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Motivation

e Standard Model(SM): Over constrained and tested to high precision 5
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Image courtesy: Symmetry magazine, a joint Fermilab/SLAC publication.

e Why Beyond SM?: Neutrino mass, Dark matter/energy,....
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Image courtesy: science 2.0

e Standard Model Effective Field Theory (SMEFT): Model-independent way to parametrize the deviation



Motivation

Example: Muon decay (4 — ev,v,)

Effective Fermi theory

G : hints about electroweak scale

UV theory(Standard Model)



Standard Model Effective Field Theory
(SMEFT)



Standard Model Effective Field Theory

. Bottom-up EFT, UV physics is unknown
. No light BSM

10000000000 -

CZj 1000 -
A- New physics scale (v > A)
Cl.(D )- Wilson coefficients(constrained by measurements) e
Mass dimension
@l(.D )-Operators (built out of SM field and gauge group) Brian Henning et al, arXiv:1512.03433


https://arxiv.org/abs/1512.03433
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e 2499(+546) [with flavour indices]



Warsaw Basis

1)W. Buchmudller and D. Wyler, Nucl. Phys. B 268 (1986) 621W. Buchmudller and D. Wyler, Nucl. Phys. B 268 (1986) 621

2)B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek[1008.4884]

Bosonic-15 Yukawa-54
X3 ©® and ¢*D?
Qe | [APCGLGIPGSH | Q, (pTp)?

g | FAECGRGEGT | Qo | (Ple)Dlete)
Qw €IJKWJVW1;IprKu Qup (SOTDHSO)* (SOTDMCP)
Qs SIJK’W’JVWI;I;)WPKM | —

X2 I

Qo | otoGac || Qu
Q. Pl éﬁuGA“ Y

% SOTSO W/,{I/WI“V

Qi | e

Qup o' By B

Q<p§ SOTSO EWBW
Qews | @i W, B
Quip | o'W, B"

dipole-144

4 fermion—2751

Contact interaction,
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Rare process: Precsion observables:

e Proton decay e Parity violation

e 1 — 3e e Zpole
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2499(+546) [with flavour indices]



4 fermion—2751

Warsaw Basis

1)W. Buchmudller and D. Wyler, Nucl. Phys. B 268 (1986) 621W. Buchmudller and D. Wyler, Nucl. Phys. B 268 (1986) 621
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Correction to SM 1nteractions,

» Yukawa interaction Fermion-Z effective
Interaction

Contact interaction,

fi

Rare process: Precsion observables:

e Proton decay e Parity violation

e 1 — 3e e Zpole

S S
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photon-Z mixing

e 59(+4) [omitting flavour indices]

e 2499(+546) [with flavour indices]
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Leading effect from D=6 operator

SM O (A™?) O (A™)
4) o | @ | @ 1(6) © |°
O ~ /%SM_l'Z/%k,LO =gy | [F[2Re Z%SMﬂk,LO T ‘%k,LO‘
k k

Precision SM forbidden
observable Process

Semi-leptonic/leptonic observables : Crucial for precision physics

Example:

 High energy: Hadronic cross-section (LEP),Drell-Yan process (Tevatron, LHC)
e Low energy: Parity violating process (PVES, PVDIS), f decay, CEUNS




/. pole observables



ALEPH

DELPHI

L3

OPAL

CDF

combination

global fit

91.18

bserved 17 Million Z decays

lectron-positron collider to study Z pole observable (EC

m

~ Mz)

o Precisely measured the Z parameters (M, 17, gy, sin” 6y,

Mass of Z boson

I
I ete-
L
I | rP
o
E— all
91.185 91.19 91.195 91.2

Note: M, acts as a fixed point in SM

LEP

SLC

CDF

DO
ATLAS
CMS
LHCb
EI58
Qweak
combination
global fit
MOLLER
P2-H
P2-C

Jens Erler [arXiv: 2505.03457]

ete-

future

0.23 0.2305 0.231
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LEP measurements

LEP Report: Phys.Rept.427:257-454,2006

e,U,T — - r -
o LEP measures oy, 0, , , and A% E _ N
< 40f 7\ ‘_
e The measured cross-section/ asymmetry around the Z-pole, o T ALEPH § \ :
. DELPHI : i
I L3 : _
30 - OPAL . _
1 i
_ tot :
o(8) = J dz Hogp(z, 8)o,(Z, S) | i
4m?/s - 20 F _
1 . @ measurements (error bars
i increased by factor 10)
Electroweak kernel 10  __ & trom fit .
: ----- QED corrected
QED deconvoluted,
o 36% larger == VMZI o
o 100 MeV shift in peak position 86 38 90 92 94
) E_  [GeV]
: — qq
e Z resonance parameters are extracted after correcting for the QED effects Ohad = 2 Cew

1



Electroweak Kernel o, g o q

2
- 4
o In SM, electroweak cross-section, o, ~ | M (Sl\)/l M) = M, + My = Y -+ Z

e (Cross-section 1s parametrised based on a Breit-Wigner shape,

o477

I ALEPH
Apg from fit DELPHI

I L3
QED corrected OPAL

* average measur ements

<1%in SM

Dominating at LEP 1

e Similarly forward-backward asymmetry, A, = °FT % _ Fp+ A

O +6 _ , I . . . | . . | . . . I
FT OB 0.4 =33 90 92 o4

E._ [GeV]

LEP Report: Phys.Rept.427:257-454,2006
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Electroweak Pseudo Observables (EWPO)

From Z pole measurements

e,U,T
Ohad> Ge,,u,f’ AFB

radiator function

_I_
fixing y and yZ

O EWPQO’s are extracted

0
/ parameters, MZ» Fz, Opad

Peak cross-section ratio, R? —

Peak asymmetry, Ag’]lg =

13

Without lepton universality

Y2 /dof = 32.6/27

My [GGV]
FZ [GGV]

91.1876=x 0.0021
2.4952 -
41.541 4
20.804 -
20.785 =

20.764 -

0.0
0.0

- 0.0023
- 0.037
- 0.090
- 0.033

45 -
169 -

- 0.045
- 0.0025
- 0.0013

0.0

|88 -

- 0.0017

LEP Report: Phys.Rept.427:257-454,2006




Z-line shape

e 7/ line shape — determines M, and I,

e Branching farction for Z to hadrons, neutrinos and leptons are 70%, 20% and 10%

e Hadronic cross-section at 89.4, 91.2 and 93.0 GeV

Hadronic Cross Section

-

- QED corrected
Values Correlations : fit

M, T, | o0, e
Mz |GeV] | 91.1876 + 0.0021 1 :
'z |GeV] 2.4952 £+ 0.0023 | -0.024 1

o0 [nb] | 41.541£0.037 | -0.044 | -0.297 | 1
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Hadronic Cross Section

HadrOniC CrOSS-SECﬁOn I e

b)

d(n

2 %k
e Cross-section upto O( 1/A?), 6, ~ ‘ /%(s?\)/{‘ +2Re ( Z M (5?4 M 1(30)
k

e Amplitudes from dim.6 operator,

111111111111111111111111

f P P P Pl ;
f f
© y Z Z
M = z + Z , + . + , + e Total: 37 operators
) M © Family universal: 18 operators
e e
o ot e et e et e et e er

(w’¢°D) (¢*D?, ¢*X?) (v*)
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Hadronic cross-section in SMEFT

SM input values

sin” )y, (,u = MZ) = 0.23129
, M, =91.1876 + 0.0021 GeV
1 sl [, =2.4952 + 0.0023 GeV
had; ~ _ _had Z had had had z= < -
Oy (8) = 03" -0, +0,,° + 0 a,, = 1/127.951

ew Ser Y 4
L'+ ogep (s — M3)* MZZ Gp = 1.1663788 107°GeV >
Z

Linear combination of Wilson coefficient constrained by afvf’,d,

] +o > — 14.065(30)nb
1111

] +o > — 41.417(37)nb
1111

] + ) =13.310026)0b
1111
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Hadronic cross-section in SMEFT

Linear combination of Wilson coefficient constrained by 5%

ew ?

— 14.065(30)nb

— 41.417(37)nb

— 13.310(26)nb
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Interference eftect (Preliminary)

o o 2
Current precision Future Z pole hadr ~  had L sI'7  had . had . had
0.°s) =0 o, +0,.,"+o0
ew 0 LS $2I2 4 yZ (6)
QED (5 — M?2)2 ——
V4 M2
Z
LEP1 | CEPC & FCCee
AMz[MeV] 2.1 0.1
ATz[MeV] 2.3 0. 025 ,
In presence of the four fermion operator
Aoy [nb] 0.37 0. 002

o sz) = 0(1), A = 5TeV

arXiv: 1811.10545

EWPO LEP 1 FCCee

Z mass [GeV] 0.130 2.8 0

Z decay width[GeV] 0.030 250
Pole cross-section [nb] 0.020 0.4 0

EWPO are blind to these non-resonant eftects

20



Summary

o EWPO don’t capture all BSM effects around the Z pole
o Interference effect can affect the extracted Z parameters

o Without falvour assumption 37 operators contribute to the hadronic cross-section

o Study the significace of dim.6 operators on off peak leptonic cross-section in Z pole

O Include Low energy PV observables (sensitive to four fermion operators)

Thank you.
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Back up



Four fermion operator ettects on EWPO

Assumption:

o U(3)° symmetry: [C<3>]1111 —

lg

o Cl(;) = O(1)
oA=1TeV,5TeV

EWPO

C=0(SM)

A=1TeV

A=5TeV

Z mass [GeV]

91.1876 +£0.0021

91.1951 £0.0021

(2.56)

91.1879 £0.0021

(0.16)

Z decay width[GeV]

2.49524+0.0023

2.4969+0.0023

(0.50)

2.49534+0.0023

(0.030)

Pole cross-section [nb]

41.541+0.037

41.525+0.037
(0.30)

41.540+0.037
(0.020)
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Future projection CEPC & FCCee

AMz 0.1 MeV
ATz  |0.025 MeV
Ac) . | 0.002 nb

arXiv: 1811.10545




Four fermion operator effects on EWPO

(1.70)

EWPO SM C3Hq C3lq
Mz [GeV] 91.1876(21) 91.1876(21) 91.1879 £0.0021 GeV
(0o) (0.10)
Z decay width[GeV] 2.4952(23) 2.4952(23) 2.4953+0.0023 GeV
(06) (0.030)
Pole Cross section [nb] 41.541(37) 41.452(37) 41.540+0.037 GeV

(0.020)

Future projection CEPC & FCCee

AMz 0.1 MeV
Al'z 0.025 MeV
Achad( 0.002 nb
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Parity Violating Electron Scattering

Current Experimental constraints

Dominik Becker et.al. [1802.04759v2]

eu ed
[2 g -9 ]AV

0-5 L] L] 1

0.495- ~

0.49-

\\\
~

L] I L] L] L] L] I L] L] L]
P2 (1.7% H asymmetry)
— — — — P2 (0.3% C asymmetry)
s 2018 (all data)
2018 + P2 (H target)
s 2018 + P2 (H + C targets)
[ Standard Model prediction _

~

ed

eu
[0 +2g ],

0.485 L

1) Weak collaboration[1905.08283]
2)P.A. Souder, R. Holmes, D.H. Kim, Krishna S. Kumar et.al.

Process

0% [GeV~]

Apylppm]

Combination

EXp.

SM

e-P

0.0248

-0.2265
+0.0073(st)
+0.0058(sy)

2C,,+ Cyy

0.0719+0.0045

0.0/711+0.0002

e-C

0.0225

-0.60
+0.14(st)
+0.02(sy)

0.138+0.034

0.1528

e-P scattering
Parity G0’ )
Apy = — P)— F(E,
asymmetry i dra, A2 Qw(P) = F(E, 0°)]
Weak charge Ow(P) =2(2C;,+ Cyy) = 1—4sy,
HadrOnIC/ F(El-, QZ) — FEM(El-, QZ) 4+ FA(EZ-, QZ) + FS(EZ-, QZ)
Nuclear
e-C scattering
. G 2 12C
Parity Ay = — FQ° Ow(°C) 1+ A)
asymmetry dra,\2 L
Weak charge | OQw('*C) =36 (C,, + Cy,) = — 24sy,
Hadronic/ A — F,..(Q°) ,
Nuclear ~ F.,(0?)

Oleksandr Koshchii et.al. [2005.00479v2]
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e 0C, is leading BSM contribution from dim.6 operators



https://arxiv.org/search/nucl-ex?searchtype=author&query=Becker,+D
https://inspirehep.net/authors/988001
https://inspirehep.net/authors/1005707
https://inspirehep.net/authors/1233268
https://inspirehep.net/authors/1001572

Deep Inelastic scattering process

Parity ASM GrQ* 1 -1 -y
py — a; + as
asymmetry 4ra,,\/2 1+ (1 —y)?
AXxial-vector Vector-axial

6
SM contribution | a; = 3 (2C,, — Cyy)

6
a3 = g <2C2u - C2d)

Current Experimental constraints

Q 2
T OMyE,

y

X is Bjorken scale

M,; is mass of nucleons

The Jefferson Lab PVDIS Collaboration [doi:10.1038/nature12964]

[2 geu_ éd]VA

J. Arrington et.al.[2209.13357v1]

published

|

I Qweak
< | +APV

]

SolLID

-0.4 =020 76-0.74-0.72-0.70-0.68

all

-0.537" 09 -08 -0.7 0.6 05 -04 —03 -02 -01 0
[2 geu_ éd]Av

0’[GeV?] X Apylppm] Combination Exp. SM
1.085 | 0.241 | -91.1%3.1(st)+3.0(sy) 2C, —C,, |-0.7165+0.0068 -0.7193
e-D
1.901 0.295 | -160.8+6.4(st)x3.1(sy) | 2C,, — Co, -0.130.06 -0.0950
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Linear combinations

Correction to fermion-Z vertices 4 fermione operators
Process Linear combination
e-P 20C,,+ 6C;,; = 0.01 £0.0045
e-C oC,,+ 6C,;,=0.015+0.034

26C;, — 5C,, = 0.0028 £ 0.006 Z
e-D ' 17" (lpYulr ) (357" 1) n=(2) | a=e

25C,, — 5C,y = — 0.035 £ 0.06

dl = dp

(ZP/YMTIZT) (QS/VMTI%) 7= CZ) ul = up

1 3
tut T Cgter = Crrur — (Cl(lq)l - C1(1;1>

_ ety 3) _
Cpur + (- CV 49, ) 1 C,

! 3
1a1 T Cyter = Crrar — <Cl(1;1 T C1(1;1>

_ 1 _ 3
¢d1+( ch — O] C.

. <_ ch 4 c® Y Llc

1 3
oql »q1 elul — C lel T Cllul o <C( ) —CP) )]_

pu q [1g1 [1g1 2 A2

V
- (-ch—c [ Corn = Coren + Cnan = (€ + €5

2A2
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