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Probing neutral triple gauge couplings at
the LHC and future hadron colliders
Many searches for new physics can be
parameterized by higher-dimension operators in
effective field theories. In this work, the authors
show a consistent translation of dimension-8
operators into triple gauge boson form factors and
analyze the expected experimental reach.
Incorporating the full Standard Model symmetry
requires an additional term which has been
neglected in earlier work, leading to significantly
different results
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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, e.g., dimension-6:

eff - Zz O Zz Slgn C]

® Operators constrained by SU( )><U(1) symmetry, assuming usual quantum
numbers for SM particles

® Constrain operator coefficients with global analysis of experimental data;

® Non-zero ¢; would indicate BSM: Masses, spins, quantum numbers of new
particles?

® Dimension-8 contributions scaled by quartic power of new physics scale:
ALjim-s = Yi 5501 = ¥ S'gn
® Study processes without dlmen5|on—6 contributions,

eg. Yy 7YY, 88 7YY~
® Neutral triple-gauge couplings (nTGCs): ZyZ*, Zyy*
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Previous nTGC studies'
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Assuming only Lorentz and U(1)e; gauge invariance

(43 —m%) :
T auaa) = TP £ (@ + ahe) — P (a1~ 2)p ]
z
(43 —m}) hy
P a2 as) = B Y (ah s — ggP) + -2 q8(9205)8" — ahaf)
mz m
_ ;,gfngﬁquP _ i%e;lﬁpﬂppqz‘,}_
f4V5 and h¥234 are function of ng,

but treated as constant in experimental analysis
e

ey [— U @uFP) + f£ (021 20 (0" Zg) + (£ (3" Fo) + f& (9 Zow)| 2P Zg
7

Lnp

(1] (87 Foy) + hz(a”zm]zw‘f‘ — (13 (3 F7P) + 15 (30 Z7P)] 2% Fpa
h
- {%[3n3ﬁ3pr;x] + = [Bﬁ(aﬁ D+mz ZF]} Z7apHp
hZ .
+ { 4 [00FFY +oT (O +m%)7 2% § ZoFpa |,

The conventional nTGC form factor formalism was adopt by previous LHC experimental analysis, but it disregards SU(2)xU(1) of SM!

tG. J. Gounaris, J. Layssac, and F. M. Renard, Phys. Rev. D 61 (2000) 073013
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CP-conserving Dimension-8 nTGC operators

We propose the pure gauge operators of dimension-8 (OG+'007) that OCJr and O _ are connected to (OG+' Oc_, Oﬁw) by the equation of

contribute to nTGCs and are independent of the dimension-8 operator ) Viaa . toa toa —
involving the Higgs doublet. motion: DYWg, = ig [H T°D,H — (D, H)' T"H| + g9, Ty,

80G. = By W (D, D, W™+ D' D*WY ),

_ Ocy =05_—04,,
gOG— _ Bw,wwp(DpDAWw)L—DVDAWXP), C+ G BW

_ ot . +5 ,
Oy =i1H BuwWH {Dp, D'} H + h.c., Oc- = Og,. = {iH' B W [Dp, D'] H+12(Dp H)' By W'D H + h.c.}.
O = By W™ | D, (§ T "y ) + D" (3 T° , _
Cr o [ p LT ) e ,YPIPL)] Left side and right side have the same contribution to ¢ — Zvy
3 independent nTGC operators

O = EﬂVW“f"’ [Dp(IITLT“'YV'PL) - D”(I[TLT”WPV)L)]. Only ¢ in Oc_ — Og, can not contribute to YrPr — Z7y



Neutral Triple Gauge Vertices

SHANGHAI JIAO TONG UNIVERSITY

Dimension-8 SMEFT:

Q v(qng%) 2
s 6 @012 8) =~ My IAL ] (73 92,61 + 20505, 02,¢P7 ),
2
By _ Sw?43 2 y ] o
Tz 6y (0192:93) - = *m(ﬂsqzﬁ“ﬁ’“+243q3mz.7€ﬁ"' )
2 a2
ap oMy 5=MZ) g
12w (1192:93) = ] e a5,
app _ sw oMy 2
sz*(cf)(‘il'qz'%) = *mewwﬂzﬂy
Conventional form factor parameterization:
e~ M}) n
T (@0,02,03) = # ny qzve““’”Mf“%qﬁ T3y G207 |,
Full SU(2)xU(1) gauge constraints:
8 e(g3—My) 73 hy
T (1,02,03) = BM% Vo (1 +nd Mé P + Mé 5 930 020 €17 |,

O(E5) terms must cancel each other in amplitude with longitudinal Z:
TUF = Zu7) = B O(E®) + 1] O(E®) + b O(E®) = A;*O(E?).
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Matching Form Factors to Dimension-8 Operators

TIff — Zr7| as contributed by the gauge-invariant dimension-8 nTGC operators must obey the equivalence theorem (ET):
— i 0
Te)lZr 1] = Tig) (i7" 171 + B,

The residual term B=7'(8)[UVZW7T] is suppressed by the relation
73
ol =€l — g, /M, =0(M, /Ey).
Only OEW could give a nonzero contribution to T(S) [—iﬂ‘o/"yr] = O(E®)
OG+ does not contribute to T(s) [—in’o,'yT], but can contribute B = O(E3).

h4z/hz must be fixed to cancel their contributions to T[ff — Z* — Zv]+ T[ff — v* — Z7] via right-handed fermions.

C
Relations between form factor coefficients hX = 2h¥, 714‘ = x hZ and :
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i g 202
hy = - SEG) OMG g w=0 for O
A4G+ Swew [Aé+] *
i G~ 2012 V4
. sign(S,,)  0?M% _ 1 WY =0 for O~
I 2 =TAd 77 4 ’ BW
g wew - [A,,]
-~ 2012 7
Wy = SEle) oMy _ 3 W nY =0, for O,
AL 2d, o [AE]



Feynman Diagrams

ee” — qqy

(b) Y (d) Y

(a) nTGC s channel Zy

(b) SM t and u channel Zy
(c) Reducible SM backgrounds
(d) Oc, Op_ contribution

Diagrams of g3 — 71" have the same structure
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Cross section of ff — Zvy b

o = 0p(SM?) + 07 (SM x nTGC) 4 05 (nTGC?)

84(6% +c%<) Q? {7(57M%)2—2(52+M%) lnsin% ]

-1
LON =0(7"),
Sns%vc‘zN(sfM%)sz
. echQT3M%(s—M%) 1 eZQ(chL—cRxR)M%(s—M%)(s+M%) 1
1 - - a4
4msyews (AL, [A}L]
e2c; QT M2 (s— M2 2Q(cp x;—cpxg)M% (s—M2 ) (s+M2 v
_ L& 3Mz z) hy LY R¥RIMZ z z) hy
- 4rsycws r r;/

hyO(Y) + Y O(s),

M) (s-M3) +(x%+x§)M%(s+M%)(sfM%)3

8
487s AG+

1
— -+ cross terms
A8

]

487s T4

3 3
T3 (s+M3) (s=MB) /N2 (F+xRME(s+ME) (s—MB) (4 \2
= — + v + cross terms

= (hy)?0(s%) + (}1;)20(52) + cross terms,
(¥, xg) = —Qsy(1, 1),
(xp, xp) = (T3= Qs —sky ),

(xp, xg) = —=(T3, 0),

T3

(for 0]-: Oc_),
(for 0;= O
(for 0;=Oc,).



Kinematical structure
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The full amplitude '7;3;;)\ can be expressed as combination of 7 /(AzAy)

eM.
TonUin = = ZC . [f 260 (fR cos? & — fisin? f) T (+2)
W-w
+\/>e*t¢*(Rsm2%—chos f>7;s,< )+ (F+£7) sine, T (00)],
T O 2 2 H e_ q
(ff, fr) = ((Tszsw)§(77%, 7QSW§U %) denote the couplings of
final states fermions e

(que— sz) : (PfXPf)

cos = - - o -
o Ip, — *PzllPs 3Pl

S

At LHC, q can be emitted from either proton beam — cos ¢« terms
cancel out, cos(2¢, ) =2cos2¢, —1 are not affected
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Distribution of O & Z YiEZAr¥

250 GeV.
(@)
- 1 N 37T262,f3MZ\/§(S+M%)coszp*—8cif%M%scosth* +00) 0.6 —SM‘
[y : , A
21 1673 3 [(s— M2 )2+ 2(s2+ M%) Insin § | I S N R R A
ao_ 1 9m(epxy +egxg) (fE—fR) V5 cosp. 5 CoS2¢, g|§ o2
* 2 128(c; x; —cpxp) (f2+f2)M, 47(s+M%) camannt RECTT
0.
poo— L Gl o) (- fR)My 5 cosp
s 2 1280 +x}) (fA+3) (s+MB) -0z
0 1 2 3 4 s s
Define 2

0, = ‘Ul/dzp* £, xsign(cosp,)| = O(s'/2),

to get leading energy dependence of interference term.
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¢, Distribution of O &hy
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Normalized angular distribution function at 30 — sM
O(1/A%),0(1/A%),0(1/A8) A
20,
..... A
. 1 N 3m2c2 f2 My /5 (s+M3) cosp, — 8c2 £ M2 s cos2gp, +0() 0
& 2 16763 £3 [(s— M)2+ 2(2+M}) Insin | 3
W0
T 1 3r(f2—f3) (M2 +5s)cos¢  scos 2
Ps 27 256(f2+f2)Mz /5 snM% -10)
-20
po- 1 Om(fE—fj) My 5 cosg,
s 21 128(f2+£3) (s + M%) 30
0 0.5 1.0 15 2.0
(G f2) = ([} R olx
Define qq — Zy — 171ty at LHC

0, =

171/d¢* ft},*xsign(cosZ%) =0(s),

to get leading energy dependence of interference term.
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Sensitivity reaches at Lepton colliders
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NG L A/82z7 INAT AL ADST
(energy) (ab~1) (unpol, pol) (unpol, pol) (unpol, pol) (unpol, pol)
250 GeV 2 (093, 1.1) _ (0.74,0.87) (056, 0.65) (0.4, 0.51)
5 (1.0,1.2) (0.83,097)  (0.63,0.73)  (0.49, 0.57)
500 GeV 2 (I7,20) (I3,15) (08,1.0) (0.64,0.78)
5 (1.9,2.2) (1.4,17) (0.90,1.1)  (0.72,0.87)
TTeV 2 (28,33) (23,2.7) (12, 14) (091, 1.0)
5 (3.1,3.7) (2.6,3.0) (1.3,1.6) (1.0,1.2)
3TeV 2 (65,7.7) (51,6.0) (2.0, 2.5) (1.6, 2.0)
5 (7.3,8.6) (5.7,6.7) (2.2,2.8) (1.8,2.2)
5TeV 2 (95, 112) (75,88) (26,32) (20,26)
5 (10.6, 12.5) (8.4,9.9) (2.9,3.6) (2.2,2.9)
e"et—Zy—I1"1Ty
R . . E L S
0.25 (13,16 (10,12) (09,11) (0.72,0.89) (12.13) (0.97,1.0) (12,16 (097,12
05 (23,2.7) (1.9,2.2) 13,17 (11,13) (18,1.9) (14,1.9) (18,22 (4,17
1 (39,4.7) (32,3.7) 19,24 (1.6,1.9) (2.6,2.6) (2.0,2.1) (26,20 (2.0,2.4)
3 (9.2,11.0) (72,8.6) 33,40 (27,33) (43,45) (35,36) (44,52 (34,41)
5 (13.4,15.) (108,12.7) (44,55) (34,4.4) (57,5.9) (45,47) (57,6.8) (45,55)

e"et—Zy—qqy

The sensitivity limits on A are shown in pair inside the parentheses of each entry and correspond to the cases with (unpolarized, polarized) e beams,
which are marked with (blue, red) colors. We choose a sample integrated luminosity £=5ab~! and the ¢¥ beam polarizations (P§, P) = (0.9, 0.65).
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V5 (TeV) L(ab 1) Agy Ag Ay Acy
ete (0.25) 5 (1.3,1.6) (0.90,1.2) (1.2,1.3) (1.2,1.6)
ete (0.5) 5 (2.3,2.7) (1.4,1.7) (1.8,1.9) (1.8,2.2)
ete (1) 5 (3.9,4.7) (1.9,2.5) (2.5,2.6) (2.6,2.9)
ete™ (3) 5 (9.2,11.0) (3.4,4.3) (4.3,4.5) (4.4,5.2)
ete™ (5) 5 (13.4,15.9) (4.4,5.6) (5.7,5.9) (5.7,6.8)

0.14 3.3 1.1 1.3 1.4

LHC(13) 0.3 3.6 1.2 1.4 15

3 4.2 1.4 1.7 1.7

3 23 4.6 5.6 5.9

pp (100) 10 26 5.1 6.1 6.5

30 28 5.5 6.7 7.1
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A (TeV)

A(TeV)

30 mG+
= Bw
" G-

nC+

140fb~"  300fb~!

@ LHCA3TeV) pp(100TeV)

3ab~! 3ab'  10ab™'  30ab'

(b)

250GeV 500GeV

ere (Sab'l)

1TeV 3TeV 5TeV



Sensitivities of form factors at e*e~, pp Colliders
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0.001 LHC(13TeV) pp(100TeV) @
107 By
Vs (TeV) L(ab!) |14 %1 Iy aiZ
T 4 4 1 v Ll
ete™ (0.25) 5 (3.9,2.0)x10 (2.7,2.3)x10 (4.9,1.6)x10 |
10~
ete (0.5) 5 (3.8,1.9)x1075 (6.2,5.2)x107° (10,3.7)x1073
1077}
ete (1) 5 (4.5,2.3)x107¢ (1.5,1.2)x107° (2.3,1.0)x107°
-
ete™ (3) 5 (1.6,0.84)x10~7 (1.7,1.4)x107¢ (25 10)x106 " : : : :
ete™ (5) 5 (3.6,1.8)x10~8 (5.8,4.9)x10~7 (8.9,3.4)x10~7 10 doab™ 300w 380 3ab™  10ab™'  30ab
0.001 - . .
0.14 9.6x10~° 1.9x104 2.2x10~4 efe” Gab™) o
LHC(13) 03 7.5x1070 1.5x1074 1.8x107% 107 ':;
.
3 3.8x10°6 0.80x10~4 0.97x10~4 109 i
3 4.0x107° 6.1x10~7 7.2x1077 10
pp (100) 10 2.6x107° 4.2x1077 4.9x1077
1077}
30 1.9x10~7 3.0x10~7 3.5x1077
107¥
107

250GeV 500GeV 1TeV 3TeV 5TeV
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Summary

® nTGCs provide unique probe of dimension-8 SMEFT operators

® 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

® Sensitivity can reach 1TeV at CEPC

® Sensitivity in 3-4TeV range at LHC

e Sensitivity can reach O(20 — 30)TeV at SPPC
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Unitary Bounds
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NG
A ~ 03115,
G+ (242 )1/4 Vs
1
! 1 1
cLrRMz \t 3 /\1 1
. Lt 4 4 ~ 3
A > <12\/En (5)F = 0203 (e p)* (Tev /s ),

Vs(@ev) [[ 025 [ o5 | 1 [ 3 ] 5 23
Agy (TeV) 0.078 | 016 | 031 0.93 16 7.2
Ay (TeV) 0.058 | 0098 | 0.16 0.37 0.55 17
Ag_ (TeV) 0.050 | 0.084 | 0.14 0.32 0.47 15
Ac. (TeV) 0.060 | 010 | 0.17 0.39 0.57 18

A 33 2.1 013 | 00016 | 21x107* | 46x1077
4 53 6.6 0.83 0.031 | 67x1073 | 6.8x107°
]| 54 6.7 084 | 0031 | 67x1073 | 69x1075

Unitary bounds(ff — Z<y) are much
weaker than our sensitivity bounds!
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24202 M3,

L
S CWS
6vV2 7 7¥ szZ

( 0.597 TeV )4

NG

!
SWeWCLR Vs

NG

03507 (TeV)3

/
‘LR

[l s—

Ay Tev)y

T 3 456 810
Eo (TeV)

T 3 456 810 EONED
Een (TeV)



