHC cross-sectfions and dfistrfibutfions. We pofint the
reader to appendfixA.1for more detafifls about the justfificatfion ofNrep=100 for the compressed
PDF4LHC21 Monte Carflo set.
Ffigure17dfispflays the comparfison of the baseflfine PDF4LHC21 combfinatfion, wfith

Nrep=900 repflficas, wfith fits compressed set, flabefled PDF4LHC21_MC from now on, wfith
onflyNrep=100 repflficas. Resuflts are presented atQ=100 GeV and normaflfised to the cen-
trafl vaflue of the PDF4LHC21 combfinatfion. One can observe the good agreement between
the baseflfine and the compressed dfistrfibutfions. In terms of centrafl vaflues, any resfiduafl dfiffer-
ence between the baseflfine and compressed sets fis much smaflfler than the PDF uncertafintfies
themseflves. Thfis comparfison hfighflfights how the compressed set reproduces approprfiatefly the
baseflfine combfinatfion.
In partficuflar, for those PDF flavours and regfions ofxwhere the one-sfigma and 68% CL

fintervafls do not cofincfide (findficatfing a non-Gaussfian dfistrfibutfion), the compressfion aflgorfithm
manages to aflso reproduce these dfifferences. To demonstrate that thfis fis findeed the case,
figure18dfispflays the Monte Carflo representatfions of the probabfiflfity densfitfies assocfiated
to theNrep=900 repflficas of the baseflfine PDF4LHC21 combfinatfion compared to the com-
pressed versfion wfithNrep=100 repflficas, the PDF4LHC21_MC set. Resuflts are dfispflayed at
Q=100 GeV ford̄(x=0.1),dV(x,0.01),g(x=0.01),g(x=0.2),c

+(z=0.3), and
s+(x=0.02). The chofice fis the same as fin figure16, whfich was motfivated by the fact that
these are the flavours and regfions ofxwhere there are dfiscrepancfies between the three com-
bfinatfion finputs and hence where non-Gaussfian features are more marked. Note that the same
bfinnfing fis appflfied to the two dfistrfibutfions. The horfizontafl flfines findficate the medfian and 68%
CL fintervafls assocfiated to the two dfistrfibutfions.
From figure18one observes that findeed the compressfion aflgorfithm manages to reproduce

the mafin features of the baseflfine dfistrfibutfions. In aflfl cases the medfian and 68% CL fintervafls
are reproduced, whfich fis worth pofintfing out gfiven that these dfistrfibutfions exhfibfit marked non-
Gaussfian features. In partficuflar, we find that the compressed set aflso contafins the doubfle-peak
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Ffigure 17.Comparfison of the baseflfine PDF4LHC21 combfinatfion, composed ofNrep=
900 repflficas, wfith fits compressed set composed ofNrep=100 repflficas. Resuflts are
presented atQ=100 GeV and normaflfised to the centrafl vaflue of the PDF4LHC21
combfinatfion.

structure findV(x=10
−2), the fat tafifls finc+(x=0.3) ands+(x=0.02), as weflfl as the skew-

ness of thēd(x=0.1) andg(x=10−2) dfistrfibutfions. Hence we concflude that the performance
of the compressfion method fis satfisfactory and that fit captures the non-trfivfiafl statfistficafl features
of the baseflfine probabfiflfity dfistrfibutfion.
Further vaflfidatfion of the compressfion strategy fis provfided by figure19, dfispflayfing the com-

parfison of the gfluon–gfluon, quark–quark, quark–antfiquark, and gfluon–quark partonfic flumfi-
nosfitfies at the LHC 14 TeV as a functfion of the finvarfiant massmXbetween the PDF4LHC21
combfinatfion wfithNrep=900 repflficas, and the compressed PDF4LHC21_MC set, wfith onfly
Nrep=100 repflficas. Resuflts are dfispflayed normaflfised to the centrafl vaflue of the PDF4LHC21
combfinatfion. As for the case of the PDFs, good agreement between the baseflfine and the
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Ffigure 18.Same as fin figure16, now wfith the probabfiflfity dfistrfibutfion assocfiated
to the PDF4LHC21 900-repflfica combfinatfion (PDF4LHC21) set compared to that of
PDF4LHC21_MC. Resuflts are dfispflayed atQ=100 GeV for̄d(x=0.1), (d−d̄)(x=
0.01)=dv(x,0.01),g(x=0.01),g(x=0.2),c

+(x=0.3), ands+(x=0.02). The same
bfinnfing fis appflfied to the two dfistrfibutfions. The horfizontafl flfines findficate the medfian
and 68% CL fintervafls, aflso fincfludfing those from the 40-member Hessfian PDF set,
PDF4LHC21_40, whfich wfiflfl be descrfibed fin sectfion4.3.

compressed sets fis found, and fin partficuflar for those partonfic combfinatfions andmXregfions
where the 1σand the 68% CL fintervafls dfiffer, such as the flarge-mXgfluon–gfluon flumfinosfity,
or the smaflfl-mXquark flumfinosfitfies, the compressed set manages to capture approprfiatefly the
non-Gaussfian features of the baseflfine dfistrfibutfion.
To summarfise, we have demonstrated that a compressed set wfithNrep=100 repflficas

reproduces satfisfactorfifly the PDF4LHC21 combfinatfion composed ofNrep=900 repflficas.

41



J. Phys. G: Nucfl. Part. Phys.49(2022) 080501 Major Report

Ffigure 19.Comparfison of the gfluon–gfluon, quark–quark, quark–antfiquark, and
gfluon–quark PDF flumfinosfitfies at the LHC 14 TeV as a functfion of the finvarfiant massmX
between the PDF4LHC21 combfinatfion, wfithNrep=900 repflficas, and fits versfion com-
pressed toNrep=100 repflficas. Resuflts are dfispflayed normaflfised to the centrafl vaflue of
the PDF4LHC21 combfinatfion.

Thfis compressed set can hence be reflfiabfly depfloyed for LHC phenomenoflogy, as wfiflfl be shown
fin sectfion5.

4.3. Hessfian reductfion

A Hessfian reductfion was the first technfique fintroduced for the combfinatfion of findfivfiduafl PDF
sets, first usfing the META approach fin [35] and soon devefloped fin an findependent mc2hessfian
approach fin [36,37]. Such a Hessfian representatfion reproduces the Gaussfian features (cen-
trafl vaflue, varfiances, and correflatfions) of the baseflfine probabfiflfity dfistrfibutfion, whfich can be
approxfimatefly descrfibed by a mufltfi-Gaussfian dfistrfibutfion fin a wfide range ofxandQas
dfiscussed at the end of sectfion4.1.
As was aflready the case fin the PDF4LHC15 anaflysfis [29], two dfifferent Hessfian reduc-

tfion strategfies have been finvestfigated for thfis work. The output Hessfian set of the present
anaflysfis, desfignated PDF4LHC21_40, fis based onNefig=40 efigenvectors and constructed by
means of the META-PDF method, revfiewed fin technficafl detafifl fin appendfixA.2. The second
Hessfian reductfion method fis the mc2hessfian aflgorfithm, aflso dfiscussed fin appendfixA.2.Thfis
appendfix compares performance of the two methods and justfifies the chofice adopted for the
PDF4LHC21_40 set.
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The META-PDF approach fis fimpflemented fin the MP4LHC package. Thfis method con-
structs a common meta-parameterfizatfion of the MC repflficas from the baseflfine PDF ensem-
bfle usfing Bernstefin poflynomfiafls. Then, dfimensfionaflfity reductfion fis performed fin the space
of meta-parameters to descrfibe the probabfiflfity manfifofld fin the meta-parameter space wfith
fewer parameters. In the current reaflfisatfion, dfimensfionaflfity reductfion fis performed by prfincfipafl
component anaflysfis (PCA).
In more detafifl, aflfl baseflfine repflficas end up befing fitted wfith the same parametrfic form, or

meta-parameterfisatfion, whfich depends on a reference PDF and a Bernstefin poflynomfiafl of a
certafin degree. The spread of the soflutfions of the meta-fit can then be quantfified by a Hessfian
or covarfiance matrfix wfith dfimensfionsNpar≈140, the number of parameters of the fitted func-
tfionafl form, whfich hence provfides the sought-for mufltfi-Gaussfian representatfion of the baseflfine
dfistrfibutfion. To bufifld the reduced Hessfian META-PDF set for the current anaflysfis, the efigen-
vector dfirectfions correspondfing to the flargest (fless constrafined)Nefig=40 efigenvaflues of the
Hessfian matrfix are seflected.
For the PDF4LHC21 combfinatfion, the reference PDF fis chosen to be posfitfive fin the

whoflexrange and, as such, fit sflfightfly dfiffers from the average repflfica of the baseflfine set at
x 0.5 atQ=2 GeV. Sectfion4.5eflaborates further on thfis flarge-xbehavfiour. The posfitfivfity
feature fis an fimprovement wfith respect to the 30-member META set PDF4LHC15_30 dfis-
trfibuted by the PDF4LHC15 study. Wfith the posfitfivfity of the reference PDF fimpflemented,
the PDF4LHC21_40 ensembfle reproduces the trend of the 68% CL uncertafintfies of the
baseflfine fit more fafithfuflfly than the PDF4LHC15_30 set fin a manner comparabfle to the
PDF4LHC21_mc ensembfle. However, befing a Hessfian set, PDF4LHC21_40 does not provfide
addfitfionafl finformatfion about the baseflfine probabfiflfity dfistrfibutfion that can be obtafined wfith
PDF4LHC21_mc. For exampfle, fin figure18, the PDF4LHC21_40 ensembfle predficts onfly the
68% CL fintervafls findficated by the red bars, whfich agree wfith the baseflfine and PDF4LHC21_mc
ensembfles. It does not predfict the shape of the hfistograms fin the figure, fincfludfing thefir
non-Gaussfian features.
Ffigure20dfispflays the comparfison between the baseflfine PDF4LHC21 set, the

PDF4LHC21_mc Monte Carflo, and the PDF4LHC21_40 Hessfian representatfions. Onfly the
PDF uncertafinty bands (not the centrafl vaflues) are shown for the two compressed sets. The
error bands are normaflfised to the centrafl PDF of the correspondfing flavor of the baseflfine set.
We show the resuflts for the gfluon and the up, down, antfi-down, antfi-strange, and antfi-up quark
PDFs atQ=100 GeV.
In generafl there fis good agreement between the baseflfine and compressed sets both fin terms

of centrafl vaflues and PDF uncertafintfies. Mfifld dfifferences can be seen for PDF4LHC21_40
at very flargex, where the respectfive error bands for̄s,̄u,̄d,gandsare margfinaflfly shfifted
upwards due to the shfifts fin the centrafl vaflues. AtQ=100 GeV, those shfifts are apprecfiabfle
onfly forx 0.2. A sfimfiflar flevefl of agreement can be found at the flevefl of parton flumfinosfi-
tfies. Sectfion5shows how predfictfions based on these PDFs compare for representatfive LHC
processes.
Whfifle more detafifled comparfisons of the two compressfion methods are reported fin appendfix

A, figure21fiflflustrates a typficafl comparfison of the error bands at flargex, where the dfifferences
of PDF4LHC21_40 and PDF4LHC21_mc tend to be more pronounced. The fleft panefl shows a
comparfison sfimfiflar to those fin figure20, now onfly for̄s(x,Q) on an absoflute scafle and focusfing
onx>0.2. Instead of the baseflfine 68% CL error band, the panefl shows the findfivfiduafl 900
repflficas—those demonstrate qufite firreguflar behavfiour that fis approxfimated on average by both
compressed error bands. The two error bands agree especfiaflfly weflfl at smaflfl- and moderate-x,
whfifle atx>0.5 the MC uncertafinty shows somewhat more varfiabfiflfity that traces varfiatfions
of the baseflfine repflficas.
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Ffigure 20.Comparfison of the baseflfine PDF4LHC21 set wfith the correspondfing MC
compressed set, PDF4LHC21_MC, and fits Hessfian representatfion wfithNefig=40 efigen-
vectors, PDF4LHC21_40. We show the resuflts for the antfi-strange, antfi-down, antfi-up,
gfluon and the up, down quark PDFs atQ=100 GeV.

Ffigure 21.Left:s̄(x,Q) now on an absoflute scafle and focusfing on the flarge-x
regfion atQ=100 GeV. The 68% CL error bands of the PDF4LHC21_40 and
PDF4LHC21_MC ensembfles are superfimposed on the findfivfiduafl 900 repflficas that
compose the PDF4LHC21 set (thfin green flfines). Rfight: the PDF4LHC21 compressed
error bands from the fleft panefl, wfithout theNrep=900 set and overflayfing the
PDF4LHC15_30 Hessfian set, agafin based on the META-PDF method.

The rfight panefl of figure21demonstrates that the PDF4LHC21_40 ensembfle more accu-
ratefly reproduces the baseflfine uncertafinty at very flargexthan fits PDF4LHC15_30 counterpart:
the uncertafinty of the flatter was artfificfiaflfly suppressed atx>0.4, the pofint where the refer-
ence PDF of the PDF4LHC15_30 ensembfle (set equafl to the average of three finput centrafl
PDFs) crossed zero. The META aflgorfithm fis more stabfle when the reference PDF fis posfitfive,
and hence the PDF4LHC21_40 uses posfitfive-definfite reference PDFs at the combfinatfion scafle
Q=2 GeV to obtafin trustworthy uncertafintfies. The centrafl PDFs of the PDF4LHC21 baseflfine
are negatfive fin some flarge-xfintervafls, see figures25andA.6. The reference PDFs agree wfith
the baseflfine centrafl PDFs wfithfin the uncertafintfies, but remafin posfitfive by constructfion, as dfis-
cussed beflow. Other sea (antfi)quark dfistrfibutfions show sfimfiflar fimprovements fin thefir flarge-x
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behavfiour due the fimposed posfitfivfity, as wfiflfl be shown aflso fin figureA.6. The consequences
of posfitfivfity on phenomenoflogy wfiflfl be dfiscussed fin sectfion5;theflarge-xbehavfiour of the
PDF4LHC21 combfinatfion fis further scrutfinfised fin sectfion4.5.
From thfis comparfison, consfistent wfith the prevfious ones, one finds that the Hessfian reduced

set provfides a satfisfactory descrfiptfion of the baseflfine at hfigh energfies.22

4.4. Comparfison wfith PDF4LHC15

In the prevfious sectfions, we have dfiscussed how to construct the PDF4LHC21 Monte Carflo
combfinatfion from fits three finput sets and subsequentfly how to compress the number of repflfi-
cas or to produce a Hessfian representatfion. We have aflso dfiscussed the mafin features of thfis
PDF4LHC21 combfinatfion, tracfing them back to the dfifferences and sfimfiflarfitfies between the
three constfituent sets. We can now assess to whfich extent PDF4LHC21 dfiffers from fits pre-
decessor, PDF4LHC15, both fin terms of the centrafl vaflues and PDF uncertafintfies. In thfis
subsectfion we compare the baseflfine PDF4LHC15 and PDF4LHC21 combfinatfions, each made
up ofNrep=900 Monte Carflo repflficas. The quaflfitatfive concflusfions, however, remafin the same
fif the compressed or Hessfian versfions are used.
Ffirst of aflfl, figure22dfispflays a comparfison between PDF4LHC15 and PDF4LHC21, nor-

maflfised to the centrafl vaflue of the flatter, atQ=100 GeV. We show the resuflts for the gfluon and
the up, down, antfi-down, strange, and charm quark PDFs. Ffigure23dfispflays the correspondfing
resuflts for the reflatfive 68% CL PDF uncertafintfies.
Inspectfion of figures22and23reveafls that the PDF4LHC15 and PDF4LHC21 ensembfles

are consfistent for aflfl flavours and vaflues ofx, sfince thefir 68% CL uncertafinty bands aflways
overflap. The agreement betweenthe two combfined sets fis especfiaflfly remarkabfle for the up and
down quark, the down antfiquark, and for the gfluon PDF forx 0.1, where the prevfious and
the current combfinatfions are extremefly sfimfiflar to each other. Some dfifferences are observed
fin the flarge-xregfion, but fin aflfl cases the shfift fin the centrafl vaflue fis contafined wfithfin the error
band of PDF4LHC15. Gfiven that, as dfiscussed fin sectfion2, many changes have happened
between the 2015 and 2021 combfinatfions fin terms of the fitted datasets, theory caflcuflatfions,
and fittfing methodoflogfies, thfis agreement confirms that the PDF4LHC15 uncertafinty estfimate
was reaflfistfic.
The mafin dfifferences between PDF4LHC15 and PDF4LHC21 appear to be flocaflfised, as

expected from the dfiscussfion fin sectfion2.4,totheflarge-xgfluon, the strange quark, and the
charm quark. The flatter fis expflafined by NNPDF3.1now adoptfing the fitted charm framework,
whereas fin PDF4LHC15 the three finput sets were aflfl based on a perturbatfive charm PDF. In
the case of the totafl strangeness, the new combfinatfion resuflts fin a flarger strangeness PDF for
x 10−3, as fin the finput MSHT20 and NNPDF3.1ensembfles. For the gfluon, we find that
PDF4LHC21 fis suppressed fin comparfison to the prevfious PDF4LHC15 combfinatfion fin the
regfion of 0.1 x 0.4. As shown fin figure23, the error band fis aflso flarger for thedquark fin
PDF4LHC21. Fordquark PDFs, both NNPDF3.1and MSHT20 yfiefld flarger error bands than
CT18forxaround 0.1, cf figure15, whfifle the error bands of both̄dandsPDFs are flarger fin
CT18. The sources of these dfifferences, especfiaflfly for the gfluon and strangeness PDFs, were
examfined wfith compflementary methods summarfized fin appendficesCandD.
The PDF uncertafintfies fin generaflare sfimfiflar between the new and the prevfious combfinatfion,

wfith some dfifferences worth pofintfing out. On the one hand, reductfion of some PDF uncertafin-
tfies fin the PDF4LHC21 combfinatfion fis observed, namefly for the gfluon fin the fuflfl range of
xand for the up and down quarks forx 10−3. On the other hand, for other PDF flavours,

22A comparfison at the scafle of the combfinatfion,Q=2 GeV, can be found fin figureA.6.
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Ffigure 22.Comparfison between the baseflfine PDF4LHC15 and PDF4LHC21 ensem-
bfles, normaflfised to the centrafl vaflue of the flatter, atQ=100 GeV. We show the resuflts
for the gfluon and the up, down, antfi-down, strange, and charm quark PDFs.

the uncertafintfies are fincreased fin comparfison to the PDF4LHC15 baseflfine. Thfis occurs where
the agreement between the three constfituent sets has worsened fin PDF4LHC21, or more flex-
fibfle parametrfic forms have been fintroduced. Onecan observe thfis effect, fin partficuflar for the
strangeness and charm PDFs forx 10−2as weflfl as for the down quark PDF fin the regfion
10−3 x 0.1.
More reflevant fin the context of appflficatfions to LHC processes fis the correspondfing com-

parfison of the parton flumfinosfitfies dfispflayed fin figure24for
√
s=14 TeV. Resuflts are shown

for the quark–quark, quark–antfiquark, and gfluon–gfluon flumfinosfitfies as a functfion of the finafl
state finvarfiant massmX, and are normaflfised to the centrafl vaflues of the PDF4LHC21 predfic-
tfion. The shown range ofmXcorresponds to the kfinematfic coverage attafined by present and
future LHC measurements.

46



J. Phys. G: Nucfl. Part. Phys.49(2022) 080501 Major Report

Ffigure 23.Same as figure22now dfispflayfing the correspondfing 68% CL reflatfive PDF
uncertafintfies.

The centrafl vaflues of the PDF4LHC15 flumfinosfitfies are aflways contafined wfithfin the 68%
CL error band of PDF4LHC21. Partficuflarfly stabfle fis the behavfiour of the gfluon–gfluon and
gfluon–quark flumfinosfitfies fin the regfion wfithmX 1 TeV, where the centrafl vaflues dfiffer by
fless than 1%. Sfimfiflar consfideratfions appfly to the quark–quark flumfinosfity. Thfis stabfiflfity has
dfirect fimpflficatfions for LHC processes drfiven by these flumfinosfity combfinatfions, such as Hfiggs
productfion fin gfluon fusfion, as wfiflfl be further dfiscussed fin sectfion5. Perhaps the mafin dfif-
ferences between the two combfinatfions can be observed for the quark–antfiquark flumfinosfity,
where PDF4LHC21 overshoots PDF4LHC15 formX∼100 GeV, reflevant for fincflusfiveWand
Zboson productfion, and then undershoots fit formX 1 TeV, reflevant for heavy BSM reso-
nance productfion. Neverthefless, fin aflfl cases the shfift fin centrafl vaflues fis contafined wfithfin the
68% CL uncertafintfies of the new combfinatfion.

47



J. Phys. G: Nucfl. Part. Phys.49(2022) 080501 Major Report

Ffigure 24.Comparfison of the partonfic flumfinosfitfies at
√
s=14 TeV between the base-

flfine PDF4LHC15 and PDF4LHC21 ensembfles. Resuflts are shown for the quark–quark,
quark–antfiquark, and gfluon–gfluon flumfinosfitfies as a functfion of the finafl state finvarfiant
massmX, and normaflfised to the centrafl vaflue of the PDF4LHC21 predfictfion. The rfight
panefls dfispflay the correspondfing 68% CL reflatfive uncertafintfies.

Concernfing the PDF uncertafintfies of the partonfic flumfinosfitfies, for the gfluon–gfluon case
the PDF4LHC21 expectatfion fis systematficaflfly more precfise fin comparfison to PDF4LHC15
for the whofle kfinematfic range consfidered. Thfis fimpflfies that predfictfions for LHC processes
drfiven by theggflumfinosfity, from charm and top quark pafir productfion to Hfiggs productfion fin
gfluon fusfion, wfiflfl benefit from the reduced uncertafintfies of the PDF4LHC21 combfinatfion. A
sfimfiflar fimprovement fis observed for the quark–quark (quark–antfiquark) PDF flumfinosfity fin the
regfionmX 500 GeV (1 TeV), reflevant fi.e. for on-peak eflectroweak gauge boson productfion.
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The onfly case fin whfich the uncertafintfies assocfiated to the flumfinosfitfies based on PDF4LHC21
are markedfly flarger than those of fits predecessor fis for the quark–antfiquark flumfinosfity fin the
hfigh-mass regfion,mX 2TeV.

4.5. The flarge-x behavfiour of PDF4LHC21

At the end of sectfion4.3, we pofinted out that the vanfishfing behavfiour of PDF4LHC21 sea PDFs
on the verge of the experfimentaflfly constrafined regfion atx>0.4 demands specfiafl attentfion
to obtafin physficaflfly acceptabfle predfictfions for a cflass of cross sectfions and thefir uncertafinty
ranges fin very forward or ufltra-heavy finafl-state productfion. Toward thfis goafl, the combfi-
natfion shoufld address the non-posfitfivfity of a fractfion of the baseflfine Monte Carflo repflficas
fin the flarge-x(flarge-mass) extrapoflatfion regfion. In thfis subsectfion, we assess thfis behavfiour
fin more detafifl. For both the PDF4LHC21_40 and PDF4LHC21_mc ensembfles, we deveflop
practficafl recommendatfions here, and then state them as step-by-step prescrfiptfions fin
sectfion6.3, to obtafin non-negatfive centrafl predfictfions and uncertafinty ranges under such
cfircumstances.
The baseflfine PDF4LHC21 repflficas at flargex. Inspectfion of the probabfiflfity dfistrfibutfion

assocfiated wfith PDF4LHC21 reveafls that a fractfion of fitsNrep=900 repflficas may become
negatfive fin the flarge-xextrapoflatfion regfion, where experfimentafl constrafints are very flfimfited
or non-exfistent. There are two expflanatfions for thfis behavfiour. To begfin wfith, the natfive MC
repflficas of NNPDF3.1satfisfy the posfitfivfity of a certafin set of physficafl observabfles, but the
PDFs themseflves are not enforced to be posfitfive. In such unconstrafined regfions, the posfitfiv-
fity of the PDFs themseflves, rather than of the observabfle cross sectfions, fis a deflficate the-
oretficafl fissue [168,169] that fis stfiflfl under finvestfigatfion. Hence fin the flarge-xregfion some
baseflfine PDF parameterfizatfions may become negatfive (wfithfin uncertafintfies). The second rea-
son fis that, even for posfitfive-definfite Hessfian natfive sets, an MC conversfion can resuflt fin
partfiaflfly negatfive repflficas fin regfions wfith scarce data. A flog-normafl sampflfing prescrfiptfion
to avofid such negatfive repflficas fin posfitfive-definfite Hessfian sets was proposed fin [34] and used
to produce theNrep=300 CT18repflficas of the present anaflysfis. Thfis prescrfiptfion was not
appflfied to the MSHT20 repflficas, as wfiflfl be expflored beflow. The questfion fis then to whfich
extent the negatfive PDF repflficas affect LHC cross-sectfions, and how to deafl wfith thfis sfituatfion
wfith an fimproved error evafluatfion prescrfiptfion.
In order to hfighflfight the flarge-xbehavfiour of the PDF4LHC21 repflficas, figure25dfispflays

the dfistrfibutfions of theNrep=900 repflficas from CT18, MSHT20, and NNPDF3.1(Nrep=
300 from each group) that constfitute the PDF4LHC21 combfinatfion atQ=100 GeV.
The PDFsfare pflotted as|f/f0|

r·sfign(f)versusx,wheref0fis the posfitfive-definfite centrafl
PDF of the Hessfian PDF4LHC21_40 representatfion, andr=0.2.
Notfice that the dfifferences at the flargestxare magnfified wfith thfis pflottfing format. A good

agreement among aflfl threeNrep=300 repflfica sets fis achfieved overaflfl, as aflready mentfioned
fin sectfions2and4.1. The uncertafintfies at flow-xvaflues show a very good compatfibfiflfity of the
sets. However, flarger spans are notficed at flargerxvaflues, where flfittfle to no data are avafiflabfle.
Whfifle most of the Hessfian-orfigfinated repflficas are posfitfive fin the whoflexrange (CT18fin bflue
and MSHT20 fin yeflflow), the NNPDF3.1repflficas (fin red) span negatfive vaflues of the PDF
space, reflectfing the flarge uncertafintfies shown fin figures22and24.
Even a fractfion of the sea and gfluon repflfica PDFs generated from the MSHT20 Hessfian fit

fis weakfly negatfive fin thfis flarge-xregfion, as mentfioned above.
In the Hessfian representatfions ofPDF4LHC21 descrfibed fin sectfion4.3, one provfides to

the user acentraflPDF and efigenvector error sets. It has been customary, aflthough not manda-
tory, to choose the centrafl PDF to be the mean of aflfl 900 repflficas. Other obvfious aflternatfives
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Ffigure 25.Dfistrfibutfions of the Nrep=900 repflficas from CT18, MSHT20, and
NNPDF3.1(Nrep=300 from each group) that constfitutethe PDF4LHC21 combfinatfion
atQ=100 GeV as a functfion ofx. The PDFsfare pflotted as|f/f0|

r·sfign(f), where
f0fis the posfitfive-definfite centrafl PDF of the Hessfian PDF4LHC21_40 representatfion
descrfibed fin sectfion4.3andr=0.2, fin order to better hfighflfight the flarge-xbehavfiour
of the PDF repflficas. The bflack pofints are expflafined fin the text.

fincflude choosfing the medfian or mode of 900 repflficas when non-Gaussfian features are present.
However, thfis mean repflfica fis not automatficaflfly posfitfive-definfite. Furthermore, fin the specfific
reaflfisatfion adopted for the 40-member Hessfian set, one must aflso define an finternafl posfitfive-
definfitereferencePDF for constructfing the efigenvector sets, cf sectfion4.3. Thfis reference PDF
fis constructed fin appendfixAand empfloyed asf0>0finfigure25to vfisuaflfise the flarge-xdfiffer-
ences by pflottfing|f/f0|

r·sfign(f). Now, the bflack pofints fin figure25correspond tofequafl to
the mean repflfica of the baseflfine ensembfle. One can see from the bflack pofints that the baseflfine
mean and Hessfian reference cofincfide (f/f0=1) away from the extreme flarge-xregfion. The
figure aflso confirms that the finput mean PDFs can be negatfive (f/f0<0 for the respectfive
bflack pofints) at the flargestx, especfiaflfly for̄uatx 0.5 andgatx 0.8.
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In the defauflt Hessfian ensembfle, PDF4LHC21_40, we choose the centrafl PDF to cofin-
cfide wfith the so-descrfibed reference PDF. Such centrafl PDF4LHC21_40 repflfica cofincfides
wfith the baseflfine mean repflfica fin the weflfl-constrafined regfions, fis compatfibfle wfith the mean
repflfica wfithfin the uncertafintfies everywhere, and fis non-negatfive at flargex. Thfis approach
naturaflfly fleads to posfitfive-definfite centrafl cross sectfions, whfifle stfiflfl aflflowfing the PDF uncer-
tafintfies to cover zero cross sectfions when warranted. In addfitfion to thfis recommended ensem-
bfle, we aflso provfide a 40-member set PDF4LHC21_40_nopos for targeted usage, fin whfich
the centrafl PDF cofincfides wfith the (generaflfly sfign-findefinfite) mean repflfica of the baseflfine
ensembfle, whfifle the reference PDFs remafin posfitfive-definfite finternaflfly to reproduce weflfl the
uncertafinty bands.
The Monte Carflo representatfion, PDF4LHC21_mc, fis not modfified by thfis procedure. A

sufitabfle prescrfiptfion to deafl wfith negatfive cross-sectfions fin the Monte-Carflo approach fis
provfided fin equatfions (6.1)and(6.4).
Impflficatfions for the LHC hfigh-mass searches. In order to fiflflustrate to whfich extent

the flarge-xbehavfiour of PDF4LHC21 may affect LHC phenomenoflogy at hfighest finvarfiant
masses, we consfider a representatfive process of productfion of hfigh-mass Dreflfl-Yan flepton pafirs
at
√
s=14 TeV. We compute fits cross sectfions usfingMadGraph5_aMC@NLO[170,171]

finterfaced wfithPfineAPPL[172,173], wfith reaflfistfic acceptance and seflectfion cuts descrfibed
fin sectfion5. Ffigure26dfispflays the dfistrfibutfion of the PDF4LHC21 set (Nrep=900 Monte
Carflo repflficas) for four fintervafls of hfigh-mass Dreflfl-Yan productfion wfith dfiflepton finvarfiant
masses betweenM¯=2 TeV andM¯=7 TeV. The number ofM¯bfins fis the same fin each
pflot, and the hefight of the bfin findficates the fractfion of repflficas that faflfl finto fit. The bfins wfith
posfitfive (negatfive) cross sectfions are findficated wfith the flfight-bflue (grey) coflors.
For the first two finvarfiant mass bfins coverfing theM¯ 4 TeV regfion, aflflNrep=900

repflficas of PDF4LHC21 flead to posfitfive cross-sectfions. In the hfigher-mass bfins, a smaflfl frac-
tfion of repflficas becomes negatfive, around 4% (10%) for 4 TeV M¯ 5TeV(5TeV
M¯ 7 TeV). We note that thfis kfinematfic regfion fis at the upper end of the LHC reach,
and no measurements of SM cross-sectfions are avafiflabfle there. Furthermore, even for these
extreme kfinematfics, the buflk of the dfistrfibutfion, fincfludfing the medfian, remafins posfitfive.
Neverthefless, such negatfive contrfibutfions may sflfightfly reduce the net-posfitfive totafl cross
sectfions fintegrated over the whofleM¯range. Afltogether, negatfivfity of some PDF4LHC21
repflficas fin the extreme kfinematfic regfions does not prevent the reflfiabfle use of PDF4LHC21 for
LHC phenomenoflogy, aflthough fit requfires a mfinor modfificatfion of the error evafluatfion pre-
scrfiptfion, as wfiflfl be gfiven fin sectfion6.3.1. Essentfiaflfly the effect of thfis prescrfiptfion wfiflfl be to
set aflfl negatfive cross-sectfions to zero and thereby move aflfl the grey bfins fin figure 6.3.1 finto the
zero cross-sectfion bfin. Thfis fleaves the medfian unaffected (provfided fit fis orfigfinaflfly posfitfive) but
shfifts the flower flfimfit of the 68% CL fintervafl to zero fin the cases where fit extends to negatfive
vaflues.
In the same figure, we show the centrafl 68% CL fintervafls obtafined wfith the Hes-

sfian set PDF4LHC21_40. They have been evafluated foflflowfing the Hessfian master formufla,
equatfion (6.5), and reproduce weflfl the correspondfing fintervafls of the baseflfine ensembfle. If an
uncertafinty fintervafl evafluated wfith the Hessfian master formufla extends to the negatfive cross
sectfions, as seen fin the bottom rfight pflot, the posfitfivfity condfitfion fin sectfion6.3.2bofifls down
to sfimpfly settfing the flower flfimfit of the fintervafl to zero.
In the companfion tabfle7, we flfist the medfian cross sectfions and 68% CL fintervafls obtafined

for the MC repflficas fin figure26wfithout and wfith the MC posfitfivfity prescrfiptfion. One observes
how for aflflM¯bfins consfidered the medfian vaflue of the predfictfion fis unaffected by the pos-
fitfivfity prescrfiptfion. The 68% CL ranges are aflso unaffected by the posfitfivfity prescrfiptfion for
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Ffigure 26.Normaflfised finvarfiant mass dfistrfibutfions of theNrep=900 Monte Carflo repflfi-
cas fin four finvarfiant mass fintervafls of the Dreflfl-Yan process at

√
s=14 TeV. Lfight-bflue

bfins are for posfitfive cross sectfions. Repflficas wfith negatfive cross sectfions (fin greyed bfins)
have thefir cross-sectfions set to zero when evafluatfing MC uncertafintfies by foflflowfing the
posfitfivfity prescrfiptfion from sectfion6.3.1. The red error bars findficate 68% CL fintervafls
obtafined wfith the PDF4LHC21_40 Hessfian set. In the fourthM¯fintervafl, the flower
boundary of the Hessfian uncertafinty fis cut off at dσ/dM¯=0 fin accordance wfith the
posfitfivfity prescrfiptfion for the Hessfian case fin sectfion6.3.2.

M¯ 5 TeV. For the hfighest-mass bfin wfith 5 TeV M¯ 7 TeV, the net effect of the pos-
fitfivfity prescrfiptfion on the 68% CL fintervafl fis to set the flower flfimfit to zero, wfithout affectfing
the upper flfimfit.

5. Impflficatfions for LHC phenomenoflogy

In thfis sectfion we present a first assessment of the fimpflficatfions of the PDF4LHC21 com-
bfinatfion for LHC phenomenoflogy. Aflfl the resuflts presented here have been computed for
proton-proton coflflfisfion at

√
s=14 TeV. The caflcuflatfions are done wfith a combfinatfion of

severafl codes, fincfludfingAPPLgrfid[80],MCFM[174],Top++[175],ggHfiggs[176], and
MadGraph5aMC@NLO[170,171] finterfaced wfithPfineAPPL[172,173]. For compfleteness,
we present resuflts both for fincflusfive and dfifferentfiafl cross-sectfions. The mafin afim of the
studfies fin thfis sectfion fis to, on the one hand, demonstrate that the compressed MC and the
Hessfian representatfions of PDF4LHC21 accuratefly reproduce the predfictfions from the base-
flfine combfinatfion, and on the other hand, to hfighflfight the sfimfiflarfitfies and dfifferences between
PDF4LHC21, fits predecessor PDF4LHC15, and varfious findfivfiduafl PDF sets.
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Tabfle 7. Hfigh-mass Dreflfl-Yan cross-sectfions (fin pb/GeV) for the four dfiflepton finvarfiant mass fintervafls shown fin figure26, obtafined usfing the
baseflfine PDF4LHC21 repflficas from the shown hfistograms. For each fintervafl, we findficate the medfian and the 68% CL fintervafl computed efither
wfith aflfl 900 cross sectfions or after seflectfing the posfitfive-definfite cross sectfions accordfing to the prescrfiptfion fin sectfion6.3.1.

Intervafl
Wfithout posfitfivfity prescrfiptfion Wfith MC posfitfivfity prescrfiptfion

Medfian 68% CL fintervafl Medfian 68% CL fintervafl

2TeV M¯ 3TeV 1.45×10−7 1.36·10−7,1.54·10−7 1.45×10−7 1.36·10−7,1.54·10−7

3TeV M¯ 4TeV 9.02×10−9 7.65·10−9,1.00·10−8 9.02×10−9 7.65·10−9,1.00·10−8

4TeV M¯ 5TeV 7.26×10−10 3.85·10−10,8.47·10−10 7.26×10−10 3.85·10−10,8.47·10−10

5TeV M¯ 7TeV 3.34×10−11 −3.68·10−11,4.19·10−11 3.34×10−11 0, 4.19·10−11
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Ffigure 27.The fiducfiafl cross-sectfions for representatfive LHC processes at
√
s=

14 TeV, comparfing the predfictfions based on PDF4LHC21 (Nrep=900) wfith the corre-
spondfing Monte Carflo compressed set (Nrep=100) and the Hessfian reductfion (Nefig=
40) usfing the META-PDF approach. The darker (flfighter) band findficates the 68% CL
(95% CL) uncertafintfies assocfiated to the orfigfinafl PDF4LHC21 combfinatfion.

5.1. Incflusfive cross-sectfions

To begfin wfith, figure27dfispflays predfictfions for fiducfiafl cross-sectfions for representatfive
LHC processes, comparfing the predfictfions based on theNrep=900 Monte Carflo repflficas
(PDF4LHC21) wfith those based on the compressed MC PDF4LHC21_mc and reduced Hes-
sfian PDF4LHC21_40 sets. We dfispflay resuflts for sfingfle and doubfle gauge boson productfion,
fincflusfive top quark pafir productfion, and Hfiggs productfion fin gfluon fusfion and fin assocfiatfion
wfith aW+boson.MadGraph5aMC@NLO[170,171] finterfaced wfithPfineAPPL[172,173]
has been used to evafluate these fiducfiafl cross-sectfions usfing NLO theory both fin the QCD
and eflectroweak coupflfings. In aflfl cases, reaflfistfic seflectfion and acceptance cuts on the finafl
state partficfles have been appflfied, see [18] for the settfings of the varfious caflcuflatfions. The
darker (flfighter) band findficates the 68% CL (95%CL) uncertafintfies assocfiated to the orfigfinafl
PDF4LHC21 combfinatfion.
Inspectfion of figure27findficates that overaflfl the cross sectfions evafluated wfith the MC com-

pressed and Hessfian reduced versfions of the PDF4LHC21 set agree among each other as weflfl
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as wfith the orfigfinafl set. The stretched centrafl PDF of the Hessfian varfiant affects the centrafl
vaflue of the cross sectfions that are sensfitfive to those PDF flavours that underwent changes at
flargexto ensure PDF posfitfivfity. For thfis Hessfian set, cross sectfions that are sensfitfive, fi.e., to
the gfluon PDF exhfibfit a sflfight varfiatfion fin thefir centrafl vaflues, stfiflfl contafined weflfl wfithfin the
68% CL uncertafintfies assocfiated to the orfigfinafl PDF4LHC21 combfinatfion.
As dfiscussed fin sectfion4, the optfimafl number of Monte Carflo repflficas for the compressed

set and that of Hessfian efigenvectors were determfined from comparfing predfictfions based on a
range of vaflues ofNrepandNefigto those of the PDF4LHC21 baseflfine, both fin terms of PDFs
and of LHC cross-sectfions. Anaflogous pflots flfike figure27based on dfifferent vaflues ofNrep
andNefigare presented fin appendfixA.
In addfitfion to examfinfing the predfictfions for findfivfiduafl LHC cross sectfions, fit fis aflso finstruc-

tfive to study the 1σerror eflflfipses hfighflfightfing the correflatfions between dfifferent LHC pro-
cesses. Thfis provfides a compflementary vfiew of the PDF uncertafintfies themseflves, as weflfl as
of the correflatfions finherent fin the PDFs, both for the findfivfiduafl gflobafl PDF sets and for the
PDF4LHC15 [29] and PDF4LHC21 combfinatfions. Severafl representatfive LHC processes are
shown fin figures28and29dfispflayfing the 1σeflflfipses for pafirs of fincflusfive cross sectfions among
W±,Z,t̄t,H,t̄tHproductfion at the LHC at

√
s=14 TeV. The predfictfions from PDF4LHC21

are compared to the three constfituents sets (CT18[14], MSHT20 [15], NNPDF3.1[17]) as
weflfl as PDF4LHC15 fin figure28, and to the MC compressed and Hessfian reduced versfions fin
figure29, wfith uncertafintfies re-scafled to a common 1σprescrfiptfion.
TheW±/Zcross sectfions are caflcuflated wfithAPPLgrfid[80] at NLO together wfithMCFM

[174] NNLOK-factors. Thet̄tprocess fis evafluated wfithTop++[175] at NNLO and wfith
threshofld flogarfithms resummed at NNLL. The fincflusfive Hfiggs productfion predfictfions are com-
puted wfithggHfiggs[176] at N3LO andt̄tHfis obtafined wfithMadGraph5aMC@NLO[170,
171] finterfaced wfithPfineAPPL[172,173]atNLO.TheW±/Zcross sectfions are defined fin
the ATLAS 13 TeV fiducfiafl voflume [177], whfifle predfictfions for the other process are fincflusfive
and do not fincflude acceptance or seflectfion cuts.
From figure28one can observe how theW+cross sectfion fis very correflated wfith theW−

cross sectfion, as shown on the top fleft panefl. The three gflobafl PDF predfictfions are consfistent
wfith each other, and the PDF4LHC21 combfinatfion fis consfistent wfith that of the PDF4LHC15
combfinatfion. TheZboson cross sectfion fis shown versus theW±(top rfight). Here, there fis
more of a spread, wfith the NNPDF3.1and MSHT20 eflflfipses touchfing the edges of CT18.
The centrafl PDF4LHC21WandZcross sectfions are hfigher than those from PDF4LHC15,
wfith the centrafl vafluesbefing wfithfin each other’s 1σerror eflflfipse. Both the Hfiggs cross sectfion
(throughggfusfion) and thet̄tcross sectfion depend on the gfluon dfistrfibutfion, but fin dfifferent
xranges, whfich are mfifldfly correflated, as shown fin the flower fleft panefl of figure28. Thfis fleads
to a reduced correflatfion than observed forW/Zcross sectfions, as shown fin the upper panefls.
NNPDF3.1predficts a hfigher Hfiggs boson cross sectfion than efither CT18or MSHT20, as
observed fin the one-dfimensfionafl pflots. A sfimfiflar flevefl of de-correflatfion can be seen fin the
flower rfight panefl, for thet̄tHcross sectfion versus theHcross sectfions. Thet̄tcross sectfion
fis antfi-correflated wfith theZboson cross sectfion as shown mfiddfle fleft. A sfimfiflar flevefl of antfi-
correflatfion fis observed for aflfl PDFs sets. Lastfly, theZboson versus Hfiggs boson cross sectfion
predfictfions are pflotted on the mfiddfle rfight. Agafin, we see the MSHT20 gfives predfictfions fin
between those of CT18and NNPDF3.1, and the PDF4LHC21 average these three groups. In
addfitfion, both the CT18and NNPDF3.1centrafl predfictfions are outsfide the MSHT20 error
eflflfipse, reflectfing the varfious chofices made fin the three fits.
One fimportant message from figure28fis that, for aflfl observabfles consfidered here, the pre-

dfictfions of PDF4LHC21 overflap wfith those of fits predecessor PDF4LHC15, wfith the centrafl
vaflues of the flatter befing aflways fincfluded wfithfin the 1σeflflfipse of the former. Furthermore,
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Ffigure 28.The 1σeflflfipses for pafirs of fincflusfive cross sectfions amongW±,Z,t̄t,H,t̄tH
productfion at the LHC at

√
s=14 TeV. TheW±/Zcross sectfions are defined fin the

ATLAS 13 TeV fiducfiafl voflume [177], whfifle others correspond to the fuflfl phase space.
See text for detafifls of the theory caflcuflatfions.

one can aflso observe how fin generafl the area covered by the PDF4LHC21 1σeflflfipse fis smaflfler
than that covered by the PDF4LHC15 predfictfions. Hence, we further confirm the findfings at
the PDF and partonfic flumfinosfity flevefl presented fin sectfion4.4that the new combfinatfion fis con-
sfistent wfith the prevfious one, and that fin addfitfion fit typficaflfly has assocfiated an fimprovement
fin precfisfion concernfing LHC cross-sectfions.
Next, figure29presents a comparfison of the predfictfions for the same LHC cross-sectfions

as fin figure28now comparfing the predfictfions from the PDF4LHC21 (Nrep=900) wfith those
of fits Monte Carflo compressed (Nrep=100) and Hessfian reduced (Nefig=40) representatfions.
We can observe how theNrep=100 compressed Monte Carflo set provfides an accurate repre-

sentatfion of the 1σeflflfipses of the PDF4LHC21 baseflfine, hence aflso reproducfing the correflatfion
between processes.
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Ffigure 29.Same as figure28now comparfing the predfictfions from the PDF4LHC21
(Nrep=900) set wfith those of fits Monte Carflo compressed ( PDF4LHC21_MC) and
Hessfian reduced (PDF4LHC21_40) representatfions.

The Hessfian PDF4LHC21_40 set provfides a good representatfion of the baseflfine uncertafin-
tfies and correflatfions, too. The fuflfiflflment of posfitfivfity at the flow scafle of the combfinatfion for
the centrafl PDFs of the Hessfian set fis reflected through sflfightfly hfigher centrafl predfictfions (at
most 0.5%) for Hfiggs,t̄t,andt̄tHproductfions as compared to the baseflfine predfictfions. The flat-
ter set exhfibfits negatfive average PDFs, notabfly for the gfluon at very flargexas weflfl as for̄u,̄s
anddVfin the vaflence regfion. A dedficated dfiscussfion on the phenomenoflogficafl fimpflficatfions of
posfitfivfity at flargexfis presented fin sectfions4.3and4.5.

5.2. Dfifferentfiafl dfistrfibutfions

Foflflowfing thfis dfiscussfion focused on predfictfions at the fincflusfive cross-sectfion flevefl, we move
now to consfider the case of dfifferentfiafl dfistrfibutfions. Ffigure30dfispflays a sfimfiflar comparfison
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Ffigure 30.Same as figure27now wfith the comparfison presented at the flevefl of dfif-
ferentfiafl dfistrfibutfions. For each process, the top panefls dfispflay the reflatfive percentage
PDF uncertafinty (normaflfised to the correspondfing centrafl vaflue), whfifle the bottom pan-
efls show the puflfl of the centrafl vaflues wfith respect to the PDF4LHC21 set fin unfits of
the PDF uncertafinty, as defined fin equatfion (5.1). The caflcuflatfionafl settfings and seflec-
tfion cuts are the same as those adopted fin figure27and the fintegrafl over the dfifferentfiafl
measurements reproduces those fiducfiafl cross-sectfions.

as fin figure27now at the flevefl of dfifferentfiafl dfistrfibutfions, where the caflcuflatfionafl settfings
and seflectfion cuts adopted are the same as those adopted fin figure27and the fintegrafl over the
dfifferentfiafl measurements reproduces the fiducfiafl cross-sectfions reported there.
For each process fin figure30, the top panefls dfispflay the reflatfive percentage PDF uncertafinty

(normaflfised to the correspondfing centrafl vaflue), whfifle the bottom panefls show the puflfl of the
centrafl vaflues wfith respect to the PDF4LHC21 baseflfine fin unfits of the PDF uncertafinty, defined
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as

Pσ2,fi,σ1,fi ≡
σ(0)2,fi−σ

(0)
1,fi

δσ2,fi
2
+ δσ1,fi

2
, fi=1,...,nbfin, (5.1)

whereσ(0)1,fiandσ
(0)
2,fiare the centrafl vaflues of the theory predfictfions fin thefith bfin andδσ1,fi,

δσ2,fiare the correspondfing PDF uncertafintfies. For the caflcuflatfion of these puflfls we adopt the
PDF4LHC21Nrep=900 set as reference, and hence for thfis setP=0 by constructfion for aflfl
bfins. The puflfl equatfion (5.1) quantfifies the shfift fin the centrafl vaflues between two PDF sets
wefighted by thefir combfined PDF uncertafintfies.
From figure30one can observe, from finspectfion of the upper panefls for each process, how

the reflatfive uncertafintfies of the PDF4LHC21 set are weflfl reproduced by both the compressed
MC and the reduced Hessfian sets. Consfistent wfith the resuflts reported at the cross-sectfion flevefl
fin sectfion5.1, the puflfl fis very smaflfl, aflways beflowP 0.1 for the compressed MC set. The
puflflsPcan be flarger and posfitfive for theNefig=40 Hessfian set, a consequence of the dfifference
fin the centrafl vaflue of the sets that are compared, and fis fiflflustrated fin figureA.6. A non-zero
puflfl fis then actuaflfly expected for processes sensfitfive to the gfluon PDF as weflfl as to the quark
PDFs at flarge finvarfiant masses and/or forward rapfidfitfies. Sfince posfitfivfity of centrafl PDFs fis
fimpflemented at the finfitfiafl combfinatfion scafle ofQ=2 GeV, these shfifts are not necessarfifly
restrficted to the extrapoflatfion regfion at hfigher scafles and can be present (though reasonabfly
smaflfl), e.g. for top quark pafir productfion fin the threshofld regfion.

6. Usage and deflfiverabfles

In thfis sectfion we flfist the PDF4LHC21 combfined sets that are refleased to the LHAPDF flfibrary
[39]. Addfitfionafl varfiants of PDF4LHC21 consfidered fin thfis study are aflso made avafiflabfle fin the
LHAPDF format through the PDF4LHC Workfing Group websfite as findficated beflow. Among
the severafl versfions of the combfined sets that we make avafiflabfle, we recommend two sets,
PDF4LHC21_40 and PDF4LHC21_mc, for typficafl appflficatfions. We aflso provfide here expflficfit
formuflae for the computatfion of PDF andαsuncertafintfies wfith the recommended PDF4LHC21
ensembfles.
We start by provfidfing recommendatfions to decfide on when to use the PDF4LHC21 sets

as opposed to the findfivfiduafl PDF sets from the groups. Our prevfious recommendatfion fissued
fin 2015 had pofinted out the versatfiflfity of tasks and appflficatfions finvoflvfing the PDFs fin LHC
anaflyses. As a resuflt, here we state broad gufideflfines, rather than strfict finstructfions, on usfing
PDF4LHC21 dependfing on the nature of the appflficatfion.

6.1. When to use PDF4LHC21?

As dfiscussed fin sectfion4, the two recommended representatfions of PDF4LHC21, namefly
PDF4LHC21_40 and PDF4LHC21_mc, provfide a reasonabfly accurate and practficafl repre-
sentatfion of the orfigfinafl dfistrfibutfion ofNrep=900 repflficas from three finput gflobafl fits. Wfith
these sets, a vast range of LHC appflficatfions fis covered. Both compressed sets have thefir
own advantages and dfisadvantages fin specfific contexts, as stfipuflated beflow. The gufideflfines
on usfing the PDF4LHC21 sets under the gfiven cfircumstances flargefly foflflow the ratfionafles
fin the 2015 PDF4LHC recommendatfion. In flfight of the communfity experfience of usfing the
PDF4LHC15 sets over seven years, here we state sfimpflfified gufideflfines that dfistfingufish between
three broad usage cases: precfisfion SM studfies, other types of experfimentafl anaflyses (fincfludfing
BSM searches), and theoretficafl computatfions. Wfith the provfided deflfivery optfions, we expect
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that any PDF user wfiflfl be abfle to choose the strategy (or a combfinatfion of strategfies) that fis

best sufited for thefir needs.

We now state the recommendatfions for each of three usage cases.

1. Comparfisons between data and theory for standard modefl measurements

Recommendatfion: use findfivfiduafl PDF sets from dfifferent groups, and, fin partficuflar, as

many modern PDF sets as possfibfle.

Ratfionafle: measurements such as jet productfion, vector-boson sfingfle and pafir productfion,

or top-quark pafir productfion, havethe potentfiafl to constrafin PDFs, and thfis fis best utfiflfised and

fiflflustrated by comparfing wfith severafl findfivfiduafl sets. Furthermore, the hfigh precfisfion of some

of these measurements requfires a detafifled quantfificatfion of PDF uncertafintfies.

As a rufle of thumb, any measurement that potentfiaflfly can be fincfluded fin PDF fits faflfls fin

thfis category.

The same recommendatfion appflfies to the extractfion of precfisfion SM parameters that are

correflated wfith PDFs, such as the strong coupflfingαs(m
2
Z), weak-mfixfing angfle sfinθw,theW

mass, and the top quark massmT, as weflfl as to finterpretatfions ofLHC data fin the effectfive fiefld

theory framework.

2. Searches for beyond the standard modefl phenomena, measurements of SM observ-

abfles of flower precfisfion

Recommendatfion: use the PDF4LHC21_40 or PDF4LHC21_mc sets.

Ratfionafle: the combfined sets substantfiaflfly reduce the computatfionafl burden fin such appflfi-

catfions, as they provfide an acceptabfle estfimate of the centrafl vaflues and 68% CL uncertafintfies

that agree wfith the three recent NNLO gflobafl sets, CT18, MSHT20, and NNPDF3.1.1. BSM

searches, fin partficuflar for new massfive partficfles fin the TeV scafle, often requfire the knowfledge

of PDFs fin regfions where avafiflabfle experfimentafl constrafints are flfimfited, notabfly cflose to the

productfion threshofld wherex→1. Such predfictfions can be obtafined wfith the PDF4LHC21

sets.

Note that predfictfions of some flatest PDF ensembfles that are not fincfluded fin the combfina-

tfion, such as CT18Z or NNPDF4.0, may faflfl outsfide the 68% CL uncertafinty bands of the

PDF4LHC21 sets.

As predfictfions from such PDF sets tend to flfie wfithfin a few (say, two) unfits of the 68% CL

PDF4LHC21 uncertafinty, the flatter stfiflfl serves as an finformatfive estfimate. When the outcome

of the physfics anaflysfis strongfly depends on the magnfitudes of the PDF centrafl vaflue and uncer-

tafinty, we recommend to compute the predfictfions and uncertafintfies based on such aflternatfive

ensembfles, fin addfitfion to the PDF4LHC21 ensembfles.

The prfimary dfifference between the PDF4LHC21_40 or PDF4LHC21_mc fis fin thefir

representatfion, namefly Hessfian and Monte Carflo respectfivefly.

Hessfian representatfion:theNefig=40 PDF4LHC21_40 Hessfian set fis recommended when

hfigh computatfionafl speed fis desfirabfle and a detafifled knowfledge of the underflyfing probabfifl-

fity dfistrfibutfion fis unnecessary. Thfis ensembfle renders the centrafl vaflues and 68% probabfiflfity

fintervafls evafluated usfing the master formuflae presented fin sectfion6.3beflow.

In addfitfion, because of the posfitfivfity requfirement fimposed on these PDFs, thfis ensembfle

renders posfitfive centrafl cross sectfions fin thex→1 flfimfit, whfich fis achfieved by aflflowfing some

devfiatfion (wfithfin the errors) from the baseflfine PDFs when the flatter go negatfive fin thfis flfimfit.

For exampfle, acceptances, efficfiencfies or extrapoflatfion factors often resuflt onfly fin a smaflfl

correctfion to the measured cross-sectfion. Thus one gafins fin the computatfionafl speed wfith

a smaflfler number of error sets by usfing the PDF4LHC21_40 ensembfle, whfifle retafinfing the

targeted accuracy of computatfion for such quantfitfies.
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Monte Carflo representatfion:theNrep=100 Monte Carflo ensembfle PDF4LHC21_mc can
be used for the same caflcuflatfions as PDF4LHC21_40, fin partficuflar, to predfict the 68% proba-
bfiflfity fintervafls. In addfitfion, PDF4LHC21_mc reproduces the baseflfine probabfiflfity dfistrfibutfion
and fis sufitabfle for PDF rewefightfing [178,179] and studfies of non-Gaussfian aspects of the
baseflfine PDFs. The PDF4LHC21_mc centrafl PDFs are the same as the baseflfine PDF4LHC21
ones. Hence, the baseflfine centrafl PDFs are reproduced, whfifle some repflficas can be negatfive fin
the very flargexregfion and requfire the posfitfivfity prescrfiptfion flafid out fin sectfion6.3.
To further eflaborate on the compflementarfity of the two combfined ensembfles, we note that

the baseflfine combfinatfion of PDF repflficas fis flfikefly to be non-Gaussfian fin the flarge-xregfions, as
fiflflustrated e.g. fin figure26. The use of the PDF4LHC21_mc set seems approprfiate for repro-
ducfing such non-Gaussfian features. On the other hand, fin that same flarge-xregfion, PDFs can
become partfiaflfly negatfive. Thfis sfituatfion, fiflflustrated and expflored fin sectfions4.3and4.5, can
be tackfled efither by usfing the PDF4LHC21_40 set, whose centrafl vaflue fis posfitfive-definfite by
constructfion, or by means of the posfitfivfity prescrfiptfion for Monte Carflo PDF sets descrfibed
beflow.
3. Theoretficafl computatfions.
Recommendatfion: both the PDF4LHC21_40 or PDF4LHC21_mc ensembfles are rec-

ommended for theoretficafl caflcuflatfions that do not requfire a systematfic expfloratfion of the
dfifferences between the PDF sets obtafined by findfivfiduafl groups.
Ratfionafle: the PDF4LHC21 combfinatfion fincfludes finformatfion from three recent gflobafl

PDF anaflyses and combfine the finput PDF uncertafintfies before the theoretficafl caflcuflatfion fis
done. The PDF4LHC21 uncertafinty estfimate fis moderatefly conservatfive and encfloses the cen-
trafl predfictfions from the three groups. It fis a consensus predfictfion for acceptabfle PDFs, whfifle
the PDFs of findfivfiduafl groups may flfie outsfide of thfis consensus regfion or have smaflfler or flarger
findfivfiduafl uncertafintfies, as dfiscussed above. For exampfle, one can use the PDF4LHC21 pre-
dfictfions to fiflflustrate the PDF dependence fin new hfigher-order QCD caflcuflatfions or estfimate
excflusfion flfimfits fin theoretficafl projectfions for proposed BSM searches.
As fin the prevfious appflficatfion cases, the usercan seflect the format of the error PDF ensem-

bfle, Hessfian or Monte Carflo, and choose a PDF set wfithout or wfith the addfitfionafl posfitfivfity
constrafint, dependfing on the needs of thefir specfific anaflysfis.
We concflude by notfing that the flfisted three categorfies of appflficatfions are not mutuaflfly excflu-

sfive. Dfifferent aspects of a gfiven appflficatfion may beflong to efither category. Sfince the two rep-
resentatfions are based on the same underflyfing PDF combfinatfion, one can consfistentfly empfloy
both optfions fin dfifferent parts of the same caflcuflatfion whenever fit fis convenfient. Sectfion6of the
2015 PDF4LHC workfing group recommendatfion [29] fincfludes an exampfle of such an anaflysfis
wfith the mfixed deflfivery optfions. We aflso remfind the reader that, fif a flarge dfiscrepancy between
an experfimentafl observatfion and theoretficaflcaflcuflatfion based on a PDF4LHC21 ensembfle fis
observed, fit may be essentfiafl to expflore a wfider range of findfivfiduafl PDF sets fin the compar-
fison to the data, fincfludfing the most recent PDF ensembfles that are not fincfluded fin the 2021
combfinatfion.

6.2. PDF4LHC21 sets refleased

In tabfle8we flfist the combfined PDF4LHC21 sets presented fin thfis work that are made avafiflabfle
from the LHAPDF6 finterface. Addfitfionafl varfiants of PDF4LHC21 consfidered fin thfis study are
aflso made avafiflabfle fin the LHAPDF format through the PDF4LHC Workfing Group websfite:
https://hep.ucfl.ac.uk/pdf4flhc/.
Aflfl these sets are based on NNLO QCD theory and adopt a varfiabfle-flavour-number scheme

wfith efithernmaxf =5ornmaxf =4 as the maxfimum number of actfive flavours. In the flatter case,
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Tabfle 8.Summary of the combfined PDF4LHC21 sets presented fin thfis work and made
avafiflabfle from LHAPDF6. Aflfl these sets are based on NNLO QCD theory and a varfiabfle-
flavour-number scheme wfith efithernmaxf =5ornmaxf =4 as maxfimum number of actfive
flavours. Recaflfl that fin the LHAPDF6 grfids there fis aflways a zeroth member, so that
the totafl number of PDF members fin a gfiven set fis aflwaysNmem+1. See text for usage
finstructfions.

LHAPDF6 grfid name Pert. ordernmaxf ErrorType Nmem αs(m
2
Z)

PDF4LHC21_MC NNLO 5 repflficas 100 0.118
PDF4LHC21_40 NNLO 5 symmhessfian 40 0.118

PDF4LHC21_MC_pdfas NNLO 5 repflficas+as 102

Mem 0:100→0.118
Mem 101→0.117
Mem 102→0.119

PDF4LHC21_40_pdfas NNLO 5 symmhessfian+as 42

Mem 0:40→0.118
Mem 41→0.117
Mem 42→0.119

PDF4LHC21_MC_nf4 NNLO 4 repflficas 100 0.118
PDF4LHC21_40_nf4 NNLO 4 symmhessfian 40 0.118

PDF4LHC21_MC_pdfas_nf4 NNLO 4 repflficas+as 102

Mem 0:100→0.118
Mem 101→0.117
Mem 102→0.119

PDF4LHC21_40_pdfas_nf4 NNLO 4 symmhessfian+as 42

Mem 0:40→0.118
Mem 41→0.117
Mem 42→0.119

the PDF4LHC21 grfids cofincfide wfith those ofnmaxf =5forQ<mbwhfifle forQ mbthey
are evoflved wfith 4 actfive flavours. Recaflfl that fin the LHAPDF6 grfids there fis aflways a zeroth
member, so that the totafl number of PDF members fin a gfiven set fis aflwaysNmem+1.
The grfids flfisted fin tabfle8can be used fromQ=mc=1.41 GeV up toQ=100 TeV and

fromxmfin=10
−7toxmax=1, whfifle outsfide of thfis regfion one reflfies on the defauflt LHAPDF6

extrapoflatfion. Note that the experfimentafl constrafints consfidered fin the PDF4LHC21 combfi-
natfion extend down tox 10−5, and hence for smaflfler vaflues ofxthe predfictfions from each
group, and thus for thefir combfinatfion, depend on methodoflogficafl chofices assocfiated to the
treatment of the smaflfl-xextrapoflatfion regfion.

6.3. Uncertafinty prescrfiptfions

The uncertafinty prescrfiptfions assocfiatedto both the Hessfian and MC representatfions of
PDF4LHC21 foflflow from the prevfious PDF4LHC15 study [29]. We here repeat these master
formuflae for compfleteness, and aflso extend them to the specfific case of negatfive cross sectfions.

6.3.1. Monte Carflo representatfion

Let us denote byF[{q(k)}] a physficafl observabfle computed wfith thekth repflfica of thfis Monte
Carflo set. TheX%CL can be estfimated as the dfifference between the12(100−X)and

1
2(100+

X) percentfifles. Thfis can fin turn be computed from the repflfica sampfle as foflflows:

(a) Order theNreppredfictfions for the cross-sectfionFfrom the smaflflest to the flargest:

F1 F2 ... FNrep−1 FNrep. (6.1)
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(b) Now remove (100−X)%of repflficas (12(1−
X
100)×Nreprepflficas on each sfide) wfith the

hfighest and wfith the flowest vaflues of the cross-sectfion.

(c) The resufltfing fintervafl defines theX%CL fintervafl for the cross sectfionF. For exampfle, a
68% CL fintervafl (correspondfing to 1σfor a Gaussfian) fis obtafined by keepfing the centrafl
68% repflficas, fi.e.

F0.16Nrep,F0.84Nrep (6.2)

so that a 68% CL PDF uncertafinty on the cross-sectfion fis gfiven by

σF=
F0.84Nrep−F0.16Nrep

2
. (6.3)

Specfificaflfly, forNrep=100, the PDF error computed thfis way fis

σF=
F84−F16
2

, (6.4)

where the findfices number cross-sectfion repflficas whfich have been ordered fin ascendfing
vaflue.

Posfitfivfity. From figure26one observes that the PDF4LHC21_mc set can flead to a smaflfl
fractfion of negatfive cross-sectfions fin the deep extrapoflatfion regfions sensfitfive to flarge-xPDFs.
These can be deaflt wfith by means of a sfimpfle modfificatfion of the prescrfiptfion descrfibed above.
The prescrfiptfion for handflfing cases fin whfichF[{q(k)}]<0 for some MC repflficak, whfifle phys-
ficafl constrafints woufld fimposeF 0 (fin partficuflar fifFfis an observabfle cross-sectfion), fis
sfimpfly

•WheneverF[{q(k)}]<0, setF[{q(k)}]=0.

Note that thfis prescrfiptfion must be appflfied at the flevefl of the specfific observabfle, say a bfin
fin a dfifferentfiafl dfistrfibutfion, never at the flevefl of PDF repflfica fitseflf.
Afterwards CL fintervafls are evafluated as customary for Monte Carflo dfistrfibutfions, descrfibed

above.
When appflyfing thfis posfitfivfity prescrfiptfion, we recommend to use the medfian as the centrafl

predfictfion and the 68% CL fin equatfion (6.3) (after appflficatfion of the posfitfivfity prescrfiptfion)
as the uncertafinty band.
In the extreme case when the medfian fis zero, thfis means that onfly an upper bound can be

provfided on the observabfle under consfideratfion.

6.3.2. Hessfian representatfion

NowF[{q(k)}] denotes a physficafl observabfle computed wfith thekth efigenvector dfirectfion of a
Hessfian PDF set. The master formufla for the propagatfion of the PDF uncertafintfies fis gfiven by

δpdfF=

Nefig

k=1

F(k)−F(0)
2

(6.5)

and renders the 68%CL uncertafinty accordfing to the symmetrfic Hessfian prescrfiptfion (wfith
one error set per efigenvector dfirectfion) as adopted e.g. fin the PDF4LHC15 Hessfian and the
ABM PDFs [23].
Posfitfivfity. Due to the Gaussfian assumptfion behfind the Hessfian sets, the nomfinafl PDF uncer-

tafinty can extend to negatfive cross sectfions at some CL. In thfis case, we sfimpfly truncate the
uncertafinty fintervafl at zero. An exampfle of thfis prescrfiptfion can be vfiewed fin figure26.
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6.3.3. Combfined PDF+αsuncertafintfies

The PDF4LHC21 combfinatfion fis based on the foflflowfing centrafl vaflue and uncertafinty of
αs(m

2
Z),

αs(m
2
Z)=0.1180±0.0010, (6.6)

at the 68% CL. Thfis chofice fis consfistent wfith the current PDG average [139]. As findficated fin
tabfle8, we aflso provfide bundfled sets for the PDF4LHC21 Monte Carflo and Hessfian varfiants
whfich fincflude the centrafl fits for varfiatfions of the strong coupflfing constantαs(m

2
Z). The pro-

vfided range ofαs(m
2
Z)=0.118±0.001 can be used to evafluate the 1σcombfined PDF+αs

whfifle keepfing track of the underflyfing cross-correflatfions fin a consfistent manner.
The computatfion of the combfined PDF+αsuncertafintfies fin PDF4LHC21 fis based on the

foflflowfing prescrfiptfion. It fis recommended that PDF+αsuncertafintfies are determfined by first
computfing the PDF uncertafinty for the centraflαsvaflue, foflflowfing the correspondfing MC or
Hessfian prescrfiptfion descrfibed above, then computfing the predfictfions for the upper and flower
vaflues ofαs, consfistentfly usfing the correspondfing PDF sets, and then addfing these resuflts
fin quadrature [180,181]. Specfificaflfly, for a gfiven cross-sectfionσ,theαsuncertafinty can be
computed, usfing the same vaflue ofαs(m

2
Z) fin the partonfic cross-sectfions and fin the PDFs, as:

δαsσ=
σ(αs=0.119)−σ(αs=0.117)

2
, (6.7)

correspondfing to an uncertafintyδαs=0.001 at the 68% CL. Note that equatfion (6.7)fistobe
computed wfith centrafl vaflues of the correspondfing PDF4LHC21 sets. The combfined PDF+
αsuncertafinty fis then computed as

δPDF+αsσ= (δpdfσ)2+(δαsσ)2. (6.8)

Note that, for the PDFs fin the Hessfian representatfion, thfis means that the two extra PDFs
provfided wfithαs=0.117, 0.119 can be effectfivefly regarded as an extra pafir of efigenvectors,
wfith the uncertafintyδαscomputed accordfing to equatfion (6.7). However, for the PDFs provfided
fin the Monte Carflo representatfion, they are not sfimpfly two extra repflficas—the PDF uncertafinty
must be caflcuflated first, and then the formufla fin equatfion (6.8) be appflfied.
If fit fis necessary, the resuflt for any other vaflue ofδαs, as compared to the baseflfine

equatfion (6.6), can be obtafined from a trfivfiafl rescaflfing of equatfion (6.7) assumfing flfinear error
propagatfion. That fis, fif we assume a dfifferent vaflue for the uncertafinty finαs,

δ̃αs=r·δαs, δαs=0.001, (6.9)

then the combfined PDF+αsuncertafinty equatfion (6.8) needs to be modfified as foflflows

δPDF+αsσ= (δpdfσ)2+(r·δαsσ)2, (6.10)

whfich dfiffers from equatfion (6.8) by the rescaflfing factorrfin the second term.

7. Summary and outflook

In thfis finafl sectfion, we summarfise the mafin findfings of the benchmarkfing and combfinatfion
efforts that have cuflmfinated fin PDF4LHC21. We aflso present a brfief outflook about possfibfle
future dfirectfions fin the benchmarkfing and combfinatfion of gflobafl PDFs, and thefir fimpflficatfions
for the upcomfing runs of the LHC.
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Summary. There are severafl key take-away messages that may be derfived from the outcome
of the present study. The first one fis that, after the three groups had carrfied out the extensfive
benchmarkfing of the theory caflcuflatfions and fimpflementatfions of experfimentafl datasets, the
major dfifferences between the fuflfl fits were weflfl understood. For exampfle, for the fincflusfive
Zcross sectfion fin figure28, the mafin remafinfing dfifference fis due to the fact that the hfigh
precfisfion ATLAS 7 TeVW,Zdata are not fincfluded fin CT18, by chofice. Thfis fis an exampfle
of the type of chofices that have to be made fin PDF fits fin sfituatfions where a data set provfides
usefufl finformatfion but may conflfict wfith the other data sets fincfluded fin the fit. Aflfl three gflobafl
PDF fits observe reflatfivefly sfimfiflar types of conflficts, aflthough the correspondfing finterpretatfion
and treatment dfiffers fin generafl for each group.Neverthefless, even after thfis benchmarkfing
anaflysfis, there remafin mfifld dfifferences between the three gflobafl fits both fin terms of centrafl
vaflues and of uncertafintfies.
The combfined uncertafintfies of PDF4LHC21 reflect both the specfific PDF uncertafintfies of

each group and, fin some cases, offsets fin the correspondfing centrafl vaflues. Some of these
dfifferences have decreased sfince PDF4LHC15, and a few have fincreased. The finput PDF uncer-
tafintfies depend on the chofice of the toflerance (or effectfive toflerance) regardfing what constfitutes
a good fit, and on dfifferent responses to any tensfions that may exfist fin the data sets. In addfitfion,
both CT18 and MSHT20 have floosened thefir parameterfisatfions compared to the prevfious gen-
eratfion of the PDFs, whfich can aflso flead to fincreased uncertafintfies for specfific PDFs, such as
thed-quark. Each coflflaboratfion has devefloped toofls to examfine these consfideratfions fin detafifl.
The dfifferences, fin generafl, represent vaflfid physfics chofices. The dfifferences fin the centrafl vafl-
ues can be due to the seflectfion of the fitted data sets and the varfiabfle sensfitfivfity of the gflobafl
fits to the common data sets fin the finput fits.
The PDF4LHC21 combfinatfion fis found to be fin good agreement wfith PDF4LHC15. Despfite

the flarge number of changes that the three constfituent sets have undergone subsequentfly to the
prevfious combfinatfion, PDF4LHC21 not onfly agrees wfithfin uncertafintfies wfith PDF4LHC15 fin
the whofle kfinematfic range reflevant for the LHC,fit aflso benefits from a modest reductfion fin the
crfitficafl PDF uncertafinty fin the gfluon sector. Namefly, the uncertafinty on the gfluon dfistrfibutfion
and the reflatedggPDF flumfinosfity went down fin the regfion crucfiafl for Hfiggs boson productfion
through gfluon–gfluon fusfion. Sfix years ago, the three gflobafl PDFs that went finto PDF4LHC15
(CT14, MMHT14 and NNPDF3.0) had gfluon dfistrfibutfions (andggPDF flumfinosfitfies) that
agreed very weflfl both fin terms of the centrafl vaflues and uncertafintfies. The PDF4LHC15 gfluon
uncertafinty band thus had a vaflue very sfimfiflar to each of the findfivfiduafl gfluon PDFs. Thfis
was vfiewed at the tfime as pflausfibfly a fortufitous accfident, and findeed the agreement fis not as
cflose fin PDF4LHC21. Neverthefless, the gfluon uncertafinty bands for the findfivfiduafl PDFs have
decreased, resufltfing fin a smaflfl reductfion fin the correspondfing uncertafinty for PDF4LHC21.
The dfifferences between PDF4LHC21 and PDF4LHC15 are summarfized fin figures22and

23. When the uncertafintfies have mfifldfly fincreased compared to the PDF4LHC15, fit fis some-
tfimes due to the fimproved fittfing methodoflogy, such as the more flexfibfle down quark param-
eterfisatfion fin MSHT20 and the fitted charm PDF fin NNPDF3.1. In the case of strangeness,
the underflyfing cause fis the fincflusfion of the hfigh precfisfion ATLASWandZproductfion data at
7 TeV fin MSHT20 and NNPDF3.1, whfifle these data are not fincfluded fin CT18as dfiscussed
fin sectfion2.1.
One of the first steps fin the benchmarkfing exercfise was to choose a reduced common

set of data, fin whfich dfifferences due to data seflectfion are mfinfimfised. Good agreement was
observed fin most cases between the resufltant CT18 and MSHT20 reduced PDF uncertafin-
tfies, wfith the NNPDF3.1 reduced PDFs exhfibfitfing somewhat smaflfler uncertafintfies fin generafl,
as, for exampfle, for the gfluon dfistrfibutfion at flowx. The use of the fuflfl experfimentafl data
sets fleads to a reductfion of the PDF uncertafintfies, wfith MSHT20 showfing the flargest decrease
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(wfith respect to the resuflts wfith the reduced data set), and CT18 showfing the fleast decrease. A
number of studfies were carrfied out to further understand these dfifferences, for finstance reflated
to the chofice of toflerance fin the Hessfian sets. A detafifled report fis beyond the scope of thfis
pubflficatfion and wfiflfl be presented fin the future. Contfinued fimprovements fin PDFs for the LHC
wfiflfl depend not onfly on the fimpflementatfion of new data sets as they become avafiflabfle, but aflso
a contfinuatfion of benchmarkfing and methodoflogficafl studfies such as those descrfibed here.
These consfideratfions, combfined wfith the user-frfiendflfiness of the provfided Hessfian and

Monte Carflo representatfions, make PDF4LHC21 a sufitabfle repflacement for PDF4LHC15
fin provfidfing a conservatfive estfimate of PDF uncertafintfies assocfiated to LHC processes.
Thfis safid, we emphasfise that the avafiflabfiflfity of PDF4LHC21 does not precflude the use of findfi-
vfiduafl sets, on the contrary, a detafifled understandfing of the reasons for dfiscrepancfies between
LHC measurements and theory predfictfions necessarfifly requfires finspectfion of the predfictfions
assocfiated to findfivfiduafl PDF sets and not onfly of thefir combfinatfion. Sectfion6offers gen-
erafl gufideflfines to assfist users fin decfidfing when computatfions wfith the PDF4LHC21 combfined
sets are warranted and flead to substantfiafl sfimpflfificatfions as compared to usfing the findfivfiduafl
finput PDF sets. Thfis sectfion aflso provfides the formuflae requfired to evafluate the PDF and QCD
coupflfing uncertafintfies wfith the Hessfian and Monte Carflo PDF4LHC21 sets.
Outflook. There are severafl dfirectfions fin whfich these studfies coufld be expanded fin future

work. To begfin wfith, one coufld extend the anaflyses of reduced PDF fits dfiscussed fin sectfion3
and appendficesCandDby addfing more data to the common dataset. An even wfider ‘reduced’
dataset woufld further hfighflfight whfich dfifferences between the three PDF ensembfles and PDF
sets are traced back to the underflyfing methodoflogficafl chofices. In the flonger term, eventuaflfly
the PDF4LHC21 combfinatfion wfiflfl have to be updated once new refleases from the varfious PDF
fittfing coflflaboratfions are presented. Furthermore, at some pofint thfis combfinatfion may have to
consfider addfitfionafl correflatfions and uncertafintfies, such as mfissfing hfigher-order uncertafintfies,
whfich may be strongfly correflated between the groups.
The ufltfimate hope of these benchmarkfing andcombfinatfion efforts fis that progress fin

experfimentafl measurements and hfigher-order theory caflcuflatfions, combfined wfith better under-
standfing of the dfifferent methodoflogficafl chofices adopted by each group, wfiflfl resuflt fin future
PDFs wfith enhanced precfisfion and accuracy for LHC phenomenoflogy, sufitabfle to match the
requfirements of the hfigh-flumfinosfity LHC era.
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Appendfix A. PDF compressfion and reductfion technfiques

In thfis appendfix we revfiew the Monte Carflo compressfion and Hessfian reductfion technfiques that
are appflfied to the PDF4LHC21 combfinatfion fin order to produce the LHAPDF grfids that are
pubflficfly refleased. We aflso justfify the chofices for the number of MC repflficas and of Hessfian
efigenvectors for the deflfivered sets, by means of a serfies of comparfisons at the flevefl of both
PDFs and of LHC cross-sectfions.

A.1. Compressfion of Monte Carflo repflficas

The afim of compressfing a Monte Carflo PDF set fisto extract a subset of the repflficas that most
fafithfuflfly reproduces the statfistficafl propertfies of the orfigfinafl dfistrfibutfion. The underpfinnfing
fidea behfind such a compressfion fis to find a subset such that the statfistficafl dfistance between
the orfigfinafl and the compressed set fis mfinfimafl fin order to ensure that the floss of finformatfion
fis as negflfigfibfle as possfibfle. As mentfioned before, a compressfion methodoflogy has to refly on
two mafin fingredfients: a proper definfitfion of a dfistance metrfic that quantfifies the dfistfingufisha-
bfiflfity between the orfigfinafl and the compressed dfistrfibutfion, and an approprfiate mfinfimfisatfion
aflgorfithm that expflores the space of possfibfle combfinatfions of PDF repflficas whfich fleads to such
mfinfima.
In order for a compressed set to fafithfuflfly reproduce the underflyfing probabfiflfity dfistrfibutfion

of a gfiven finput PDF, the definfitfion of the dfistance metrfic has to take finto account both flower
and hfigher moments. It was orfigfinaflfly proposed fin [38] that a sufitabfle figure to measure the
dfifference between two parton densfity functfions fis the error functfion,

ERF(Q)=
1

NEST
k

1

Nk fi

Ck(xfi,Q)−P
k(xfi,Q)

Pk(xfi,Q)

2

, (A.1)

wherekruns over a set of statfistficafl estfimators wfithNkthe assocfiated normaflfisatfion factor,
Pk(xfi,Q) fis the vaflue of the estfimatorkcomputed at a scafleQand at a gfiven pofintfifin the
x-grfid for the orfigfinafl set, andCk(xfi,Q) fis the correspondfing vaflue of the same estfimator but
for the compressed dfistrfibutfion. Ffinaflfly,NESTdenotes the totafl number of statfistficafl estfimators
finvoflved fin the mfinfimfisatfion. As statfistficafl estfimators, we fincflude fin equatfion (A.1)flower
moments (such as mean and standard devfiatfion), and standardfised moments (such as skewness
and kurtosfis). In addfitfion, fin order to preserve hfigher-moments and PDF-finduced correflatfions,
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Ffigure A.1.Fflowchart descrfibfing the compressfion methodoflogy. The finput fis a Monte
Carflo PDF wfithNprepflficas evafluated as a mufltfidfimensfionafl grfid at an scafle ofQ=
2 GeV. The output fis a reduced Monte Carflo repflfica PDF set wfith sfizeNc Npthat
foflflows the LHAPDF format.

whfich are crucfiafl for phenomenoflogficafl studfies, we fincflude the Koflmogorov–Smfirnov and
the correflatfion between PDF flavours. It fis fimportant to emphasfise that for each statfistficafl
estfimator, the normaflfisatfion factor has to be defined properfly fin order to compensate for the
varfious orders of magnfitude fin dfifferent regfions of (x,Q)-space that mafinfly arfise fin hfigher
moments. For a detafifled descrfiptfion of the varfious statfistficafl estfimators mentfioned above wfith
the expflficfit definfitfion of thefir normaflfisatfion factors, we refer the reader to [38].
Once the set of statfistficafl estfimators and the target sfize of the compressed set are defined, the

compressfion aflgorfithm can perform the mfinfimfisatfion procedure by searchfing for the combfina-
tfion of PDF repflficas that fleads to the flowest vaflue of the error functfion defined fin equatfion (A.1).
There exfists varfious mfinfimfisatfion aflgorfithms to perform the seflectfion of repflficas enterfing the
compressed set, however, due to the dfiscrete nature of the compressfion probflem, fit fis sufitabfle
to use evoflutfion-based mfinfimfisatfion aflgorfithms such as the covarfiance matrfix adaptatfion strat-
egy or the genetfic aflgorfithm. From a practficafl pofint of vfiew, both mfinfimfisatfion aflgorfithms are
equaflfly good and choosfing one or the other wfiflfl yfiefld the same resuflt. It fis findeed fimportant
to emphasfise that no matter the chofice of mfinfimfisatfion, there fis no rfisk of overfittfing sfince the
absoflute mfinfimum aflways exfists.
In figureA.1we show a dfiagrammatfic representatfion of the compressfion workflow. The

compressfion goes as foflflows. Ffirst, we compute a grfid of the finput PDF for aflfl repflficas and
flavours at every pofint of thex-grfid. Thex-grfid fis constructed such that the pofints are onfly
dfistrfibuted fin the regfion where experfimentafl data are avafiflabfle. In addfitfion, we choosexto be
composed of pofints that are flogarfithmficaflfly spaced between10−5,10−1 and flfinearfly spaced

fin10−1,0.9. Then we choose a random subset from the finput PDF for a gfiven target sfize fin
order to compute the vaflue of the error functfion; thfis process fis repeated for a certafin number of
tfimes untfifl the maxfimum number of fiteratfions fis reached-makfing sure that the mfinfimfiser seflects
a better sampfle at every fiteratfion. The methodoflogy descrfibed above was first fimpflemented
fin a C++code [38] and used fin the prevfious PDF4LHC combfinatfion [29]. Thfis was flater
re-fimpflemented and fimproved fin [167] usfing state-of-the-art python deveflopment.
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Ffigure A.2.Same as figure27, now comparfing the PDF4LHC21 baseflfine (Nrep=
900) wfith varfious Monte Carflo compressed sets (wfithNrep=50, 70, 100, 150 repflficas
respectfivefly).

In order to decfide on the number of Monte Carflo repflficas to be deflfivered, we compare at
the cross-sectfion flevefl varfious sfizes of the compressed set. In figureA.2we pflot the fintegrated
cross-sectfion for the same processes presented fin figure27. For each process, we compare
the PDF4LHC21 set (Nrep=900) agafinst varfious compressed sets wfithNrep=50, 70, 100
and 150 repflficas. The same pflots are shown fin figureA.4but at the dfifferentfiafl flevefl.
In generafl, we observe good agreement between PDF4LHC21 and the compressed sets at the
1σflevefl. Whfiflst sflfight dfifferences can be seen betweenNrep=50, 70 and 100 repflficas, the
compressed sets wfith 100 and 150 repflficas are aflmost findfistfingufishabfle. Thfis fis more apparent
when flookfing at the dfifferentfiafl dfistrfibutfions. These resuflts suggest that a compressed set wfith
Nrep=100 repflficas sufficfientfly reproduces the underflyfing statfistficafl propertfies of the base-
flfine PDF4LHC21. For compfleteness we show fin figureA.3the dfifference fin the correflatfion
matrfix between the orfigfinafl and the deflfivered compressed set (Nrep=100) for aflfl combfina-
tfions of PDF flavours. In order to compute the correflatfion, we consfidered flfight flavour PDFs
(three quarks and three antfiquarks and the gfluon), sampfled fin the regfion where experfimen-
tafl data are avafiflabfle atQ=100 GeV. The pflot on the fleft shows the dfifference fin the range
[−1, 1]whfifle the one on the rfight zooms fin the range[−0.2, 0.2]. The resuflts show very good
agreement between the orfigfinafl and the compressed set wfith dfifferences never exceedfing 0.2
fin moduflus, whfich fis fin accordance wfith the expected range that the correflatfion coefficfients
shoufld vary.
The resuflts presented fin figuresA.2andA.4are consfistent wfith the correspondfing message

obtafined from comparfisons at the flevefl of PDFs and partonfic flumfinosfitfies. Hence, we concflude
that a compressed set wfithNrep=100 repflficas provfides an accurate and fafithfufl representatfion
of the PDF4LHC21 dfistrfibutfions, and fis henceforth adopted by defauflt fin thfis work.

A.2. Hessfian reductfion methods

In thfis sectfion we gfive concfise descrfiptfions of the two technfiques that have been proposed
to convert a MC set finto a Hessfian set, MC2Hessfian and META PDFs. We then compare the
outputs obtafined usfing both methods and vaflfidate the chofice of META PDFs wfithNefig=40 as
the output of the combfinatfion exercfise. Whfifle the majorfity of these PDF sets are not the refleased
output of the PDF4LHC21 anaflysfis, some of these sets wfiflfl be avafiflabfle on the PDF4LHC
websfite. We gfive a brfief descrfiptfion of such sets.
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Ffigure A.3.Absoflute dfifferences between the PDF correflatfion matrfices of the
PDF4LHC21 and the compressed set (Nrep=100) fin the compflete range (fleft) and fin a
zoomed range (rfight panefl). We show the 7×7 matrfix for aflfl possfibfle combfinatfions of
PDF flavours computed fin the regfion ofxrangfing fromxmfin=10

−5andxmax=0.9at
fixedQ=100 GeV.

META PDFs. The META anaflysfis [35] resuflts fin ameta-parameterfisatfionof the MC repflfi-
cas, usfing Bernstefin poflynomfiafls. After the META anaflysfis, aflfl finput repflficas wfiflfl correspond
to the same parametrfic form, wfith dfifferent parameters of the Bernstefin poflynomfiafls—the set
of parameters and the degree of the poflynomfiafls define themeta-parameterfisatfion.Afitfis
performed for each MC repflfica, startfing from the reference PDFf(0)α, whfich fis taken to be the
mean of the MC set, wfithαthe flavour.

Φ(k)α(x;a)=f
(0)
α(x,Q0) 1+

n+2

fi=1

a(k)α,fibfi[φS(x,xS)], (A.2)

where the basfis functfionbfiare

bfi(x)={flnx,fln(1−x),Bn,fi−2(x)} (A.3)

wfithnthe degree of the poflynomfiafl. In thfis anaflysfis,n=14 for aflfl flavours except̄d,forwhfich
we haven̄d=12. The scafle at whfich the combfinatfion was made fisQ0=2GeV.
The META-PDF technfique was used for the PDF4LHC15 combfinatfion, resufltfing fin a 30-

member efigenvector set caflfled PDF4LHC15_nnflo_30. Wfith respect to the 2015 versfion of
META PDFs, the reductfion proposed here uses a new feature, aflso dfiscussed fin sectfion4.5.For
those PDF flavors for whfich the centrafl PDF of the baseflfine ensembfle becomes negatfive at flarge
x(typficaflfly where there are no data), fit fis possfibfle to ensure the posfitfivfity of the reference PDF
for estfimatfion of the Hessfian uncertafintfies by stretchfing thex-axfis towardsx=1, startfing from
avafluexSaccordfing to some functfionφS(x,xS).

23The behavfiour of the reference repflfica fis
unchanged forx<xS, hence fimpflyfing mfinfimafl physficafl modfificatfions fin the fitted regfion. The
stretchfing fis requfired for the sea quark and gfluon PDFs, whfifle the vaflence PDFs are posfitfive
at the scafle of combfinatfion except atx>0.85, as fiflflustrated fin figureA.6. By constructfion,
the stretched reference PDFs fuflfiflfl the vaflence and the momentum sum rufles wfithfin fless than
0.05%.

23Specfificaflfly, we chooseφS(x,xS)= x6+(1−x6S)/x
6
S

−1/6
,where0.465 xS 1, dependfing on the PDF flavor.
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Ffigure A.4.Same as figure30but comparfing PDF4LHC21 (Nrep=900) wfith the
varfious Monte Carflo compressed sets (Nrep=50, 70, 100, 150).

The set of (8×16+1×14=142) parameters definfing the meta-parameterfisatfion fis
obtafined by mfinfimfisfing the foflflowfing functfion,

E f(0)α(x,Q0),Φ
(k)
α(x;a)=

x∈grfid

flnf(0)α(xn,Q0)−flnΦ
(k)
α(xn;a)

δ(flnf(0)α(xn,Q0))

2

(A.4)

on a grfid ofxvaflues runnfing from [3×10−5,0.95]. The denomfinator of equatfion (A.4) con-
tafins the symmetrfic PDF uncertafinty of the reference PDFf(0)α. The covarfiance matrfix fin thfis
parameter space fis evafluated and dfiagonaflfised, so as to obtafin the efigenvafluesλflcorrespondfing
to the efigenvector dfirectfions assocfiated wfith parameters of themeta-parameterfisatfion. To bufifld
the reduced Hessfian META set, the efigenvector dfirectfions correspondfing to the flargest (fless
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Ffigure A.5.Dfifference of correflatfion cosfine between the reduced Hessfian set, META40,
and the orfigfinafl 900 MC set for PDF4LHC21, atQ=2GeV.

constrafined) efigenvaflues are seflected. Those efigenvector dfirectfions are the ones domfinatfing
the uncertafintfies. In the present anaflysfis, the number of efigenvectors was set toNefig=40 after
studyfing the reductfions toNefig=30 and 50. Thfis chofice gfives the best compromfise between
precfisfion and manageabfiflfity of the Hessfian set. The dfifference of the correflatfion cosfine com-
puted wfith the META set forNefig=40 and wfith theNrep=900 PDF4LHC21 set, presented
fin figureA.5, shows that the META-PDFs fafithfuflfly reproduce the orfigfinafl set.
The new feature of the stretchfing functfion aflflows for a resufltfing uncertafinty that fis flarger

and more compatfibfle wfith both the PDF4LHC21 and PDF4LHC21_mc sets at flargex,ascom-
pared to the PDF4LHC15 exercfise. The uncertafinty bands for these sets are pflotted for aflfl
flavors fin figureA.6. The META combfinatfion fis carrfied out the factorfizatfion scafleQ=2GeV.
The combfined PDFs are then evoflved at NNLO forward to scafles up toQ>10 000 GeV and
backward toQ=1.4 GeV usfing the HOPPET 1.2.0 code [182].
The Hessfian set PDF4LHC21_40 fis bufiflt on posfitfive-definfite centrafl vaflues for the dfistrfibu-

tfions, as expflafined above. However, we propose a second set, caflfled PDF4LHC21_40_nopos
for whfich the centrafl vaflue has been shfifted to correspond to the average vaflue of the orfigfinafl
PDF4LHC21 Monte Carflo set. The two Hessfian sets are compared on figureA.7.
MC2Hessfian. The second Hessfian reductfion method that we have consfidered fin thfis work

fis the mc2hessfian aflgorfithm presented fin [36,37]. Its basfic fidea fis to use the MC repflficas of
the prfior themseflves to construct a Hessfian representatfion wfith the repflficas’ flfinear expansfion
basfis, and then to determfine the numerficafl coefficfients of the expansfion to ensure that the
mean, varfiance, and correflatfions of the prfior dfistrfibutfion are reproduced. Specfificaflfly, we use
the varfiant of mc2Hessfian based on the combfinatfion of PCA and sfinguflar vaflue decomposfitfion
to assembfle the covarfiance matrfix of thfis Hessfian representatfion fin the space of MC repflficas
of the prfior. Whfifle thfis representatfion contafins fin prfincfipfle a flarge number of efigenvectors
Nefig, most of these carry a smaflfl wefight and can be safefly negflected. In practfice, one adds
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Ffigure A.6.Large-xbehavfior of the PDF4LHC21_40 and PDF4LHC21_MC sets at
Q=2 GeV. The centrafl PDF of the baseflfine PDF4LHC21 set fis represented fin dark red,
whfifle the stretched centrafl/reference PDF (see text) of the PDF4LHC21_40 fis shown
fin gray. The 68% error bands for PDF4LHC21_40 and PDF4LHC21_MC are shown,
respectfivefly, fin gray and orange coflors.

efigenvectors untfifl the sfize of the dfifferences between the new Hessfian and the orfigfinafl MC
representatfions becomes comparabfle to the accuracy of the Gaussfian approxfimatfion for the
PDF flavours and regfions ofxof finterest.
Chofice of the Hessfian set. We wfiflfl now compare the varfious outputs of both Hessfian

reductfion technfiques when appflfied to the PDF4LHC21 set wfithNrep=900 Monte Carflo repflfi-
cas. It fis found that the two methods exhfibfit an equaflfly satfisfactory performance provfided
the number of efigenvectors fis flarge enough, aroundNefig=100. However, fit fis convenfient
to attempt to reduce the number of efigenvectors as much as possfibfle, sfince thfis flowers
the computatfionafl requfirements of anaflyses based on PDF4LHC21. It fis then found that
the flatest META-PDF approach wfithNefig=40 efigenvectors provfides a reasonabfle descrfip-
tfion of the prfior dfistrfibutfion, somewhat fimprovfing that of mc2hessfian for the same num-
ber of efigenvectors, especfiaflfly fin the flarge-xregfion. We hence adopt the META-PDF Hes-
sfian reductfion of PDF4LHC21 wfithNefig=40 efigenvectors as our preferred chofice fin thfis
work. It fis flabeflfled PDF4LHC21_40. We note that thfis outcome (sfimfiflar performance of
META-PDF and mc2hessfian for flargeNefig, wfith somewhat fimproved performance of META-
PDF for smaflflerNefig) was aflso obtafined fin the context of the PDF4LHC15 combfinatfion.
The flarge-xbehavfior of mc2hessfian forNefig=50 (flabeflfled PDF4LHC21_mc2h_50) fis com-
pared wfith PDF4LHC21_40 at 2 GeV fin figureA.8. It fis observed that the set obtafined through
META-PDF reproduces PDF4LHC21_mc very weflfl at flargex. A sfimfiflar pflot, figureA.9,
focuses on the ratfio to the average PDF of the PDF4LHC21Nrep=900 set, comparfing the prfior
PDF4LHC21 to the Hessfian sets PDF4LHC21_40 and PDF4LHC21_mc2h_50: thfis shows that
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Ffigure A.7.Same format as fin figureA.6. The 68% error band for PDF4LHC21_40
and PDF4LHC21_40_nopos are shown, respectfivefly, fin gray (soflfid fiflfl) and flfight brown
(obflfique hatchfing).

the output Hessfian set PDF4LHC21_40 fafithfuflfly reproduces the uncertafintfies of the orfigfinafl
setat100GeVasweflfl.

Appendfix B. Interpflay between PDF4LHC21 and NNPDF4.0

As mentfioned fin the fintroductfion, the reflease of the NNPDF4.0 gflobafl anaflysfis [18,58] took
pflace when the PDF4LHC21 combfinatfion presented fin thfis paper was aflready at an advanced
stage. The NNPDF4.0 set fis therefore not a part of the present combfinatfion. One may how-
ever wonder how NNPDF4.0 compares wfith NNPDF3.1andPDF4LHC21andaflsohowthe
PDF4LHC21 combfinatfion woufld have changed had NNPDF4.0 been used fin fits constructfion
finstead of NNPDF3.1. In order to address thfis questfion, at fleast quaflfitatfivefly, fin thfis appendfix
we present a comparfison between NNPDF3.1, NNPDF4.0, and PDF4LHC21. It fis beyond
the scope of thfis appendfix to revfiew the many fimprovements that have been fimpflemented fin
NNPDF4.0 fin terms of experfimentafl data, theoretficafl caflcuflatfions, and fittfing methodoflogy.
For thfis, we refer the reader to [18].
FfigureB.1dfispflays a comparfison between the PDF4LHC21 combfinatfion (wfithNrep=900

repflficas) and the NNPDF3.1and NNPDF4.0 gflobafl fits. We show resuflts for the gfluon and
the up, down, antfi-down, strange, and charm quark PDFs atQ=100 GeV normaflfised to the
centrafl vaflue of the PDF4LHC21 combfinatfion. A sfimfiflar comparfison for partonfic flumfinosfitfies
as a functfion of the finvarfiant mass at

√
s=14 TeV fis dfispflayed fin figureB.2.

Inspectfion of figuresB.1andB.2reveafls the foflflowfing features. Concernfing PDFs, the cen-
trafl vaflues of NNPDF4.0 are typficaflfly contafined wfithfin fin the NNPDF3.168% CL bands.
Devfiatfions sflfightfly flarger than the NNPDF3.168% CL band are however seen for the gfluon
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Ffigure A.8.Large-xbehavfior of the absoflute vaflues for MC2Hessfian set wfithNefig=50
compared to PDF4LHC21_40 and PDF4LHC21_MC atQ=2 GeV. The 68% error band
are shown, respectfivefly, fin purpfle (flong dashed), gray (dashed) and orange (soflfid).

PDF aroundx∼0.005 andx 0.07, and for the antfidown quark PDF aroundx 0.01. The
NNPDF4.0 PDF uncertafintfies are generaflfly smaflfler than the NNPDF3.1uncertafintfies. The
reason for thfis fis a combfinatfion of methodoflogficafl fimprovements and the extensfion of the
data set fincfluded fin NNPDF4.0, as dfiscussed at flength fin [18]. Concernfing partonfic flumfi-
nosfitfies, dfifferences are somewhat more apparent: for the quark–antfiquark flumfinosfity, where
the NNPDF4.0 expectatfion fis enhanced by about 2%–3% for finvarfiant mass vaflues between
100 GeV and 1 TeV fin comparfison to NNPDF3.1; and for the gfluon–gfluon flumfinosfity, where
the NNPDF4.0 expectatfion fis suppressed by about 5%–7% for finvarfiant mass vaflues flarger
than 1 TeV fin comparfison to NNPDF3.1. Other kfinematfic regfions show otherwfise a good
consfistency between NNPDF4.0 and NNPDF3.1for aflfl of the partonfic flumfinosfitfies.
Because of these dfifferences, fincflusfion of NNPDF4.0 (fin flfieu of NNPDF3.1)finthe

PDF4LHC21 combfinatfion woufld have possfibfly modfified some of the features of the com-
bfinatfion fitseflf. The centrafl vaflue woufld haveflfikefly been shfifted sflfightfly fin pflaces. Notabfly,
the gfluon PDF woufld have been suppressed atx 0.3, and thēdquark PDF woufld have been
enhanced atx 0.01. The sfize of these shfifts woufld, however, have been encompassed by
the 68% CL band of the PDF4LHC21 combfinatfion presented. The uncertafintfies of the com-
bfinatfion woufld have aflso possfibfly become wfider fin these kfinematfic regfions and for the PDFs
where the spread across the constfituent PDF sets has fincreased, most notabfly for the gfluon
PDF at flargex. We finaflfly note that NNPDF4.0 enforces posfitfivfity of PDFs, see sectfion 3.1.3
fin [18]. Its fincflusfion as one of the constfituent PDF sets of the combfinatfion woufld have there-
fore reduced the number of repflficas thatmay have become negatfive fin the flarge-xregfion. The
strategy outflfined fin sectfion4.3and the potentfiafl fissues dfiscussed fin sectfion4.5woufld possfibfly
have needed to be reconsfidered fin flfight of thfis.
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Ffigure A.9.Smaflfl-xbehavfior of the MC2Hessfian set wfithNefig=50 compared to
PDF4LHC21_40 and theNrep=900 PDF4LHC21 sets. The ratfio to the average of the
flatter fis shown atQ=100 GeV. The 68% error band are shown, respectfivefly, fin pfink
(soflfid fiflfl), gray (obflfique hatchfing) and cyan (horfizontafl hatchfing).

Appendfix C. Dedficated studfies: strangeness and the flarge-xgfluon

The resuflts of sectfion3demonstrated how the reduced fits of the three groups are fin good
agreement fin both the PDFs and fin the fit quaflfitfies for most datasets. Nonethefless, we hfigh-
flfighted some dfifferences whfich we wfiflfl now scrutfinfise fin thfis appendfix aflongsfide other areas
of finterest to the gflobafl PDF fits. The startfing pofint of these finvestfigatfions are the reduced PDF
fits themseflves, whfich provfide a weflfl-understood boundary condfitfion to assess the fimpact of
efither changfing some theory settfings or addfing a new dataset to the fit. Whfifle severafl studfies
were carrfied out fin the course of thfis benchmarkfing exercfise, here we present resuflts for two of
those wfith partficuflar phenomenoflogficafl reflevance: the strange PDF fin the flfight of the dfimuon
productfion data, and the hfigh-xgfluon PDF and resoflvfing the apparent dfiscrepancfies observed
when fittfing top data fin the three PDF groups as weflfl the finterpflay wfith data on fincflusfive jet
productfion.

C.1. Strangeness and dfimuon productfion

One of the mafin dfifferences emergfing both fin the PDFs and the datasetχ2for the reduced
fits reported fin sectfion3was reflated to the totafl strangeness PDF,s+̄s(recaflfl that we set the
strangeness asymmetry to zero at the finput scafle). The mafin datasets drfivfing strangeness fin
both the reduced fits and the gflobafl fits are the NuTeV dfimuon data and the ATLAS 7 TeV
W,Z(2016) data [14,15,17,149,183–185], wfith the former preferrfing reduced strangeness
at fintermedfiatexand the flatter favorfing enhanced strangeness fin thfis same regfion. However,
fit fis worth emphasfisfing that thfis dfifferent puflfl does not necessarfifly fimpfly a tensfion between
these two types of processes, for exampfle the study of [149] demonstrates how a satfisfactory
descrfiptfion of aflfl the strangeness-sensfitfive datasets fin the gflobafl fit, fincfludfing the NOMAD
cross-sectfions [186], can be achfieved; a consfistent fit was aflso obtafined fin [15]. That safid, the
NuTeV observabfle fis compflex, requfirfing treatment of the non-fisoscaflar nature of the firon target,
acceptance correctfions, and knowfledge of the charm hadrons to muons BR [163], BR(c→μ),
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Ffigure B.1.Comparfison of the PDF4LHC21 combfinatfion wfith the NNPDF3.1and
NNPDF4.0 gflobafl fits. We show resuflts for the gfluon and the up, down, antfi-down,
strange, and charm quark PDFs atQ=100 GeV normaflfised to the centrafl vaflue of
PDF4LHC21.

and hence fit fis usefufl to further study how the outcome of the fit varfies wfith respect to chofices
that are fin severafl cases dfifferent among the three groups.
Whfifle the non-fisoscaflar nature of the firon target and the acceptance correctfions assocfiated to

the NuTeV cross-sectfions are treated consfistentfly between the three groups, thfis fis not the case
for BR of charm hadrons finto muons. NNPDF adopts the PDG vaflue and uncertafinty of 0.087±
0.005 [139], CT takes the vaflue of 0.099 used by NuTeV fitseflf [187] wfith a normaflfisatfion
uncertafinty, and MSHT take a vaflue of 0.092±0.01 foflflowfing from dfirect measurements of
the same process [31,188], whfich avofids a potentfiafl cfircuflarfity fin fits determfinatfion and use,
and further aflflows the centrafl vaflue to vary wfith a penaflty wfithfin thfis range.
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Ffigure B.2.Same as figureB.1for partonfic flumfinosfitfies as a functfion of the finvarfiant
mass at

√
s=14 TeV.

However, fit fis weflfl known that the totafl strangeness obtafined fin the NuTeV data regfion
10−2 x 0.4 fis antfi-correflated wfith the vaflue of BR, as fit maps from the totafl strangeness
to the NuTeV predfictfions fin the fit. Therefore a smaflfler BR aflflows one to fit the same
NuTeV data whfiflst retafinfing flarger strangenessand vfice versa. The fimpact at the flevefl of the
strangeness PDF of takfing the dfifferent BRs of the three groups wfithfin the MSHT reduced
fit fis shown fin figureC.1, where an fincrease/decrease fin the totafl strangeness reflatfive to
the defauflt vaflue of approxfimatefly 5% fis observed as the BR fis afltered. Upon removafl of
thfis dfifference by determfinfing the reduced fits of aflfl three groups wfith the same fixed BR
of 0.092, the NNPDF strangeness reduces whfiflst the CT strangeness fincreases as expected,
brfingfing the reduced fits finto cfloser agreement. Gfiven the flack of constrafints fin a reduced
fit, thfis fimproved strangeness agreement aflso enabfles a reductfion fin dfifferences fin the flavour
decomposfitfion.
After adoptfing a common vaflue of the muon branchfing ratfio BR, agreement among the

strangeness PDFs of the reduced fits dfispflayed fin figure12fimproved markedfly as compared
wfith reduced fits fin whfich each group utfiflfise thefir defauflt BR vaflue. Thfis provfides a good
exampfle of how the reduced fits based on very sfimfiflar data and theory provfide an exceflflent test
baseflfine to assess the fimpact on the fit of parameters or chofices that are dfifferent between the
three groups.
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Ffigure C.1.The fimpact that varyfing the average muon branchfing ratfio (BR) ofD-
mesonsB(D→μ) on the caflcuflatfion of the NuTeV dfimuon cross-sectfions has on the
totafl strangeness of the MSHT reduced fit, reflatfive to the MSHT20 gflobafl fit baseflfine.
As the vaflue of BR fis decreased from 0.092 (the defauflt fin MSHT20) to 0.086 (cflose to
the flatest PDG average) or fincreased up to the NuTeV vaflue of 0.099, the strange PDF
can fincrease/decrease by up to 5% fin the regfionx 0.01 covered by NuTeV.

C.2. The flarge-x gfluon from top and fincflusfive jets data

Another area of consfiderabfle finterest fin both the reduced fits and gflobafl fits fis the hfigh-xgfluon.
It was found fin the comparfison of the reduced fits fin figure12that the gfluon PDF was consfis-
tent between the three reduced fits, aflbefit wfith notabfle dfifferences fin the flow-xuncertafintfies.
However, thfis agreement fin centrafl vaflues was fin contrast wfith the gflobafl fit resuflt, see figure6,
where notabfle dfifferences are present dependfing on the datasets fincfluded, thefir treatment and
reflatfive wefights, and the sfituatfion fis further compflficated by varfious fissues fin fittfing many of
these datasets. Cflearfly, the chofice of datasetsadopted by each group fin thefir gflobafl fits fimpacts
the behavfiour of the gfluon PDF fin the flarge-xregfion. Therefore, thfis fis an obvfious target that
woufld benefit from benchmarkfing usfing the reduced fits. By extendfing these reduced fits, we
woufld hence flfike to better understand any fissues and dfifferences assocfiated to the chofice of
dataset fin the determfinatfion of the flarge-xgfluon.
One can consfider three mafin dataset types whfich pflay a rofle fin thfis regfion, aflfl flargefly

comfing from the LHC fin the past few years: these are jet data, top data andZpTdata.
However, there are many fissues wfith these datasets fincfludfing dfifficufltfies fittfing aflfl bfins,
possfibfle tensfions wfithfin and between dataset types, and fissues of correflated systematfics,
both wfithfin a sfingfle dfistrfibutfion and among dfifferent dfistrfibutfions of the same measurement
[11,14,48–57,189,190]. One of the datasets whfich has sfignfificant fissues fin fits fincflusfion fin the
gflobafl fits and has demonstrated notabfle dfifferences between the three groups fis the ATLAS 8
TeVt̄tflepton+jets data [55], for whfich severafl kfinematfic dfistrfibutfions have been measured.
Thfis dataset has been studfied by aflfl three groups [14,15,48–50,52–54,189,191] and fis pre-
sented fin terms of one-dfimensfionafl dfistrfibutfions fin four dfifferent varfiabfles:mTT,yT,yTTand
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Tabfle C.1.The vaflues of theχ2obtafined for the ATLAS 8 TeVt̄tflepton+jets dataset
dfistrfibutfions when added to the reduced fit presented fin sectfion3. We show resuflts before
fittfing (wfith the common finput of the PDF4LHC15 PDFs), after fittfing but fincfludfing aflfl
four dfistrfibutfions fin an ‘uncorreflated’ manner, and after fittfing mafintafinfing aflfl statfistficafl
and systematfic correflatfions between the dfistrfibutfions as provfided by the ATLAS Cofl-
flaboratfion. We note that when fittfing usfing efither fuflfl or partfiafl correflatfions, onfly theχ2

evafluated over the four dfistrfibutfions fis meanfingfufl. In the CT case, a fuflfly correflated fit
of four dfistrfibutfions has not been performed.

Dfistrfibutfion/Npt pTt/8 yT/5 yTT/5 mTT/7 Totafl/25

PDF4LHC15 finput (before fittfing)

MSHT 3.0 10.6 17.6 4.3 35.5
CT 3.1 10.1 15.3 4.2 32.7
NNPDF 3.4 9.5 16.2 4.2 33.3

After fittfing (uncorreflated case)

MSHT 3.8 8.4 12.5 6.4 31.2
CT 3.4 12.9 17.3 6.1 39.7
NNPDF 7.2 3.9 5.1 2.5 18.7

After fittfing (correflated case)
MSHT — — — — 130.6
NNPDF — — — — 122.7

MSHT20 defauflt (partfiafl decorreflatfion) MSHT — — — — 35.3

pTt, wfith statfistficafl and systematfic correflatfions provfided to enabfle aflfl four dfistrfibutfions to be
fitted together.
However, severafl groups, fincfludfing CT and MSHT, have reported dfifficufltfies fin fittfing aflfl

four dfistrfibutfions sfimufltaneousfly wfith the baseflfine correflatfion modefl provfided by ATLAS,
fleadfing to a poor overaflfl data vs theory agreement wfithχ2/Npt 5. Moreover, both groups and
aflso ATLAS themseflves found fissues fittfing efitherof the rapfidfity dfistrfibutfions even findfivfidu-
aflfly [56,57]. On the other hand, NNPDF3.0 were abfle to fit aflfl four dfistrfibutfions findfivfiduaflfly
[189]. However, the statfistficafl correflatfions between the dfistrfibutfions were not avafiflabfle at the
tfime of the NNPDF3.0-based anaflysfis, hence they coufld not be fit sfimufltaneousfly.
In order to further anaflyse the sources of the fissues assocfiated to the PDF finterpretatfion

of thfis dataset, here we therefore begfin by addfing fit to our reduced fit baseflfine presented fin
the prevfious sectfion. Ffirst we check the theory predfictfions and data for fixed PDFs (agafin, we
use PDF4LHC15 NNLO as the common PDF set), thfis verfifies that the data fimpflementatfion
and theory settfings are fin agreement between the three groups fif the finput PDFs are the same.
Moreover, at thfis stage aflfl three groups observe the same pattern fin the findfivfiduafl dfistrfibutfions’
χ2, shown fin the first three rows of tabfleC.1, wfith aflfl groups unabfle to obtafin a good fit to the
rapfidfity dfistrfibutfions. Thfis estabflfishes that the fimpflementatfion of the data and NNLO theory
caflcuflatfion for thfis dataset fis the same or very sfimfiflar among the three groups.
After fittfing however, dfifferences emerge, as shown fin the remafinfing rows of tabfleC.1.

Ffirst of aflfl, we have trfied addfing aflfl four dfistrfibutfions findfivfiduaflfly wfithout any correflatfions
(whether statfistficafl or systematfic) between the dfistrfibutfions, a scenarfio whfich fis denoted the
‘uncorreflated case’. Thfis ‘uncorreflated’ fit therefore fis not how thfis data shoufld be added to
the fit, fin fact the data fis effectfivefly counted four tfimes as the dfistrfibutfions are treated finde-
pendentfly. However, fincfludfing the data fin thfis way enabfles the fit quaflfitfies for the findfivfiduafl
dfistrfibutfions to be evafluated, whfich offers usefufl finformatfion for understandfing the dfifferences.
Whfiflst CT and MSHT retafin the same behavfiour as before fittfing, NNPDF fis now abfle to fit
the rapfidfity dfistrfibutfions weflfl, aflbefit at the expense of a worsenfing of the fit quaflfity to thepTt
dfistrfibutfion.
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On the other hand, once aflfl statfistficafl and systematfic correflatfions between the four dfistrfi-
butfions are retafined, foflflowfing the correflatfion modefl provfided by ATLAS and denoted as the
‘correflated case’, then both MSHT and NNPDF observe sfimfiflar behavfiour. In thfis case nefither
the MSHT nor NNPDF reduced fits are abfle to fit the four dfistrfibutfions together, reflectfing the
behavfiour seen fin the gflobafl fits. Ffinaflfly, fin the flast row of tabfleC.1we show that by partfiaflfly
decorreflatfing the parton shower systematfic between and wfithfin dfistrfibutfions fin the same way
as fin the MSHT20 defauflt gflobafl PDF fit [15,49] then a reasonabfle fit quaflfity (for the four
dfistrfibutfions as a whofle rather than findfivfiduaflfly) can be recovered.
There are two potentfiafl expflanatfions for these dfifferences fin the quaflfity of the fits to the

rapfidfity dfistrfibutfions findfivfiduaflfly (fi.e. fin the ‘uncorreflated’ fits) observed by CT and MSHT,
on the one hand, and NNPDF, on the other. The first fis a methodoflogficafl dfifference between the
PDF fittfing groups. NNPDF befing based on a neurafl network, one must dfivfide each dataset finto
trafinfing and vaflfidatfion to prevent over-fittfing, thfis usuaflfly necessfitates a 50:50 spflfit of the data.
However, such a spflfit fis unfeasfibfle for smaflfl datasets, and so aflfl data are pflaced finto the trafinfing.
Thfis approach potentfiaflfly fincreases effectfive statfistficafl wefights of smaflfler datasets, of whfich
the ATLASt̄trapfidfity dfistrfibutfions are an exampfle, each befing composed of onfly five pofints.
Thfis woufld perhaps aflso partfly expflafin some of the dfifferences notficed fin the comparfison of
the reduced fit dataset by datasetχ2/Nptfin tabfle6, where the E866 Dreflfl-Yan ratfio data (15
pofints) and CMS 7 TeV eflectron asymmetry data (11 pofints) were fit consfiderabfly better fin
NNPDF than fin the CT and MSHT reduced fits.
To finvestfigate thfis possfibfiflfity further, a MSHT reduced fit was performed fin whfich these

datasets were doubfle-wefighted to attempt to approxfimatefly mfimfic any up-wefightfing. The
resuflt fis shown fin tabfleC.2and reveafls a notabfle fimprovement fin the fit to the ATLASt̄tdata,
specfificaflfly the rapfidfity dfistrfibutfions, whfich are now abfle to be fit weflfl. Thfis then matches the
quaflfitatfive pattern seen fin NNPDF, suggestfing that perhaps the up-wefightfing (enhanced sta-
tfistficafl wefights) pflays a rofle, at fleast fin the context of the reduced fits. In addfitfion, whfiflst the
quaflfity of the fit to the E866 Dreflfl-Yan ratfio data fis not fimproved, the fit quaflfity of the CMS 7
TeV eflectron asymmetry data fimproves markedfly, from∼1.3 per pofint to 0.9 per pofint, more
consfistent wfith the∼0.75 per pofint seen fin the NNPDF reduced fit. Therefore, some of the
dfifferences between the reduced fits fin tabfle6appear to be expflafined.
Nonethefless, fin order for such dfifferences to potentfiaflfly pflay a rofle fin the observed dfif-

ferences fin fit quaflfitfies, fit suggests that they may be changfing the baflance of puflfls between
dfifferent datasets on the PDFs. Therefore possfibfle tensfions between datasets fin thfis hfighx
gfluon regfion are a second possfibfle expflanatfion. In order to finvestfigate thfis, reduced fits were
run fin whfich the LHC jet dataset fincfluded was varfied from the defauflt CMS 8 TeV jets data.
The effects of thfis upon the MSHT reduced fit are shown fin tabfleC.3. The first coflumn shows
the defauflt reduced fit (varfiant wfith thfis top data added), wfith the rapfidfity dfistrfibutfions poorfly
fit fin the presence of the CMS 8 TeV jet data. Thfis may findficate a potentfiafl tensfion between
the ATLAS 8 TeVt̄tflepton+jets data and the CMS 8 TeV jet data, findeed fit fis known that
the CMS 8 TeV jet dataset prefers a flarger gfluon at hfighx[14,15,52], whfiflst thet̄trapfidfity
dfistrfibutfions favour a flower gfluon fin thfis regfion [191]. The second coflumn shows the effect of
removfing thfis CMS 8 TeV jet dataset from the reduced fit and thereby havfing no LHC jet data
constrafinfing thfis hfighxgfluon regfion. There fis consequentfly more freedom for the reduced fits
to fit thet̄tdata, aflbefit wfith constrafints stfiflfl provfided by non-LHC datasets at hfighxsuch as by
the BCDMS structure functfion data. Upon removafl of thfis CMS 8 TeV jet data fit fis cflear that
the fit quaflfity to the rapfidfity dfistrfibutfions fimproves, wfith both theyTandyTTdfistrfibutfions now
adequatefly fit at the expense of onfly a mfinor worsenfing fin the fit quaflfity for thepTtandmTT
dfistrfibutfions. Thfis supports the suggestfion of a tensfion between the ATLAS 8 TeVt̄tflepton+
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Tabfle C.2.The vaflues of theχ2fin the varfiants of the NNPDF3.1 and MSHT20 reduced
fits fincfludfing the ATLAS 8 TeVt̄tflepton+jets dataset added wfith aflfl four dfistrfibutfions
fincfluded fin the ‘uncorreflated’ prescrfiptfion. The finafl coflumn shows the effect of doubfle
wefightfing the smaflfler datasets present, namefly the E866σpd/(2σpp) ratfio, CMS 7 TeV
eflectronAch, and the ATLAS 8 TeVt̄tflepton+jet datasets. Note that for sfimpflficfity onfly
a subset of the measurements that entered the reduced fits are flfisted here. See text for
more detafifls.

Dataset (Npt)
MSHT

uncorreflated
NNPDF
uncorreflated

MSHT uncorreflated
doubfle wefight

Totafl 2314.1 2731.4 2313.3

χ2/Npt 1.15 1.20 1.15

E866σpd/(2σpp) (15) 9.5 5.2 9.2

CMS 7 TeV eflectronAch(11) 14.2 8.2 10.2
ATLAS 8 TeVt̄tflepton+jet pTt(8) 3.8 7.2 4.2

yT(5) 8.4 4.3 5.8
yTT(5) 12.5 5.7 7.4
mTT(7) 6.4 2.4 6.5
Totafl (25) 31.2 19.6 23.9

jets data (and partficuflarfly fits rapfidfity dfistrfibutfions) and the CMS 8 TeV fincflusfive jets data and
thfis fis aflso broadfly consfistent wfith the puflfls observed fin the fuflfl gflobafl fits.
To further verfify thfis, the CMS 7 TeV jets and ATLAS 7 TeV jets data were each added to the

reduced fits fin pflace of the CMS 8 TeV jets data. Thfis fis shown fin the remafinfing two coflumns of
tabfleC.3. These datasets both favour a reduced gfluon fin the regfion of finterest for thet̄tand so
are more consfistent wfith the rapfidfity dfistrfibutfions, whfich are then observed to have reasonabfle
fit quaflfitfies wfithχ2/Npt∼1. Thfis cflearfly demonstrates the effects of tensfions fin the hfighx
gfluon regfion on the fit quaflfity of the ATLAS 8 TeVt̄tflepton+jets data. Moreover such tensfions
are aflso present wfithfin the jet datasets themseflves, wfith the CMS 8 TeV jetsχ2worsenfing upon
fincflusfion of the CMS 7 TeV or ATLAS 7 TeV jet data and vfice versa (not shown). Thfis provfides
a potentfiafl answer to flong-standfing questfions about the dfifferent behavfiour seen for thfist̄tdata
by the dfifferent gflobafl fittfing groups, wfith each groupfinvestfigatfing thfis data orfigfinaflfly fin the
context of dfifferent baseflfine fits, and so wfith dfifferent jet datasets and statfistficafl wefights of
data finvoflved.
To summarfise the mafin take-away flessons from thfis study, we have verfified that the three

groups adopt essentfiaflfly equfivaflent fimpflementatfions of the experfimentafl data and the theory
caflcuflatfions for the ATLAS 8 TeVt̄tflepton+jets dfistrfibutfions, wfith very sfimfiflarχ2vaflues
obtafined when the same fixed finput PDFs are utfiflfised to compute the fit quaflfitfies. It fis found
that the treatment of the correflatfions among the four dfistrfibutfions has a sfignfificant fimpact on
whether or not one can satfisfactorfifly descrfibe thfis dataset fin a PDF fit. Ffinaflfly, even fin the case
where the correflatfions are dropped the fit quaflfity and the actuafl fimpact of the data depends
on whfich other gfluon-sensfitfive measurements are befing added to the fit, such as fincflusfive jet
data, and hence may dfiffer fin the three gflobafl fitssfince each of them adopts a dfifferent baseflfine
dataset. Thfis fimpflfies that the most compflete possfibfle fincflusfion of data provfidfing constrafints on
the hfigh-xgfluon fis fideafl fin order to flfimfit the sensfitfivfity to more restrficted data chofices. In the
PDF4LHC combfinatfion thfis fis effectfivefly achfieved by the fact that the finput PDF sets fincflude
a wfider varfiety of data constrafints than each does findfivfiduaflfly.
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Tabfle C.3.The vaflues of theχ2fin the MSHT reduced fit where fin addfitfion to the dataset
of tabfle4and of the ATLAS 8 TeVt̄tflepton+jets data (wfith aflfl four dfistrfibutfions fitted
sfimufltaneousfly wfith the uncorreflated prescrfiptfion) one fincfludes one by one dfifferent
fincflusfive jet productfion datasets: the CMS 7 TeV and 8 TeV and the ATLAS 7 TeV
measurements. As fin tabfle10, onfly a subset of the measurements that entered the reduced
fits are findficated here. Thfis comparfison fis reflevant to ascertafin the finterpflay between
fincflusfive jet and top quark pafir productfion measurements fin pfinnfing down the flarge-x
gfluon.

Dataset (Npt)

MSHT
reduced
defauflt—
CMS8j

MSHT
reduced
no LHC
jets

MSHT
reduced
CMS7j
onfly

MSHT
reduced
ATLAS7j
onfly

Totaflχ2/Npt 1.15 1.12 1.11 1.17

CMS 8 TeV jets (174) 243.6 — — —

CMS 7 TeV jets (158) — — 156.4 —

ATLAS 7 TeV jets (140) — — — 210.4
ATLAS 8 TeVt̄tflepton+jet pTt(8) 3.8 4.5 4.0 4.6

yT(5) 8.4 5.2 6.4 5.5
yTT(5) 12.5 6.6 7.2 5.2
mTT(8) 6.4 7.4 6.4 6.4
Totafl (25) 31.2 23.8 24.0 21.6

Appendfix D.L2sensfitfivfity studfies

One of the toofls devefloped by CT to understandthe rofle of each experfimentafl data set wfithfin
a gflobafl fit fis theL2sensfitfivfity [78]. TheL2sensfitfivfity,Sf,L2(E), for each experfiment,E, can be
computed usfing the Hessfian PDFs as

Sf,L2(E)=∇χ
2
E·
∇f

|∇f|
=Δχ2Ecosϕ(f,χ

2
E), (D.1)

whfich yfieflds the varfiatfion of the flog-flfikeflfihood functfionχ2Edue to a unfit-flength dfispflacement

of the fitted PDF parameters away from the gflobafl mfinfimuma0ofχ
2(a) fin the dfirectfion of∇f.

Sf,L2(E) therefore quantfifies the fimpact that varfiatfions of PDFs at fixedxandQhave upon the
descrfiptfion of fitted data sets. TheL2sensfitfivfity reflects theχ

2varfiatfion,Δχ2, that fis obtafined
when the fitted PDFs, for gfiven vaflues of (x,Q2), are shfifted upward by 1σof thefir 68%-flevefl
uncertafinty, equatfion (D.1). The patterns fin the resufltfing pflots summarfise the data-drfiven puflfls
on the PDFs, as embodfied by the reflatfive fimprovement (Δχ2<0) or worsenfing (Δχ2>0) fin
the descrfiptfion of each data set due to the 1σupward shfift fin the PDFs.
TheL2sensfitfivfity approach has been finfitfiaflfly devefloped for Hessfian efigenvector sets. Work

fis fin progress on understandfing how the sensfitfivfity method can be extended to Monte-Carflo
PDFs. TheL2sensfitfivfity pflots compfifled thfis way were extensfivefly finvestfigated as part of
the benchmarkfing exercfise, together wfith the other consfideratfions detafifled fin sectfion3and
appendfixC. It was partficuflarfly finsfightfufl to compareL2sensfitfivfitfies from the CT and MSHT
fuflfl and reduced fits, usfing the samegflobafl toflerance prescrfiptfion ofT2=10 (fi.e., wfith the
Hessfian efigenvector PDFs obtafined to satfisfyΔχ2gflobafl=10) to define the PDF uncertafintfies
for both groups. In thfis case, dfifferences fin theL2sensfitfivfity patterns fin the compared fits
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dfirectfly reflect the puflfls of experfimentafl data sets and not the dfifferences fin the definfitfions of
the PDF uncertafintfies.
TheL2sensfitfivfity method has an advantage fin that fit estfimates the puflfls of the experfiments

on the PDFs wfith aflfl experfiments fincfluded. Sfince these puflfls change when some experfiments
are removed, theL2sensfitfivfitfies compflement the study descrfibed fin appendfixC.2,finwhfich
the findfivfiduafl data sets were added to the fit, or taken out, one at a tfime.
Thfis method provfides a fast approxfimatfion to the LM scannfing technfique repeated at many

xvaflues at once, cf sectfion2.1, and fis partficuflarfly heflpfufl fin fidentfifyfing the experfiments
wfith the strongest puflfls fin somexregfions. A comparatfive study of the CT and CJ PDFs [85]
demonstrated that theL2sensfitfivfitfies provfide an easy-to-fimpflement metrfic for appfles-to-appfles
comparfisons of the fits by dfifferent groups. In thfis pubflficatfion, for the first tfime we compared
theL2sensfitfivfitfies fin the CT and MSHT reduced fits. We found both sfimfiflarfitfies and dfiffer-
ences, findficatfing that even fin the reduced fits the methodoflogfies of the two fits are not exactfly
fidentficafl.
Whfifle the fuflfl dfiscussfion of these findfings wfiflfl be postponed for a forthcomfing dedficated

pubflficatfion, fin a number of cases, theL2sensfitfivfity studfies done by the CT group supported
the ufltfimate chofice of the data sets for the reduced fit. TheL2sensfitfivfitfies, anaflogousfly to the
LM scans, quantfify the strength of the puflfls on the PDFs from the data sets across the entfire
(x,Q2) pflane. They aflso effectfivefly reveafl sfituatfions when the puflfls between the data sets are
mutuaflfly contradfictory. Wfith thfis fin mfind, theL2sensfitfivfity charts [192] prepared for the CT18
anaflysfis heflped to arrfive at the mfinfimafl coflflectfion of the experfiments for the reduced fits that
provfide strong constrafints to obtafin a convergent CT fit and are mutuaflfly consfistent to avofid
compflficatfions wfith the PDF uncertafintfies.
For exampfle, fincfludfing onfly the E866pd/ppcross-sectfion ratfios fin the reduced fits was

favored on these grounds to constrafin thēd−ūcombfinatfion, as opposed to aflso fittfing the
absoflute E866ppcross sectfions that constrafin sfimfiflar sea (antfi)quark combfinatfions as BCDMS
and prefer a somewhat dfifferent trend from BCDMS. Sfimfiflarfly, some finconsfistencfies between
the jet data sets, observed fin the earflfier CT studfies [11,14] and by other groups [15,18,48,
52], supported the fincflusfion of onfly a sfingfle set of LHC Run-1 fincflusfive jet data wfithfin the
reduced benchmarkfing exercfises. Thfis flatter observatfion compflements the dedficated studfies of
fincflusfive jet data appearfing fin appendfixC.
To fiflflustrate the finformatfion that can be accessed thfis way, figureD.1shows the puflfls on

the PDFs of the findficated flavours obtafined for the CMS 8 TeV fincflusfive jet data atQ=100
GeV vfia theL2method. We stress that aflfl efigenvector sets for theseL2studfies are generated
assumfing a gflobafl toflerance ofT2=10, such that the uncertafintfies fin thfis case do not exactfly
correspond to those shown fin sectfion3. The subfigures fin the upper (flower) row are for the fuflfl
(reduced) MSHT20 and CT18 fits, respectfivefly.
FfigureD.1offers a number of finsfights:

(a) For thfis experfiment, the patterns of the puflfls are sfimfiflar between the two groups.

(b) In the fuflfl fits, the CMS 8 TeV jet data fimpose the strongest puflfls (findficated byΔχ2>5)
to mostfly reduce the gfluon and charm PDFs atx=0.02–0.2, fin accord wfith the kfinematfics
of the process. There are compensatfing upward puflfls on the gfluon at otherxvaflues efither
due to the CMS data themseflves or because ofthe momentum sum rufle. The puflfls on the
(antfi)quark PDFs are reflatfivefly weak.

(c) For the reduced fits, both groups share a sfimfiflar pattern for theL2sensfitfivfity to the gfluon
(and charm) PDF at flargex∼0.5. Here a flarger gfluon fis dfisfavored, as seen by the posfitfive
varfiatfion ofχ2fin thfis regfion ofx. Intrfigufingfly, thfis behavfiour fin theL2sensfitfivfitfies fis the
reverse of that seen for the fuflfl fits wfith MSHT20 and CT18, as fin those the CMS 8 TeV
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Ffigure D.1.TheL2sensfitfivfitfies atQ=100 GeV of the CMS 8 TeV fincflusfive jet data
to the PDFs obtafined wfith gflobafl tofleranceT2=10. Left: MSHT20red NNLO, rfight:
CT18red NNLO.

jet data have the tendencyto enhance the gfluon at flargex. The compensatfing upward puflfls
on the gfluon fin the reduced fits are most pronounced atx=0.005–0.2 for the reduced
MSHT and atx=0.04–0.2 for the reduced CT.

(d) The maxfimafl excursfions ofΔχ2reduce from 5–7 fin the fuflfl fits to 2–4 fin the reduced fits.
Thfis reductfion findficates fimproved agreement of the CMS jet and other experfiments fin the
reduced fits, as theL2sensfitfivfitfies tend to cancefl when summed over aflfl experfiments. The
reductfion fin the magnfitude of the puflfls wfithfin the bottom row of figureD.1thus findficates
a sensfibfle finterpflay among the data sets, as mentfioned fin appendfixC.2.

An finstructfive exampfle of a comparfison that fidentfifies the most constrafinfing experfiments for
a gfiven PDF flavour fis the pattern of theL2sensfitfivfitfies to strangeness atQ=100 GeV shown
fin figureD.2for the fuflfl and reduced fits. Here, the experfiments wfith the flargest excursfions
are the most sensfitfive. A marked dfifference fin the comparfison of the two Hessfian sets, CT and
MSHT, fis evfident fin the sensfitfivfitfies of the NuTeV dfimuon data to the strange PDF, as can be
seen fin the top row of figureD.2. Wfith the common charm-to-muon BR and seflectfion of data
pofints for the reduced sets, the pattern of theL2sensfitfivfity shows a better agreement fin the
bottom row of figureD.2. The combfined NuTeV data domfinate the puflfls around 0.01<x<
0.05, favourfing a smaflfler strangeness. The downward puflfls of the NuTeV data sets fin thfisx
regfion compete agafinst the upward ones from the ATLAS 7 TeVW/Zproductfion data and,
fin the case of the fuflfl MSHT fit, ATLAS 8 TeV doubfle-dfifferentfiaflZproductfion. Hfigh-pTZ
productfion exerts a strong downward puflfl on the fuflfl MSHT fit that fis absent fin the fuflfl CT18
fit, aflthough fit shoufld be noted that the two groups fincflude dfifferent amounts of thfis data and
dfiffer subtfly fin thefir treatments of fit [14,15], thfis may be reflevant to the dfifferent puflfls observed.
Thfis study of theL2sensfitfivfity compflements the dfiscussfion fin appendfixC.1.
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Ffigure D.2.TheL2sensfitfivfitfies of the reduced fit data sets wfithT
2=10 to the strange

PDF atQ=100 GeV. The numerficafl IDs foflflow the conventfions for the fitted data sets
adopted fin the respectfive fits. Dfifferent IDs for the same experfiment correspond to the
dfifferent seflectfion of data pofints. For exampfle, the combfined NuTeV data are flabefled
as sets#17 and#593 for MSHT and CT, respectfivefly, whfifle CT aflso shows findfivfiduafl
NuTeV sets #124 and #125 for neutrfino and antfi-neutrfino CC DIS scatterfing, respec-
tfivefly. Top row: resuflts for the fuflfl fits of MSHT20 NNLO (fleft) and CT18 NNLO (rfight).
Bottom row: the correspondfing reduced-fit resuflts.

Investfigatfions of theL2sensfitfivfity were extended to the parton–parton flumfinosfitfies.
Between the two Hessfian fits, CT and MSHT, quaflfitatfive agreement was obtafined fin reduced
fits, for finstance, forLgg. At flarger finvarfiant masses,MX>100 GeV, constrafints from the
HERA, 8 TeV CMS jet data, and 8 TeV LHCbZ→e+e−data are most promfinent. Anaflo-
gousfly, the puflfls of the NuTeV data on the parton–parton flumfinosfitfies (e.g., onLgg)andthefir
finterpflay wfith other fitted experfiments as reveafled by theL2-sensfitfivfity method formed part
of the motfivatfion to finvestfigate the treatment of the neutrfino-finduced dfimuon productfion data,
fincfludfing chofices of BRs and QCD theory accuracy.
Addfitfionafl figures for theL2sensfitfivfity study presented here are avafiflabfle at
https://physfics.smu.edu/devefl/xjfing/pdf4flhc21/L2sens/findex2.htmfl.

86

https://physics.smu.edu/devel/xjing/pdf4lhc21/L2sens/index2.html


J. Phys. G: Nucfl. Part. Phys.49(2022) 080501 Major Report

ORCID fiDs

Aurore Courtoy https://orcfid.org/0000-0001-8906-2440

Thomas Crfidge https://orcfid.org/0000-0001-9065-8655

Aflbert De Roeck https://orcfid.org/0000-0002-9228-5271

Francesco Gfiuflfi https://orcfid.org/0000-0002-8506-274X

T J Hobbs https://orcfid.org/0000-0002-2729-0015

Pavefl M Nadoflsky https://orcfid.org/0000-0003-3732-0860

Emanuefle R Nocera https://orcfid.org/0000-0001-9886-4824

Juan Rojo https://orcfid.org/0000-0003-4279-2192

References

[1] LHC Hfiggs Cross Sectfion Workfing Group Coflflaboratfion de Fflorfian Det afl2016 Handbook of
LHC Hfiggs cross sectfions: IV. Decfipherfing the nature of the Hfiggs sector (arXfiv:1610.07922
[hep-ph])

[2] ATLAS Coflflaboratfion Aaboud Met afl2018 Measurement of theW-boson mass fin pp coflflfisfions
at
√
s=7 TeV wfith the ATLAS detectorEur. Phys. J.C78110

(ATLAS Coflflaboratfion) Aaboud Met afl2018Eur. Phys. J.C78898 (erratum)
[3] LHCb Coflflaboratfion Aafij Ret afl2022 Measurement of theWboson massJ. Hfigh Energy Phys.

JHEP01(2022)036
[4] Bozzfi G, Rojo J and Vficfinfi A 2011 The fimpact of PDF uncertafintfies on the measurement of theW

boson mass at the Tevatron and the LHCPhys. Rev.D83113008
[5] Beenakker W, Borschensky C, Krämer M, Kuflesza A, Laenen E, Marzanfi S and Rojo J 2016

NLO+NLL squark and gfluno productfion cross-sectfions wfith threshofld-fimproved parton
dfistrfibutfionsEur. Phys. J.C7653

[6] Carrazza S, Degrande C, Iranfipour S, Rojo J and Ubfiaflfi M 2019 Can new physfics hfide finsfide the
proton?Phys. Rev. Lett.123132001

[7] Grefljo A, Iranfipour S, Kassabov Z, Madfigan M, Moore J, Rojo J, Ubfiaflfi M and Vofisey C 2021
Parton dfistrfibutfions fin the SMEFT from hfigh-energy Dreflfl-Yan tafiflsJ. Hfigh Energy Phys.
JHEP07(2021)122

[8] Lfin H-Wet afl2018 Parton dfistrfibutfions and flattfice QCDcaflcuflatfions: a communfity whfite paper
Prog. Part. Nucfl. Phys.100107–60

[9] Constantfinou Met afl2021 Parton dfistrfibutfions and flattfice-QCD caflcuflatfions: toward 3D structure
Prog. Part. Nucfl. Phys.121103908

[10] Gao J, Harfland-Lang L and Rojo J 2018 The structure of the proton fin the LHC precfisfion eraPhys.
Rep.7421–121
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