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ABETEACT: A new bosm damp expomment $hat wiilises the beass of fofure high mergy
eledtran-positron collidors coild be sn cocellunt avenms to seech for durk sector particles dus
o ita ungmreredeniosd high enmgy and intensity. We conaider eavy neitral lepdons [HNLs ) ms
K apocific exsonple to demonstrube the seessinviy of searches for dask sector particlos 1 futum
deelron-positen collider bram S eaparisenta. This incudes Che sty of Thi reacs at the
Imternationsl Linesr Collider (TLC), the Cood Copeer Collider (05, anil 4e Compart Linesr
Collider (CLIC)H We romgrehrnaively exemine the HNL presiocison and detocior geoopbanee
it thsi ehiactron s dumgp axperimsns. W sbow that these oporiments will probs: a lang:
range of HINL paranrier apsce, not et probed by past exprromente. These exporimerse will
he coniplemertary o oiher proposs] expemmente such as profon besm dump sxperiments,
nialng sxperinnmis, ard LHC auwdliany detordtors. O stody also motivate amone detailind
mnubomia of Tenyy meson producticns m high-oorrgy slectrom-mmclvon collsions m thick targris
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1 Intredoction

Hesvy newiral keptone (HNL=} are well-netnwled esteawions of the Standard Model [SM)
|L-7].  The ckeervation of newtrme cslilaioes = evdence {or nonreero euknae mases
A wiradgprfewsed way of gonienatig thees B bo sl toothe S5 elghit-lasdad gasge-slsgdot
[ermmona, N, called HNLa In sddvison, H¥Es nataraliv appear in meny otder extrason of
thi S, since they can e tonsettod 1o e mattir-antimul e asymesstey problem snd to U
natiiee of Duek Muttos {ses, a5, [H-10].) A steli capesbmentel prognam b boon condictsd s
recent years ko probs HINL pamameter space both st high miensity and ot bigh caergy experi-
AR, This inchode peutel e exparimenss (og-, CHARM (12, PS191 [10, 14, ¥OMAD [15),
T2 b, 17], MicroleodE (1R, 10), ArgedodT [20], the Posdlab SN datoctors 31, amd
the DIUNE noar detecior comples !_:!:J-I-.I]I. proposesd muxihery LHO detectors thad taurgpet
long-Lived pastichs fe.g, FASER [28, MATHUSLA 2625, OO0DEX-b [, 31]), und proton



fistiad-birget i dums experinenta (eg. DarkQuest 152 SHIP (3337wl BASE 132]). In
weddition. there uro seirclis at lugh eneegy protan-proton eolliders sl e Uie LEC, lseluding
tta ATLAS [0 nnid LHCh detector |'HJ|. and st eeEtmg and fwdwre # 0~ collpdees, anclading
Balle [a1], Balle 11 43, amd the Poiwese Ciecoler Collider (FOCP W3] HNLS can prodasod
in seversl different proceesss &1 ibeee experimeonis. In porticnlar, HNL are prodoced from
A% meeson decwvs st nenirine sod protos besm dump expemments, from Deel-Yan grocesss
tinatiatail by tho wesk Istivactions uml Toe 2 or IV deras et the L0 and & 7o oolliders

Here, we propose 4o s the beam dump of foture elociror-peosttmon collidens, such s the
Fnternations]l Linear Collider (TLOY, the Conl Qupper Collider (07 [44], and POC-w |43, 45,
to siarch for HMLs. As we will show, adding nstromenis alor the deerron beam dimgp of
thrse sxperimenty cogld bad to the exploration of mew HMNL parsmeter apsce. While the
muoin goal of theso next-generatim =~ ¢ machines v to0 o the maiy collison o perform
precigion studiss of S5 particled (snck as the Higgs beon amd the e gqoork) snd toe peedio
light Mew Physics (NP} particles, they could slso perform sesrches for the production of mew
dlnrk sector (Lo guipge dagot ) statod peodssad in o elortrog boam dusp. Sone specdally,
e the ehectrens and pokitoos pass the colseen paimt, they will b discieded e e
dursp, Thanks to the lsrge number of electroos on tergel, thes has the potetial fo poodure &
lsvgn aidodnt of Betd dark soctor mirtichs from the ateractions of The slectrom o poaitions
with the lean dump. Tluse duck sector particles o seleequenthy docay oo vedhle S0
particles, thot conld Be detected by a snitatbe spporstus installed behind the beam domp
b kas been shoss thar s 1O bewm duspe experimess cas peobo aurrondly srexploral
parameter geaee of miry wall-motivited Bapond the Stamlonl Moded (BEM) thoorkes [derk
photane |44, 47], mcion-ike particles (ALs] and light sonlnr particled |7, 48], unil lepeaphilic
Clauge B [44])

In thie paper, we disrnas the possibility of sanching for BINLs i high-roergy elocizon
leam dumyp expeciments where HNLa mn be prosloces] m cearged-marrent slectron-preoton
sonbteeing asd in the deceys of mescns predooe] &ter the dectrons collide with the bous
alusmp, Dhmoe produced the HMLs can tmvel & maorescopic distanee belore decaying into S
particles, These particlks con be detectesd of 5 suitsble deiector = icstollisd Behimd the heam
dussrp, Diegpetuding o the apacific wtap of the cgueeisant, this type of spmotbure can b
s very bow bockgronnd. Hence, thos searches will be cooplemsentary 4o the HML seapches
that can be performed neing the mam ¢ % e~ collider |43, 50-54), Our study = al=o relemnt
T futiee acdet pn-son cotBielers (5] s chey duee sinflar produstion duanndds. apscally the
charged-rumom sattering for electrormoed HNL discuseed @ our work,

Futurt electron colliler homin dusap experimesss will pavidoe etciting opportunitics dus
T thedr uiprecodieted gl ey and bigh Btersity boams, Coingpaaed G axisting aid
near-futumm prodom beam dump exparimends, electron oollider boam dhumgs enn reack com-
parshle o Digher comler-al- s enmgies anl cen thus prodees aavie dark sector patichiz.
Fur forward experiments 4 hadron colllders Bave higher ewrgies |63 GH], but they love
lowrr iienetty compared to ebectron callider bowm dumps doe to their geometric scooplance
and lomer beminositiis The mais beam dups of ladeon oollsder b alao b inteiiing
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Figure 1. Schamsiie by of the B dungs esprrinmid. doe U ILC. A simiiar expensumi cas b
hestigrei | fow otbeer & T wollighers aq ©F, CLIC, FOC-re, and CHPT

[or prolung dark sector porticles, bar they suffer from signifcant radbatson thai cnn oasly
anvierwhwlon e detoctors I the detertors aee diesetly plseod doswdneamn of the dwmp 157

This papsr 3 orgamized as Dllowe In secites 3, we give an overview of tho Beam dumg
aotperritments that ecnld be performnd &t (et o™ e oolliders, el BT, 2 il PO
i, o osectlos 1, W discise the pheusicnalogy of BXLe Thils |e folbsaed by the prospocts
for HXNL sextches st eleciron collider benm durssp experinemte o eection 4. We conclude m
sixtion N i the Appemdiz, we roport the detidl of dor slesdaticns Tor seson procdiction st
the bimin diemp. The misot productlos mute will bo the saln sssee of weotalety o the
enlrnlstzom of the rench of she HNL parameter rgeie

Z  Beom dump BExpetiments al Futaes o e Oallidars

e Bgln Ly deseriidog the sxperlineaald wtup umdber conslderstson, followisg the propieal
for a beam dumg expermmest ot the ILC i (i, 48] 'We lighleht that similar setups rosid
b implemented nt other Tuture a* ¢~ linear enlliders ke 09 and CLIC, s well = ok fubsm
% e wireilar colliders Uke PO o asld CEPC

21 AT beam dump Configurstion

The Bmternotionnl Linsar Collider (ILCT) expenment in o proposed fgnre oollider that upes
lighianergy oolisies. of eectron e ] &l positeon {@*) beanes.  The BT b8 planned to
initinlly rum with & ceotor-of-mps eocrgy of 350 GV, and will then be upgraded to rn st
350 GeV, 500 GeV, amed 1 Tl |368] Tn mddition to ik rentrald collider, the 1LC can host s
nnbeer of srlidiflosal detostos, lelinlng detectors for e dimg capser|eernis.

The maim dwmnge secept the (el power of tho ILC boam. We congider the comhgurstaon
deeribed bn [48] (R akeo section 112 of the Snowmass repoet [587] The kugth of the ealn
Aluigp whilch e witer as th abeorbor B £, = 01 o, This bs followed by o niion ahidd
maide of kenid snd oocreto of ogth 6 = T m plong the benm dizection. nnd B a derny
vodume of lemih fhug = 30 m. The detector i csmnal o be epllsdrical with o madios
g = 2 m mnd s soels albgnod with the boos aabe We will moke thd simpls asanmgiion
thit the deteotor bae o [0 detaction officiemey, as kmg ax S8 particles are o geometric
serapithnoe. A achematic et of the experimd b shown in Gee 1
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Tabls 1. Brun parssudsss aod Uisl ssber of dherbrumsecn-tazget §EOT) peer your hor dilferend ¢ 6"
solliders ammning cue year of Tl brrs Seor Uz beam suimnmiezs mne s Bos inhlke
b1 of [8] foc TEE%, wabde 3 of (4] foe €, and table 4.3 of [39] for CLIC. The =effective lnnisosis,
Cop, relers Lo Lbe ustomamoaus sty of dectromemacles oolistons o e Aral redisthon lengih
of 1he dump (amd ool fo the sactanoos heminedly of the comeposding peinssy o "¢ oallsloni

In dhe fdlwing sections, we wil] focus and compem the phvsics opportunities thet arise
nsling the 125 Ge {5 = 50 O] and SH G 5 = 1 ToW) L0 olectron. beams, which
we willl denote by “TLC-200° and “[LC-THINT, respectivedy, For both stages, wo will eousldar
the mitial [LC-350 confipuration which can deliver @ w107 eleciroms-on-tanged {EOT) per
yenr s thic 1L b puraimeters dbacusdad 1o talde 4.0 of [05]h, After thae Gt ILT stage,
the musber of EOT vear can be incresad up to I EOT fwar in thoe ecst optimistl:
somnurio [38) Thanke to these large liminositics, o sizabie Dux of mesons will be creabd
Mot ol st misasiis e ptopped, sleorbod, o ey 2 the dimg. Parlels s the
dumrp (eg. moon=) mre shiolded by ihe moon seacld.  New phyaies loog-lived partickes, 1o
feasey ment sl loptoms mn be produced from meson decses in the domp, fmaerl 8 mssroscopic
lorgrls, amed dlecay s 1w decay volume, The visible decay peodscts con be searchod for by
thr detector placed st the emed of the decsy wolums,

1.2 Baoam dony Expariiments st other o ¢ Colllors: 0 LG, FOCee, CEMC

[n ackditiom to the 1L, severs] nest-generation v e solliders bave been propeesd for preceion
B8 mnid BSM physics sudies, such as the Cool Copper Collider l:f.f:'.l. the Compact Limenr
Collider (CLIC), the Future Cevolar Callidee (FOC), and the Cocilor Elkctron Position
Cullider §CEPTY, In fhis section. we disruss bow these exponments compare Lo the 1L

% ip.a pecently proposed £ v~ limesr ollider M4, &3, 617 O will inftially rum st w
250 QW eestir—of s ety amd his 1he poesthility of sn upgrade to 3 Te¥, Wo digote
thesn iwe rmra by ACL50T and 'E‘-”a'-:][l[l'.'l‘. reepeciavely, The beam confipurstions of thess
twn stagea differ only i the smmber of bupches-per-train. The mmbens af EOT fyear are
B0 w 0P el LH w3100 at 250 and OO, rageectivile Thiss menibers ane deila ta
the mumbser of EXOT wi an [LC beam dumyp expenment {see fable 1)

CLAC 48 & proposvsd mult-Tel liresr mollider designed S0 operabe in three stages with
wriereol-mass e giis of 350 Gel, 10 T6Y, und 3 Te. Dslng the hias puramiton nepotod



in. [0, we find a beminosicy of 1.6 10 BOT  veir for the 3 T stage. deotad “OLIC- 30007
in tahlke 1. The humissitis for the oller stagis are smilar,

B s a propossd pest-generathon cireular collider, which ncbedes o high leminoaly
#heT gtompe nng oclBder (FCC-me), with contor-ol-masd energes bedween 9 and 350 el
|62, The planned oollidee ooinssity will be igher than at the ILC However, gl thae
nature of clivdar collidors, the hoams ane reused and dsmpad soch ke drequently, viddoeg
& Iowvr pumber of BOT per yeor. Approcmsiely T electrone will be dusped por snar ml
FOCoe [, Stmilarly, CEPT i an clectron-positron cincabar oollidor that §8 plasmed bo mus
with g conder-el-mase enengy ol 24000, Blaee CEPC 16 & cireular collider, i will sdee liaad
to o moch smaller meniber of EOT per year, For this reason, i this paper, we will focus on
thie reseh of thee BNL pasmiko e spmce il Diear o e 7 olliders, Seislng oo the ILC2250, TLCS
D, amel E/CLICS 3000 exparimaa | We summarin the prrmsbees of thesn axperlinmis
in tahile 1

In dbe Fersdurn, theee has nod boen oy decussion of beam dumg sxperiments st ©F ar
CLIC. In ile follivwing sectinns, we will e thet the main beam domp of CLEC snd C9
bt g th JEAT b domop desbge [0, G4 1esection A2, we el dssciss how diffoeen
beam damp configurntions will sffect the reach of the HNL pommmeter apsce

We brope cur sty will prowide stromg motivation to cosstder beam dump experimenia a1
theso fukire electron-pusitron oolliders, smd will inform dhe optimal beam domp configurason
T inaxinsiee e pech on the ENL paeaimter space, aod, moce in gesecsl, on keeg-lived dark
apctor particles prodvced from meson decoys

LB Aoson Produetion ar high-ewergy electron beam dumps

Because of the high energy of the dlectron beam apd the srge pamber of dectrone os fangn,
mesacis Wil ke snbetamitafly prodiocad (s the beam damp To determlno th preduction vate
of i ghan nueson, wo ose Pythla B3 (365 Lo sleadato 395 oW, 500 Gob', amd 1.5 Tl
alnctron bosams striking & Axed target msing the Sof 1000 all roomd clas, In Apperehiz &,
wir codbert the details of sur almilations. Wn only consider the msoes peodoosd o the fimt
rhellation leegoth of the dump. This will kead 10 6 colgavatie stisato of the s of
mesnns producet.  Tnforvmaiely, thew s no past dats o mesoa production @ elererom-
nickus collislons st these enorgies Dt e be wsd to eetmalize the teles. For this masos,
thi: imimbser of nesaons prodivced will be the mein sctree of uncertsinty e the estimake of
reach om ithe HNL parsmeier space.

Fions and ksoue hwee Ivrge produciion razes m electrom-mecless collisons, Gven thesr
redablvidy long praper lBstiome, thay lave aodevay hength that & noich larger thas the charss-
tetletle inbeaciion gl in e Do dump material As & ressit, o dzabbe fracthom of tsse
mesons mn be absorted by tbe beans dump bedfore they deeay ints HNL2  To take this inko
ot W estimate the sembee of msons that diooay efore the Tieet intesction leogih b

T ahian i Rabie L, Tromi Cle podsit of vicss of 1l sty and Ul Risioedty, CLIC psiig @l ofF = 1
ToV la slenieced b G100, aud 024 ke ddankioal o TLO-2%0
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Tahls 3. Tolal =ionber of mesaes aul v eptoss peodoeced per year w1l B several beam dump
axperimimbe, mlmﬂumlﬂhlhr,ﬂqld.ltu. For ploms mral hucns we aboe the uomber of numcns
1Bak decay before (b Bl irdreacfion Jegith, oot e total gumdser of produnsl ousams

lipuiied wenber s [22)

LR (R TT YT F (2.1
where Npoy 1= the number of eleviross on target, ngg = the ommber of mesons predhirsd m
Ehe fest madlatlon lesgel ol the dnrmp pear alciron o target {soe eq. A1 and table 3, (s
is thir eseen invarse Lorentx boost, asd Ay i e pwson Wbersetion lemrth o liguld wator.
We meame thet the interacizon eegth of pooas and kaone in Sgoid wster are similar apd use
Aap =2 113 e 6T

I ol B inseres aee aburt-leed, wnd, Chevelore, the mmber of thisoe s esponaible
of HNL produmdons i simply goven e Ny = Neop mag. A lerge pumber off v opbom
are alen prodiscel, mainly fos 0, seson deesys, and the total samber & gaon by N, =
Npoer g, & BRI, <p v}

In tahle 2, wo smmmarize the numsber of msons asd © leptons prodoced at the sovers]
alictpon biie duing cxperlseanls e o of rooileg. et cese of lght mssons, the
TLC-1 HED pumbeers arn slightly larger then 15 correspondmg ones wi C"..'C'LJI'.'-:"B{IH, derprie
ita fower energy. Th# iz w mllection of the lower number of EOT yrar of 097 CLEC-2NH
cotapuireed G the [LE, wludel compensitis. for the beger production of swson pee BEOT (8o
tahle ). The kimematical esppression of H* prochiction nt [LA-8HH & more cebevant. In Bt
OV ACLIC-3000 will be oble o prochice a brger smple of B4 mesune, thapds o i higher
pomter-cl-mas amEgy (g% ~ 05 G v, 8 ~ 1SV alf the LLC- 1)

3 Heawy Mewirnl Leptomss
FLNLa ean bnteract with the SM lepton donblet vis thie moitrinn portal apesator

= a2 Y L HN, + e, {a.1)

where M = the 3M Higes doublet, i = {5, £ ia ehe BN lepies dnublet of fAsvor 1, s K
ke e £ elements of the Yokewe matre Ao dedroesmb semimetry breaking, the HNLs



will mix witks tho 55 neotrine with & 3« ) g meti Uy These nixdngs e the
cotplding of HNLa tr elietrowesk guige bosom 18V 2 gives by
£3 %"ﬁ:.fv-w,; A, + ﬁufa,p{iﬂ N+ b, 2

wlhasre gy be Ll ED'I;E:-L Eaige cpding codotuet aned dy b5 the Wilnhetg angle

In onr apales, we will take a phonvmenclogical approach, ofien sdopted im ihe liberatur,
and assume the sxietenee of onee HNL that mixes wrih onkby one 38 peutrino flmver, We will
segmrately study thi ss o whick the BNL mixe with the 51 electron meutriso with
& mimmg smgle denoted by £, wah the 88 smon nemiring with 0, sml with the Sh -
nontine with &, The pheasmencology @ completely dotennlesd mos 1he BNL e s,
il miEling e, L, are o,

4.1 HHNL Froduction st an Edlectron Beam Damp Experienent

Ther mixings generated by the Lagrangoan ineg (4 1) allow for HENLs 80 be prodnes) inosny
prooess whern a 56 poutring ie produced. This sllows: for the proddncises of HNLs at an
eledtran b dump experinoend o (1) dasged-carrent. sloctron-peoton seaitorlsg: (25 v
wr three-body (semmi-] bepbamic decays of memme (pe M= = PN AT — YN with
M, A" being diffrent mosorsa); (1) sscomdnry production from the decays of 7 prochiond
fevm thee desays of eovy mesee @ech as 07

The first process only happens bo lesding onder in the case of eleciron-miaed HNLa
The correspereding produstion reess-section v ghven by (2 alsa (68, when we neglect the
crntribastions frome beavy quak PFDE
14 = i, J#

i CEME g
EI"-'F" I“.‘":I = I I‘.“dl HJ.I jrpL,lihﬂj —-ma+ A :'

where poanid nodomote 8 proton anld & setron, 5= w2 witk % = BBy boing the cenber-
of-mees emergy and 1 the Fractsen of the prebon momeriam carried by ihe initsl stale queark
The Pantion e 40 18 the opequark partan disteibitlon functsos. Wae bove sumerically
chocked 1hai MadGraphb.a®oa8L0 |09 gives spprocimstely 1e a0 orogs sectinn

To determine the number of electromrmaoed HNLe prodweed darectly through the changed-
currenl cxchange, we eiimeie Uie effatioe ntantanms isineity £ of the clecim-
protom system m the fret cadinticn lengih of tho besm dmnp sa

Log = m EOT,., ()

ibiaire ACE] 16 the atoimle e (sonber] of the target Emberdal, Xp b the sadiation bagth
|56 0d glem® Tor lipod wwtar), Wy is the Avogedro’s mumber, nnid BOT. is the mmmbor of
e lroms-oa-target g soond. The wahis of Do for che diffizent exporimiais ene nepoitod
Itk 1.

In the top left parel of figare 2 we ghow the rmumber of HNLe peaduced in chargr-current
seableeing lor ane year of epetation of [LC-2TH) {solld curve), TLC-DN0 {dasbed cerve), and

Atz a'l, .14
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Flgure T MNambier of HN]a prodooe] per sear ol Che several sxperiments, having fioed o mixheg anghe
[ = 10 Tap lefl, Mumber of clectros-mined [INLs prodyoed from chasgad-comrenl clscirom
proton sostberig, T mght. Samber ol electron mixed 1NLs prodoced Srom e deosys of mesons,
Fdfons Mungber of muon-aiived (o8 pasdd] and romiaed Orighi panel] ENLs produee] rom L
alerays of rmasmin uned = lepions

CHAC LR et curve) assfambing & esixing asgle of (L)% = 105 Ax s will dlasms,
this jroduction rade s genecnlly mnch lower than the ome obdained from pon, ksom, ond
Domesots decaye 18 @2, instesd, comparable to or Inrger tkan the prodosiion e fom B
iigasn ditiyn

For all Huver slignmoeds, HNLs cun b coplously produced fn twe- o Lhroe-bedy doenis

of mrscns, oy wrdl ae seromedury. prochiction from the deoays of 7 produced in the decay of
I meson 3f the HNL mives exclusively with the 1 nestrine, The nosdur of BN s prodicad



I& pilwen by
Ny = NuBIWM -+ N+ X7, 1A

ibrre Vg 8 Ll iiinlssy of mesdis of ¢ Y peodebnd (Sooap [20) amd the sibaoegeeit e
mion) and BR(A — 5 + X j tho branching mtio for the meson or 75 d-r-ru:.' i m HNL and
finnl stases X, The fall mxpressions of all besnchang retio: oan be found in |10

T total mimbeer of HNLs prodiced from meson and ¢ desios s oan L0 and ©F 0L
beam dumyp experiment = shown in the top right, bottean Iefl, asmd boktom right paneks of
flgnre 2 for edortrou-miged, mosemiend, and ool HNLa, pespertively, assaming oo yeur
af operatlon kid & mixing aegle of |07 = 1Y For all prodwcison chennda, we sim avar
positively and negatively charged mesme u=ing {heic respective produection glves o table 2,

T presehiiction of eloctron mived HNLS from mesan decays are typirally arders of sag-
nigude nrger than 1he direct prodwction in charged-rorom seatbenege. and we cxpect the
chnrged-posnmt scuttering Lo plus weaker constralis e my S g, AL Bigher e,
chaigid-caront scattesing bocoine o melevant prodoction. mechasismn.  The prodaetion of
LA a TLAC=1000 and O AOLI0-M00 &= penerally nrger than at TLO-250, especiadby 6 i
wrkees from 8 meson decays, e well o charged currest Intersetlcie

d.2  HMNL Decays

Ut preodiesil, HNLs will dociy vie iho sosk inlevuctions = eq, (3.2) s twe-body Gl
atntes, N — =M, N — b, where A iea meson, nnd thoee-body Gnal statos, N = 7/ for
fimal siate heemioos §, [ Th pastial widihs for the seveenl dicsye are givan in [14, 70-T2).
L Hgure 2 wo shuw the brunching ratios as & ecthon of my G as dleclron-mised [fop-ledt),
mun-mixed [top mght), and romibeed (hoidom) HNL. For FINL mosses below | GeV, the total
It i devay mate b oghvet by the sum of e lusive divays to mesons, Wil shove 1 Go owe
use th incesive deeny o quacke. The sevimald brancsng rtios do st depeend oo the mivding
angkes |12

Among the possible divaye, che mest prombing chennds sm thos mvelvieg two (or
murel charged particles in the final stads, ps thee channes woih only nedsal pertides (eg
) will fove bargee 88 bt kappounds asd uee lutdes Lo ke detortid To corpute the rech
an the HNL paramote space, we will take o comsermative sppioach and osly conebdar tho
HNL decsy mode with st least tweo chorged particless ond with the Brgesst branching ratio
For st election- of muon-mnized HNL the most boportant dicay [or vy = e 008 <8 oep
(ishial Bght-grsen cmrve ), wlille foe m, 2 my 5 0G0 b gl by & o F5a® [ = e )
[red curves), Abovn gy = 1 Ga¥, the decay to ten charges ptone will bo the most mleesm,
with W b wuir belng e domisast one Tho swcst pidovns doceys ol the romioad HNL aze
to twn clissged kplons, as shown by e groen cuevs in e bottom plod of Sgoe 3

4.3  Detector Elficiency and Asceptance

Gihven the expermmental setup, we can determine the geamente accepiance and oficiemey bo
aletort the wisbly devaylng FINL. W sequire that the visible final stabes romck the ditectar
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Flgure 3. anching rotim of an eleciron mined {leit upper panel). mom. mixed (righe upper pand),
il romioed {lower peasel| HRL it diffeeent final states a8 o faction of 1w FNL mess, mg. The
lick blck varve pepresenis the sum of ibe breaching reibs brin two or more charged pasicle in
A fmal wtote, whiks the solkd green onrye nbeled @ 1o Che o of she branghing ragios b chinrged

Tepitan final slabes

afier the HVL bag decmrod ampwhere i the decsy vwolumse {see fzuge 1] For a given decny
position, =, there will be & requirement oo the direction of the vsible finel states with respect
Lo the busm axis For el poaition & thieo b s malssamn disge, S given by

T Ip— S {iLA

ey — #
whare vy, B the radis of the detector snd g = Gy & Gp & Ly = LH1m & tha
leakinn of the detector, In fact, wisthle decoy presiorts with an sngle @ > ¥, will not
roach the ditector.  Signal evests are chossen Do b those: dn which the HNL decaya 1o two

— il =
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Flgpere 4. Lelt: Memaliod geosmedce snxcpismn ae s uosbaoo of e HSL suses o i L Bekioe
reglimie (e, hiwing fomsd Aae pooper Hiekims o 30 seooode) Doy TLAC: 250 (ol curves) pmd 1RO 1000
[desabend cmrves]. Righi Eficlendy ps o fanction of YL mess, Ser besa for moen detalls

rharged purtacles that ame wathon the idecinl decay region enclosed by 7 € (g, See ). whire
Frdn = fiap + Ca = Bl m, nodl entisfy =n, [34)

Biwee the gomotric accoptaies deponids oo e partiouler locafion of the ANL docay, the
toial effcirmey = given by

[o— =T fp
. ,lr e gy {a.7
i "#IIE:WI Moy

where g, T, wnd py are the mess., decwy wadth, apd = —oompopest of the momeniom of the
HRL, rospecibvddy. The swn @ o the aveits that fell witksn the goomeirse soepteno of
the detectar, apd N s ik fobsl momber of gimulated ems

The eificiency arg 5 functsom of the HNL maee i@ ghown in the right pened of figures 4 for
w few peproseatative HNL prodoctace aod decey chamrels ot the ILC-250 and ILC2I000 AT
of theee curves apply to po slectron-mixed HNL while the blue snd green curees spply slso
to i mini-milsed HNL I sompetieg thise curvs. e asaliese o laege peopes [fetiine of the
ELML, 1 simcomads, asd, theselope, & decay lengrh moch baegee than the expariminal srup. 1o
thix limit, we con spprocimste the efficdenoy ne

1
wll = g I - m— 4.8
1 oy ‘"":'-n.-.-;E.-._ e (1.8}

A enpectial] ln this reglee the offeiossy deposds lneardy on tho [0 B othe right plot
af Hgiire 4 s can so that the elflckney B emallie e ILE-THA (daskel coarae) conijsied
o ILC-E50 (modid curves]. This @ becase, ai higher onergies, the HVLa produesd are mom
heostil s the foewand Srection, which gives o smaller probabality that the HNL will decay
wiihin the decay volume of the cxporiment (in the long S-time rogime). For beevibty, wa
omit the correspording O CLIC-5K0 rurves from: gure 4. The sima conclesmoss hold dwe
T it highes seergy Th ofcloney & o than ILO-1000.

- 11 -



Tiwe gostssitric soveprinss shows e opposite bebavior o the loft pasel of fguee 4,
we s e seveptance of [LC-250 (solid lees) and [LC- LRI {disdsedd llnes). Wi compute
the accrprtamen b talong the matio betwron the ofBoeney i oeg (171 with or without the
tegsirenent b e i geoionteie aeoopianee. The giomelrie aeooptanee 16 lorgar ab ILC-LIHK
romgarsd o TLC-250 which meflecia the fact thal she finsl stoten are meae forward, and,
therefars, the number of events that sstialy the gromene accopiancr reqpememesd 1= higher
Craorall, 14 gootstric aovoptases B oqilto leige, thanks to the skablo boeodt of 1he HNLs

peoduced in these experinoents,

4 Bemsitivity for Heavy Meutral Leptons

4.1 Eensitiviey of Lopten Collider Heam Dhoop Exporimests

Tl ewportad sesch of & high-energy elocteon besm domp esperiment can be foamnd wsing tho
peodsction, demny, and experimméal eficiency infoomatson disnsaed in the provicus seciion
The totpl rambir of gigns] ovenis i= g by

N = My 5 BR{N <4y o, f4.1)

whiere My-le the niinber of H¥La peodistal 1e 6 partbealar poadicthe moeds, BRIY <0i] &
the bmusehing iwtho for &V deenving 1oou Oeal stite o, god off) 18 the alfickney Jor detesting
the inal siates, For each msss point, we ronsder only the BN decsy mode thel ksl to
thi bessl semeitivity, as dlscusseal o sqcdion 1.2, To determine the opeciod reach, we reqiiln:
10 slggnl ovents ot detoctor.

In Bgrees 5, & wmil 7, wo shiow the rooch of bgheerergy clectron beam dnmgp oxper-
menis e dheetron-nlxed, moon-esdoal, anid r-mied HX¥Ls, respoctively, assmming oo yesr
of operation. In the Seft plot of mch fignre the solid-back, dashed-black, snf dotted-back
rarves reprsent the reack of the TLO-25), TLC-LHNHHL, and E’IEETL.'IC-?I{IZI}. reapoctivety. In the
right plot of Bpoe & and 6, wo decongpess the bouneds into comeitations from the decay of
kacma fred mervem), I mescae [Blue onrves], B omosoms (green curvead, snd chorged-rusmont
seotboring {orange corves, only [or Bgare 5], For fipure 7 we desompose the bousds inko
wnnitribestbons Prooms [V possoos (Dl curves), 7% (nmd corves), ased 8 mesons (groon ourves ).

The gray shaded segiooe are the kading eceting constreints from PLERU [T5, T4),
PELAL (L3 4], MA82 15, CHARM [70], BERC |77, Belle |UE], DELPHL (78], snd AT-
Las [0 G odoetron-oosed BENLs; Evao {so], PS101 |13, 1], T28 160 17, MoTey [H1),
CHARN 22, Belle [41], DELPHL [TH], sod ATLAS (70 for muon-mized H¥LS; snd NO-
MATE [15], CHARM [12, 16], AvgederT 2, and DELFHE [78]) for r-mboed HMLs  The
alindlesd bl pogliiie at skl mlxleg anghes ore mlditioinl st on B3 Basg ke
oeyrithesis (HEN) atudies [63, 8], HNLe can, m fnrt, be thermally produrmd in the esrh
Undversi. Thw deciys of thiss: HNLs o the plesma afect th abimlager of B elemenis s
widdl s tha aifioetlve soanber of relailvistbe specos, Mg Thive the BN parsssber space can
b eonetrwined by BAN messarements In all mizieg scennrios, the TLO-250 [1OC- 1000, snd
L LR will woves unexploned regions of pueanetan space,

— 13 =
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Flpwre 5 L The ronoli of beaon dingp sxporimenms 8o cleotron sised FINLs In the W05 v o
plane for ILC-250 [black, salid cures), 101000 [back, dedhml coree), aml E’,-'EL[C—:I-N[I bk,
abotied cittve) sy v voar of opesilon. The lingfs kv s by sopuiing 1 signed eveals o b
derbxcior. Exbting eapesimenial ity aze depicted by the gray stiuded nogion, while runstcainty fmm
BEN we dejuciid by the B shalal nggion. Limata rom proposs] sxperimasles e depacbed hr (1Y)
dtferomt dnsiusd, coborsd curves. Wight' Samee w the lelt phat whiere wo decomgoss the bounds timo
poabyibuikens fron the devay of Koo (oed coress], (% mesoms [biwe carves], [ mesons | grees carves,
andl vhisaged-tument st ioring (orange ciarees)
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Wi ales comipare tha semsitivily of the 1L asd COACLIC beim snp exprissents Lo
the senitivity of seveml propossd eeperiments auch ns CODEXN-b (58], ParkCheest |52,
DUNE j2z-24], FASER [26], MATHUSLA |27, 78, BNAs? O8], sl SHE* [33-37] e th
elired disbind lines in the loft plot of e Sgeres). Witk only one vesr of operatios, the
LT mnid i'-",.'ﬂr.'lﬂ min lead to s compamble or mem beiter sensitivity sz FAEER, MAHZ,
Doarllpit, COLEX-b, and DUNE
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Flgure T. Same m i figuro & b for vomiosd 11KLe

Fur all HNL mixings, the smaitivity on [ for my < M2 M |mgrrorvres cnly by n
fnrtor of » fmw when going from the TLO-250 ta the TLO-1000 dun the an incresse m the
ket ol miscss prodoosd per alivtreseon-lamget. Howesa, the RO TR0 b 6ot s
atmpile resvaling with the numbser of mesomas ainee the efficeocy of TLO- 100 i lower comparsd
o [LEC-2051, sa ahoen in the righd plot af Ggare 4. The HEL= ars more boosied in the foresrd
ilipetion, resulting e g amsle prodabdiy 1wt the HNL will demy s e decay vwolomo.
CHAOLIC-000 places somiler Bmite as TLO- 1000

For my s maing & higher snergy viectrin beam kewls 4o mguafirant . improyvementa
in the bomnds from HEL production in & decays. Approdmstely 10 thmes mote & saocons
mre presdured mt [LO- 1000 smd CHCLIC-A000 ompared 0 TLC-250 This kelps meroas:
the pensitivity for small mixing angles. 107 |° 2 108 pod 852 = 16, For lages muxing
angles, |y 4|7 = 1% and |02 = 109, there o signilice gaies 1= sosaitivity whs. going
o boghor energies. In this regime, the bound 3 determmed by il Jomtion of the brginmang
ol U divay wolise: 0 the migieg anglo B boo lerge, the HNL will decsy beforne §t eators
thie chaay velwane Then, b higher energy disckron beians, e HNLewill have o lurger Tt
fnctor mnd, therefore, a longer Eietime. Therefore, a locger minmg angle will ke necded for
the HNL to docay &t b eginnlisg of the decay viliiss.

lieristingly, the charged-eureid poodictbon of eliston-mnood HNLe plaees {ho aomi-
nant sensdiviy for my = Mg, and con =gnifeamly exeoed Che gensitivity fom S-moeson
i iyn dow Lo the maech lower [ swson produciion rato [see the rght plot of Bgare 0. Thenks
T bl cliaggod-cirrest prodiscUion, HNLS wilh o imoes i to ~ 47, 10 (e ook ba proted
wb TLC-250 TLAT-00, amed C1PCLIC- 3000, respecizvely,. This is s wmique ndvasiagn of shec-
et D dismnp experinema o proton. beaon dnmg et ssents whon HNLa are malely
prodieed vie mess divays amd sre lmited by the boavdost nwsons that can bo peodased
st & groen cemer-of-mass mmeegy. Purthermore, comrary 0 the produection from kaon: nnd
I mwesom. docoys, Increasing the benm ety lsuls to o significant gain b senstbity Srom
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Figwre 8. YVenstam of Uw bovud en s doctrog-miced HNL pertcssier space for Sl mpths of
e emao sl fyy (liximg L distanee o the dimp £, e docay Teagih O, e the ey ol
1B Teeain, 135 Cob). For the purposs of the ph, we ool coussdes e charged-rurmoul uodie bou of
eleviomn-oied 1INLs for 1LAT-230.

charged-rwrmnit. prodection: Ths con be undersioosd Fom the upper Iefi plok of figure 2,
TLEC-1 M mal 0% CEIC-0HED can provicde the leading seossiavity for eleciron-moed. H¥LS in
e 5 - 10 G’ s paxgge, poroviding & siroger pocks than probun b duing expaeilinents.

1.2  Modifving the Expecimental Setup

En the previgus section, we bave snnlyeed the sensrircity of an [LC and ﬂ"‘.."'!'.!'[.l'ﬂ besaan dump
expeeriment maing the [LO beam confipumstion described (e sockion 3 [ We linve seen that
Incressing U chetron boun oneegy ks o galis i the sessstivity for botl anell inadng
angles (o part of the comvea ) sl for large mixing angles st high HMNL mssses {upper part
af senskiivity carves ). Hire wo show: the Tmpoet of diffeeent parunmters of the caperiunmal
wofinp (e the ek of HNL pafamrier spaoe.

An sdimmiable pammrter of the ooperimental s ap ie the mngih of the muon shield,
{4, Waryleg the fength of the shich does not affect tie bonmls as small whies of te misog
mngk {Ehe lower part of the boussda). In fact, in this fegome the efidensy vares linpark’ widh
the sl of dociy length [sec eg [5.8)) whilch we keep fivel Ou ihe other Lol vaeylog the
letgarls of the 2hickd will dususge the sensitivity o HNLs thot ame relitively short lived (the
upgeer part of dbe bounds), fa a resmli, we only coresider the direct production of electron-
il H¥La fram chasged-ciirrost seattoring, whids li the busl masitivily i thsl peglon of
ATEMELNT S[m.

W corsithr fg = #1m, T o (Le: e emifiguration discribied booaction 2.1), asd 3HE
i i bemeclimarks, while kevping adl ctber parassetors Lhe s as the nominal besen ding
wonfigemtion (s Bgure 1] The remlting bounds for 110350 are shown in figure § for the
wemnnigde of an doetronemmieod HNL. The dot-tnaliod, solid. wod dashod corves ane bor a shidid



lemgrtle of AL i, T =, nd MHE o, despactbeedy. A enpocted, ehanging thie leagth of the shidd
anly ulferts lamge valmes of the nileing asgl, asd we cun see thet & shorter shidd lengh
improrers the senmdnaly while a bonger shick] lemgth decresses the sensitivity, compared to
thir ool bewm darope st up with L = 70 ne. This sorme o ki thet & amall seen shickd
wauld ke beneficial to obipin s better roach with o lower coergy eleciron beam, potemaally
slosing the gap m parameter spece betwesn 3-5 Gelf, However, as we discose mosecbion 4.5,
i Evpon shiohd That s too thin can bokd to sizable S0 badigromnds, deplitlsg, thonlomn: the
anral] reach

4.3 Possible Barkproonmids

Laoing-lived messons, eepecially H'E, combl be background 6 the searches propoend i this peper.
WD i popest el setup adopiial b e paper, S{LIY - 107 KT wall be produecd in
the first mediation length of the dmmp The wator dump will be shle to sbsorh some of theee
ks, rediscing the nuocker b QLU — WM As discassed in (18], it 1 semmed that the
ligay paste of The o alilel] are sade of o, Consdoring e plon ael baes Lo
lemgih im load (B3 em], we find that romehly & meters of nmon shield will be able to redoee
the kmon mates 1o negligible vwluee. In sl owr crtmmster of the resch on HNL parsmter apsm,
i gt fy 2 b m, aed theveloee the KT backgrousd showkd be nogligibd.

In sddition, & large flnx of o will be produeed  Appracimatehe S0 moces will
b prestinned i the i pbstion fength of the duzop, The aversge senmgie of 3o Enwds ae
tonighly 10 G 20 G and HF G st HLO250, ILO-EMH, and O CLIC- 3000, respostivdy.
The mmon enagy distribastos is brosd, with simbie populated tails meaching 10 GeY, evem
gt the ILC-2500 The woons will bese anly a fow GeV anegy 1 the water dussg, 18 the bead
niion shiedd, 13 nmuns will lose spprocmstely 1 G fm. These comsidiations slow thit
wilditional veto counters placed after the muon shicld would be peeded to reduce the mmon
hackgroand 10 & seglisiblo rate for o moon sliloll of kogth Ly = W or Tllin.

& Suwmmary

e L bvertigatod the ositivity oo B ey nestral epton parameter spece of b
dump experimmns shat wtiier the high roecgy electron beam of futuee %0 collidens, We
foormed oo the 360 Gel and L0 GeW [LD sapes, e well seoon the 5 TeV ebagea of U and
CLECT wxperieste. T Gat, Hocur collidess offer o belber oppontanily Doe g sty hiainos
beamE oxprrimonts compured o cicodar colliders thanks to their mesch Burger number of
ebectrom dumped per spoomd.

Wi polintisd gut that HNLs cun e eoplously prodiced b the leasn digap of lilgh enosgy,
high emensity e*e colliders either from meson decays, or from charped cogmeni electron-
ok atattoring, Thise procluction mechanises are comphinantany to the prodictioes pro-
tizaaes Thit coenr in the smain o o colikler. Ooee prodocsd the HMLs exn travd o mbor osaople
digtinme before decoyving inta SM partickes, thet can be deascted i o qoitshle detostor 9in-
wtibiod behind the tream deamp. Thise st abe als complisontary to the shgnatins



thik cun be looked for ad tie mals detoctors of The ¢ %c” eollidirs, and, depending oo the
apeelile experbmentil appamitus, could o o very mmall or segligilshe Sl baekgromnd.

Wi alowoil that, thanks to ther anprocedenied crergiés and itensitios, thise aliotnos
Toam dump experements will probe 5 Isrge range of ANL parnmeter apoce for HVL mosses
bedorwe = 10 GeA et yel probeed] b paat searcies, These experiments will be ossplessentary
to ot by proposad experbsents such as proton heass dump eopesisseuls, noitring experinems,
snd LHC suxibiary detedors Particularhy, m the ceao of an elediropemiand HNL, they wiil be
sble 4o resch higher mmsses thanks to ihe chasped cument olectron-proton scatbbering process

Mote sdded — while working on this progect, we learned abont & smmilsr work m progress
suthored by M. Mojit. Y. Sakaki K. Toksokn, sml [ Ueda |85 We coordinntal the arky
snlsiadion bo b on the s day,
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A Bimulation Details

Al Meson Productions

I idet e preotomn eolllshdin, inisons ang mslaly prodiscod slion b plaodoi B et oo the
incomming slectron npd iniernris with parices in the protons The photon can inteenet. direciir
with quears bsside the proton or it can Qe tuste nbo & Balrosk stade and interact with guarks
and gloons in the prolon. The botal crosssecilon foe ploton-ledron eollisions b domlnated
by ot G prcscessea, T mimnlsbe the presduction of mesons, wnomse Pychig 0.3 'I'-'I |
usling thie SofuQoD event dass which grearstes wll processis having significant cantributions to
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Tahle . The mumnber of ihessns produssd por geverated Mot Carks st QO svet { Nap pre /N5
&b ghie thes different Basm energes. To obialn the mamber of mesens per BOT, we ave 4o mmhiply
Bamens mininheers by ogaagen row s described b U st Mobe that bern we wmw apoiisg U clesinm
henm pmegy meloud of Lh cober-od-ma amogy of e cornegandng coluler.

the totnl hdronie croas-section. We poms out that we mre paesbing Pythin beyomd ibs nomamal
aperabicn. o thore will be some signlfesn oesrtainiy assadatid with oo aleolst o,

To deiermine the boial production esie of mesoos we Tun Prthda 8.3 maing the fapx-
BofrQoD:all & om, POF:baunliyeesa = oo, ol Peoten:ProcesaTypes & 0. Tl pesobt af
this simubatlon is given in tabike B whera s show the niester of 1nocos peodocnd per gencratel
aoft QO Monte Cwrlo overd for an incoming ekeciron beam with an reergy of 125 GeV, 500
G and 1.5 Te¥. The tobel membee of wesons prodiucsd e EOT bs dob crminiad sy

ANy dsacpen Nanur

MR T T aw D bty

where 7% ir the Lolal electoon-pacles eres srction [~ 48 mb) aml maepgen = the tots]
hidponie cross section astimstal by Pyihis (~2 2 1077 mbs, ~ 70 1077 mb, ~ 1067 mib for
thie D25 Coehy', 500 Ciet | dunsed 1000 Oy bocien dtsatr gy, pdsgroctively ). 4y gee otha Eotad nmmbaer
of mesona prodoced by Fyibis and Mg = the total mimber of Monte Corlo eeente that wem
slmitlated. tiyp 8 the Dot e eg. (28] whes wie caleilate the mimbasy of HNLs prodasod
Tearm nuyisasis dlockys.

“To diterming the geometele acceptan and ficenoy of the elertron e dungp oxpsri-
mu, we pleo peed to know the foor-mossents of the mesons produced i the dlertron collsion
with tho beam dnmp. To generobo & lsrge ssmple of mesors, we e ESfferani scttingr for the
QD poosductions we bolkows,

e Far o™, K" "SofoQCD w1l & s=" 16 meial.
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Figure 0. Energy (leh) avd pp (right) @etrduiions of mesoae prodocel st sn L0 besm diomp
wxperinel with un shaciros besen with caergy E, = 138 Gl hilting & protos a2 red. Evenls o
srsorsiod with Pythia wwing the SoftQ0 eveod chosy (sl o] wsd U HarSGE evml clus
[ilmmlend cemrvew). The disiribuloines aie jumrnisizas) soch that the bodal T veunt sums o 1.

w For 0%, % *Sardcncall = on® amed *Peotonfarion:all=on® are wes|
o PFar B "HardQUD: ggardekbar = an” atidl "PhotcaParten: guedblbas = an” are sl

Threr BardQCT and PhetonParton seiting wore el for I.'-ﬂ- and BY mesuns Escausa
with the Sof3QCE event class the sumier of thess mesoss produced per slectron om target @
very small [«f. tshle 3] Whils EaftGC0 wnll give n more renlistic mesom spectrmm, geoeme-
Ing & masciuble monher of evmta e analyes will be cosputatonedly very essconsuiming,
ep, D077} oventz will meed 4o be generatod io prodore =10k F mesons, The nnmber of
mesons produced per eleciresn on target using the Hard3E eoent class b= signiliantly lsnger
Therefoo, we use it to obtin o large samph 0 god & mesons:. The HeedQOD oveen elios
prnematos meanns with alightly higher poe snd Insgee roergy, 8 sbown m fggere % This fosds
1o & slighely lower geonwtrie acecptaren Howewes, we luve choeked that the linits on the
HML paramster spiod di oot very appeeclably i one iecs th spectris of niisaods peodeod
with SofsQCh or HarddoD mvenl class.

A2 Three-Body Docays of HMEs

T sboteresine the smaltivity 1o the HNL paraneter spaos reqiilie similating the decoys of
FEM LS ta b iinad thori-body Bl stibe aisd iisleg e petiilting b moimeits 1o determibne
the peomeire aocepinece of the detectar, For two-body HNL deces (o, ¥ == F o), this
wain b done amabyticadly, seriiog Som che oot S of the HNL and beceting into tha lab
frumus. For tha theoebody HNL decays to diurgid ligrtons, s wee e palilicdly svailable codo
wolliHL (1, & BT, which nees the differeniisl decm dsdributions of the HNL to genemste »
widlitee] sawmplo of finel state keptons. Events she ganesatod in the st frasme of the HNL
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Thaey v thiein Booented to thae lab frasme oeing thi d-inementa of rusons peacrated by Pyt
W than s eq. (3.7} W comspnle the elftckeney and sg. (4.1) 10 caleilabe tha reach on the
HNL parameter spron
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