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Where is the New Physics?

Naturalness? Baryon Asymmetry!?

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
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Possibilities for new physics:

#1. New heavy states; masses much larger than the weak scale

4 'y 4 'y

Search for anomalous phenomena or rare processes
with precision measurements



Possibilities for new physics:

#2. New light charged states; masses near the weak scale ~ | TeV

g <o

Produce states directly at high energy colliders like LHC
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Possibilities for new physics:

#3. New light gauge singlet states, masses can be below the weak scale

SM Singlet Generic “Portal”
(P) ) (q)
O Osmglet
LD
Aprt+q—4
SM Singlet

Probe these states directly using high intensity/precision experiments
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e The EIC is a new flagship collider facility being

The Electron-lon Collider (EIC)

built at Brookhaven National Laboratory to
study QCD and nuclear structure

* The EIC will collide polarized electrons with

polarized protons and ions over a wide range of

energies and with high luminosities.

Variable /s ~ 20 — 141 GeV

e Luminosity goal 10>° — 10°*cm™2s~!

e Physics goals of the EIC:

3D tomography of the proton and nuclei
Origin of proton spin

Gluon Saturation and dense QCD matter
Hadronization in cold nuclear matter
Precision QCD, fundamental symmetries
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Forward Calorimetry
(EM and Hadronic)

Imaging Barrel Electron Direction 1.7T Superconducting Solenoid
ee etector
an 5. aa il
4 : TR ~

Backward

* Full acceptance design across | G e =<
a wide rapidity range |

Endcap
Electromagnetic
Calorimeter

Hadron Directiop :

* Precision tracking in a strong (s = -
magnetic field for accurate \ =
momentum and vertex \&
reconstruction

* Comprehensive particle identification (PID) for distinguishing photons, electrons,
hadron species over a broad momentum range

* High-resolution calorimetry for energy measurements, jet reconstruction, and
missing-energy studies

* Forward and backward instrumentation to tag diffractive and low-angle particles,
enabling exclusive and small-x physics

* Dedicated systems for beam-polarization and luminosity measurements



Why BSM at the EIC?

e Clean, controlled initial state
* Polarized electron beam on (polarized) protons/nuclei, precise kinematics,
controlled systematics, parity-violating & spin asymmetries for SMEFT, ...

o High luminosity at moderate center-of-mass energies (\/s ~ 20 — 141 GeV)
* Ideal for light, weakly coupled states (dark photons,ALPs, HNLs, ...)

* Full control of the final state
* Measure scattered electron, tag the proton/nucleus, enables exclusive channels,
missing-momentum/energy methods, invisible-decay searches, ...

Broad PID + excellent tracking/timing:
* Displaced-vertex/timing signatures for long-lived particles
* Heavy-flavor tagging for models with ¢/b or T couplings

* Photon-rich production modes:
e Coherent/ultra-peripheral electron-ion processes enhance production rates for
certain BSM states



Precision measurements & SMEFT



Probing the SMEFT at the EIC [Boughezal, Petriello, Wiigand "20]

* Consider four-fermion SMEFT operators Op | (@) | Ow | (7D (@)

coupling leptons and quarks O | Iy r 1) (gy,rlg) | O | (y*1)(dy,d)

Ocu | (Ev*e)(uyu) | O | (@7"q)(eV4e)

L=Lsu+) COi+...,

Oci | (e7"€)(dVud)

4 A 4 A

 SMEFT operators contribute to deep inelastic v, 7
scattering (DIS) processes:
q q q q

o Polarized DIS cross sections depend on quark, lepton polarizations, 4,, /161 ,and probe

different combinations of Wilson coefficients depending on beam polarizations, e.g.,

dQOZSMEFT . QuQ2

dxd()? - ST [Ce’“(l + Au)(1+ Ae) + (Cl(ql) — Cl(;))(l — ) (1= Ae)
+(1 = 9)?Cru(1+ X) (1 = M) + (1 = 9)°Ce(1 — M) (1 + Ao)]
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Probing the SMEFT at the EIC [Boughezal, Petriello, Wiigand "20]

* Drell-Yan processes at the LHC provides strong constraints on SMEFT four-fermion

operators, but can be flat-directions in fits to Wilson coefficients, e.g., for C,,,, Cl(ql) = (),

o Example for C,,, Cl(ql) * 0:
A 1
d6rOMEFT 8raQ, (Ce, + C; )) Z 0. 0% — o2 gl o6
- ~ € —8Z8RE
dM?2dYdc, 3 § —> CY=-C,—~——=—~-069C,
dGZSMEFT 5,2 (gl g¢ C 4 gl g€ C (1)) i flat direction ! Que”— 878181
Ol _ 282 OROR meu T SLOL for § > M
dM?*dYdc, 3 §— M3
Casel
Cou [Telv] e Coa = €V
* Polarized DIS measurements at the EIC can
disentangle such flat directions, providing a I
complementary probe of SMEFT operators. .
Y
= == LHC (Drell-Yan) only \‘\\
EIC (DIS) only (£ = 10 fb~1) \\s‘\\\\
-4} = LHC + EIC combined ‘\‘\\%

=2 - 0 1 o1 ]



Parity-violating asymmetries at the EIC
[Boughezal, Emmert, Kutz, Mantry, Nycz, Petriello, Simsek, Wiegand, Zheng *22]

e In DIS experiments with electron beam polarization P, and hadron beam polarization Py,

the differential cross section may be decomposed as

do =dog+ P.do, + Pgdoyg + P.Pyg do.g

1 -

do’O — Z dO' )\e:+17>\H:+1 —|— dO' >\e:+1a>‘H:_1 + dO' )\e:—l,)\H:+1 + do- )\e:—l,AH:—l
1 _

do‘e = Z dO' Ae=+1Ag=+1 —l— dU Ae=+1Ag=—1 — d(f Ae=—1,Ag=+4+1 — dO' Ae=—1,Ag=-—1
1 -
1 _

doen = 1 do|x.=+1ag=+1 — dO|x, =41 Ag=—1 —dO|x.=—1 Ag=+1 T dO|x,=—1 Ag=—1

* Parity-violating asymmetries:

* unpolarized PV asymmetry : comparing right-handed and left- () _ doe
handed electron scattering from unpolarized hadrons PV doy

* polarized PV asymmetry : comparing unpolarized electron AUH) _ dog
PV = 0y

scattering off right-handed and left-handed hadrons
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[Boughezal, Emmert, Kutz, Mantry, Nycz,
Petriello, Simsek, Wiegand, Zheng "22]

Weak mixing angle at EIC

. . ) . . 9
e The weak mixing angle may be extracted through a gv = t3r(i) — 2Q; sin” Oy
measurement of the unpolarized PV asymmetry gy = t31(3) ,

| Pe|nyz [ A2yF1 + 94 (l - % - 2%2my) F) +g\e/(2 - y)F;Z]

2 24 Z e Z
2FY + (% —-2_ 2%2“"3’) Fy) —nyz [gv2yl*"7 +9v (fy -3 y) B 4942 - y)Fy }

* Fit to pseudo-data of polarized DIS, 80% electron beam polarization, several different

energies, O ~ 10 — 30 GeV, integrated luminosities of 10 — 100 fb~!

electron-proton DIS

025_‘ U L L L L L DL L B
| ——— ep:5GeVx100 GeV 36.8 fb"
| —A— ep: 10 GeV x 100 GeV 44.8 fb"! Projection -
0.2451 1 o oovimomiean:  CIC/ECCE Preliminary - /]
|  —— YRref:100fb"ep + 10 b eD |
* The EIC can fill the gap in weak-mixing— ~: SLAC-E158 ]
S 0241 -
angle measurements between low-energy E - {APV — Elc -
probes and high-energy colliders. 5 0235 1 -
: LEP1 :
L LHC .
0.231-  voLLen s
: Ipo I SoLID Tevatron :
I R TSN A S RS RS AT S AT R
0225330 1 2 3
Long[GeV]



Parity-violating asymmetries and SMEFT

S = N W s Ot O

[Boughezal, Emmert, Kutz, Mantry, Nycz, Petriello, Simgek, Wiegand, Zheng *22]
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e SMEFT operators contribute to DIS and thus
may be probed through PV asymmetry studies.

q

v, 4

g/

q
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q
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q

e EIC is capable of resolving all flat directions that appear in the LHC Drell-Yan data.

* The bounds from the projected EIC data can be much
stronger than the LHC data

A/ Cey [TeV] at 95% CL, A = 1 TeV

HL

NL

HL

Qb‘, Q% Q/b& Q‘Q

unpolarized Apy

Qb; Q% Qbs Qf”

polarized Apy

Iedton—charge A

|4

7 _E P4

- (NC DY)

LHC

P4 + LHC |




[Bellafronte, Dawson, Giardino, Liu, 25]

Top quark interactions at the EIC [see also Jiang, Liu,Yan, 25]

(3),1133 _ /7 7 = 7
* Consider SMEFT four-fermion operators Otq = oyt £)(Qry"7 QL)

O3 = (1yut) (Qry"Qr) | O™ = (Eulr) (ErY"tR)

involving the top-quark and leptons: O = (erv,uer) Q7" QL) | O = (eryuer)Ery tr)

[] Current Z-pole [] HL-LHC
[] EIC [[] FCC-ee(Z-pole)
[[] FCC-ee(240 GeV) [ FCC-ee(365 GeV)

* These operators contribute

to DIS at one-loop:

T T T T T T T T T I I T T T T T

OB 2,
q I c}Z"“” =0,
=0
ol
e At the EIC,a promising approach is to study [
the left-right asymmetry in polarized DIS § s o
Q

* The EIC can provide a probe that is 2
complementary to experiments, including :
LEP, LHC, and future high energy colliders "




New Light Particles at the EIC



How to search for new light particles at colliders

coupling
SM A
. . ) 2
visible decay - == R short-lived
BSM state ss prompt decay
SM N
ss
1B — =l 92 P long-lived I
BSM = TBsm ™ EBsM"'gsm displaced decay N

invisible

invisible decay -- = - » missing energy
BSM state Signature

invisible

Different strategies depending on decays and lifetime of particle

|7



[Balkin, Hen, Li, Liu, Ma, Soreq, Williams 23]
[see also Liu,Yan "21]

Axion-like particles at the EIC

1 a ~
e Photon-coupled ALP benchmark model L, = —§mc2la2 — HFW/FNV’

* Production via photon fusion, leverages coherent
scattering with heavy ion (Z2 enhancement in rate)

A production A

* Prompt ALP search (red)

* |ook for a diphoton resonance 1073 L ]

* background: light-by-light scattering £ -
0t ;

e Long-lived ALP search (blue): %
reconstruct displaced diphoton — 10‘55— E
vertex = C .
101 |

T TTTI
[ &5

e Excellent sensitivity to GeV-scale ALPs! 107"




Revisiting prompt photon-coupled ALPs [BB, Leys, Xie, to appear]

Coherent electron-ion channel

* Demonstrate that large background e e e e e e
from double bremsstrahlung is
mitigated by kinematic cuts v 7
e Full simulation of light-by-light 7 7
background with 2—3 kinematics 1
(SuperChic) allows us to perform ALP signal light-by-light double bremsstrahlung

further optimization cuts

[Harland-Lang, Khoze, Ryskin (SuperChic) 'I8]

C L | I LI II_II I I LI llll 1 | LI L 1
| . _
: LEP | Preliminary
i : Belle II B
Other channels |
10% ¢ i E
[ I m
* electron-ion DIS (orange) T> ) ; e-p DIS LHC (PbPb) )
* best sensitivity at intermediate ALP masses = | | i
|
é 1071 i —
e electron-proton DIS (purple) : : ]
I
PR . T I 7]
* Dbest sensitivity at higher ALP masses - Beam | -
L | -
Dumps 1 coherent e-Pb L =10 fb!
—2 L1 | lllI | | 1 1 llll | | L1 1 llll | | | I |
10 10~ 10° 101 107

m, (GeV)



Invisible dark bosons at the EIC [Davoudiasl, Liu, "25]

Generic scalar ¢ and vector ¢, dark boson Ls = g5 dee+ g& dxXX,
9y duev'e + gy SuXrYX

Production of ¢ via bremsstrahlung, ,\FM/V
e —» > > e X

o
<
|

interactions with electrons and invisible particle y

coherent scattering with heavy ion ¢
(Z? enhancement) -

o _ X
¢ decays invisibly, g — yy A----- > coducion T 4 decay (invisible)

¢carries most of the electron beam oot I -

energy, leading to a soft, central electron in FA Y
the final state - U

/; 107 _”!Scllc [T (50/ab)
Background: QED bremsstrahlung where ?
the photon is missed. S
a7
/M
o o o K¢ : 1
The EIC has powerful sensitivity GeV- S o gD EIC (100/4/b) |
. o o . q74§'-, : ) :
scale invisibly decaying dark bosons, 100F LT ,.(\;\v(‘p _ 5o
complementing fixed target searches e 20
. - v ¥ ]
and B-factories oot oos o0 o 1 5 i
my [GeV]
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Heavy Neutral Leptons at the EIC [BB,Ghosh, Han, Xie, "22]

Heavy neutral leptons (HNLs)
inherit weak interactions from
mixing with SM neutrinos

HNL production and decay
via weak interactions

Both prompt and displaced
HNL searches are possible

Modest improvements in reach
are possible at the EIC, relative
to current LHC constraints

LD %UHWJEIE”N]—F QLUHZMVJENNI—FH.C.

V2 Cw
U ﬁ
W N —K
p \\
e X .
production visible decay
10™ e ~ \| ________________________ . /e
1073 Dirac £70~j Z =y —;
(U S E
g Majorana e* + 3j
1079 E
p > Vs = 141 GéV -
10 : £ =100 "
10_7 1 1 1 TR | ! IP() l: 1_?()%)1 1:
10 10 107

my [GeV]



Invisible HNLs at the EIC

* Neutrino portal dark matter — Heavy neutral [Bertoni, Ipek, McKeen, Nelson "1 4]
leptons may serve as mediator to the dark sector [BB,Han, McKeen, Ghosh, Han "17]
L=—yL,HNgr—X¢*N x +h.c. X
N /
* In this scenario, the HNL decays invisibly, invisible decay

leading to a mono-jet signature at the EIC

* Signature: reduced mono-jet  o(ep = j+ Er) =o(ep = j+ve) +o(ep = j+ N)
rate relative to SM prediction: = osm(ep = j + ve) [(1 — |Ue|*) + |Ue[*®(mn)]

10°

10_1 S
* EIC may have sensitivity to invisibly :

decaying HNLs, depending on ability _
to control systematic uncertainties 1072
of SM process |

S —
oy my [Gev]  [BB,Ghosh, Han, Xie, "22]



Lepton Flavor Violation
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Lepton flavor violation at the EIC [Cirigliano, Fuyuto, Lee, Mereghetti,Yan '21]

[see also Gonderinger, Ramsey-Musolf ’10]

The EIC can search for ¢ — 7 charged lepton flavor ! T
violation (CLFV) via e~ +p = 7~ 4+ X o x

Considering backgrounds, the most promising tau ql (

decay channels are 7 = yv v, and 7 — XyU, p P “ > X

Within SMEFT, operators leading to CLFV include
e Zetand het contact operators,

quiDﬂqo o i, Crot @eRB,,,

e vyet and Zet dipole operators. —
0" ngeRB//ll/’ Cyter qr7.41

o etff four-fermion operators

Upper limit on LFV coupling and lower limit on new physics scale

EIC (left: 7> u ;l,v,) EIC (left: 7 - X}, v;)
m LHC (middle) + Indirect
Low energy (right)

ToCm T-oen

Toennr  toenK Boare  toerK rtoep B-oKre  Bgore BoKre  roenrn

Low energy probes (e.g., T or meson CLFV

decays) and the LHC provides stronger
constraints on most SMEFT CLFV operators

1 TeV)

C(u=
I T T T TTTT] ||||||rI]“ T T T TTTI]
[AdL]V

However, the EIC can have comparable
sensitivity to SMEFT etff four-fermion SMEFT

operators involving C or b quarks. .

10

100

[Cralaa [CLd]d [CLd db [CLd CLd [CLd]b [CLd]bd CLd]b [Cralbb
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Leptoquark UV completions

The SMEFT operators can originate from a UV
completion containing a heavy leptoquark, e.g.,

Such UV completions, by and large, bear out the

expectations obtained from the SMEFT analysis

The EIC can provide competitive probes of
leptoquarks with couplings to bottom quarks

25

[Cirigliano, Fuyuto, Lee, Mereghetti,Yan ’21]

L~

S1/2

25

[Cralbp X 107

= \% % 02§

~

1/2 + h.c. .

4G

2
vV ~ ~
[CLd] = 7— (AN (N
afab 4MLQ
Sl/z
B L | |
4_ —
: Low energy + LHC
2 —
o EIC (1 > X, v;) —
N N
4 _]
[, | | Ll | |
-4 -2 0 2 4

[CLalba X 10°



Lepton-flavor-violating ALPs at the EIC  [Davoudiasl, Marcarelli, Neil 23]

SO . Crem
* ALPs may have flavor-violating interactions L, ~ ———Ta7(sin 0, — cosf,c75)e

A

 Consider e-7-ALP coupling with lepton

flavor violating signature:

e"A, > at”A, - (eT1t7)T7A,

* Primary background: Bethe-Heitler

production of 7 pairs

e EIC searches for LFV ALPs could reach sensitivities rivaling those from rare LFV decays.

|ng|/A = 10_1 TeV"l |ng|/A = 10_2 TeV"l
w2 T3 | FV Constraints 10°

101 E

—
o
—
T

|Crel /A [TeV™!

|Cre|/A [TeV™]

109 F 109 F

mg [GeV] 26 m, [GeV]



The EIC offers promising opportunities for BSM searches—
its full potential remains to be explored.

Resources:

e EIC Yellow Paper
https://arxiv.org/abs/2103.05419

* Snowmass 2021 White Paper: Electron lon Collider for High Energy Physics
https://arxiv.org/abs/2203.13199

e INT-UW workshop: “Electroweak and BSM physics at the EIC”

https://www.int.washington.edu/programs-and-workshops/24-87w

e CFNS workshop at Stony Brook: “New opportunities for BSM searches at the EIC”

https://indico.cfnssbu.physics.sunysb.edu/event/341/

27


https://arxiv.org/abs/2103.05419
https://www.int.washington.edu/programs-and-workshops/24-87w
https://arxiv.org/abs/2203.13199
https://indico.cfnssbu.physics.sunysb.edu/event/341/

Outlook

 The EIC @ BNL will be the flagship collider in the U.S. and will open a new
frontier into QCD.

* The powerful capabilities of the the EIC and ePIC detector needed for the
primary QCD program also make it well-suited to the search for new physics.

* high luminosity, intermediate CM energies, beam polarization, clean collider
environment, multi-purpose hermetic detector, excellent particle ID & tracking.

* A number of case studies demonstrate this point:

* Precision measurements & SMEFT, new light particles, charged lepton
flavor violation, ...

* There is significant interest from the EIC community to expand the physics case.

* |t is still very early days for BSM @ EIC. More work is needed to understand
the full potential!
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