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Finding BSM: the energy frontier

1. smash protons as hard as you can and see what comes out

® create new particles and/or
study their effects on rare processes
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Finding BSM: the precision frontier

Majorana
demonstrator

2. search for processes with no/very precisely known SM background

® peutrinoless double /5 decay ® muon and electron g — 2
® electric dipole moments ® kaon physics
® lepton flavor violation px — ey ® rare B decays, b — sv
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The Electron-Ion Collider: an intensity frontier machine?
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New CLFV
physics?

Gluons in nucleonsand
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from A. Deshpande, hacked by C. Lee

® EIC will deliver a lot of data!
1000 times more than HERA (at a smaller /)

® with additional unique possibility to polarize e and proton beams

can we look for rare/BSM processes?
can it be competitive with LHC/low energy probes?
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Charged lepton flavor violation



Charged lepton flavor violation

e
: W
u,c,t Z
d e

® mismatch between quark weak and mass eigenstates
— quark family number is not conserved
visible in several rare AF = 1 and AF = 2 processes
® in minimal SM with massless neutrinos, no such mismatch
—> lepton family (LF) is exactly conserved
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Charged lepton flavor violation

e
b W T W q
Z Z
u,c,t VYoV,
d e e q

® mismatch between quark weak and mass eigenstates
— quark family number is not conserved
visible in several rare AF = 1 and AF = 2 processes

® in minimal SM with massless neutrinos, no such mismatch
— lepton family (LF) is exactly conserved
but neutrino have masses!
® LF is broken in neutrino sector

® charged LFV highly suppressed by GIM mechanism

4
BR ~ (ﬂ) ~ 1074
my
S. Petcov, “77; W. Marciano and A. Sanda, ‘77

4/28



Charged lepton flavor violation
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® ... however, models that explain m, usually introduce new CLFV

at tree or loop level

e.g. type I, II and III see-saw
A. Abada, C. Biggio, F. Bonnet, M. B. Gavela, T. Hambye, ‘08

® CLFV experiments crucial to falsify TeV origin of m,,
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CLFV at low- and high-energy

L= &

® 1 <+ e transitions well constrained at low-energy (hopeless?)

® . <+ T interesting, but not for EIC

T <+ e transitions
1. 7 and meson decays
2. pp collisions

3. & the upcoming EIC
M. Gonderinger and M. Ramsey-Musolf; V. Cirigliano ef al.; J. Zhang, S. Mantry, et al.;

and two Snowmass white papers 2203.13199,2203.14919

T—ey, T —+ennm, T — eKnm,B— TTe, ...
pp —>et,h— Te,t = qTe ...
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https://inspirehep.net/literature/859739
https://inspirehep.net/literature/1846026
https://inspirehep.net/literature/2120647
https://inspirehep.net/literature/2057945
https://inspirehep.net/literature/2059459

The Standard Model Effective Field Theory

1= __; FN' 2
+ (IE)L +he

- i )L; %(jfﬂsf\r\(
W RO

® SM fields, no new light degrees of freedom (e.g. no vg)
® local SU(3), x SU(2) x U(1)y invariance

® organize them in a power counting based on canonical dimension

1. no CLFV at dim. 4
2. GIM suppression at dim. 5, BR ~ (i, /mw)*
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SMEFT for CLFV

vector/axial currents dipole Yukawa

1. LFV Z couplings, & 7, Z dipole and Yukawa couplings

8 1 1 _ _ e _

L = *TCWZH [(Cévz + CI(W))” TLyter +CE¢TR’V“6R] ~ 5 [I‘i/]n FLotYer Fuuy
7 V2

- [YE]-re hTrer + h.c. cC=0 <F)
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SMEFT for CLFV

vector/axial currents dipole Yukawa four-fermion

1. LFV Z couplings, & 7, Z dipole and Yukawa couplings
2. leptonic and semileptonic interactions

7 Vector/Axial: CE’QS), Ceus Ced, Cru, Cra, Coe

3 Scalar/Tensor: Creag, CE,Q?
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SMEFT for CLFV

vector/axial currents dipole Yukawa four-fermion

1. LFV Z couplings, & 7, Z dipole and Yukawa couplings
2. leptonic and semileptonic interactions
® assume generic quark flavor structures

[CLd]dd [CLd]ds [CLd]db
(Cualre = | [Craly [Craly  [Craly
(Crdlpy  [Craly,  [Cualy,

® and integrate out the top quark

run (strongly) onto dipoles, Z couplings, and match onto TeGuz G°# ops.
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CLFV Deep Inelastic Scattering & EIC sensitivity



CLFV Deep Inelastic Scattering

® attree level
L do Z [(1=Xe) (L + 61r) + (1 4 Ae) (Gre + 6rr)] fi(x, Qz)

;odxdy B

Ae: electron polarization

® all operator info in partonic &1z, Grr, GrL, ORR
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CLFV Deep Inelastic Scattering

v
T
T 2
x =
Y 2P-q
_Pqg _ 2
y= Pp. — Sx
2
o, TSX
O- — em
X 0 oF
e.g. LL vector like operators
2 2 2 2 2 2
Gl — OB Q9 +my 0" +my
ILL - FZ{ ‘ [ch * LL(’O] Te T + mé {CLQ’ U] Teuju; + ; % [CLQ’ U] Teuju;
1 4
g - Lo
dcish, (@2 +m3)?
analogous to Z-exchange DIS
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CLFV Deep Inelastic Scattering

e.g. scalar/tensor operators

T 2 ) 2 3) Yooy v
Ok = F”{ [CLeQ"] vy T (1 y) [CMQ“]TW,- + 3 el m, + Q2
2 2
x|l s (-2 [, )
J#i i i
B
BT g
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CLFV Deep Inelastic Scattering

e6

£ =100fb!
VS = 140 GeV
Left handed 7z, e;.

Left handed u;, d;.

NNPDF31_lo.as-0118

Clp uu cu uc cc dd sd bd ds ss bs db sb bb

® most cross sections in the 1-10 pb range, for A = v,
® heavy flavors ¢, b suppressed by factor ten

® Jarge PDF uncertainties for heavy-flavor-initiated processes
need NLO QCD corrections
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T at the EIC

— ParDCA(dcat2,13,23 : T Ak

—» Candidate secondary vertex
and tau path of flight (dI 1,
2,3)

— DCA to primary vertex
(dcavo 1,2, 3)

®  Primary vertex

from to J. Zhang

l.ep—>7X e+ FE+X
2.ep—>TX > pu+E+X
3.ep 17X > Xn+E+X

(substantial) background from
standard NC and CC DIS

® simulate SM & SMEFT events with Pythia8 + Delphes for EIC
thanks to Miguel Arratia!
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— SM
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Muon channel
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® too much background in e channel, ;¢ channel much more promising!
® in SM, i come from hadron decays, typically at small pr

P >10GeV, Er > 15GeV,

pit > 20GeV

eliminates all SM background

® smaller signal efficiency for Z couplings, heavy quarks

need muon detector?
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Hadronic channel

— sm 10° — sM
— [Couluu — [Ciouluy
10° — [Cioplon 10° — [Ciopnlen
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10t
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pr (GeV) PZ (GeV)

® one “7-tagged” jet, with 1 or 3 charged tracks, and close in ¢ to Er

® recoils against a second jet, no charged leptons in final state
Pl >20GeV, p?>15GeV, Er > 15GeV = egy = 107"

does not quite kill all SM background

® cuts severely suppress heavy quark signals
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EIC sensitivity to CLFV

vector/axial
|l7'—>XH1/T lor — xwr ||(60)M
| I I I I | | |
B E 10—1
1072 | i
O B .
1073 -

CLoV € UN/€y ccr/€y ddr/€y ss\/€, bb\/€, CLp UL CC dd SS pb

® ¢, : signal efficiency for the cuts to reduce the SM background to n;, events
AtEIC with £ = 100 fb™", /S = 140 GeV, nops =
® EIC can probe couplings at the 10~° — 1072 level in x4 channel
can improve with “smarter” hadronic channel analysis

® no suppression for off-diagonal, e.g. Cey ~ Cu
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Complementary probes: LHC and 7 decays



10%

events

CLFV in high-invariant mass Drell-Yan

e data

[Cio, uluw=110"3
— [Cio,ulec=1-10"2
— [Cio,0lop=3-10"2
I background

FZZ1 uncertainty

2 3 4
Mee (TeV)

L£=36f""

ATLAS pp — Te, 7 — hadrons
arxXiv:1607.08079

e if A > 3 — 4 TeV, use same SMEFT operators as EIC
® simulate SMEFT operators at NLO in QCD (POWHEG + Pythia8 + Delphes)

® signal from four-fermion enhanced at large m-., indep. of Lorentz structure

=] F

i
<

PAN G4
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CLFV at the LHC

L leptons and L quarks |

10~2

10—3

CLo HuU cu uUc ¢ dd sd bd ds S5 bs db sb bb

LHC probes SMEFT coefficients at a similar level as EIC

bounds from tail of m., distribution, sensitive to SMEFT assumption!
weaker by ~ 2 if BSM particles in #-channel with M ~ 1 — 2 TeV

DY sensitive to sum of flavors
tagging heavy flavors at EIC unique way to identify BSM mechanism

LHC uniquely sensitive to LFV in Higgs and top FCNC couplings
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B and 7 CLFV decays

Decay mode Vv A S P T
q(O)q(l) secb q(U)q(l) sch q(U)q(l) secbh q(o)q(l) secb

uc

T — ey
T —ette”
T — en® v v
T —=enn v v v v
T—entn” v v v v
T — eKTK™ V VY v v v
H H ds db sb cu “ ds db sb cu H ds db sb cu H ds db sb cu H cu H
T — ng v v
T —e Km v v
B" = er v v
Bt — nter v v
Bt — Kter v v

v =tree = loop

® 7 branching ratios in the ~ 1077-107® range

® non-perturbative input mostly under control (some model dep. in KTK ™)

A. Celis, V. Cirigliano, E. Passemar, ‘14, V. Cirigliano, A. Crivellin, M. Hoferichter, ‘18
E. Passemar private comm., K. Beloborodov, V. Druzhinin, S. Serednyakov, ‘19

® B branching ratios ~ 10~°, decay constants and form factors from LQCD
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High-energy vs low-energy: dipole, Yukawa and Z

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

@ EIC (left)
® LHC (middle)
= Low energy (right)

Luuu
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00

1072
107
107
107
107
Toey Toey Toey Toenn Toenn Tenn -
T, T, v P ) Cer

V. Cirigliano, K. Fuyuto, C. Lee, EM, B.

® no competition on -y and Z dipole operators
e strong direct LHC bound on Y’

® 7 — emwm dominates Z couplings

_ >
E
3 2
=
v analysis

Yan, 21

DAy
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High-energy vs low-energy: four-fermion

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

EIC (left) # Indirect ="
1  LHC (middle) i
= Low energy (right) i
107! E
=
102 - Z
© 1%
107 * . - =
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* % -
107 * E
Tosenn Toenn e 0

[Croulw [Croulue [Croulu [Croula [Croule [Croule [Croulu [Croule [Croule

uu 7 — enm stronger by ~ 5,
EIC and LHC competitive with 7 — em

cc low-energy loop suppressed, EIC can do better than LHC
tt surprisingly strong constraints from 7 decays
® EIC & LHC crucial for off-diagonal

u]
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High-energy vs low-energy: four-fermion

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

1

1 EIC (left)

= LHC (middle)

= Low energy (right)
107!

1072 .
- >
&) -1 =
107 - %
—=- 10
107 |
107 -
Toenn ToenK Bonre TenK e B-Kre By-re B-Kre Toenn _E 100
[Cronlaa [Croplss [Craplan [Cronka [Cronls [CLopls [Cronla [Cranls [CLo.plbn
® EIC very competitive on bb component
® and with B decays
® similar conclusions for scalar/tensor operators
o «F = = T 9ac
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Towards a global fit

[Craley x 107

Scenario B

T T
2:_ /II \“\ _:

. ."l \\‘ ] Crop = diag([Croplad, [CLoplss; [CLon)ss)
oFi -

Lo N

Co I )
2 &/ Cra = diag([Cralaa, [Cralss, [Cralon)
4 ;_ \\\\\ /:gé;;\e\ _;
WF e - 3

T P TS T

6 4 2 0 2 4 3

[Cro.plbb X 107

® turn on all V/A couplings to L leptons & d-type quarks
® contributions to hadronic 7 decays cancel for [Cra]ps ~ —[CrLop]sb
® 7 — ef*/™ weaker than current LHC and project EIC
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CLFV and leptoquarks

=

aa [essess
o
503

e
=

Leptoquark
Neutral current
Charged current
Photoproduction

T T T
EIC/ECCE Preliminary: Leptoquark signal selection_—|
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J. L. Zhang, S. Mantry et al (ECCE collaboration), ‘22

EIC sensitivity can be interpreted in terms of UV models (e.g. leptoquarks)

® dedicated ECCE study of the “3-prongs” mode

T — Z/Th_h_h+ -+ neutrals

(BR ~ 15%)

e features of the 7 jet (besides naive pr cuts) further suppress SM backgrounds

® competitive limits on LQ

scenarios
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Ay s=channel Gy Ay’ u-channel T

F=0

CLFV and leptoquarks

HERA P
A A EIC/ECCE (18 GeV x 275 GeV, Preliminary)
BABAR (1-ey)

A
# A
= A
A
I\ A
112 13 21 22 23 31 32 33

J. L. Zhang, S. M?ilriltry et al (ECCE collaboration), ‘22

EIC sensitivity can be interpreted in terms of UV models (e.g. leptoquarks)

® dedicated ECCE study of the “3-prongs” mode

T — Z/T/’l_h_h+ -+ neutrals

(BR ~ 15%)

e features of the 7 jet (besides naive pr cuts) further suppress SM backgrounds

® competitive limits on LQ scenarios
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Normalized Number of Events (log scale)

—sM
[CLuluu

— [CLd]bb

— [CLdldb

™~ 002

-
[C_LQDIbb

0.00

002

004

pr* [GeV]

® similar (simpler) analysis for e — p operators

e — u conversion

90% C.L. limits based on EIC and Low Energy

004

-002 002 004

0,00
[c_Ldlbb

thanks to F. Delzanno

assuming u reconstruction as good as electron

® very strong constraints from ;+ — e conversion in nuclei

also on heavy flavor operators

® but there are unconstrained directions, e.g. b axial couplings

By ek byuysh
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Electroweak physics

R. Boughezal, F. Petriello, D. Wiegand, Removing flat directions in standard model EFT fits;
B. Yan, Z. Yu, C. P. Yuan, The anomalous Zbb couplings at the HERA and EIC;

R. Boughezal, er al, Neutral-current electroweak physics and SMEFT studies at the EIC;

R. Abdul Khalek, et al, Electron lon Collider for High Energy Physics (Snowmass21);



https://inspirehep.net/literature/1789394
https://inspirehep.net/literature/1876517
https://inspirehep.net/literature/2067965
https://inspirehep.net/literature/2059459

Blind spots in the LHC BSM coverage

* New semi-leptonic four-fermion interactions appear in numerous extensions of the SM:
7’ models, TeV-scale gravity theories, leptoquarks, and many more.

» Strong constraints on them expected from LHC Drell-Yan data, due to very precise
theory and small experimental errors.

2.8 fb ' (13 TeV)
= 10° EC_MS Preliminary
8 100 =, _“ Y*IZ — uu
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o ‘\‘w,
_1 B
E 10_2 EE %*
Q 10 3 '=!=;=B=:=6:I
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- 6E— [ Stat+Syst.
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% ;g_. ¢ ........M.e..‘..!".“““.‘ W
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95% CL, A = 1 TeV

Boughezal, Petriello, Wiegand 2004.00748

Blind spots in the LHC
coverage! LHC Drell-Yan
invariant mass and rapidity
distributions only probe one
linear combination of
parameters.

Oeu :(e7"e)(uy,u)




Resolving LHC blind spots with the EIC

* The EIC, with the possibility of polarizing both beams, can remove these
degeneracies. Excellent opportunity for complementarity with the LHC program!

* A fit to simulated parity-violating
asymmetries assuming either polarized
electrons or protons/deuterons shows that
no degeneracies remain in the parameter
space after the nominal EIC program.

* The EIC and LHC probes of Wilson
coefficients are orthogonal. They can be
combined to further strengthen the
bounds on the parameter space.

2——195% CL, A = 1 TeV

P4 (NL) : 10 GeV x 275 GeV ep, 100 fb"-1
P4 (HL): 10 GeV x 275 GeV ep, 1000 fb™-1

Boughezal et al, 2204.07557



Constraining the Zbb coupling

L e e

(®) |
£=4.0fb7" |

o Ja— S S N ; 15

[ HERA (i)
1 Oil HERA (ii
[ Rb

mECH
[ ® Ec i)

L PR | L
05 1.0
Ky

B. Yan, Z. Yu, C. P. Yuan, 21

® Jong standing 20 tension in b forward-backward asymmetry at LEP
LEP/SLC not sufficient to lift the degeneracy in ka-xy plane
® exploit polarization at e-p colliders
o L P — i (=Po)
* P.o(P.) + o (—P.)

® high-luminosity EIC will falsify the anomaly
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Constraining the Zbb coupling

T T T

(e) |
£=332.6 b

o Ja— S S N ; 15

[ HERA (i)
1 Oil HERA (ii
[ Rb

mECH
[ ® Ec i)

L PR | R
05 1.0
Ky

B. Yan, Z. Yu, C. P. Yuan, 21

® Jong standing 20 tension in b forward-backward asymmetry at LEP
LEP/SLC not sufficient to lift the degeneracy in ka-xy plane
® exploit polarization at e-p colliders
o L P — i (=Po)
* P.o(P.) + o (—P.)

® high-luminosity EIC will falsify the anomaly

27728



Conclusion

EIC’s features allow for rich program of BSM searches
1. charged lepton flavor violation
2. anomalous couplings of Z and W bosons
3. precise extractions of SM couplings
4. extraction of nucleon MEs needed for BSM searches

5. ...

® competitive and complementary to LHC & low-energy probes

definitely worth pursuing!
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Back up



CLFV in Z, H, ¢t decays and Drell-Yan



Z, Higgs and Top decays

ET T T T T T LE|
E ATLAS Preliminary ® Data  [JNon-prompt 3
[ s=13Tev, 798" OW2  WzZ ]
Lo Signal region [others 7 Uncertainty |

E pre-Fit —Signal .- Signal tveto

Events

Data / Pred.

BDT discriminant ATLAS-CONF-2018-044

® Z — te studied at LEP and LHC, % level constraints on ¢y, ey
® strong constraints on LFV Yukawa from H — 7e at ATLAS and CMS

Y., ol <2.0-1077
e search for t — gf¢ at ATLAS, mostly sensitive to t — qpue
e worked with C. A. Gottardo extract BR(t — ger) < 2.2-107*

® phase space suppression implies weak ~ 10% bounds



[Cio.plaa X 10°

Towards a global fit

Scenario A
-I'"I"'I"'_L_'"I"'I"'I-
o5 N ]
L Q»/ \Qa \\ 4
5 t:/c\\@ X —
g N
o rd \ - .
[/ ] Crov = diag([Cro vl 0, 0)
L/ L .
L < L Crop = diag([Cropla, [Crop]ss, 0)
|
o [ .
n :I\ \ o '.' i CLu - dlag([CLu]um 07 0)
FoA Nid ;o4 .
Y & ;] Cra = diag([Cralaa, [Ctass, 0)
L X < S
e \\ // h CLgp
- \~\ - ——’,// 4
TN Bern srirerll BRI |
6 -4 2 0 2 I

[CLo.ulw X 10°

mm mode dominates, can weaken the limits with multiple couplings
turn on all V/A couplings to L leptons & light quarks

isoscalar, vector couplings not well constrained,
[Croulw + [Croplaa + [Crulad + [Cralad

no cancellation at colliders



CLFV and leptoquarks

T A dR
T
d * e U ) . d e
R L R R L
® Jeptoquarks are good candidate for BSM (v masses, B anomalies, ...)

L= t;S] ) +hec.

can explain v masses if we add vx which interact with LQ

® match onto L-lepton, R d quark operator

(Cualregy = (m)z ()" (%)™

® ].Q charges are such that dipole vanishes

%), =[], =0



Finding BSM: the precision frontier

proton decay |

0v3p

neutral meson mixing —
€/e

B> ey

hadronic EDMs |
eEDM |

muon g — 2 -

B decays —

PVES |

LHC reach =

1

1

:
0 2 4 6 8 10 12 14 16
log(A/GeV)

® competitive and complementary to the energy frontier

especially when probing violation of SM symmetries



B and 7 CLFV decays

’ ‘ Decay mode

|

4
¢V s ¢ b

A
d@qM scb

5
a@qM s ¢ b

P
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|

T
u

c

T — ey
T —elteT
T — en’
T —en,n
T ertaT
T — eKTK™

v
v vV

' v
v v

v
v

[

ds db sb cu “

ds db sb cu H

ds db sb cu H

ds db sb cu H cu H

T — ng
TT —e Km
B" — et
Bt — nter
BT — Kter

v

7

v
v

v

1. uu, dd, ss well constrained by multiple channels for all Dirac structures

® Visoscalar uu + dd gives small and uncertain contrib. to 7 — eKK



B and 7 CLFV decays

Decay mode Vv A N P T
H H q(O)q(l) scbh H q(O)q(l) scbh H q(U)q(l) scbh H q(o)q(l) sch ‘ uc
T — ey
T —elteT
T — e’ v v
T —en,n v v v v
T ertaT v v v v
T — eKTK™ VY v v v
H H ds db sb cu “ ds db sb cu H ds db sb cu H ds db sb cu H cu H
T — ng v v
TT —e Km v v
B" — et v v
Bt — nter v v
Bt — Kter v v

1. uu, dd, ss well constrained by multiple channels for all Dirac structures

® Visoscalar uu + dd gives small and uncertain contrib. to 7 — eKK

2. bb, cc vectors run into light quark V via penguins; S, P match onto GG ops.

® no constraints on axial cc or bb components




B and 7 CLFV decays

Decay mode Vv A N P T
H POPC H d@q® e p H d@¢W 5 ¢ b H ¢ V¢ s cb ‘ uc
T — ey
T —elteT
T — e’ v v
T —en,n v v v v
T ertaT v v v v
T — eKTK™ VY v v v
H ds db sb cu “ ds db sb cu H ds db sb cu H ds db sb cu H cu H
T — ng v v
TT —e Km v v
B" — et v v
Bt — nter v v
Bt — Kter v v

1. uu, dd, ss well constrained by multiple channels for all Dirac structures

® Visoscalar uu + dd gives small and uncertain contrib. to 7 — eKK

2. bb, cc vectors run into light quark V via penguins; S, P match onto GG ops.

® no constraints on axial cc or bb components

3. no constraints on cu, axial and pseudoscalar sb, bs,
B; — er at Belle I and LHCb; D — et at LHCb and BESIII



The weak mixing angle

25 T T T T T T
0.25 T T T T T
[ ——— ep:5GeVx 100 GeV 36.8 fb*
[ —— ep:10Gevx 100 Gev 448 fb* Projection 4
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0.2451 —— ep1scevxarscevisan® ]
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— L SLAC-E158 ]
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@ L i
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- § LHC -
0.23~ * wouer sie B
L ip2 ] soup Tevatron i
ool o L 1]
.225

Log, Q[GeV]
R. Boughezal, et al., 22

® PV asymmetries allow for precise determination of sin” Oy
unpolarized PV asymmetry
(&) _ i dott +dot— —do~t —do——
PV p,dott +dot— +do—t +do——

° Al(fv) can be measured at the percent level (dominated by statistics)
competitive extraction of sin Oy
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