Probing Neutral Triple Gauge Couplings
via Zy production‘ at e+e- colliders
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Standard Model Effective Field Theory

SMEFT is a model independent way to look for BSM physics

« Higher-dimensional operators as relics of higher energy physics, dimension-6: L, . = Zi%Oi =) Slg;(c") 0;
» Operators constrained by SU(2)xU(1) symmetry, assuming usual quantum numbers for SM particles

« Constrain operator coefficients with global analysis of experimental data

* Non-zero c; would indicate BSM: Masses, spins, quantum numbers of new particles

+ Dimension-8 contributions scaled by quartic power of new physics scale: L, s = Zij—f}Oi = Sign(cy) 0;

af
« Study processes without dimension-6 contributions: q5 - V" - Zy ete” - V" = Zy

» Neutral Triple Gauge Couplings ZyZ", Zyy" are unique window to probe high dimension new physics
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nTGC SMEFT Operators

nTGC operators with Higgs fields: nTGC operators with pure gauge fields:
05 (CPC) iH'B,,W#? {D, ,DV}H + h.c. go . (CPC) WP (D, Dy W™ + DVDAW,Y)
0 (EPC) = (HT (DWW + DBy, B*¥*)DH + h.c. go . (CPC) = B, W (D, D W™* — DYDAW;)
0 CPV) = int,,wee (D, ,DV}H + he. 0, (CPV) = B,,W*? (D, D, W™* + DYD*W2)

ng‘;V) iH'W,,W#? {D, ,DV}H + h.c. (va) = B, W% (D, D W*™* — DYD W)
0, (CPV) iH'B,,B** {D, ,D"}H + h.c.

They can be connected by Eqution of Motion:
CPC CPC CPC
O g_ ) 0 ( ) — 0 ( ) — B Waup [D (l/JLTa V¢L )+ Dv(l/JLTa}/p ¢L )]

— {iHTB'WW#P [DP,D"]H + iZ(DpH) By WHDYH +h.c} =0 (CPC) _
Both sides of equal sign have same effect in physical process

o PO W [D, (PrT%"p, ) = DY (PiT%, ¥, )]

Phys.Rev.D 107 (2023) 3, 035005
Phys.Rev.D-Letter 108 (2023) 11, L111704
Sci.China Phys.Mech.Astron. 64 (2021) 2, 221062
Chin.Phys.C 44 (2020) 6, 063106
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NnTGC Form Factor

Conventional nTGC form factors only Lorentz and U(1) gauge invariance

Phys.Rev.D 61 (2000) 073013
—e(q} —m}) ><
T (41,42008) = —— | (459" + df g"*) = ¥ "2 (1 — 1),
VA

, ) Conventional nTGC form factors do
PR (a0 gy q3) = —e(qs —my) ¢fuvoy ot respect SU(2)xU(1) symmetry.
Zyy: MR M2 They are adopted for 23 years. LHC

s hY 43,4 are function of g2, but treated as constant in experimental analysis ATLAS+CMS used them in nTGC
analysis and obtain unreliable

Phys.Rev.D (2023) Strong bounds.
APS Editors’ Suggestion

hy hy
thi (039 - a59"") + 1705 |(a205)9%% — @t/ af| - W erabeq,, — 272 9 G3v420
Z Z

f, h{, are CP-violating, fJ,h%, are CP-conserving
Matching SMEFT We propose form factor with SU(2)xU(1) symmtry

e(q2-M2 2 Y
LEP8 (q1,d3005) = LB (Y 4 hY L) q,, B0 4 25 g2g, gy, €PH0)
VA Z A

[yt (41,02, 43) = %}M‘Z’)[(hi’ +he %) (a59"* —a59%F) + ,’;,—zv%qé" (42939 — a5 b)]

In SMEFT, 0(E®) terms must cancel each other in amplitude with longitudinal z

Tff = Z,y] = R5O(E®) + Ry O(E®) + h{ O(E®) = A7*0(E?)

Tff = Zyy] = R{O(E®) + RYO(E®) + h{0(E®) = A7*0(E?)

hY =2n¥Y, h¥ =2nY

T|ff - Z,y] as contributed by the gauge-invariant dimension-8 nTGC operators must obey the equivalence theorem (ET):
Te)[Z,vr | = Tig|—in®vr |+ B = 0(E?)

Relations between form factor coefficients

1 viME 7 1 v2M2 y 1 vZME 1 vZME
hy=—- — h3 = Z hy =— — 2. T Ak
[AG+] cwsw A5y ] 2ewsw [Ag_1 2cfy [AW] cwSw
h = — 1 vZMZ 7 v2M% (cﬁ,—sﬁ, _ wsw 4CWSW) y _ v2M3 (ZCWSW S n 4cg, ) - 1 v2ME
2 = Z 1= 7 7 7 = 4 2 3 z 2
[Az,1 cwsw 4cwsw - 4] [4%w] [4%8] L acwsw [l  [Awl [4%8] [A5_1 4cy

[Af] = A} sign(c)) ha=hf =2 h), hy = hf = 2 ) <5>



Probing CPC nTGC at colliders

Zy production and decay: e*e” - V* > Zy - ffy

Kinematical structure

do
dao.

(a)
—_ 5M

—

AT ]

&
Distribution of e*e™ - Zy — ddy
at CEPC(05,,, h%)

0 < O(E™2) + hO(EY) + hyO(E°)+(h3)?O0(E?) + (hy)*O(E®)
We need separate positive and negative contribution via ¢, distribution

#.
Distribution of e*e™ —» Zy — ddy
at CEPC (04, hy)

x O(E™2) + h50(E)cosp, + h,O(E*)cos2¢p,+(h})?0(E?) + (hy)?O(E®)
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Probing CPV nTGC at colliders

Amplitude of ete™ - Zy i
CPV nTGC: = =
e[ — —+) _ ie?sin(f) (cf +ck) (M% —s) (2R M2 +h¥s) /1 0 \ 9.
EWF | +— ++) 4M3 0 1)
ie? (2hY +hY) Vs(s—M2) [ v . .0 . G o o .0
7?3)_':..‘(()—.0+) = — 2\/5‘”?’ _ ((} sin”® 5~ r-}; cos”® 3’ ('}‘ cos”® 5~ (-}{ sin® 5) A
SM:
. [__ el ] —9¢%0) (chcot? —cptanf) M2 (—cfcotl+cptand)s
o+t ) sy (s—M3) (ctang —cleot)s  (—cytang+cpcotd) M2

Tan " (0—,0+) = ,
i ) Swew(s—M3)

(17 _1)’
CPV amplitude and SM amplitude always have different phase i, so there is no interference term between SM and CPV nTGC!

However, interference terms of ete™ — Zy — ffy exist and are odd function of ¢, :

d3 oy

100,45, =¢,(0,0,)sin ¢, + c»(0,6,) sin 2¢,
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¢, distributions for CPV nTGC

oi(e*e” = Zy = ff7)

Deflge qb distribution for ete™ — Z}_/ ethY Qsin ¢, (M2 — ) (3(1% _f2) (M2 +38)(Vep + Ver)  coso(cYes — CECR))

g; = a1 : -
& Br(ff)dgb* CWSWM% 2048(fg -+ f}?{)sﬁ/QMZ 3271'28
+64h¥Q sing, (s — MZ) (3(f% — fR)(MZ — 5s)(cicp + cker) o 8 ¢.(creL — cher)
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Figure 2: Angular distributions in ¢, for et e™— Z~ followed by Z — dd, as generated by the form <8>

factors h%, h] and hy at e*e™ colliders with \/s=250 GeV, 500 GeV, 1 TeV and 3 TeV.



Multidimensional distributions for CPV nTGC

To separate the positive and negative regions of the interference term, we can exploit their multidimensional

distribution.
hz h] Ity
Lof , . 1 b N . : 2.4 B
0.5 05k - 05}
i 3 5
s 00 5 00 < ™
E g g
—~0.5}¢ e =05 ) -05
"« Positive - .+ Positive
« Negative - -1.0f : _10k ¥ Hageils J
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Figure 6: The distribution of simulated events in the (¢*,cos@cos6*) plane for ete™ — Zvy — 1711

at €T e colliders with \/s =250 GeV showing clear separation between events with different signs for
h%Z h] and h,.

Positive and negative contributions are clearly separated in the plane!
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Probing sensitivities of nTGC
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Detector-level simulation at CEPC

Analyze I*1"y with CEPC detector configuration (CEPC TDR, [arXiv:2312.14363])

1 10
1_

oo . E=240GeV L=20ab"!

08 . o.sf

04 =' 7 osF

. i s, o _ _ 2

” A Cross section: ¢ = 0 + G1h} + 7,(h})
02 : . g, has both positive and negative contribution, as shown in the plots
48 y : L : : Positive events and negative events are separated on this 2d parameter space
o TR L iy oo T ., We can find the boundaries via Multivariate Analysis

- F T 08 T

-1 0 E

R S A R A Expected limits New PhyS|cs Scales | Expected limits (TeV)

bkl L hy [-2.0,2.0] x 10™* 155
::i RE i hY [—9.7,9.7] X 10™* Ag- 0.76
S P h% [-1.1,1.1] x 1073 Apw 0.85
A . Agw 1.05

1 S 1 o » Probing sensitivities for nTGC form factors and new physics scales
z‘jr“" % L . Zj Probed new physics scale can be 6 times of CEPC collision energy
0.2 -".'_ -..: . & o.zi
70,2 " c(.08370-2 % 1"‘
P g : Front.Phys. 20 (2025) 15201
izz ..,J"h ; :f :Z:
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UV Completion of Neutral Triple Gauge Couplings

CPC nTGC operators with Higgs fields

Oy = iH'W,,W*?{D,, D, }H,
O, = WA D W) D, H
Ozp =iH'B, B*"{D, D,}H,

O, =iH'B,,(D,B**)D H,

Ogw = iH'B, W*?{D,, D*}H,
O, =iH'B,, (D,W**)D*H,
Oy = iH'W,,B**{D,, D*}H,

From factors for on-shell VV production

triple gauge boson vertex W#*(—p; —ps)-W"(p,)-W?(p»)

[—P3P1o+ PiP20 — 2P1 - P2 (P2— P1), — 2P5P20 + 2P1P1s ) €777

[(Pl + py)HePP 4 p et — pgﬁ'umﬁ] D2aP13 5
W-B-B vertex

(Pip1s — P3P2s) €77,
(Pl )H i ﬁp2aplﬁa
(pe"™? — phe™ ) paaprg
(P — p5e*™) paapig
(p1 - p2) €7 P2y — P16

7 general form factors

4 on-shell form factors

Sientr ) , Acyyz = Tmiv[—sin(20y)c5 +4c0829Wc +81n29wcww]
pro - *7. - Hro
Pvei2(0:p1,p2) = mZ (4" = my)p1ge™™, Acgenz = $miyv[dcy,, — dcj 5 — 4 cos Oy sy, — 4sin(20y )5 5+ sin(20y) |
vo Cy+ Vo = = 1 - ]
T4 2(a,1,p2) = —= QZZ (¢*— m%/)(Pl—Ib)g P DcCyzz = alsmgzv[ degy, + 4y, +4511129WC’”W 4sin(20y )c'z , +sin(20y) WW],
2
Acyz7 = Tmiv[sin(20y) s, + 4 sin®Oyy s, + cos® Oy iy, |

2408.12508
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Structure of Heavy Fermion Loop Contributions to nTGCs

Yukawa interaction between a fermionic weak doublet N and a fermionic weak singlet
NH(cy,+cav5)E + h.c.

(1) All heavy: Both NV and E are heavy with mass scale M
(2) Heavy-light: Only one of V or E is heavy with mass scale M

B
,«w/i%, o jx% Am: : A Pure gauge operators cannot obtained from one-loop
N However, they can be generated at two-loop level
Figure 3: A sample two-loop diagram containing internal fields of heavy fermions and Higgs doublet
% % % /i\ /i %- that contribute to the nTGCs. Here a sum over directions of the fermion loop flows is implied.
f \ / \ / 5 <13>




Results for Induced nTGCs

All heavy £ > N(iB—My)N+EGD—M)E+NH(cy+eavs)E+hc.
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Summary

» We accomplished series of nTGC studies:

» These papers open up new direction for international research on SMEFT nTGC

» We propose new nTGC form factor formalism which match Dimension-8 SMEFT
Conventional nTGC form factor formalism disregards SU(2)xU(1) of SM
ATLAS and CMS are redoing the analysis

» We study collider phenomenon for both CPC and CPV nTGCs

» We perform a dedicated simulation with a realistic detector configuration of CEPC

» Our studies show measurements of nTGCs at CEPC and other Higgs factories have the potential
to probe energy scales well beyond their center-of-mass energies, even exceeding 1 TeV

» We explore UV completion of nTGCs and show how nTGCs may be generated by loop diagrams
involving vector-like heavy fermions
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