New Physics Searches at the Electron-lon Collider
The Heavy Neutral Lepton (HNL) as a Case Study
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The Electron-lon Collider
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https://arxiv.org/abs/1212.1701
https://arxiv.org/abs/2103.05419

Introduction and Motivation

@ The Electron-lon Collider (EIC) is approved by the U.S. DOE with an estimated
cost of $1.6 to $2.6 billion, to be located at Brookhaven National Laboratory.

o The EIC features [1212.1701 and Yellow Report, 2103.05419].

Highly polarized (70%) electron and nucleon beams

lons: proton, deuteron to uranium or lead

C.0.M energies: 20-100 GeV, upgradable to 140 GeV
high luminosity: 1033734 cm~2s~1 (10-1000 times HERA)
@ The EIC goals: (designed as a QCD machine)

The proton spin

The motion of quarks and gluons in the proton
the tomographic images of the proton

QCD matter at the extreme gluon density
Quark hadronization

o Other phyS|CS OppOI’tunitieSZ EW and BSM [Snowmass whitepaper, 2203.13199].
We take the Heavy Neutral Lepton as a case study p2i0.00s7.
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Collider configuration
@ We want to maximize the machine reachability

e(10/18 GeV) + p(100/275 GeV).
o We assume the integrated luminosity to be .2 =100 fb™ 1.

@ Primary physics goals require a multi-purpose Hermitic detector with excellent
tracking resolution and particle ID capabilities over a broad momentum range.
@ Detector still under design; see EIC Detector Requirements R&D Handbook

[EIC CDR 2021]

l n \ Resolution ‘
pAbean - Tracking (0, /p)

25<|n[<35 0.1% x p ® 2%

1.0<n[<25 | 0.05%xpe 1%

In| < 1.0 0.05% x p @ 0.5%

Electromagnetic calorimeter (og/E)
—45<1n<-20 2% /VE
—-20<n<-1.0 T%/VE
-1.0<n <45 12%/VE
Hadronic calorimeter (o5 /E)
1.0<|n| <35 50%/VE
In| <1.0 100%/VE
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https://inspirehep.net/literature/1936148

Precision and new physncs studies at the EIC im0
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The Heavy Neutral Leptons (HNLs) at the EIC

@ The HNLs are motivated by the potential connection to the neutrino mass
generation, through the Type-lI Seesaw Mechanism (minkowski PLB 77, Gell-Mann et. al. ‘79, etc]

o The Lagrangian '
<>yl L, HNy +h.c.

The interactions can be written as

2> v w, (o N1+—UIZ TGH N, +hec.
V2 2¢ h

@ The HNL production and decays (lifetime)

10 3x100|U¢|2 events with £ =100 fb™~ 1(7) 4 NX 10 1018
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The Prompt HNL Searches

@ The HNLs decay promptly for larger masses and mixing angle

@ Three channels are considered ¢ ¢ e ve
o Majorana: e*3j Al f N -
o Majorana: eTu=j+FE ¢ wr B z
o Dirac: {70 j+Er ! e
q j q J
L 10°
107
[ —1
o 10-4L 107
S

103

Branching Fraction

6L decay length [mm
1070 y\g [\]

1 —3 " "
10? O 10! 10

my [GeV] my [GeV]
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Majorana signature: ¢*3; (lepton number violating)
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@ The hadronic mode gives largest rate, and allows for full final state reconstruction.
@ the main SM background comes from charge mis-identification: e~ fakes as e™.

@ the e™jj invariant mass window cut very efficiently (1000287

Cut selection iili"a:l [1%7(1;’6\7 (N;Vig()]”&[:c)] e jij [pb]
Production 5.53 0.95 449
> ZEGX:\C/“% 1<[711 a5 243 0.74 36.7
P, > 20 GeV, pijjjtg;jéev, Mjraal <35 081 0.43 135
M([/ja‘jﬁ)'f'g_‘f(";.ﬁ —123) 0.22 0.39 1.35
AM™® = min (|M (¢ajp) — ma]) <5 GeV 0'32 050 ggz
Require one ¢* [fMIP = 0.1%] 0'32 020 ;3; i ]18,4
Require one ¢t [fMP =0.01%] 0'32 020 24213 i 184’:
Polarization P, = —70% x1.7 x1.7 x1

40
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Majorana signature: ety j _|_E%iss
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e Main background comes from (7+ — e™2v)(1™ — u=2v);

@ Isolation and invariant mass cuts reduce backgrounds.
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Majorana signature:

€+[.L_j + E%iss

Signal [e™p = (N = £t v)j] | 771 —
Cut selection my = 10 GeV  my =50 GeV | ¢ 615+ 4v
[pb] [pb] [pb]
Production 3.16 0.55 0.05
Exactly 2¢:
: 2.10 0.53 0.01
PL, , > 2 GeV, |1)gl‘2‘ < 3.5
Exactly 17: —3
’ 1.82 0.44 3.19 x 107
pr, > 10 GeV, [,] < 3.5 *
Isolation:
1.61 0.43 3.13 x 1073
AR(f1,£5) > 0.3, AR{(1.j) > 04 )
Require one p~ and one et 0.51 0.13 7.83 x 1071
Py > 12 GeV 0.37 0.10 3.90 x 107
[Ap(f1,€2)] < 1 [mna < 20 GeV] 0.35 X 1.72 x 10~°
[M (7,07, EY) —my| < 10 GeV [my > 20 GeV] % 0.08 2.07 x 1077
Polarization P, = —70% x1.7 x1.7 x1

e Main background comes from (7+ — e™2v)(1™ — u=2v);

@ Isolation and invariant mass cuts reduce backgrounds.
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Dirac signature: (¢~ j + s
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@ Main background comes from (77 — £2v)(t~ — £72V)j and {70~ vj.

@ Isolation and invariant mass cuts reduce backgrounds.

. Signal [e = p — (N = (T v)j] v (T Tt
Cut select
Ut selection ‘ 5GeV 10 GeV 50 GeV —otjtay
Production 3.98 3.38 0.55 2.20x 103 5.06 0.05
Exactly 2¢: _4
2.05 1.95 0.53 9.68 x 10 2.65 0.01
prl.z >2 GeV, ‘WLQ |<3.5
Exactly 1j5: 4 _3
P, >10 GeV, ;| < 3.5 186 1 0.44 7.48x 10 035 3.20% 10
Isolation: _4 _3
AR((1,02) > 0.3, AR((1.5,5) > 0.4 .25 1.58 0.43 5.45x10 0.33 3.14x10
BRI > 5 GeV 0.80 1.07 0.40 5.32x10 1 0.02 2.46x 103
P, > 12 GeV 0.43 0.64 0.29 1.50x 10~ % 5.47x10° 3 8.90x10~°
] 0.27 x x 2.39x10° 0 597x10 % 1.56x 1072
[M(t e EPISS) —my| <5 GeV x 0.42 x 7.12x10~6 1.37x1073 3.15x107°
x x 0.17 2.34x10°5 142x10°%  415x10°7
M(tT¢j)>45 GeV [my < 10 GeV] 0.18 x X 1.34x10° 0 1.82x10" % 6.43x10 6
; 0.24 x 5.00x10° 0 - 9.75x10° 0
12 < |A(j, EMisS >10 GeV] x
0-2<|A9(5, B®)| <3 [my > 10 GeV] x x 0.16 2.06x10°5 - 2.07x10~7
Polarization Pe = —70% x1.7 x1.7 x1.7 x1.6 x1 x1
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Prompt search sensitivity

1072

10! 102
my [GeV]

o With the designed energy and integrated luminosity, EIC can probe HNL prompt
decay in the mass range 1-100 GeV and the mixing able of the order 10~% —1073.
o We can win a slightly better sensitivity than the existing CMS 3€+E%1iss
limit pso202065) around 70 < mpy < 90 GeV with an optimistic MID rate of 0.01%.
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https://arxiv.org/abs/1802.02965

Long-Lived signature

o At a small mass/mixing angle, the HNLs are long lived

4 J

@ The signature of displaced lepton with large transverse impact parameter.

@ The SM background arises from the heavy-flavor decay ep — v(¢ — D) and
eg — e(c/b— D/B)(¢/b— D/B).

o At large impact parameter dp =20 mm, no SM background.

o At small impact parameter d7 =2 mm, we can perform cuts, such as AR;j; > 0.4,
to largely suppress the SM backgrounds fsee backup siides).
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Displaced vertex searches
o Event selection

p]r;,q >5 GeV, p%« >2 GeV, |0, <3.5.
o Transverse impact factor dr = 2(20) mm
o Cylinder detector configuration 7 =0.4 m, [=1.2 m.
@ We show the EIC sensitivity to 5 displaced events

Vs = 141 GeV
£ =100 b}
P, = —70%

my [GEV]
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The EIC sensitivity

@ the EIC can explore new parameter beyond the current bounds

@ At low mass around 5 GeV, we can improve the current bound down to a lower

mass
o Other experimental limits (100100066 2203.080309].
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https://arxiv.org/abs/1901.09966
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Invisible decay: N — DMs
e Signal: ep = j+Er
@ The mono-jet event

olpte—j+Er)=0c(pte—j+ve)+o(p+e—j+N)
:GSM(p+e _>j+ve) [(1_‘U6|2)+|U€|2¢(mN):I )
o Sensitivity
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https://arxiv.org/abs/1709.07001

Conclusions and Outlooks

o The EIC will open up a new QCD frontier. It is also interesting to ask the
opportunity to search the BSM physics.

@ We find the EIC has the potential to search HNLs, especially in the few GeV mass
range, through the displaced vertex.

e EIC is able to probe HNL prompt decay in the mass range 1-100 GeV and mixing

angle of the order 1074 — 1073,

Such studies can inform the EIC detector design, (e.g. tracking system for

displaced particle searches)

The mono-jet events can probe the invisible decay of the HNL.

Other BSM phySiCS exploration [Snowmass whitepaper, 2203.13199]

e new light particle in mass range 1-100 GeV: Axion p11202477], leptoquark (10065063, dark
photon [2203.01510]

o precision EW physics [Kumar et al. 1612.06027]

o SMEFT interactions [Boughezal, Petrielio, Wiegand, 2004.00748]

o lepton flavor violation [2102.06176]

It is very early days for the EIC. There is much more room for exploration.
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A Chinese version: EicC ¢(5 GeV)p(20 GeV)
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[2102.09222]

High Intensity heavy-ion Accelerator Facility
(Under Construction in HuiZhOU) [inlong Zhang, DIS2022]
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The SM backgrounds for the displaced searches

SM background, D(B) — IX, can
be suppressed with isolation cut.

7[s]

[1903.06100]
1077 [— < LN N T R T 7]
’ \ 107 107
1078} - A
10-° J
: 107°
10°10 105 |
10111 RN
R .
N = s, Bc
10712} 10° DO -. D¢ 2 B 3
\i AN E° A
10-13L TNA, o Qo
~ Ecc\
0.5 1 2 5
M; [GeV]
cuts c ce bb
no cut 0.427
pp.y>2GeV, || <3.5AR); > 0.3 0.135 13.0 0.151
P >5GeV.|nj|<3.5.AR; >0.4 | 00529 | 00855 | 5023
AR >0.4 - - 1.73e-3
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