Fabian Esser
IPNP, Charles University Prague

FACULTY
OF MATHEMATIC
AND PHYSICS

Charles University

Fermionic UV models for NTGCs

with Ricardo Cepedello, Martin Hirsch & Veronica Sanz

EFT AND BEYOND, 05.12.2024


https://link.springer.com/article/10.1007/JHEP07(2024)275
https://arxiv.org/abs/2402.04306

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
I I I IJK K
Wi, =0,W, — 8, W, —\ g/ E W W]
W-
70 But:
no Neutral Triple Gauge Couplings (NTGCs) due to ek
70 — Anomalous NTGC (aNTGC)
aNTGC provide important tests for the gauge structure
of the SM
ZO

— Searches for aNTGC at ATLAS and CMS
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Searches for NTGCs

[+
q 7 * Cleanest final state: ZZ — 4l
Z* [y* [~ * Rare channel, will increase its power
I+ with more data
q 7 * Not background limited
- = Increase sensitivity with luminosity
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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= }/*,Z* has to be off-shell [Gounaris et al. 1999]

[Gounaris et al. 2000]

. pafu (qg - m%/) [V _paBp
el 7y (q1,92,93) = e 5 fs € (g1 — Q2)p],
mZ L
. (g5 —mP) T hy
e300 (a1, 02,03) = e——o0= |hY e *PPga, + —5 Q:‘s’e“ﬁ""qa,pqz,a]
mZ - mZ

e Form factorsfsv, 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

e ~ ~
Eﬁgc = W [ fg(aaFau)Z“'BZ,B + fs,Z(aaZau)Z“ﬁzﬂ [Gounaris et al. 1999]
Z
hZ o o\l h’f 2 o o\l -
+ 5 [O(87 FP*)| Fpa Zo + 5[0+ m3) (07 2°%)] Fpa Zo |
2mZ 2mZ

Why is there a dual field strength in the CPC vertices? Xuw =1/2¢€,05XP

CP-transformations:
C(Zu) -2, and  P(Zo) = +Zo. P(Z;) — —Z;
P(0o) = +00. P(0;) = —0; and P(eroBr) — —erabp

What type of SMEFT operators can produce this Lagrangian?
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https://arxiv.org/abs/hep-ph/9910395

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):

X X2H? H?D*
Osi fe . G WGBPG(” One G,wC m”(””-’) Rpu (Uu.U”-”)f(UuUV”)
ABC A Av B C 1w T 4 12
O~  f¥eGlralrcs 0.,  GLGY(H'H) H'D
I IRV I o K WLW(HUH) Oy (HH)O(H'H)
O KW f"n Jow M O  W.LWw(@HH) Oy, (HDH)(HD,H)
X*D* Oup B,,B"(H'H) Ryp (H'H)(D,H)'(D"H)
e <=
Rye —3(D,.G*)(D*GL) O B, B"(H'H) RY, (H'H)D,HiD"H)
RQH--’ —%(D“” llu/)(Dl’”pIV) W ‘f,,B’“’(HT(T H) HS
Rop  —3(0uB")(0°B,) O,  WLB™(He!H) Oy (HTH)3
H2XD?

Rwpy DWW W(HHD H)

Oug, Ogwe, Ogw, Ozy 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 = 1 ?\ljB H'B,,(D”By,)DuH + h.c.,
Oy = iCDKZW H'W,., (D°W,,) D, H + h.c.
Opwi = 1 DAVZB H'B,,(D?W,,)D,H + h.c.,
O i “DEW [ty (DPB,,)D,H + h.c. .

A4

4 independent form factors fSZ, 57’, h3Z, hg

= 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
0 A4 CWwWSw
2.2
f,y _ vim?7y, 1
5 A cwsw
2.2
hg? _ vimy, 1
A4 CWwWSwW
2.2
by vim?y 1
3 - A4
CWSw

o 1

cwsw(—cppp + Coww) —

cwsw(—cppp + oy ) +

1

1
2
1
2

- 2 - - - -
Swlppip Tt Wlpww t 2CWSW(CDWB + CDBW)] ,

2 2
(swepwi — Swppw)

2
(ewepws — 8

2
W

CpBW)

2 2
CWCpBB T SWelpww — §CWSW(CDW[3 + CDBW)] )

For our models, we always find Cpwh = Cppw

:>f;’ = hZ, 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:

« Models with scalar states (e.g. 2HDM) can produce CPC and CPV [Moyotl et al. 2015]
NTGCs, but they appear only at d=12 [Belusca-Maito et al 2018]

f\‘  Triangles with SM or BSM fermions in the mass
- eigenstate basis (needs EWSB):
Vi AF — could generate NTGCs [Gounaris et al. 2000]
F L%LL — but the contributions quickly vanish with \/E,
they do not correspond to the correct EFT limit

= 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

Models for NTGCs

EWSB

FABIAN ESSER -

FERMIONIC UV MODELS FOR NTGCS - 05.12.2024

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

Contributions from pentagon diagrams with two
heavy vector-like leptons and two Higgs insertions

prototype model: L, = ', ,and £y =F, | _,

left-and right-handed couplings must differ for CPC
vertices

tr[Yu Yo YpYo PrL/r] = 2(9uv9pc — GupGvo + Guoguvp £ i€*7P7).

heavy-light Yukawa couplings are strongly
constrained by dimension-6 operators at tree-level,
Yy <1

= Numerically important contributions only from
models with two heavy fermions

pentagon diagrams reduces to triangle diagrams
after EWSB breaking ( ~ v2) and mass mixing
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We matched 22 models for NTGCs

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

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

Model | Particles ¢peb | €owi = Cpew | Cpoww Model | Particles ‘ ¢pB | cowB = CpBW | DWW
23 _T 1 109
960 150 3 B
- ) : MQT1 | (Fy4 L F30) 480v/6
MDS2 —320 T 480 ~ 320 PYN/A
320 480 320 109
) MQT2 | (F) 4 L F 1,3,-1) 480v/6
720
MQT3 | (Fy,_3 F13_1) ~ By
1 14,-3 713,-1 480v/6
20
109
L MQT4 | (F}, 3, Fi32) 48016
_1 MQT5 | (F, 4 _s,F13-2) ™
- 1,4,~5541,3,-2 480v/6

Matching done with Matchete

41 53 21
MQQ4 32/10 48+/10 3210
203 67 21
MQQ5 ~ 36v/16 810 ~ 3210
1 2.
CDAB = WgAanfl CDAB:

FABIAN ESSER - FERMIONIC UV MODELS FOR NTGCS - 05.12.2024

14



Form factors

calculate form factors from Wilson
coefficients for all models

we can form two independent ratios

of form factors, independent of A

all models have either both ratios
positive or negative, but different
predictions for all models

experimentally accessible: ZZ (fSV)
and Zy (h,j,y) final state

— ratio of these channels could
discriminate the true UV model
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dim-6 vs.dim-8

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

CHB ;%
— uv
CHW B v
Ogwp = e HTHW,, B*",
CHW v
Onw = =3 HYHW,, W+,
A=w A = 1TeV
: * : 0.50} .
| ¢ N - o B
— 5} o —
I L 2 A & o
= ' M A = ¢ A
N A >~ 0.20} - A
; 2 A A DS Cji ' 'S A
§ 2 - A D E O A
Z A - QT S 0.10} A
= <
= c@ T |
S | & = S 0.05f # -
0.5}
1 5 10 50 100 0.05 0.10 050 1 5
2 2 2 2
((cppa/cup)(v”/A7)] ((cppi/cuB)(v™ /A7)
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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

at
dim-8 background Y
l+

Q/Mz

* Both ATLAS and CMS search for ZZ and Zy final states

* Dimension-8 contribution increases with energy relative to the background

* CMS analysis contains a bin without events but SM prediction and uncertainty
1072

-1
[ Dimension-eight c CMS e 137 by (1.37:3\,%I
3 Standard Model cross section G .
. . (2] _ -
VS. Invariant € [ la-zz
2 g2z -
mass w Bz 2jets EW 3
ttZ,vvv
B z+x
L tr=0,17=0.0015
102 4
d § e : =
CMS 2021 H B & =
1 1 1 1 I -~
500 1000 1500 2000 2500 500 1000 1500
mzz [GeV] my, [GeV]
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Limitson NTGCs

pp —» ZZ — 4 leptons (LHC Run2)
1O:|"'I"'I":"I"'I"'I"‘I”"AI"-
8l ‘pww ‘pwB :
[ : ! 7
- Y 4 1 4+
-0.001F T S o — . :
- — — Expected 68% CL : E -
- — — Expected 95‘:/0 CL ol 2-_
-0.002 _—8g:2zggggo//:gt(m) .......................... ] _
o
-0.002 -0.001 O 0.001 0.002 00 02 04 06 08 10 12 14
Y C _
; s (TeV *)

- Z v
Limits on f£* and £ 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
4jl ]:' ;i' ! ! | ! ! ! I ! ! ! | ! ! ! l—-
j ] into limits on the mass and
3l 3 i ,"," coupling of the benchmark models
L p i 1] |
=R
> | § ." ',':.' Current limits on models very
S =i n : weak: A > 100 GeV
S 2 | -
§ L - Prediction for HL-LHC, sensitivity
L L |
I ,.' ,,:,:' based on projecting the luminosity
) ,","'.' | and using the last bin only
: ;’ i B R
I /" — HL-LHC
0 _1” 1 1 1 1 1 1 1 1 1 ! ! 1 1 ! 1 I 1 1 ! 1]
0 200 400 600 800 1000

A(GeV)
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Bonus: Faking ZZZ?!


https://arxiv.org/abs/2409.06776

Faking ZZZ with VLQs

ZO
>.<£°L<
230

NTGC searches viapp — ZZ — 4l, ZZ can also be produced at tree-level via a VLQ

. YoV . . .
g-Q mixing ~ —— suppressed with my = diagram scales as mé4, same as dim-8 operators!
m
Q Vs = 14 TeV
1072
N 107 ]_ — SM(pp — ZZ)
< - 1.5 TeV
Py 104 me, 5 T
= .
Y — mg, = 2.5 TeV
—~
~ 1075}
— Oww
107

1000 2000 3000 4000 5000
mzz |GeV]
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Vector-like quarks

« we can have 7 different VLQs that couple to a SM quark + Higgs boson

« take into account constraints from low-energy and LHC data (e.g. Amy, CKM
unitarity, -, K-, D-, B- decays, Z pole cross section)

« focus on one VLQ Q, with &£ D YQMQ_IMRHJr and only Ygu) # 0 for mg ~ TeV and Ygu) <1

ZZ analysis CMS, 13 TeV 137 fb™ _ VsZ WV, £ 3/ab
¥ T T T " T T T L T T T T T T T / Y
\ 3.5F 1
\
\
\
3.0F
‘\‘ Y = 2 Y e \/4_7]‘
\
\
\ = =25
\‘ ‘&Q’
\
\
\\ 2.0
\\\
\\\ 15 = 1 bin
‘ | . ‘ ‘ . \\~~|‘_\‘_F____h ] —— 4 bins
500 1000 1500 2000 10 ) \ . .
1000 1500 2000 2500 3000
mQ (GeV) mg, [GeV]

direct limit my 2 1.3 TeV from pair production VLQ searches

NTGC searches additionally constrain only a small region close to Y ~+\/4rn
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Conclusions

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

* no dim-6 contributions, 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 on the models derived from ZZ — 4] at ATLAS and CMS very weak, in
some cases below A = 100 GeV (EFT assumption not valid)

* Design tailored (direct) searches for these models

* On-shell ZZ could be explained by VLQs instead of NTGC, might be interesting
for HL LHC
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Backup slides




Analytic matching formula

We can derive an analytic formula for the matching of
fermionic UV models to the NTGCs

(r: SU(2) representation, y: hypercharge)

pd 1 1T 1Mo 4
CpBB — ﬁ(_l)( 1 mod z)sgn(yg — y%) V2riry (y% + y% + §y2y1> ;
~ 1 (r1 mod 2) 2 2 1 2 2 4
Cowry = ﬁ(—1) segn(y3 — yi) V2rire T (r1“—1) 4+ (ra*—1) + 3 (riro — 2)|
~ 1 (r1 mod 2) 1 3
Cpwp = E(_l) V2rirp 19 (Y1 +y2) (r1 +12) + 5 (y1 —y2)| ,
CppWw = 6DWB :
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Mixing of VLQs

Yukawa interactions Ly = Yy,QUrH' + Yp, QDrH +Yg, QrupH' + Yy, Q1drH
+ Yo, QrurH + Yo, QsdrH' 4+ Y1, QToH' + Y5, QT1H + h.c.

Mass terms Ly = myp, UUr+ MDpg D;Dp + mg, Q1,L&1,r + Mg @5 L5 R
+ mqQ, Q7..Q7r+mr, T1 1 T1.r + m7, To, 1 To R + h.c.

Up and down type mass matrix ( %yuv 0 0 \
%yd'v 0
Mg = 3 My = %YQuU mg, O
%Yde mq, .
\—EYQ;U 0 mQ7)
' (4)
Left and right mixing matrix v~ YQ(QZ)U (mdi ) &V~ YQu/7v ( My, )
4,d — ) 40 — )
T V2mg, \ma, S V2mg,,, \MQ,
(4) (%)
Sql d= YQdU Sz'U4 u = Quyr
14, — ) 3 - )
\/§le \/§le/7
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Modified CC and NC vertices

Modified gq-g-W and g-g-Z couplings from integrating out the VLQs

Lw,z = —7W:Uz’7“ ([VCKM(]l +v*Ciy)ij Pr + f[CHud]z’jPR) dj + h.c.

~ o D (13 - 431 + 30*Vorm{CS) — CHN Vi arlis PL
—[45%4,11 + 3v2CHu]Z-jPR) Uj

e Zudit* ([2shy —3)1+30{Cig) + O Mis P

+[28%V]l + 3U2CHd]7;jPR) d;

(Yo)'Yg) |, (Yg)¥g)
[CHu]ij - 2m?2 + 2m?2
Q1 Q7

Y

matching for the ( (z)) Y(j)
dim-6 SMEFT WCs [Chdlij = Qd’/ ~Qa

C (3)]zy =C m]w = 0.
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Constraints on VLQ

0.30
=~ 0.25¢ Constraints on m,, and Yg) from A(my) :
5 0.20¢ — mq, =11V CDF measurement compatible with
— 0.15} — mg, =2 Tev  Sizeable Yukawa couplings Yg) > 1
\é: 0.10¢ — mg, =3 TeV
< 0.05f — mg, =4 TeV
0.00 : : \ . . . 1 1.010s
00 05 10 15 20 25 3.0 35
Y(l) 1.008 ——— 2o C
: ~_ 1.006
Constraints on m,, and Y from o, 23 _
Q] y had "b"z — mg =1 TeV
Yg) < 1 for my = I TeV and weaker g\ 1004 — mg =2 TeV
u s i - mg =3 TeV
for larger masses %3 1.002F S
S i — mg =4 TeV
1.000F
0.998F
00 05 10 15 20 25 30
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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

Onp = "X’f H'HB,,B",

CHWB y 3l
Ouwp = A2 HTHW,, B*, and Ozw = %W;" Wewx

CHv
Opw = i;VH’fHW,“,W"",
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