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Standard Model Total Production Cross Section Measurements

Status: February 2022
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Why we need the New Physis?

Some open questions:

1. What is Dark Matter ?
2. What is the origin of the neutrino mass?
3. What is the nature of the electroweak symmetry breaking?

4. What is the nature of the Higgs boson (Composite or elementary particle)?

New Physics Models and new measurements to answer these questions



How to probe the NP

SUSY Little Higgs Composite

ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

‘Top down approach

Setlie. Algust 2016 JLde=(32-203) b Vi=8,13TeV
Model Gy Jetsi ET™ [raqn] Limit Reference
T T T

ADD Gy +&/a zlj s 32 Mo 6.58 TeV. n=2 160407773 P
ADD non-resonant ({ 2ep 203 n=3H2Z 14072410
ADD QBH — fq Tep 1) 203 a6
ADD QBH 1 157 My 8.7 Tev LR ATLAS-CONF-2016-069
ADD BH high ¥ pr zlep 22j - 32 M 82TeV =6 Mp =3TeV, 101 BH 1606.02265
ADD BH multjet - 23j - 36 | M 9.55TeV. 5 6. My — 3ToV, 101 BH 1612.02506
RS1 G~ (L 2ep 203 */Mp - 01 14054123
RS1 Gux = vy Y 32 | Gux mass. 32Tev kM = 01 1606.03633
Bulk RS Gxx —+ WW —» gqlv Tep 1 Yes 132 Gux mass 124Tev kMg = 1.0 ATLAS-CONF-2016-062
Bulk RS Gyx —+ HH — bbbb 4b 133 | Gux mass 360-860 GeV kMg = 1.0 ATLAS.CONF-2016.049
Bulk RS gy — tt Tep 02142 Yos 203 BR 0925 150507018
2UED/ RPP Tep 22b24) Yes 32 KK mass. 146 Tev Tier (1,1), BRIAM — 1) « 1 ATLAS-CONF-2016-013
SSM 2 s tt 2ep 133 Z° mass. 4.05 Tev ATLAS-CONF-2016-045
SSMZ o or 2r 195 rea207
Leptophobic 2* — bb - 2b - 32 |Zmass 15TeV 160308791
SSM W’ = tv tep - Yos. 133 | W mass 474Tev ATLAS-CONF-2016.061
HVT W' — WZ — gqvvmodel A Oe 1 Yes 132 W mass. =1 ATLAS-CONF-2016-083
HVT W' — WZ - qqqq model B =~ 24 - 155 W mass 30TeV = ATLAS-CONF-2016-055
HVT V" — WH/ZH model B mult-channel 32 V' mass. 2.31 Tev & =3 1607.05621
LRSM W, » b Ten  2001) s 203 reive)
Cl qaqq - 2j - 157 A 199TeV . 1 ATLAS-CONF-2016-069

. Clttqq g - - 32 A 25276V 7 -1 1607.03669 ’ ,
Cl wutt 2(SS)y23epu 210,21 Yes 203 |Gl = 1 1504 04605
ial (DiacDM) e 21)  Yes 32 |ma 10Tev 84025, §,+1.0, m{x) < 250 GV 160407773

- Axial-vector mediator (Dirac DM) 0 e,41, 1y 1j Yos 32 |ma 710 GeV 84025, g, =1.0, m{y) < 150 GoV/ 1604, ee e
ZZyy EFT (Dirac DM) Oep 1J.51)  Yes 32 M. 550 GeV' miy) < 150 GV ATLAS-CONF-2015.080 ’ ’ ' ’
Scalar LQ 1% gen 2e 22) 32 LOmass. 1.1Tev LA 1605 06035

n Scalar LQ 2 gon 2p 22j 32 |LQmass 1.05 TeV A1 160505035
Scalar LQ 3" gon Tep 21023) Yos 203 50 150804735
VIQTT e - X Ten 22523 s 203 T8 doti 15050008
VIQYY - Wb+ X Tep 21023 Yes 203 ¥ (B.Y) doublet 150504306
VIQ BB — Hb+ X lep 22b23) Yos 203 ospn gl 150504308
VIQ BB — Zb + X 223ep 22210 = 203 B in (B.Y) doublet 1409 5500
VLQ QQ — WqWq Tep 24 Yes 203 1508.06281
VLQ To3Ty 3 + WeWt 2(SS)z3ep21b,21) Yes 32 Tas mass. 990 GeV ATLAS-CONF -2016-032
Excited quark ¢° — gy 1y 1) - only u" andd", A = m(q’) 1512.05910
Excited quark ¢* — ag 2j only " and ", A = m(q’) ATLAS-CONF-2016-069
Excited quark b* — bg 1,1 Al INF-2016-060
Excited quark b* — We for2eu 1b,20] Yes G-h=h=1 1510.02664
Excited lepton Je, A=30TeV 1411.2021
Excited lepton »* et A=16TeV 14112021
LSTC ar — Wy Teuly Yes. 14078150
LRSM Majorana v op 2 m{ Wa) = 2.4 ToV, no mising 150606020
Higgs triplet H== —» ee 2e(SS) DY production, BR(H,™ —» ceb=1 | ATLAS.CONF.2016.051
Higgs triplet H™~ - (1 et - - DV production, BR(HE= —» (r)=1 14112021
Monotop (non-res prod) Teyp 1b Yeos Boan s < 02 14105404
Multi-charged particies. - - - DY praduction, g = 5e 1504 04188
Magnetic monopoles. DY production, g1 = 140, spin 1/2 150908059

10 Mass scale [TeV]
*Only a selection of the available mass limits on new s own. Lower bounds are spe ly when explicitly not excluded.
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Linear realized EFT

SMEFT and NP

Higgs is a fundamental particle

Weak interacting

E 5
Mp L Strings,
Mk GUT, ...

Asm<4 qﬁ :«J

SM: SU(3)xSU(2)xU(1)
Matter+Gauge+Higgs

EW L

d=4 operators:
describe what we see

d>4 operators:
suppressed by 1 /A" |

d=2 operator: A%\, H* |
\ why mp<Asm ?

W. Buchuller, D. wyler 1986
B. Grzadkowski et al, 2010
L. Lehman, A. Marin, 2015
B. Henning et al, 2015

H-L. Li et al, 2020

L = 0606 —+ 0808 -+ ...

Full Theory

EFT

Howard Georgi, Annu.Rev.Nucl.Part.Sci.1993.43:209-52
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Why Electron-lon Collider?

1. Explore and image the spin and 3D structure of the nucleon
="} 2. Discover the role of gluons in structure and dynamics
3. Constraint for the PDFs, Polarized and unpolarized

4. Possibilities of Beyond the Standard Model?

Electron lon Collider:
The Next QCD Frontier

Understanding the glue

High Luminosity: 10 ~ 100 fb~!per year

High Polarization: P, = P, = 0.7
C Electroweak properties

EIC is also an important machine for the New Physics




Effective Field Theory
V'S = 140 GeV < TeV

The SMEFT is perfectly applicable at the EIC

( A
Tree-level effects:
Four-fermion operators
Charged Lepton flavor violation signals
q q
A

Loop-level effects:
Top quark couplings
TGC anomalous couplings




Outline

* The electroweak precision measurements

* New Physics effects from SMEFT

Bin Yan, PLB 833 (2022) 137384
Hai Tao Li, Bin Yan and C.-P. Yuan, PLB 833 (2022) 137300

Yandong Liu and Bin Yan, CPC 47 (2023) 4, 043113

Bin Yan, Zhite Yu, C.-P. Yuan, PLB 822 (2021) 136697
V. Cirigliano, K. Fuyuto, C. Lee, E. Mereghetti and Bin Yan, JHEP 03 (2021) 256



The electroweak precision
measurements



Electroweak Precision measurement

Measurement with | Systematic Standard Model | Pull
Total Error Error High-Q* Fit
Aafi’ll(vm'é) [59] 0.02758 £ 0.00035 0.00034 || 0.02767 £ 0.00035 | 0.3
mz [GeV] 91.1875 4 0.0021 0.0017 || 91.1874 4+ 0.0021 0.1
I'z [GeV] 2.4952 + 0.0023 2)0.0012 2.4965 £ 0.0015 0.6
Opaa (D] 41.540 £+ 0.037 (20,028 41.481 £ 0.014 1.6
R} 20.767 £ 0.025 (@)0.007 20.739 £ 0.018 1.1
A‘;’:é 0.0171 £ 0.0010 ©)0.0003 || 0.01642 £ 0.00024 | 0.8
+ correlation matrix
Table 2.13
A; (P.) 0.1465 + 0.0033 0.0015 0.1480 £ 0.0011 0.5
A (SLD) 0.1513 £ 0.0021 0.0011 0.1480 £ 0.0011 1.6
R 0.21629 £ 0.00066 0.00050 || 0.21562 £ 0.00013 | 1.0
R 0.1721 £ 0.0030 0.0019 0.1723 £ 0.0001 0.1
Agﬁ’ 0.0992 + 0.0016 0.0007 0.1037 4 0.0008 2.8
Avs 0.0707 £ 0.0035 0.0017 0.0742 £ 0.0006 1.0
Ay, 0.923 £+ 0.020 0.013 0.9346 + 0.0001 0.6
A, 0.670 £ 0.027 0.015 0.6683 £ 0.0005 0.1
+ correlation matrix
Table 5.11

sin? 61" (Qhad) 0.2324 £ 0.0012 0.0010 |} 0.23140 £ 0.00014 | 0.8
my [GeV] (Run-I [212]) 178.0 +£ 4.3 3.3 178.5+ 3.9 0.1
my [GeV] 80.425 4 0.034 80.389 £+ 0.019 11
I'w [GeV] 2.133 £ 0.069 2.093 £ 0.002 0.6

4

correlation given in
Section 8.3.2

Phys.Rept. 427 (2006) 257-454
LEP: 1989-2000
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Excluded by off-Z pole data
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Electroweak Precision measurement
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* Large deviation of the Zbb coupling

* The degeneracy of the Zbb coupling
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Zbb couplings@ colliders

A. Lepton colliders: e Tob >/\AfV\<
et b

S. Gori, Jiayin Gu, Lian-Tao Wang, JHEP 04(2016) 062
Bin Yan, C.-P. Yuan and Shu-Run Yuan, 2307.08014

B. LHC Zh production and Z boson rare decay: ng A T(ns)
b
g N h
Bin Yan, C.-P. Yuan, PRL127(2021)5,051801 N o
Hongxin Dong, Peng Sun, Bin Yan and C.-P. Yuan, PLB829(2022)137076

C. LHC Z+2b-jet production F. Bishara and Zhuoni Qjan, 2306.15109

k/
D. HERA and EIC with polarized lepton beam: . k
Bin Yan, Zhite Yu and C.-P. Yuan, PLB822(2021)136697 1] ( w
Hai Tao Li, Bin Yan and C.-P. Yuan, PLB833(2022)137300 P = ) »
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/bb couplings@ EIC

Bin Yan, Zhite Yu and C.-P. Yuan, PLB822(2021)136697

Polarized lepton beam " Single-Spin Asymmetry (SSA):
k tot tot
e > A — b4+ — 9b,—
e  _tot tot
q O-b7—|_ —I_ O-b7_
p \ >
P + /—: right/left-handed lepton

1. Photon-only diagrams will cancel in SSA
2. Leading contribution: y-Z interference
3. Only sensitive to the vector component of the Zbb coupling

13



DIS cross section

Polarized cross section Firs=Firs(Ae)
do; 2 1 —y y?
=B ((1-y)° 1)+ F P (y— L
oodxdy L=y 1)+ 1 PR (y 2 )
/ Ao = £1: lepton helicity
A <

Two possible combination:

e b
gagy v 9vIa

Fl,L=Cq®(q+q) F3=Cq®(q_q)

Log = fyvulgy, — guvs) fZ,

aw = f f

14



Zbb couplings @EIC

(i) € =0.001, € =003, € =0.T; Eer = 141 GeV, P = 0.7
(ii) €& = 0.01, & = 0.2, e = 0.5. L =by,(kvgy — kagays)bZ,
1.5 T T T T T T T T T T T T T LI LI
| mEC (i)I (b) | 1'5_ W EIC (i)I (c) |
W EIC (ii) L=4.0 fb‘1_ i H EIC (ii) L=332.6fb‘1_

06005 10 15 20
Ky

The minimal luminosities needed to resolve the degeneracy or exclude LEP AFB data:

(i): £L>05f7 Y (i) : L.>40Hb7L.  (6):L>420f " (i) : L > 332.6 b~ .

15




/bb couplings @EIC

Hai Tao Li, Bin Yan and C.-P. Yuan, PLB833 (2022)137300
Polarized lepton beam

Single-Spin Asymmetry:
tot tot
O+ — Op,—
- tot tot

vector component of the Zbb coupling

Is it possible to probe the axial-vector component at the EIC?

Average jet charge weighted Single-Spin Asymmetry (WSSA):

v Thix ~ O o2, = [ v} 0% ()

© T 09t ol b+ dph. 7

Q) = D |30 el) = S )| Q4 (o)
qg=u,d,c,s,b

D. Krohn, M. D. Schwartz, T. Lin and W. J. Waalewijn, PRL 110,212001(2013)
W.J.Waalewijn, PRD86,094030(2012) 16



Jet Charge Weighted SSA

SSA: Op+ —Op—

ot JaVu 5 b
%7 p w gjgﬁ)/ g\e/gA
Léq:& F11=C;&®(q+q) | F3=C,® (q —q)

Key point: (QF) = —(QF)

S WSSA: o, — o
e‘f a 999V sigs ¥
o R =Cea—a)QY) |F=Cyo(g+D(QY)
Lot = 2 Fyulal — gh15) £ 2 17



7%} Zbb cou

b

1.5

00

Ry RA
llwlssl,Al (i; l sl,s,lA I(i)l | I(t'))'
m WSSA (i) B SSA (i) =364 fb!

1 (

plings @EIC

L =by,(kvgy — kagays)bZ,

| (i) &€ =0001, €=003 €=0.7;

ii) € = 0.01, e =0.2, & = 0.5.

WSSA SSA
(i) : £L> 0.6 fb~; (3) : L> 0.5 fb~1;

(ii): £L>364 1. (i) : L >4.0H1



The new physics effects from the
SMEFT
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Four-fermion operators .

R. Boughezal, F. Petriello, D. Wiegand, PRD 101 (2020) 11,116002 Pe — :|:O 7
¥ (1) /
M. ~ Ce(1+4+ P,) + C’ (1—P.) q a
1 v T Case 1l Y T Y
eu vl | Ca=Cd {|OF | ((v1)(@19) | Ow | yd)(@y,m)

O | (yrr!1)(@vurllg) || Ow | (Fy1)(d,d)

Ocu | (ev*e)(@yuw) || O | (37"9)(EVue)

o i \ || Q| (ere)(drd)

SR P ¢
-2k
B o L Polarization of the electron plays
DIS (10 fb~1) the key role to resolve the
4} —— DIs (100 fb-1) d degeneracies from LHC data
3 E - ‘; ; ® ;]
lqg |TevZ
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Dipole operators

(1/A%)
R. Boughezal, D. Florian, F. Petriello, W. Vogelsang, arxiv: 2301.02304

o(e’) — o(eY) e (+) e (+) |e"(+) e ()

Re[C,,] =v/TeV>

SM NP

er, dﬂyeRFuu

Ocw = (lo’“’e)'r oW uua
Ocp = (lo"*“e)pBy,,
Ouw = (Go* u)T' oW,
Oup = (q‘a‘“’u)ch#,,

T , y
Transverse spin asymmetry 250y Ouw = (go*vd)r! oW ;w
5 | 1 J 1 i L I —— v
1001 0.02 0.04 0.06 0.1 02 03 04 OdB — (qau d)(PB;w

r
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Scalar and tensor operators

Hao-Lin Wang, Xin-Kai Wen, HongXi Xing and Bin Yan, work in progress

Transverse double spin asymmetry (’)(1//\2)

AT S pT) + o(eth) T oleTph) + o(elp)
Oreds = (Fe)(dg?), e () e ) e ()
O, = Pe)e(du), ;
01(33 (Forve)e;r(q5 o n).
q(+) g(+)  a(+) a(=)
SM NP
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Charged Lepton Flavor Violation

V. Cirigliano, K. Fuyuto, C. Lee, E. Mereghetti and Bin Yan, JHEP 03 (2021) 256
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Summary

A. EIC is an important machine for probing the new physics;
B. The electroweak precision measurements: Zbb couplings;

C. New signals: SMEFT, Charged Lepton Flavor violation;

The search for new physics at the EIC is just beginning

Thank you!
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Jet charge definition

Parton level

\ Particle Jet Energy depositions
P in calorimeters

Transverse-momentum-weighting scheme:

1 1\ ARZ

1 : boH

Qs = A > Qi(pr)", k>0

b1l icjet K: To regulate the sensitivity
of the soft gluon radiation

R.D. Field and R.P. Feynman, NPB136,1(1978)
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Weak mixing angle @EIC

The Zqq coupling: ggf = Ts — QQS%V

mmmmm) The SSA would be sensitive to the weak mixing angle

i e qd e g
ot ’ AV 5 gA gv gV gA
! ‘s F1,=C,®@Q@+q F3=C,Q (q -7
9v
b
p i 0.2:—'b.' EERIL . =
%& g 0.12_‘ : HERA-ZEUS E
2 -
OL — O0_ |
A, = 2=
O'_|_ —I— O _

10° 10°* . :
Q° (GeVY)
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Weak mixing angle @EIC

1212.1701
0.24 2 r—r— T[T T—T—
: E158 oo 1 ‘
! V- )
0.240f 0Ac ~ —= ]
; Moller (Jlab) \/Z
5 0298 .
oY [ EIC
® = 0.236[ APV (Cs) CIWEAK (Jlab) (statistical emrors only) :
- I SOLID (Jlab) ]
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0.232f ]
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Charged Lepton Flavor Violation

Lepton Flavor is not conserved:
Neutrino Oscillations

Charged Lepton Flavor Violation (CLFV):

2
) ~ 10—44

S. Petcov, ‘77; W. Marciano and A. Sanda, ‘77

BR ~ ( My
mw

um >

A. CLFV is sensitive to the NP

B. CLFV could be related to the neutrino mass
generation mechanism;
Tree level or Loop level

For example: Two loop neutrino mass model

Q=0
\ 7/
o

Neutrino oscillation between three generations ’y
- O -
T Vr Ve e

o

QHC, SLC, E. Ma, Bin Yan, DMZ, PLB779 (2018)430-435



