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Introduction

Ways for searching for new physics:
e Direct — search for new particles, e.g. by peaks in invariant mass distribution.
e Indirect — search for deviations from the SM in the interactions of already known particles.

Search for anomalous couplings refers to indirect, model-independent way.

There are to formalisms for anomalous couplings: effective field theory (EFT) and vertex function (VF).
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EFT and VF formalisms

EFT — parameterization of the Lagrangian with the operators of higher dimensions. The operators are

constructed so that the gauge symmetries are respected. Usually each operator describes different

vertices. @
G @

L="Ls+LO +£0O 404264 £l =% /\;—4(9"

VF approach — parameterization of the vertex function or, equivalently, of the Lagrangian.
Parameterization structures (operators) are not required to respect the gauge symmetries.
Parameterization is made separately for each specific vertex.

Example for general three-boson vertex V; V5, V3:
B _rap B
r?/lazv3 - I_(\)é/1 \/;LzV375M RCAAARA Z h’.r(\l/l 52 Vs, i
1
L=Lsm+8vivavs 2 hiO;
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Fo\fﬁz‘é ; is the Feynman rule for the vertex described by O;. Simplified explanation: it is O; in the

momentum space.
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Anomalous quartic gauge couplings (aQGCs)

AQGCs are studied only in EFT formalism.

Operators are dimension-eight, since dimension-six operators contain triple gauge couplings counterpart, and therefore are not valid for studying

genuine aQGCs.

Oso = [(Du®)" D, 0] [(D"®)T DV 0],

Os1 = [(D,0)" D*o] [(D, )T D" o] .
Omo = Tr Wy W] [(Dg@) " DP0] ,

Omy = Tr [W W7 [(Dgo) ' D*o]

D,®)" Ws, D" 0| 87,

D, )t Wﬁ,,D"(D} B?* 4 he,

Corresponding coefficients: fgo /A%, fs1 /A%, fmo /A%, etc.
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Previously limits on 7 coefficients were set as an interpretation of Z(v)vjj ATLAS Run Il analysis.
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Anomalous neutral triple gauge couplings (nTGCs)
NTGCs — triple couplings between Z and ~. They are zero in the SM and studied in EFT and VF formalisms.
EFT operators are dimension-eight, since dimension-six operators do not describe nTGCs.
Opy = i®T B, W {D,, D"} & + hc,  Opw = i®'B., W* {D,, D"} ® + h.c,
Ops = i®'B,,B"* {D,,D"} ® + h.c., Oww = idT W, W {D,, D"} & + h.c.,
Ogs = EBWTr [W“P (DPDA W*> £ DD pr)] .
Coefficients: Cgg/A*, Cuw /N*, Caw/A* (CP-violating) and Cg,, /A*, Co:/N*, Co—/A* (CP-conserving).
VF approach:

Coefficients: hY, hY (CP-violating) and hY,
hy{, h{ (CP-conserving).

(8 e(df — M) @ IR ) vo
FZ{Y‘V )(QL 4@, q3) = M3 hy + by Mfﬂ o, €7 + ZL}Z 45 Ga G2 €7 |
z

"1732(828 Fery 4 ”a (dzd 7!10'):|7ﬂ " The last paper 2308.16887 introduces 3
M; EFT, 2 VF new coefficients. Moreover, new
VF formalism for off-shell Z is suggested.

£ =-S_|—|n@,F")+ hZ(8,2°°) +
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’ W

7
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Amplitude decomposition
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UFO models for nTGCs

In order to generate events in MadGraph5 with decomposition, one needs an universal feynrules output (UFO)
model.

Previous models:

1. [EFT] The first model created by Celine Degrande. In contains 4 operators and does not support direct
generation of cross terms.

2. [EFT] Model created by authors of operators O¢. In contains 3 CP-even operators and supports direct
generation of cross terms.

3. [VF] Model contains coefficients £, s, hY, hy, hy, hy and does not support direct generation of cross
terms.

New model for EFT was needed for conveniency (all operators in a single model) and direct generation of any
cross term. It was created using FeynRules, validated and agreed with the authors. Moreover, a small
incostistency between previous models and operators from the papers was removed. New model was uploaded
to the ATLAS model database and is used for the sample request for current Z(vv)y and ZZ — ¢lvv analyses.

New model for VF was also created and validated. Coefficients hY are added, and direct generation of cross
terms became possible. It is planned to use it for the sample request for Z(v7)y analysis.
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Methods for increasing the sensitivity

1. Luminosity increasing.

2. Usage of sensitive variables.

The most prospective way for setting the limits is to base it on at least to variables: the first one is
sensitive to quadratic term and the second one is sensitive to interference term.

Quadratic term: sensitive variables are correlated with bosonic v/3. Examples: E7 (for Z(vir)y
analysis), p% (for ZZ — ¢fvv analysis), etc.

Interference term: sensitive variables are not trivial. Examples: requirement of 1 jet with high pt for
reducing the suppression of interference (W' W™ analysis), difficult angular variables (W~ analysis,
usually leptons or both bosons reconstructed are needed), matrix-based optimal observables (Higgs
WG), ML (currently do not widely used for EFT).

We try to probe optimal observables and simple variables, including CP-sensitive variables. Issue:
CP-sensitive variables are usually P-sensitive; however our CP-odd operators are P-even...

3. Accounting of EFT impact on backgrounds.
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Optimal observables

Parameterization by one operator:

M? = [Msm + CMBSM|2 = |Ms|\/|\2 + C- 2Re(M£MM33M) + C2|MBSM|2 =

2Re(./\/lJr MBSM) |MBSM‘2
=|Msml? [1+C M + AT
| SM‘ ( |MSM‘2 ‘MSM|2
Optimal observables (for operator O;):
2Re(./\/lT Masm) |MBSM|2
00;;=1Tev . SM ; 00,; =1Tev 8. 220
: [Mswml? : [Msm?

e OOs are different for different operators.
e Reconstruction of OOs for pp — vy is impossible. Proposal of reco-level OOs: process pp — Z~ and

QRE(MgMMBSM) . |MBSM|2(pZ _0)
| Msm|? [Msm|?

00° =1 Tev ™. (p7 =0); 005> =1 Tev®
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Simple example for subprocess uit — Z~.
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Simple example for subprocess v — Z~.
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EFT impact on backgrounds: aQGC

Coefficient Class. lim. [TeV=4]  Corr. lim. [TeV—4] Tmprovement
Z(W)Yijj Integrated luminosity of 139 fb=!
fro/A* [~0.124; 0.118] 1.3%
frs/ A 2.7%
S/ A 7.8%
Swa/ A 9.1%
Coefficient Class. lim. [Tev=]  Corr. lim. [TeV—1] p
W(Iv)yij Integrated luminosity of 139 fb!
Sro/At [-0.286;0.292] [-0.274;0278] 44%
frs/ At [~0.204; 0.206] 41%
Sumo/ A* [-4.30; 4.28] 03%
v/ A* [-1.54;1.54] 0.4%
Coefficient Class. lim. [TeV 4] Corr. lim. [TeV 4] Improvement
Combination Integrated luminosity of 139 fbo~!
fro/ A" [~0.120;0.115] [~0.118;0.113] 1.6%
frs/ At [~0.110; 0.116] 3.0%
fwo/A* [ 3.75] 2.7%
f/ A* [~1.39; 1.39] 2.6%
A e e <
5 e oo W o ot 5 W cess wyregcon ]
E04F — Zyreg, class. Zyreg., com. £ aF — Zyreg, dlass. Zyreg., com.
s £ — Comb.reg. class. - Comb. eg. com. % | — Comb reg, class. - Comb. reg. cor
~F O3 5=13 Tev, 139 o E 2 3 E=13Tey, 1301 —
02 o 2
of E T
of- E of |
ot E -+
-2 E -2
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Operators basis: 1604.03555

Simulation: Madgraph5+Pythia8+Delphes3
Conditions: ATLAS Run Il

Considered channels: Z(vv)yjj, W(lv)yjj and their combination
Selection is based on papers 1705.01966 and 2008.10521

Total flat systematic of 10% is applied

Limits from Z(vv)yjj are corrected using W(lv)yjj background
Limits from W(lv)yjj are corrected using Z(ll)yjj background

2wy - (VY H iy
f ' & MG stat. unc.
stat. unc. tassical, EFT corected, £,
— EFTdlassical, f, - EFT corrected, €, EFT classical, {, EFT corrected, {,,

EFT classical, {, EFT corrected, {y,

frfA*=0.2 Tev*

ff/A*=0.2 Tev* = A "

fufAS=T Tov 4
fufA'=T Tev* o

W region, 139 15"
2y region, 139 fb" |
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Run lIl integrated luminosity was also considered,
Improvement of the limits is similar

Improvement for 2D limits: up to 17.2%

Paper: 2209.07906
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EFT impact on backgrounds: nTGC

T T T
v - WZoNT
, WL, WW, Z(et) Zqy
(i MC stat. unc.
— Simple anom. sig. —— Correction from WZ

15=13TeV, 140 f"
Cy=4 TeV*

Coefficient ~ Z+ anom. signal Z~ + W+ anom. signal |Improvement Operators basis: 1308.6323 and 2008.04298
Cc+//\': [-5.29; 5.30]x107%  [-4.43; 4.45]x 1073 16.2% Simulation: Madgraph5+Pythia8+Delphes3
CG_//\4 [-0.272; 0.286] [-0.272; 0.286] 0 Conditions: ATLAS Run I
Cow/N [-0.306; 0.300] [-0.244; 0.233] 21.4% . .
Cow /A [:0.549: 0.551] [0.447+ 0.450] 18.4% Considered channels: Z(vv)y and ZZ(llvv)
Ces/N* [-0.223; 0.222] [-0.223; 0.222] 0 Selection is based on papers 1810.04995 and 1905.07163
Cow /A* [-1.11; 1.12] [-1.11; 1.12] 0 Total flat systematic of 10% is applied
Limits from Z(vv)y are corrected using W(lv)y background
Coefficient  ZZ anom. signal ZZ + WZ anom. signal |Improvement| Limits from ZZ(llvv) are corrected using WZ(Ivll) background
Coi/A* [-0.124; 0.123] [-0.041; 0.041] 67.1% 2. - . 210F
Co_/\* [-0.412; 0.415] [-0.399; 0.403] 3.1% = it 1 & r=ma
Caw/N* [0.663; 0.671] [-0.626; 0.639] 5.2% . it we bk
Cow/A* [-1.53; 1.51] [-1.42; 1.42] 6.4% e Te i corctens
Cea/N* [-0.815; 0.819] [-0.815; 0.819] 0 C,.003 Tev*
Cow /N [-1.27; 1.25] [-1.05; 1.04] 17.4%
E oaE — Seviesnam. w6, — oot o 5 L e — cmsiasc
= V5=13 TeV, 140 for o8 Vs=13TeV, 140"
is“ Z(w)y Smoa ZZ(llvv)  Improvement: 68.5%.
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In ZZ case impact on other backgrounds was also considered.
Background Z(ee/pp)+jets provides additional improvement of

3-13%.
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Unitarization of the limits

In order to make the limits unitarized, the clipping method
was used in aQGC interpretation of Z(v7)yjj analysis. It is
based on setting the anomalous contributions to zero if
VE> E,.

Unitarity bounds are calculated analytically (2004.05174)
basing on partial wave unitarity conditions for VBS

ViV — V3V,

As a result, for some E. the limits become unitarized.

For nTGC it is possible to make the same unitarization.
Unitarity bounds are calculated for process ff — Z~v in
2308.16887.

24\[7‘(

Example: |Cg, /A*| < (= 0.004 for /s = 13 TeV)
Current sensitivity: \CG+//\4| < 0.01
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m,, distribution, aQGC region
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Reinterpretation of the limits

General way for re-interpretation: to write a Lagrangian with new particles interacting with the bosons,
to integrate them out from the partition function. The result will be the effective Lagrangian, and it
can be matched with the operators.

It was done for aQGC in 1908.09845 (basing on similar but another operators basis).

scalar fermion vector
ot HIQ" 591Q" BaQ
o qu‘ ol HaQ
i«m )+ %LR)] | g [iAmm LL(R2)] ARy) — FL(Ry)]
o Wh Ry)] | gd [ZA(R) + 22 L(Ry)] FAR:) - {5L(R)]
o 1[,—;«(R —%BR)] | b [A(Ry) — £1(Ro)] SA(Rs) + 5 B(Ra)]
o ssk(R2)] | g8 [[AR:) - g h(Rs)] 45N (R) + 25 1(Ra)]
o \(R«H B(Rs)] | g} [5A(Rs) + g L(Rs)] A(Rs) — % (Rs)]
sARs) + g a(Ro)] | o [FAGR) + 35 Fa(Ro)] ARs) — g5 o(Rs)]
& 45 12(Ry)] 93 [A(Ra) — 3512(Ry)] A(Rs) + {512(Rs)]
o' 0§[|‘A(R)*ﬁh( 3 | 9 [ARs) — 5 B(Rs)] ZIA(Ry) + 2 1(Rs)]
o H91L(Rs) H94L(Rs) —59112(Rs)
o 3 12(Rs) Fro(R) —$h9i2(Ro)
o SRR L (Ra) RRQPB(R2) 2B 2 (Ro)
& 1603 93Q° T2 (R2) 1RBQL(R,) 3P BQ L (R,
& TR L(R,) 2033 (R,) g EQ 1 (R,)
e L2 BQ 1 (R) 10203Q 1n(Ry) 2023 Q° L (Ry)
IR L (Ry) 930 1(Ry) 219} (Ry)
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Example: multicharged particles,
reinterpretation of the limit
|frg/A* < 0.06 TeV—*.

/

=_0F
6
Scalar: M > 0.3]|Q| TeV
Fermion: M > 0.37|Q| TeV
Vector: M > 0.74|Q| TeV

Org =& 1
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