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E Anomalous NTGCs

Considering Bose symmmetry and gauge invariance, the following CP-conserving

verfices can be written down (after EWSB):
Gounaris et al. 1999 & 2000

. o (a5 —mP) [ v poBp
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mZ L
. (q2 _ m2 ) _ hV
’LGF%Q’”{/(Qb%,%) = e Vo hy el PPgy , + —L q?E“B”qs,qu,a].
mZ L mZ

SUSY-2024, 10. June, 2024 - p.4/21



Anomalous NTGCs

Considering Bose symmmetry and gauge invariance, the following CP-conserving

verfices can be written down (after EWSB):
Gounaris et al. 1999 & 2000

. o (a5 —mP) [ v poBp
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A few comments:

= aNTGC vanish for all 3 bosons on-shell

= “form factors” £, hY and k) in principle independent parameters
(— hY can not be generated at 1-loop and d = 8 )

= There are also CP-violating vertices (ignored in this talk!)

— More vertices posible for more than one boson off-shell
— experimentdally irrelevant (therefore ignored here)

= experimentally at LHC cleanest final state is ZZ — 4l
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NTGCs and EFT



SMEFT and NIGCs

In Greens basis for SMEFT list all operators at d = 6 containing only bosons
MatchMakerEFT (1908.056295):

X3 X2H2 H2D*

Osc fABCGﬁ”GfPGf“ Ouna GﬁVGA””(HTH) Rpny (D,D'H)(D,D'H)
Oy fABC éﬁUGprgp O éﬁyGAuu( i) HAD?
Oz GI'JKEJUW;)JPW;@ Onw EJVWIW(HTH) Oun (HTH)D(HTH)
O eI']KWi”WL',]PWFf@ ek s WIwWiw(HIH) Opp (H'D*H)'(H'D,H)

X*D? Oup B,,B"(H'H) Riyp (H'H)(D,H)'(D"H)
Ryo —L(D,GY)(D'GA) O . B,B*(HH) Ry, (HH)D,(HiD"H)
Row —z(DWH)(D'W,,) Opyy W, B (Hlo'H) H°
Rop —%(@BF‘”)((?PBW) OHWB /WJVBW(HTOJH) Oy (HTH)S

H2XD?
Rups DWW (HiDLH)

Ruppy 0,B™(H'D ,H)

= Only X3, X?2D? and H?X? contains three (or more) gauge bosons
= No NTGC in any of these operators

= Need to go tfo d = 8 operafors!
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d = 8 basis for NIGCs

The following four d = 8 operators generate the NTGCs shown previously:

.°DBB =
Opps = i~ H'B,,(D?By,)DuH +h.c.,
DWW ~ All are type:
Opww = = H'W,, (DPW,,)D, H 4 h.c., )
L XY H?D?
- “DW B ».
Opws = i H'B,,(D’W,,)D,H + h.c.,
.’ DBW T
Oppw = = H'W,,(D*B,,)D,H +h.c..
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= All 4 operators are necessary to describe f5Z, fd. h§ and h3 as
independent parameters
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d = 8 basis for NIGCs

The following four d = 8 operators generate the NTGCs shown previously:

.°DBB =
Opps = i~ H'B,,(D?By,)DuH +h.c.,
DWW ~ All are type:
Opww = = H'W,, (DPW,,)D, H 4 h.c., )
L XY H?D?
- “DW B ».
Opws = i H'B,,(D’W,,)D,H + h.c.,
.’ DBW T
Oppw = = H'W,,(D*B,,)D,H +h.c..

= All 4 operators are necessary to describe f5Z, fd. h§ and h3 as
independent parameters

= We disagree with previous literature (Degrande, 2013) that defines:

.C~ i
Oaw = ziz/HTBW(WMP){Dp,DM}H—Fh.c.,

= This operator can not describe all of fZ, f2, h{ and hJ
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Form facftors

The relation to the form factors are:

Z vimyz 1 [ 2 !
f5 = AL cysw _SWCDBB T CSwlpyww T §CW8W(CDWB + CDBW)] ;
fa = vj\nz% Cwlsw :CWSW(_CDBB + cpwiv) — %(S%/VCDWB - C%/VCDBW): ,
hy = UQ/CLL% CW15W :CWSW(_CDBB + cpp) + %(C%/VCDWB - S%/VCDBVV): ;
hy = UiZQZ Cwlsw :C%/VCDBB + S ¢y — %CWSW(CDWB + CDBW)] )

Note that in the special case of ¢, ;.5 = ¢, 547 (frue in many models):

2.9 - -
vem 1 1
v Z ) ) 9 2
fs = A cwsw(—Ccppp + cowi) + s¢pwalcw —sw)|
cwsw | 2 |
2.9 - -
v4m 1 1
z Z ) i 1 29
hy = A1 ewsw(—Cppp + o) + QCDWB(CW Sw)| s
cwsw | ]
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NTGCs in (fermionic) models
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Fermionic loops

Va

AAA&‘ Fermionic friangle diagram
in the mass eigenstate basis

Adequate for calculation

F
%ﬂ% in broken phase
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E Fermionic loops

Va

AA\; Fermionic triangle diagram
in the mass eigenstate basis
Vi AF
F L%LL
Vs
f:ﬁ Va Fermionic pentagram diagram
ﬁfﬂ in the weak eigenstate basis
En
H Vs
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E Fermionic loops

Va

AA\; Fermionic triangle diagram
in the mass eigenstate basis

Fermionic pentagram diagram
in the weak eigenstate basis

LH — F1’2’_1/2 Ond EH — Fl’l’_l
“vector-like” leptons
Diracology:

tr[’)/ll«ny’YP’YO'PL/R] — 2(9MVgPU — GupGuvo + GuoGup + ’L.EIJJVPO-)-
= leff-handed and right-handed couplings must differ!
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Models and mafching

Matching for: c,55 CpBW
0.20 L] L] L] L] 0.25 L] L]
L 2
L p 4 0.20F
0.15F N: .
o S
) Z 0.15}
; 010'_ * 1+ bps E s DS
SRR | - >~ L 2
) TD & TD
,\m A = 0.10}
2 [ 1= or § . QT
O 0.05F ® A i
= U | e & sl 1+ @
L ® | ] » A A A A
0.00-' ' 0.00F =
0 1 2 3 4 5 0 1 2 3 4 5
Model # Model #

= All models need two fermions with A(Y) = (1/2)

= Product of SUy,(2) needs to contain doublet:
—2x1(DS),3x2((D),4x3 ]),5x4(QQ),---

— Model # increasing hypercharge from 1 = (0,—1/2) to 5 = (-2, —-5/2)
(except DS, which starfsat 1 = (—1/2, —1))
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Form facftors

A =100 GeV
4.
47
= 5
2- A
v 243
5 wiAT
o= — u
Cin 4 A o2 2
o a 21 # 4
=) 6™ i L 2
— _2_ 3 3
5 .
-4}
-6} R 5
-10 -5 0 5 10 15
37
10° f3

» DS

TD
- QT
- QQ

= For A = 0.1 TeV typically (few) 103

10°h3
(=)

-2

= All models make different predictions!

10°f7

» DS

TD
- QT
- QQ
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Form facftors

A =100 GeV A =100 GeV
g | 4 A |
47 [
[} 5 4
2f | 45 ¢
aw 213 ok u A p i
5 W Vi A4 Y « DS * « DS
or ‘ﬁ‘ i 2 A2 2
i All 2 2 oo
= 64“1140 o4 TD é 0 :1=ﬂw1‘ TD
2r 53 o3 ] -Qr -32A 3 o3 - QT
_af ] + QQ 2r 4 5 ] + QQ
5 A
-6 5 -4-.
L 2 * 5
-10 -5 0 5 10 15 -10 -5 0 5 10
10°f7 10°f;
= For A = 0.1 TeV typically (few) 10—3 r 24.4)-,
= All models make different predictions! i .
A
6
::? A A DS
. No 0 5 TD
Plot double-ratio: - o ° . ar
Independent of A | 1L.P 1 ] - e
ALL models lie along a line! 2-g
5(44) 5 4 ®
ol A
-6 -4 -2 0 2 4
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b d =06 versusd =8

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

Opp = C[@B H'HB,, B",
Onwp = CHA”Q/B HTHW,,, B",
OHW — Ci;/V HTHWMVW'MV)
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d =06 versus d = 8

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

((cpwi/caws)(v?/A?)]

0.5¢

b e
(cppp/cns)(v®/A7)]

DS
TD
QT
QQ

CHB

H'HB,,, B*",
A2
CHW B ¢rt v
TH HWMVB 5
CHW 1rt puv
o HTHW., W,

A =1TeV
os0b o *
TS

§ -
~> 0.20}
> * A
Q A
§ 0.10f A
~
S
§ 0.05} ® A

0.05 0.10 050 1

((cppa/cns)(v?/A?)]

Plot:
double-ratio

| (d=16)/(d=8)

s DS
TD
QT

* QQ
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Experimental limits on NTGCs
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Measuring Z 7 — 4l

q 2% )y I+
-
I+
q Z -
SM background NTGC signal
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Measuring Z 7 — 4l

q Z*/’)’* l—i— l+
q Z

i~ Z" |y I
+ +
[ . 7 l

J Z* [~ I~ -

SM background NTGC signal
1072 . .
[ Dimension-eight

[ Standard Model
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X-section versus invariant mass of 4 lepton system
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L Measuring Z 7 —s 4

q Z*/’)’* l—i— l+
q Z
[~ Z* [~* [~
+ +
[ . 7 l
J Z* [~ I~ -
SM background NTGC signal
, c 137 fb”' (13 TeV)
- < L
10 [ Dimension-eight f e Data
[ Standard Model g [ l@ozz i
SR B g - 2z .
T Bl zz  2jets EW 3
[ |dzvwv
B z+x
- Cos =0 F=0.0015
N B el —:
500 1000 1500 2000 2500 500 000 '15'00'
mz- [GeV] m,, [GeV]
X-section versus invariant mass of 4 lepton system CMS, 2021
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E Limits

CMS 137" (13TeV)
NI 0.002:' - 1
0.001; e ey
S ( RN
of 9 \\ L N \
L \\ \\__ /) /
= \ —
-0.001f 7
- — — Expected 68% CL
[ — — Expected 95% CL
——— Observed. 95%:Cl
-0.002 G eonved 95% GL (D)
[ e Bestfit e
-0.002 -0.001 0 0.001 0.002
Y
fS

Limits on fZ and f7 from CMS
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Limits

0 pp = ZZ — 4 leptons (LHC Run2)

DWW i °DBW /[

00.0 02 04 06 08 10 12 14

C _
N (TeV™)

Limifs on d = 8 operators

CMS 137 fb1 (13 TeV)
NI 0.002: 1
e
C [ (7 %
i ( NG
C i N
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i PR /
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Limits on fZ and f7 from CMS
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Limits

pp — ZZ — 4 leptons (LHC Run2)
10 L S B S B B S L B S B B S B S B S | LNl | e -1
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i L ( 'd \\ \\
A 2 O_ : \\ . \) \
X 4' L \x____/ /
i -0.001 =
I L _ Expected 68% CL
2 e
[ -0.00Z1 Observed 95% CL (1D)
O» '.....es.l...........'
00 0.2 04 06 08 10 12 14 -0.002 -0.001 0 0.001 0.002
Y
f5

C _
N (TeV™)

Limits on fZ and f7 from CMS

Limifs on d = 8 operators
. LHC limits from NTGCs
3 Zi
Limits on models . | 3!
very weak! 2.5
S 2 |
) [ (]
Q | !
A > 100 GeV (now) A/
> (few) 100 GeV for 3/ab Y
f l Run2
I — HL-LHC
0_‘1 ‘ ‘ ‘ ‘ g
0 200 400 600 800 1000
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Conclusions

= Complete and correct d = 8 operator basis for NTGCs found
= Correcting existing literature!

= Limifs derived on operators from experimental searches
by ATLAS and CMS: A ~ O(1) TeV, depending on operator

= Set of fermionic UV models for NTGCs constructed
= Limits derived on models, but ...

Limits on models very weak! Not even A = 100 GeV in some cases
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General mafching formulas

It is actually possible to derive an analytic formula for ép 4 g for all models:

CpDBB
Coww

CpwB

CDBW

1
160

1 1
ﬁ(—l)(rl mod 2)sgn (y5 — yi) v2rirz 3

1
48

COpwB -

3

4
—(—1)(r1 mod Dsgn (y2 — y2) \/2r1ra (yf +y5 + —y2y1) ,

|:(I‘]_2 — ].) + (1‘22 — 1) + % (1‘11‘2 — 2)

1 3
(—1)(r1 mod 2) /5y s - (y1 + y2) [(rl +ra) + = (y1 — y2)} ,
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NTGCs - Lagrangian

The following effective Lagrangian generates all NTGC CPC vertices:
Gounaris et al., 1999

e - .
LNpC = oy [ f (07 Fop) 210 Zg + [5(07 Zop) 210 Zg

2
2mZ

—~hJ (87 Fop )P Zg — W5 (0° Zop)FHFP Zg

h’Y hZ

5 25 (DO FP) FpaZy + 25 (04 m3)(0°2°)] FpaZo |
2m7, mZ

with X, = 1/2 EMVQBXQB. Note: This Lagrangian requires EWSB!
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NTGCs - Lagrangian

The following effective Lagrangian generates all NTGC CPC vertices:
Gounaris et al., 1999
[’CPC % [ fg(aaFau)ZMﬁZB + ff(@UZJM)Z“ﬁZg
2m7,
—~hJ (87 Fop )P Zg — W5 (0° Zop)FHFP Zg
h’Y hZ
- [0(07 FP*) Fpa Zo + 52 (0 +m%) (07 2°)| Fypa Zs |,
2m7, mZ

with XW =1/2 eWaBXO‘B. Note: This Lagrangian requires EWSB!

CP-transformations:

C(Zu) = —Zu and P(Zy) — +Zo. P(Z;) — —Z;
P(80) — +80. P(8;) — —8; and  P(eraPr) — —enabp
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NTGCs - Lagrangian

The following effective Lagrangian generates all NTGC CPC vertices:
Gounaris et al., 1999
[’CPC % [ fg(aaFau)Z“ﬁZB + fBZ((‘)UZJM)Z“ﬁZﬁ
2m7,
—~hJ (87 Fop )P Zg — W5 (0° Zop)FHFP Zg
h’Y hZ
- [0(07 FP*) Fpa Zo + 52 (0 +m%) (07 2°)| Fypa Zs |,
2m7, mZ

with XW =1/2 eWaBXO‘B. Note: This Lagrangian requires EWSB!

CP-transformations:

C(Zu) = —2Zu and P(Zo) = +Zo. P(Z;) = —Z;
P(80) — +80. P(8;) — —8; and  P(eraPr) — —enabp

= What type of SMEFT operator can produce this Lagrangian?
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V4 Versus Z 4

Ratio of number of events in vZ and Z Z final states versus model:

100;
§ 10; Large variation ...
E i » DS but > 1/2 of models have
Z 1 v (v2)/(2Z) > 1
) L
5 0.100} QT
= E . Q0

0.010¢

0.001

SUSY-2024, 10. June, 2024 - p.21/21



	Contents
	
	Anomalous NTGCs
	
	SMEFT and NTGCs
	$d=8$ basis for NTGCs
	Form factors
	
	Fermionic loops
	Models and matching
	Form factors
	$d=6$ versus $d=8$
	
	Measuring $ZZ	o 4 l$
	Limits
	Conclusions
	
	General matching formulas
	NTGCs - Lagrangian
	$gamma Z$ versus $ZZ$

