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1. Neutral Triple Gauge Couplings




Triple gauge boson vertices

W+ In the SM:
Triple gauge boson vertices from self-coupling in field

strength tensor

ZO
wl, =8,Wl —8,w! é’”‘w;wb
w

But:

ZO
no Neutral Triple Gauge Couplings (NTGCs) due to e’k
70 — Anomalous NTGC (aNTGC)
aNTGC provide important tests for the gauge structure
of the SM
ZO

— Searches for aNTGC at ATLAS and CMS

FABIAN ESSER - FERMIONIC UV MODELS FOR NTGCS - 10.06.2024



Searches for NTGCs

+
l * Cleanest final state: ZZ — 4/
q 75 [ Z - * Rare channel, will increase its power
/ 7 with more data
[+ * Not background limited
g Z = Increase sensitivity with luminosity
-
= omeen oo
tandar ode
! \M g
-
Y
l+
mzz [GeV]
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Form factors for NTGCs

CP conserving (CPC) vertices after EWSB, taking into account Bose symmetry
and gauge invariance

— NTGC with 3 on-shell bosons vanish

— V = y*, Z* has to be off-shell [Gounaris et al. 1999]

[Gounaris et al. 2000]

- (a5 —mP) [,v
Z@F%IBZIJ{/ (Q17 q2, q3) - e 3 v 5 GMQBP(QI - q2)P] )

2

mz
. (g3 —mi) [ hy
ZCF%@“L/ (ql, q2, q3) = € 3 2 L4 h:‘{é“aﬁpqu + nb;gqgéuﬁpaq?,,pqz’a]
Z ) Z

e Form factor‘sfsv, h3V and hf are independent parameters, but hf is not
generated at 1-loop and dim-8

* CP-violating vertices or vertices with more than one boson off-shell are
not discussed here
— experimentally irrelevant
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https://arxiv.org/abs/hep-ph/9910395
https://arxiv.org/abs/hep-ph/0003143

Lagrangians for NTGCs

Effective Lagrangian for all NTGC CPC vertices

ngc = [ fg(aaFcu)Z“BZB + fsz(aaza,u)z“ﬁzﬁ [Gounaris et al. 1999]

2
2mZ

—hJ (0% Fop)F*P Zg — h3 (0° Zop)FHP Zg

h} - hZ .
5 25 (007 F*™)| FpaZo + 5 5[0 +m2Z)(8"Zp°‘)]FpaZa]
Z Z

Why is there a dual field strength in the CPC vertices? Xuv =1/2€400X*P

CP-transformations:
C(Z,) —» —2Z, and P(Zo) = +Zo, P(Z;) > —Z;
P(8p) — +0o, P(0;) — —0; and P(eﬂaﬁp) — —ekaBp

What type of SMEFT operators can produce this Lagrangian?
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2. SMEFT operators for NTGCs




Gauge couplings in SMEFT

In Greens basis for SMEFT list all operators at d = 6 containing only bosons
MatchMakerEFT (1908.05295):

X3 X2H? H?D?

Oz fAECGIGPPGSH B GLGM(H'H)  Rpy (D.D*H)(D,D"H)
O — fABCGIGEGSH  O,.  GAGW(H'H) H*D?
Ogy  KWIWrWfe  Opy  WLW™(H'H)  Oyg (H'H)O(H'H)
O  IKWIWIrw M O,  WLWHWHIH) Oy (HDH)(HD,H)

XAp32 - B, B"(H'H) R}, (H'H)D,H)(D"H)
Rog  —H(D,GY)(D'GA) O, B.Bw(H'H) R}, (H'H)D(H{D"H)
Row _%(Dul“""IW)(D””p]u) Ouws W,,B*"(H'o o' H) H*
Rop  —3(0uB"™)(@B,) O, WLBw(H''H) 0O, (H1H)3

XD

P
Rwpu DWW (H (!)) WH )
Repu (‘),,B“"(HTiI)MH)

Oup> Onwes Ow, Oz contain TGC, but no NTGC

= need to go to dimension-8
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d=8 operators for NTGCs

Four d=8 operators that generate the effective Lagrangian,

all in the class X?H?*D?

Opgp = i lj\{;’B H'B,.,(D?B,,)D,H + h.c.,
oSN CDKZW H'W,,(D?W,,)D,H + h.c.,
Opws = z‘CDA—VZBHTBW(DpWVp)D H+hec.,
Oppiy = CDAlle H'W,,(D?B,,)D,H + h.c..

4 independent form factors fSZ, / h3Z, h;’

= these 4 operators are the maximal set
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d=8 operators for NTGC

Relations to the form factors:

2,,2
fZ _ vimy 1
5 A4 CWSwW
2,,2
f,y _ vimsy, 1
5 A4 CWSWwW
2.2
h3Z _ vims7y, 1
A4 CWwWSw
2.2
WY vimy 1
3 A4 CWwWSw

[ 1
2 ) 2 ot . 5
Sweppn t Wlpww t 2CWSW(CDWB + CDBW)] ]

1, 4 2
CWSW(—CDBB + cDWW) - E(chpwﬁ - CWCDBW)

P Ny Lo 2 )
cw sw ( CpBB +CDWW) + 2(CWCDWB SWCDBW)

o 1

_ 2 . = _ _
Cwlppi T SwWlpww 2CWSW(CDWB + CDBW)] )

For our models, we always find cpyp = cppw

=>f5y = h%, only 3 independent form factors
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3. Models for NTGCs




What UV models generate NTGCs at dim-8?

Models that DO NOT generate NTGCs at dim-8:

Triangles with SM or BSM fermions in the

v mass eigenstate basis (needs EWSB):

could generate NTGCs [Gounaris et al. 2000]

but the contributions quickly vanish with \/E,
they do not correspond to the d=8 EFT limit

Vs

Models with scalar states (e.g. 2HDM) can produce CPC and CPV

NTGCs, but they appear only at d=12 [Moyotl et al. 2015]

[Belusca-Maito et al 2018]

We need two fermions and Higgs insertions in the loop!
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https://arxiv.org/abs/hep-ph/0003143
https://inspirehep.net/literature/1367081
https://inspirehep.net/literature/1630925

Prototype UV model for NTGCs

* We searched for models at d=8 using a
diagrammatic approach

* contributions from pentagon diagrams with two

HT :
i Va fermions
Y

. ; E,“ - prototype model: “vector-like” leptons Ly, = F,

I N E and EH — Fl 1.—1
f YLH o

Tx * left-and right-handed couplings must differ for CPC
i En %ILLL vertices
: V. tr[’YuW’v’Yp’YaPL/R] = 2(9uv9po — Gup9vo + Guoguvp £ €"F7).
H

* heavy-light Yukawa couplings are strongly
constrained by dimension-6 operators at tree-level
= Both fermions must be heavy

* pentagon reduces to triangle diagram after EWSB
and mass mixing

FABIAN ESSER - FERMIONIC UV MODELS FOR NTGCS - 10.06.2024 14



More fermionic models for NTGCs

scan different options for QNs: up to hypercharge 4 and SU(2) quintuplets

couple to a Higgs boson: SU(2) products needs to contain a doublet & AY = 1/2

Matching done with Matchete
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Model | Particles ¢ppk | €owd = €pBw Model | Particles Cpwi = CpBW
23 _T
MDS1 || (Ly,Ey) 0 180 MQT1 (F1,4_’__a 1,3,0) _24(1)?/6
MDS2 | (Fyy 3, Fi1,-1) | —35 ~ 80
2 MQT2 (F14_1,F1,3,—1)
MDS3 | (Fy_3,Fi1,-2)
MQT3 | (Fy4_3 Fi3_1
MDS4 (Fl,g,_%’ F1’17—2) Q ( 1,47 2 I )
MDSS | (Foa s For o MQT4 | (Fy4 3, F13-2)
MDS6 | (Fy, 3, F11,-3) MQT5 | (Fyy_s,F13-2)
MDS7 | (Fyy_z,Fii_a) || 38 ~ %0
1 1.2, 2 960 480 MQQ]' (F175a07 F1,4a_%)
MTD1{| (F1,3,0, F1)2’_%) MQQ2 (F1,5,—1? Fl 4 —l)
" ET g
MTD2}| (F13-1,F 5 1) R
1,2, 2 MQQ3 (F]-,s:_l’ .41,4,—%)
MTD3|| (Fi3-1-Fy5_3) MQQ4 ||(F Jo )
1,52, 1143 48v/10
MTD4|| (Fi3 s, F, 5 3) : -
MQQ5 ({(Fi5,-2,F 4 _3) Y
MTD5)| (F1,3,—2, F1,2,—g) _3223\3/5 16%?/5 L 0
1

CDAB = WQAQB

Y |*¢pap.



Matching for fermionic models

We can derive an analytic formula for the matching
(r: SU(2) representation, y: hypercharge)

. 1 4
CpBB = ﬁ(—l)(r1 Mo sgn (y5 — yi) V2rirs (y% +y3 + §y2y1> :
- 1 1 4
Cpwiir = ﬁ(—l)(rl mod 2)somn (y3 — y?) Mﬁ [(1'12 — 1)+ (re2 —1)+ 3 (rire — 2)J ,

- 1 1 3
epwp = 3g(=D" ™ IVIrre = (u1 + 1) l(r1 +12) + = (31 — yz)] :

°pBW = ‘pDwB -
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Form factors

calculate form factors from Wilsor
coefficients for all models

we can form two independent
ratios of form factors,

independent of A

all models lie on a line, but
different predictions for all models

experimentally accessible: 27 (f;/)
and Zy (1) final state

— ratio of these channels would
discriminate the true UV model
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((cows/caws)(V?/A?)|

dim-6 vs. dim-8

All models that generate NTGCs also will generate the following d = 6 operators:

Ouns
Opws
Onw
A=wv
.
¢ N
5 o " A
o A
A
. A
2 - A
A
]
% A
0.5
10 50 100

|(CDBB/CHB)(U2/A2)|

TD
= QT

* QQ

CHB "' uv
A2 H'HB,,B"",
CHW B
HYHW,, B,
A2
CHW 'I' uv
A2 H'"HW, ,W”~,
A =1TeV
0.50 *
o N
— O
e : A
~> 0.20 A
= * A
B o A
= 0.10 A
O
~
Q
=
§ 0.05} ® A
0.05 0.10 0.50 1 5
((cppa/cus)(v®/A?)]
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d=8 grows fast
with energy and will
compete with d=6

— strong gain for
ZZ and Zy searches
vs WW and Zjj at
large invariant
mass
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4. Experimental limits




Measuring 7/ — 4l

I+ q Z*/"}/* l—i—

q 7 signal \‘\/\/\/\/\/\<
7'/ - at SM I
[+ dim-8 background Y +

- i 2 N

Both ATLAS and CMS search for ZZ and Zy final states, ZZ more sensitive

dimension-8 growth at high energy, CMS analysis includes a bin without events but with SM

prediction and uncertainty

-2

10 = Dimension-eight c EMS__ 137#I(13Tev)
== Standard Model cross section a e Da ]
. . 2] — J

VSs. invariant = Cla-zz
. [ EEY .
mass w B 2z + 2 jets EW ]

| iz VvV

CMS 2021 P B ]
500 1000 1500 2000 2500

m,, [GeV]

mzz [GeV]
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Limits on NTGCs

0.002 137 b (13 TeV) pp = ZZ — 4 leptons (LHC Run?2)
’H_m . AL A 10 _I L L B A B R B L B AR (BN
- . l’ B
0.001 R — o 8l CDWW CDWB: :
E R \\ y [ H II T
of R\ 6 / _
i \_,/} // ] AXZ [ : ’I, CDBB
-0.001t i A 3 4+ :: // '
- — — Expected 68% CL . I J
| — — Expected 95‘Zo CL i 2 i :, p / :
0,002~ QeumteRt G - P .
e Bestfit ] _
-0.002 -0.001 O 0.001 0.002 00.0 02 04 06 08 10 12 14
i C _
f5 F (TeV™)

o Z Y
Limits on f5* and f¢’ from CMS Combined ATLAS and CMS

1 and 2 sigma limits on
dim-8 Wilson coefficients
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Limits on the models

Translate the limits on the WCs

LHC limits from NTGCs
“
i ,:"'," 1 into limits on the mass and
3l g ',":,' ) coupling of the benchmark models
> [ = ',":" | Current limits on models very
2 _- weak: A > 100 GeV
o
§ ! — Prediction for HL-LHC, sensitivity
I based on projecting the luminosity
H | and using the last bin only
i l Run2
I 4 — HL-LHC
0 200 400 600 800 1000
A(GeV)

22

FABIAN ESSER - FERMIONIC UV MODELS FOR NTGCS - 10.06.2024



Conclusions

* NTGC searches provide important tests for the gauge structure of the SM, clean
channel that improves with higher luminosity

* no dim-6 contributions, generated only at dim-8 SMEFT
* We presented a basis of dimension-8 operators that generate all 4 form factors

* We classified specific UV completions: Models with two heavy vector-like leptons
that contribute via pentagon diagrams

* Limits derived from Z — 4/ at ATLAS and CMS

* Limits on models very weak, in some cases below A = 100 GeV (EFT assumption
not valid)

* Design tailored (direct) searches for these models
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Thank you!
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Backup slides




Diboson Production

Anomalous gauge couplings

provide a strong test of the
mechanism of EWSB

TGC vertex

WW(Z/A) coupling, clean channel, high stats
Traditional: dilepton+MET (since LEP times)
and now we also got Z+jj from VBF

Within SMEFT, several operators contribute at dimension-six

Oup = ZEHiHB,, B,

A2
CHWB v C3v
OHLVB — A2 HtHWpVB# ? a].’ld 03“/ — 13\‘2‘/ W:WIfW;‘
Opw = =5 HIHW,, W,
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