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[. Introductions

The Standard Model

particles interactions

Quarks, leptons, Gauge bosons, Higgs. y + (EP +he
i , i )Ln' ‘ﬁ(j)ngSfL\(

W RV |

Gauge interactions:

SU@3)c x SUQ), x U(1)y

Higgs mechanism

The Higgs vacuum expectation value
(vev) breaks SU(2), x U(1)y to U(l)gms
and gives particles masses.

Simple and powerful

yet unnatural, incomplete... But we have no idea what the new physics is...



The Standard Model Effective Field Theory

Loyprr = Loy +LO+LO + £ 4 £ @) 4.

SN
=3 S50, d>4

SMEFT: a more powerful way to analyze the data

Assume the SM Lagrangian is correct but incomplete
Look for additional interactions between SM particles

Most efficient way to extract information from LHC and other experiments

Model-independent way to look for physics beyond the Standard Model (BSM)



Dimension-8 Operators
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Dimension-8 Operators affecting aQGC

C 7, C 1
Lsvert = Loy + E 6 : {E A—ijosj
J

Os, = |(D,.9)' D, o]
Os, = |(D,®)! D, 9|
Os, = |(D,.®) D, ®

[Eboli, Gonzalez-Garcia, Mizukoshi, Phys. Rev. D 74 (2006) 073005]
[Eboli, Gonzalez-Garcia, Phys. Rev. D 93 (2016) 093013]

(Do) DV

(D*®)' DV,

(D®) D'] |

_——

Ouy =T W, W | x [ (D70)' D],

O, = Tr W, W] x | (D%0)" D],

Oum

2

Lagce = Z fS"”O ; + Z

[

Onm; + Z I, —10r,

B, BM] x [(D%)TD%} ,
BB x |(D@)' D],

(D, ) /WQVD%] « BP,

(Du®)' W, W5, D, 9,

(D,®)! /Wg,,D,,@] x B 4 h.c.,

= T [ Wy W | x T [Wog W2
= Tr -WQVW’M} x Tr [WM@W““
— Ty -/Wa”/W“ﬁ] x Tr [’WBVW““_
=T [ Wy, W | x Bug B,
— Tr '/Wa,,/w?“ﬂ] x B,sB™,
= Tr |[WaWH?| x Bg, B,

= B,,,B" x B,sB“",
= BauB‘uﬁ X BBVBVQ,




Limits on Dimension-8 Operators contributing to aQGC

Scalar/longitudinal parameters f ;

Mixed transverse and longitudinal parameters f,,;
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Chinese experimentalists have made great contributions!



QGC in VBS
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I1.

Study aQGC at the LHC

* The exclusive yy— Ww+w-

4
Laaww = Z@;:[) Oéz'VAAWW,z'

Vaawwo = Fu FFW oW,
Vaawwa = Fu FFREWTW 1,
Vaawwsz = Fu FFW WP,
Vaawws = Fuu FYW W =Pk,
Vaawwa = F ., FoP W,;ZW_O‘ﬁ :

The Traditiona
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Nucl. Phys. B 961 (2020) 115222
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[Barr et al., Phys.Rev.D 84 (2011) 095031.; Kalinowski et al., Eur. Phys. J. C 78 (2018) 403]

The constraints on the vertices at /s = 14 TeV with £ =3 ab— L.

Constraint SS§S<?2 S§<3 S§<5
aO(TeV_z) [—0.0026, 0.0024] [—0.0031, 0.0030] [—0.0041, 0.0040]
o (TeV*Z) [—0.0080, 0.0092] [—0.010,0.011] [—0.013,0.015]
az(TeV_4) [—0.16,0.098] [—0.18,0.13] [—0.23,0.17]
oe3(TeV_4) [—0.75,0.38] [—0.87,0.50] [—1.06,0.70]
ce4(TeV_4) [—0.50, 0.48] [—0.62,0.59] [—0.80,0.78]

The exclusive yy — WW production is sensitive to the Ow operators. 9



The Machine Learning approach

JHEP 09,085 (2021), Phys.Rev.D 104,035021 (2021)

What can Machine Learning do? What methods have been used?

For more details please follow Parallel Session VIII (1):
“Using machine learning methods to study aQGCs and nTGCs ”

by Ji-Chong Yang

10



Wyijj and Zyjj production

pp>Wyjj > lvyjj

y .
v
2 =
J
v J
j Y

ﬁ( .
= E
SN

Chin. Phys. C 44 (2020) 12, 123105

pp=>Zyjj~>llyjj

Phys.Rev. D 104 (2021) 035015

11



Unitarity Bound

Strength of Weak Interactions at Very High Energies and the Higgs Boson Mass

Benjamin W, Lee, C. Quigg,* and H. B. Thacker
Ferwmi National Accelevatov Labovatovy, Batavia, Illinois 60510
(Received 28 February 1977)

It is shown that if the Higgs boson mass exceeds M, = (87V2/3Gy)!/? partial-wave unitar-

ity is not respected by the tree diagrams for two-body reactions of gauge bosons, and
the weak interactions must become strong.

* scattering amplitudes are harder at high energies than allowed by unitarity

* model-independent upper bound on scale of Higgs

12



Partial-wave Unitarity

In the two-to-two scattering of electroweak gauge bosons Vi x,Vaa, = Vs, Vaa,

the helicity amplitude can be expanded in partial waves as

Vl)\]_ V3)\3

1 . ] |
M(Vl)\l%lz — I/3/"\3‘/4)\4) = 16WZ(J + 5)\/1 + 5V *2 \/1 + 5V M dip(g, (p) e“M""
J

XTJ(‘/L\l I/2)@ — 1/23)\3 1/*4)\4)

Partial-wave unitarity requires [[TJ(VDHVQ)\2 — %A3MA4)| < 2. ]

[Corbett, Eboli and Gonzalez-Garcia, Phys. Rev. D 91 (2014) 035014]
[Corbett, Eboli and Gonzalez-Garcia, Phys. Rev. D 96 (2017) 035006]

13



The strongest limit of WV — Wy and VV—Zy subprocesses
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But S Is a distribution, not a limit.

How can we use Unitarity bound at LHC?

Select Event with Unitary bounds

(1/N) dN/0.2 TeV*

10°

—
<

sy
o
4]

1073

Table 4. Cross sections of SM backgrounds and signals for various operators after NV [ Adbp . Iﬁ‘;l, Iﬁ}‘jssl, and §p; cuts. The maximum 3 used in

the §;; cuts are obtained using the upper bounds of fy/ A% in Table 1 and Eq (17).

Channel/th no cut Ny i Adpm | ,El‘;rl | ,ﬁ’]l"lssl / Sy \
SM 9520.8 3016.6 211.7 65.1 40.6 -
O, 6.353 4.06 3.51 345 343 0.93
Om, 21.05 13.62 12.13 11.95 11.90 2.19
Op, 7.39 4.81 4.06 3.94 302 1.03
Owm; 25.23 16.73 14.75 14.49 14.42 4.05
Ors 2.7 1.77 1.28 1.25 1.22 0.72
Or, 16.92 11.19 8.94 8.36 8.26 3.06
Or, 7.47 4.97 3.97 3.69 3.65 1.43




Polarization Feature

2 ity o4l e
_fndu e e ’I'J s1n E) ~9

M+ Wo = 7-Wy) A a5
Sar, € 2e*?p? sin (—ﬂ
A4 32M32
i ] R
M (v Wo — 7 W) Ly e’e *:;12(;;;( 1+1) 32
MW — WD) ZfT” sgy sin® (2) 52

2
1ty (sin4(%)+ )+

1fry, 2 4 (B 22
2A43Wsm ﬂg-)s

M WE = W)

MW =~ W)

My WE — 7 WD)

4 polarization fraction patterns : SM, Oy, ,

07'0,5 ’, OT1,2,6,7

When pr, is large,

cos(0*)

~ 2(Lp — 1)| with |Lp =

0.06

0.05

0.01

—S5M

[C. M. S. Collaboration, Phys. Rev. Lett. 107 (2011) 021802]

O

longitudinal W* bosons are dominant

. both left-handed and right-handed W* bosons dominate.
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Angular Distribution

e [

R
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Constraints on Dimension-8 Operators

Wyjj production

Table 7. Constraints on operators at LHC with £ = 137.1fb™".

Zyjj production

Coefficients Sqtat > 2 Coefficients Sqar > 2
fuy [ A? [-2.05,2.0] frs /A [-0.525,0.37]
Sy /A [-10.5,5.25] fro /A [-0.4,0.425]
fo, /N [-11.25,4.0] frs /A® [-0.65,0.7]
Juts I A? [-6.25,6.0]

300 fb! 3ab™!
far /A |[—15.0,16.0]| [—1.8,4.0]
fas /A [-12.5,10.0]| [—3.0,4.0]
fry /A* [[—0.40,0.37] |[~0.09, 0.15]
fro/A*| [-1.0,0.9] | [-0.4,0.43]
fro/A*| [-1.7,1.4] | [-0.7,0.7]
fr,/A* [[-0.55,0.50]|[—0.15,0.15]

We thank Jian Wang and Cen Zhang for useful discussions.
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III. Study nTGC and aQGC at Future Lepton Colliders

* NTGC in the e* e-—— Zy process

Chinese Physics C Vol. 44, No. 6 (2020) 063106

Probing the scale of new physics in the ZZy coupling at e ¢ colliders*

1.2:1) 4)

John Ellis Shao-Feng Ge™ Hong-Jian He™ Rui-Qing Xiao™
'Department of Physics, Kings College London, Strand, London WC2R 2LS, UK;
Theoretical Physics Department, CERN, CH-1211 Geneva 23, Switzerland;
Z NICPB, Révala 10, 10143 Tallinn, Estonia
Y 2Tsung,-Dac- Lee Institute & School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China
“Institute of Modern Physics, Tsinghua University, Beijing 100084, China;
Center for High Energy Physics, Peking University, Beijing 100871, China

e’ g
Larec = % Bw Slgi(zt—c?w)osw Slgz&#w) ww T Slgﬁ%b)) zz- Probing new physics in dimension-8 neutral gauge
o B w B couplings at e*e” colliders
Oy = iH B, ,W" {D,, D"} H + h.c., John Ellis &, Hong-Jian He & & Rui-Qing Xiao &
Oy = iH'B,,W"?{D,,D"} H + h.c., Science China Physics, Mechanics & Astronomy 64, Article number: 221062 (2021) | Cite this article
Oy = iH'W,, W+ {D,, D"} H + h.c., 142 Accesses | 24 Citations | Metrics
Opp =iH'B,,B"{D,, D"} H + h.c.,
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The Partial Wave Unitarity Bound

| |
2~ 2 2\\ 7 2.2 2\\ 7
At=0+ o [ € Vv (s = M3) | At—tt o [ (s=M37)\"
BWo T\ 48V2r Mz, BWo T\ 48V2mcy,

1

2 2,2 2V\ 7

A0+ [ € Vs (1=2s)v* (s = Mz)
BW 96\/§JTMZS%VC%V

,l
AT S e? (253 —1)v* (M7 —5) \"
BW- — 962753, ¢ ’

Unitary bounds can constrain operators directly at lepton colliders

0.5

0.4

—.0+
- - AT
BW

AN
BW

—+,0+

§$f++
A

0 1 | 1 1
: o 0 S 10 15 20
The constraints on A 3, from unitarity bounds. s (TeV?)
Vs (GeV) 250 500 1000 3000 5000
Az (GeV) > 49.4 > 85.4 > 144.5 > 330.0 > 484.2 Ntk Gy, B 972 (2024) 119943

25
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(1/N) dN/3 GeV

Constraints for Dimension-8 Operators

———5M /5 = 0.25 TeV
———5M /5 =0.5TeV
——8M F = 1TeV
—8M 5 =3 TeV

----- nTGC /5 = 0.25 TeV
[ [— nTGC 5 = 0.5 TeV
————— nTGC 5 =1 TeV !
----- TGO 5 = 3 TeV u
nTGC 5 = 5 TeV |

s
o

-
o
ra

SM 5 =5 TeV =

10°

:
SM /s = 0.25 TeV
——5M /5= 0.5TeV
——8M W =1TeV
—5M 5 =3 TeV
SM /5 =5 TeV

----- nTGC /5 = 0,25 TeV
----- nTGC 3 = 0.5 TeV
----- TGO 5 =1 TeV
----- TGO F = 3 TeV
nTGC 5 = 5 TeV

(1/N) dN/0.02

M (GeV)

(a)

10°

———SM 5 =1TeV
———8M 5 =3 TeV
SM 3 = 5 TeV

SM /5 = 0.25 TeV mmm—: nTGC 5 = 0.25 TeV
M 5 = 0.5 TeV  ==——-nTGC /5 = 0.5 TeV
0 TGC 5 =1 TeV
————— pTGC 5 =3 TeV

5 TeV

nTGC

(1/N) dN/0.02

10°

FGE

(1/N) dN/0.12

| cos B

()

The expected constraints on sign(cﬁw) /AJ'E W (TeV—*) at £ =2ab~! for hadronic Z decays.

SM 5 = 0.25 TeV
SM /5 = 0.5 TeV
SM 45 =1TeV
—8M 5 =3 TeV
8M 5 = 5 TeV

nTGC 5 = 0.25 TeV
aTGC /5 = 0.5 TeV
aTGC /5 =1 TeV
nTGC /& =3 TeV
nTGC 5 = 5 TeV

Sstat ﬁ (GeV)

250G

500

3000

5000

[—10.5,76.9]
[—14.9,81.3]
[—22.7,89.1]

th L b2

[—1.0, 14.8]
[—1.5,15.2]
[—2.3,16.1]

1000

[—0.35,1.3]
[—0.48, 1.4]
[—0.69, 1.6]

[—0.030, 0.064]
[—0.040, 0.074]
[—0.055, 0.089]

[—0.013,0.013]
[—0.016,0.016]
[—0.020,0.020]
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Inspiration from nTGC research in ete™ - Zy

Nucl. Phys. B 972 (2021) 115543
The unitarity bounds tell us the minimum integrated luminosity required to study nTGC and aQGC

Unitarity bound

>

—

Luminosity

— ]

Constraint on coefficient of operator

Unlike VBS, the diboson induced by nTGC and the triphoton induced by aQGC are suppressed
by a propagator for large s, so the unitarity constraint is only relevant at very low luminosity.

22



Tri-photon at Future Muon Colliders

Advantages of the muon collider:

High energy

High integrated luminosity

Cleaner environment
Enhances the annihilation process

than pp collider

W = 27 =y

Pa

Only O4; operators are relevant of tri-photon

Or, =Tt
Or, =Tr
Or, =Tr

Or, = B,

ky

Zl'y

(aQGC)

W W | x Tr (W7,
Wau W | x Te |[Wa, 72|

Wa W % B,s B,

v B x B,z B,

—_— ]

Po

O, =Tr
Or, =Tr
Or, =Tr

JHEP 07 (2022) 053

(SM)

77

o

Wy WHB]

x Tr [W’uﬁﬁ?m’] s
x BagB®?,
X BﬁVBVQ,
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Compare Annihilation Process with VBS Processes

(annihilation) ,

(VBS),

ptpm = LY
ptuT = ViV

s
oco:u mX log mf,r log mx :

[H. Al Ali et al., Rept.Prog.Phys. 85 (2022) 8, 084201]
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oA 2 s (1 — SW) [20 log (ﬁ) (30 log (ﬁ) — 67) + 943]
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The Contribution of aQGC to Tri-photon Process

caqce(fry) = osm + ooy (f1,) + ot (1)

3TeV | 10TeV | 14 TeV | 30 TeV
osm (fb) | 5.96 0.707 0.383 | 0.0953

es5(3841og(2) — 215) ((1 — 4s%,)(4ar + 3a2) + 16cw s (das + 3aq))
11059273 Adepw sy

Oint = ’

6283

0 = ; ;
Ti 2764803 AS e s

(SCWSW(l — 45%1/)(16041043 + Taroy + Tasas + dagay)
+(1 — 453 + 8siy) (SOzf + Taan + 204%) + 128¢5 5% (804% + Tazay + 204;21)) :

ay = C?/VSW’(fTs + fT(s - 4fT8) + CW"S%if’(fTo + fT1 - fTa - fTﬁ):

as = cysw(fr —Afn) + ewsiy (fr, — fr).

1 1
a3 = C%i”fTs + _C%V'S%Tf"(fTs + fTG) + _S%V(fTU + le);

2 4
1 fT 54 r
oy = C%V fry + 50%[” fTTS%V + =2 1 Ly
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Constraints on Dimension-8 Operators

3TeV 10 TeV 14 TeV 30 TeV
lab~! 10ab™! 10ab™! 10ab™!
Sstar | (1072 TeV=1) | (10741Tev=1) | (1074 TeV—1) | (1075 TeV—4)
2 | [—43.49,14.47)t | [-35.72,12.19] | [—10.14,4.09] | [—6.19,3.30]
f’iﬁ%ﬁ 3 | [-48,57,19.55] | [—39.98,16.45] | [—11.50,5.46] | [—7.21,4.32]
5 | [-57.08.28.06] | [—47.10,23.57] | [—13.77,7.73] | [—8.92,6.03]
2 | [-108.0.22.66] | [-87.71.19.31] | [-24.37.6.62] | [—14.06,5.65]
I 3 | [-116.9.31.59] | [-95.25.26.85] | [-26.85,9.09] | [—16.00,7.58]
5 | [~1324,47.06] | [—108.3,39.87] | [-31.08, 13.32} [—19.27,10.86]
2 [—10.78,2.61] | [-8.81.2.22] | [—2.45,0.758] | [—1.44,0.638]
%@ 3 [—11.78,3.61] | [-9.65,3.05] [—2.72,1.03] | [~1.65.0.840]
5 [—13.49,5.32] | [—11.08,4.49] | [=3.19.1.50] | [=2.01,1.20]
2 [—27.54, 3. 98} [—22.47,3.38] | [=6.17,1.17] | [—3.41,1.04]
I 3 [—29.22,5.66] | [—23.89,4.80] | [-6.64,1.65] | [—3.79.1.43]
5 [—32.22,8.66] | [—26.42,7.32] | [—7.48,2.48] | [—4.46,2.10]
2 [—1.74.0.42] | [—1.42.0.355] | [—0.399.0.121] | [—0.233.0.102]
Iny 3 [—1.90.0.58] | [~1.56.0.490] | [~0.443,0.165] | [—0.267,0.136]
5 [—2.17.0.86] | [=1.79.0.721] | [—0.518,0.239] | [—0.325,0.193]
2 [—4.50.0.63] | [—3.66.0.538] | [—1.00,0.188] | [—0.553.0.167]
fTTg 3 [—4.77.0.90] | [-3.89.0.765] | [—1.07,0.264] | [—0.615,0.229]
5 [—5.25.1.38] [—4.20.1.17] | [-1.21,0.399] | [—0.723,0.337]
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Summary

Search for new physics indirectly as well as directly

SMEFT is an effective, model-independent tool for probing indirectly
possible BSM physics

Physics at Dimension-8 provide windows of opportunity
The unitarity bound is important when applying SMEFT

Polarization and machine learning technology are powerful tools in the
search for new physics
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... the direct method may be used for joining
battle, but indirect methods will be needed in

order to secure victory.

The direct and the indirect lead on to each other
In turn. It is like moving in a circle — you never
come to an end. Who can exhaust the possibilities

of their combination?

Sun Tzu, The Art of War

Thank you !



