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Electroweak Interactions

. Electromagnetic and weak (EW) interactions: y, W, Z

*  EW theory predicts gauge self-interactions

= WWZWWy (TGC) and WWWW ,WWyy, .. (QGC)
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Electroweak Interactions

. Electromagnetic and weak (EW) interactions: y, W, Z

*  EW theory predicts gauge self-interactions

= WWZWWy (TGC) and WWWW ,WWyy, .. (QGC)

W W W Y ! K
_> i

W W W 14 7 7
*  Coupling between 3,4 neutral EWK gauge bosons forbidden in SM
7 7 Z Y q

E ?'i

Z Z Z 14 B
q

*  Verify predictions of EW theory for rare processes (Zyy)

+ sensitivity for new physics
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o Measurements

Standard Model Production Cross Section Measurements
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Standard Model Production Cross Section Measurements Status: July 2021
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Zyy Analysis

Overview

30.05.2022

Run2 dataset (2015-2018), fully leptonic Z(— ee, up) +yy

2 isolated photons + 1 OSSF lepton pair

Integrated + differential cross section @ particle level

/=
Z/y*

Y

a—d—fvvvvvvvv\/\,"}/

SM Zyy production

q Z/y*

Z/y
¥

7 i

New physics contribution
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Background Contamination

30.05.2022

Background contamination in the signal region

* Any process with photons and charged same-flavour leptons

* Limited performance of particle identification algorithms

Minor backgrounds

* ttyy process, 2 leptons from t — Wb chain
» ZZ - lll (e — y fakes)

Dominant background

* Non-prompt photon production in jets

Philipp Ott



Background Contamination

Electrons

Run Number: 154817, Event Number: 968871

'Q AT LAS Date: 2010-05-09 09:41:40 CEST
W M,.=89 GeV

1 EXPERIMENT Z>ee candidate in 7 TeV collisions

1A EXPERIMENT

(Missing track in ID — fake photon) (Non-prompt y production within jets)

Contamination of ZZ — llll
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Background Contamination

(Non-prompt y production within jets)
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Background Contamination

Fake Photons from jets

* Non-prompt photons surrounded by jet remnants

= Large isolation energy, hadronic activity

Entries

* Derive templates for prompt/non-prompt y

= Zyy signal, Zyj + Zjy + Zj] backgrounds

* Fit templates to measured isolation energy in data

= 2D Template Fit

30.05.2022 Philipp Ott
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Observed Events in Signal Region

30.05.2022

eteyy 1YY
Nobs 148 171
Ny fakes 29.8 £5.7 (stat.) £5.5 (sys.) 34.4 £ 6.6 (stat.) £6.3 (sys.)
Nizyy 6.4 +04 (star.) £ 1.4 (sys.) 8.4+0.5 (srar.) £ 1.8 (sys.)
Neeee 1.03 £ 0.10 (srar.) £0.51 (sys.) 1.2+0.11 (stat.) £ 0.6 (sys.)
N;i.‘ém 105.5 £ 12.2 (star.) £ 8.1 (sys.) 120.4 £ 13.1 (star.) £ 9.4 (sys.)
NSperea Lo 83.0 + 1.9 (srat.) 112.2 + 2.2 (stat.)
N Spewea NLO 91.5 £ 0.9 (srat.) 119.5 + 1.0 (stat.)
NMarGranss sMCONLO 910 4 1.0 (star.) 118.1 + 1.2 (stat.)

Total event composition

*  Background contamination
* Fakes from jets: 64 events (20%)
* ttyy: 15 events (5%)
* e — yfakes: 2 events (<1%)

* Dominant Zyy signal process: 226 events (71%)
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Measured Cross Section

Integrated cross section

o measured @ particle level

= Correct for detector effects

(inefficiency of particle reconstruction, ..)
oY = 2.45 + 0.20(stat) + 0.22(syst) fb

Good agreement between measurement and EW predictions

ATLAS Internal
Z(—llyy Vs=13TeV, 139 fb™

Data 2015-2018  (stat) [ (total)
2.45+ 0.20(stat)+ 0.22(syst+lumi) fb

Sherpa 2.2.4 LO
210155 (scale) £ 0.03(stat+PDF+ut ) b

Sherpa 2.2.10 NLO
2.26') 5 (scale) + 0.02(stat+PDF+ ) fb

MadGraph NLO
222" (scale) + 0.02(stat+PDF+0. ) fb

08 1 12 14 16

2

.6

2.8

Integrated fiducial cross-section [fb]
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Measured Cross Section

Diff o as function of dilepton transverse momentum
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Good agreement with EW predictions also differentially
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Search for Effects of New Physics

» Effective Field Theory
* Direct search for new physics (@ large scales) not always feasible

* LHC upper boundary (13 X X) TeV

SM

Captures low- "

energy effectof UV &

theory beyond :
A>>v

|

* Use current SM measurements to constrain NP parameters

30.05.2022 Philipp Ott



EFT Interpretation - Lagrangian

» Starting point: SM Lagrangian of dimension d < 4

* Add higher dimension terms that fulfill SM symmetries

SM NP
L KL
EEFT:$@S4+T5+A—26+,,, A: scale of NP

d
Z Z f; o 0{1: Operator of dimension d
L e N + coefficient 2

Lerr = Lsm +

T

Reduces to Lgy, for A — oo

30.05.2022 Philipp Ott



EFT Interpretation - Lagrangian

Constructing the Lagrangian

* Which dimension do we need? Lerr = Lsw + ;1 Z
> 4

* Uneven dimension (5,7,..) operators violating baryon/lepton conservation
* Dimension 6? Introduces TGC and QGC, can not give rise to neutral QGC
= Dimension 8? Only QGC, also valid for neutral bosons

= Suppression by A*, SM contribution expected to dominate

30.05.2022 Philipp Ott
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EFT Interpretation — Sample Generation

Procedure of generating new samples

* MadGraph5 for matrix element, Pythia8 for parton shower
* generatepp>Il+Il-aa
* Add contributions of dimension-8 operators (transverse operators Ory_r9)

e How to combine SM + NP in matrix element?

1Y quadratic term (quad)

2
|ASM + Z C,‘Ai| = |ASM|2 + Z C,'ZRe(ASMAl‘) + Z C,'2|A,'|2 + Z CiCjZRe(AiAj)

[ 1j,i#]
interference term (lin)

30.05.2022 Philipp Ott

cross term (neglected)



EFT Interpretation — Sample Generation

Procedure of generating new samples

MadGraph5 for matrix element, Pythia8 for parton shower
* generatepp>Il+Il-aa
Add contributions of dimension-8 operators (transverse operators O¢_1q)

How to combine SM + NP in matrix element?

1Y quadratic term (quad)

2
|ASM + Z C,‘Ai| = |ASM|2 + Z C,'ZRe(ASMAl‘) + Z C,'2|A,'|2 + Z CiCjZRe(AiAj)

[ 1j,i#]
interference term (lin)

Interference term

cross term (neglected)
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EFT Interpretation — Differential o

Leading photon transverse momentum Dilepton transverse momentum
2 1 LA L B BN B L BN LN B NN NLNR > 1%" — L T e e e g
= = —— ZyySM 3 - :
5 B — T,=1,A=1TeV,lin ] o L0 |
8 107 = Tg=1, A =1TeV, quad : = 10 '§_ ?:
N E ; . = : .
'c_é = e o = © % - ]
- - -2
109 - 107 . 3
10_4 _ n 104 _F_‘_I — Z’Y‘Y SM ) —
= — fTB=1’ A =1TeV, lin 3
E - —+— fg=1, A=1TeV,quad
v by e b by a1l o bbb by by by by - L Lo L1 L T L L P !
200 400 600 800 1000 1200 1400 1600 1800 2000 1050 5|0 1(|)0 1é0 2(50 2%0 3(|)0 3%0 4(I)0
GeV
pm‘ [GeV] P, [GeV]
* Int: dominates at low energies * pry offers largest sensitivity for Org_rg
* dominates at large energies  Small EFT contribution in fiducial region
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EFT Interpretation — Limits

Limit Setting
 Observable p¥, what else is needed?
1. SM Zyy production or data
2. EFT contribution (lin + quad)
3. Uncertainties (experimental + theory)

= Profile likelihood ratio allows to extract limits @ 95% CL

= F -
= o Best fit: 0.0302 "1 =
- Si 95% CL: [-1.64,1.61] =
S g Coefficient  Expected limit [TeV™4]  Observed limit [TeV ]
I 7F -
: : fr.o [-8.91,8.35] [-9.87,9.33]
65 E fr. [-8.92, 8.35] [-9.88,9.34]
50 E Jr2 [-18.39, 16.68] [-20.31, 18.68]
: ] frs [-4.18,4.07] [—4.64,4.54]
4 = fre [-6.33,6.23] [—7.04,6.94]
e E fra [-14.02, 13.48] [—15.55, 15.04]

: ; ; : I1.8 [—1.48, 1.44] [-1.64,1.61]
S . froo [3.03,2.92] [-3.36,3.26]
e ———
0:||||E||ML|\ILMH||:|H||H: FirStTl,Tz,T6,T7|im|tS|n

-2 -15 -1 05 0 05 1 15 2

FT8 ATLAS @ 13 TeV
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Conclusion

T 0TI ARSIl

8 E Vs=13TeV,13915"

° Trib ducti fZ ) Om; Z(slyy E
riboson production of Zyy i omst 5= o E

. . . . 0.02 ; » % MadGraph NLO é

* Test SM predictions at small o + gauge self-interaction s e E
0.01; = % E s é

= Successful prediction of EW interactions 0005 3

o:\\ \\f\ \:

g =

* Sensitivity for dim-8 operators in context of EFT interpretation T
* %% T8 a0 250 360 30 400"

Thanks for your attention!

-
Zly*

(=]
|
=]

Coefficient Expected limit [TeV™*]  Observed limit [TeV™#]

fro
Jr.
fra
frs
fre
fra
frs

Jr.o

[-8.91,8.35] [-9.87,9.33]
[-8.92,8.35] [-9.88,9.34]
[~18.39, 16.68] [-20.31, 18.68]
[—4.18,4.07] [—4.64, 4.54]
[-6.33,6.23] [~7.04, 6.94]
[~14.02, 13.48] [-15.55,15.04]
[-1.48,1.44] [-1.64,1.61]
[-3.03,2.92] [-3.36,3.26]
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EFT Interpretation - Lagrangian

Constructing the Lagrangian

* Generate new dim-8 electroweak fields via

= Covariant derivative D,, of Higgs field ¢

= Field strength tensor W,f of SU(2) and B, of U(1)

Transverse, 4 field strength tensors
(no mass limitation)
= 8 Operators

Os,0 = [(D;;@)T DV(I’J X [(D“@)‘LD”@J
Os = [(DP;I))T Duq»} x {(DV@)TDU@}
Oga = [(Dﬂ@ﬁ D,,@] x [(DV@)TDL@}

Longitudinal, 4 Higgs derivatives
(exactly 4 massive bosons)
= 3 Operators

30.05.2022

O = 10 [ 0] 10 [Was 7] O = 10 [ 007 5 11 [1,077]

OT.Q =Tr {f’ﬁt;tﬁ?“ﬂ} x Tr {ﬁi’iuﬁ;ua} s OT.E =Tr {ﬁi”}ﬁ;i“}] X B(rﬁBGB

Ore ="Ir {rﬂuﬁ“'ﬁ] x BugB* . Oz =Tr {ﬁnuﬁ}“ﬁ] x Bg, B
Ors = B, B" B3 B’ , Oro = Bo,B" By, B .

—_—~

Bizo= Tk [n",,,,n*’“'] x [(D,;(I))TD*"@] , Bl = T [ﬁ,ﬁ’} X [(D;@)‘\Df’tb}

Oz = [BuB"] x [(qu’)T D“d‘I’]
Onma = [(D,,@)* ﬁ\f‘,,,[);tq,} % BB

Orr = [(D}l (I))Jf ﬁ?‘}"ﬂ\—ﬂu D”‘I):|

s Oxpg= [B,,B*?] % [(D,a‘l’)TD"‘I’]

y OMps = [(Du‘l’)T f‘\f;qu’“I)] x BPF + h.c.

Mixed, 2 Higgs derivatives + 2 field strength tensors
(at least 2 massive bosons)

= 7 Operators

Philipp Ott




EFT Interpretation - Lagrangian

Constructing the Lagrangian

* Generate new dim-8 electroweak fields via

= Covariant derivative D,, of Higgs field ¢

= Field strength tensor W,j of SU(2) and B, of U(1)

= 8 Operators

Transverse, 4 field strength tensors
(no mass limitation)

\most promising

Longitudinal, 4 Higgs derivatives Oro .01 .Or, X

(exactly 4 massive bosons)

WWWW |\ WWZZ|ZZZZ | WWAZ | WWAA | ZZ7ZA | ZZAA | ZAAA T AAAA
Os0. 051,052 | X X | X
Orio, On, @ Onr | X X [ X | X X | X | X
Onr2 O3, Onrs ,Onrs X X X X X X
X X X X X X X X
Ors .Ors .Ors X [ X | X X | X | X | X | X
Ors .Oro X X | X | X X

= 3 Operators

Mixed, 2 Higgs derivatives + 2 field strength tensors
(at least 2 massive bosons)
= 7 Operators
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EFT Interpretation — Differential o

Rivet routine

* Goal: measure inclusive + differential cross section @ fiducial phase space
* Read HepMC (SM, lin, quad) data in Rivet and apply fiducial selection
= Mimics detector-level selection

= Rivet provides final state particles, easy to apply selection

Transverse operator Tg Scaled to inclusive o

$ 1;"I"'I"'I‘"I"'["'I"'I"’I"'I"': ;‘ 102 T T T L L L
£ 5 —— Zyy SM 3 & 10 —— Zyysm
5 C —— Ty=1,A=1TeV,lin ] S —t— Ty=1, A =1TeV, quad
§ E Tg=1, A =1TeV, quad b_' = 1 T,=1, A = 1TeV, quad
E ; ; ° % 101 —— Ty=1, A =1TeV, quad
S 3 E 102 '

C ] 1072

E s 104

B i 10°°

107 E
E 3 10_6
I P EAPERPURTUN EEPURTURTI EEPURTENT O B Y P Y P N BN SRR R 10_7|-,....| | |
200 400 600 800 1000 1200 1400 1600 1800 2000 107 1 10
p,, [GeV] P, [GeV]
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EFT Interpretation - Clipping

Restoring Unitarity

* EFT violates unitarity at large energy scales

* EFT contributions clipped for energies exceeding scale E,.
* Scale choice: my,,

* Clipping is done at parton level, before parton shower

* My, formed per event using LHE file and /he_parser.py

] I f [ f J ‘Illr:cill‘ilriurior:l > -1 — =
5 10 e A -
> ¢ Clipped @ 3TeV Y - =
Ll —+— Clipped @ 4TeV 8 = " .
104 —+— Clipped @ 5TeV St _ - |
_________ b| [y -
°l3

10° 0% =

5 E : —— Unclipped distribution E

10 B —}— Clipped @ 2TeV N

t Clipped @ 3TeV

10E 10° = —— Clipped @ 4TeV E

i = E —+— Clipped @ 5TeV E

i = -

[0 L SN NI EEEPUN BN I SN AN EE AP AR R L|.|....|.‘..|.‘..l.‘..|....|....|....|.

0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 50 100 150 200 250 300 350 400
Py [GeV] Py, [GeV]
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EFT Interpretation - Clipping

Evolution of limits for O,

2 10 C | T | | | =
£ 8 -
- - —+— Observed limits -
o 6 —
2 C —+— Expected limits
0 41— —
o = 7]
2 —
O —
-2 -
4 —
-6 —
8F 3
- | ! | l l | | -
10— 1.4 1.7 2 2.4 3 4 5 o
M,y cut-off scale [TeV]
Observed limits for all clipping thresholds
Coefficient E.=1.1TeV E.=1.4TeV E.=1.7TeV E,=2.0TeV E.=24TeV E.=3TeV E,=4TeV E.=5TeV E.=
fro/A* [<47.03,41.06] [-29.62,26.38] [-21.61,19.36] [—17.36,15.90] [—14.24,13.19] [-11.91,11.15] [-10.49,9.88]  [~10.05,9.48]  [-9.87,9.33]
Sra/A* [<47.03,41.06]  [-29.62,26.38] [-21.61,19.56] [-17.36,15.90] [-14.24,13.20] [-11.91,11.14]  [=10.50,9.89]  [~10.05,9.49]  [9.88,9.34]
fra/A* [<97.67,80.00] [-60.73,51.23] [-44.42,38.33] [-35.51,31.27] [-29.16,26.07] [-24.55,22.27] [-21.51,19.71] [-20.67,18.99] [-20.31,18.68]
frs/A* [<23.80,22.94] [-14.18,13.68] [-10.47,10.12]  [-8.28,8.02]  [-6.83,6.65]  [-5.67,5.54]  [-4.95,4.84]  [-4.72,4.62]  [-4.64,4.54]
frolA* [-34.83,3344] [-21.56,2088] [-15.76,15.35] [-12.67,12.37] [-10.31,10.11]  [-8.67,8.52]  [-7.52.7.41]  [-7.19,7.08]  [-7.04,6.94]
fra/A* [-81.59,75.19]  [-49.88,46.50] [-35.44,33.43] [-28.46,26.99] [-23.19,22.15] [-19.30,18.55] [-16.73,16.14] [-15.85,15.33] [-15.55,15.04]
fre/A* [-8.83,837]  [-5.29,5.07]  [-3.81,3.67]  [-3.05,2.95]  [-2.49,2.42]  [-2.07,2.01]  [-1.78,1.74]  [-1.69,1.65]  [-1.64,1.61]
fro/A*  [=17.71,1636]  [-10.45,9.80]  [-7.78,7.35]  [-6.25,5.94]  [-5.06,4.85]  [-4.18,4.03]  [-3.62,3.51]  [-3.44,3.33]  [-3.36,3.26]

Philipp Ott



EFT Interpretation — ATLAS Limits

Strength of limits

* Few 8 TeV + one 13 TeV measurement (Closure)

First Ty, Ty, T, T limits in ATLAS @ 13 TeV

Coefficient Limit [TeV~*]

fro (13TeV) [-0.095,0.085]

fr1 (8Tev) [-200,200] - [-9.88,9.34]
fra (8TeV) [-400,400] - [-20.31,18.68]
frs (13TeV) [-0.09,0.10]

fre (8TeV) [-1900,1900] - [-7.04,6.94]
fr7 (8TeV) [-4300,4300] — [-15.55,15.04]
frs (13Tev) [-0.06,0.06]

fro (13Tev) [-0.13,0.13]

Limits from WVy, Zy dijet, Zyy, Wyy

30.05.2022

Coefficient Expected limit [TeV™]  Observed limit [TeV ]
Jro [-8.91,8.35] [-9.87,9.33]
fro [—8.92, 8.35] [—9.88,9.34]
fra [-18.39, 16.68] [-20.31, 18.68]
Irs [—4.18,4.07] [—4.64,4.54]
Jr.6 [-6.33,6.23] [=7.04,6.94]
fr. [-14.02, 13.48] [-15.55,15.04]
Jr.3 [—1.48,1.44] [-1.64,1.61]
fr.o [—3.03,2.92] [-3.36,3.26]
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Normalized Entries
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EFT Interpretation — CMS Limits

CMS Zyy analysis
*  Paper published May 28t, 2021

¢ Significance of 4.80

» Different phase space selection

*  Most notably: FSR included

TT T[T T [Tt rTrr[rrr[rrr[rrr]

—+— Z7yy ATLAS config -
—t+— Zyy CMS config

;

40

60 80 100 120 140 160 180 200

pra [GeV]
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Zyy (TeV™)
Parameter  Expected Observed
S/ A? — —
. . hoiis (case a6 (570549
( 2y A, fro/AY  [—4.86,4.66] [—5.70, 5.46
[ Mw(ﬂi fri/A* [-4.86,4.66] [—5.70, 5.46]
! fra/A* [=9.72,9.32]  [—114, 10.9]
frs/AY [—244,252] [-292,2.92]
T fro/A*  [—3.24,324] [-3.80, 3.88]
frr/A* [—6.68, 6.60] [~7.88,7.72]
frs/A* [-0.90,0.94] [~1.06, 1.10]
fro/A* [—154,1.54] [-1.82,1.82]
,@ _I\\\\\\'\Illllllff‘\\\\‘llll_
= r 1t Zyy ATLAS config |
_u; 0.1 — —t— Zyy CMS config ]
% 0.08 — -
E T N .
CMS Lepton kinematics affected by FSR Z o006 |- -
T —<—ANAANAAN T oos [ E
0.02 f:———\Hi é
I v - ]
1.0 ;l UL B A } E
Z/r - £l -
1 'gl'}||||||||||“ RN
§0.3||||||Ill" LI e
et 5
0_5 1| 1 Il Il 1 1 | - 11 | 1 Il Il Il 1 I I
60 70 80 9o 100 110 120
myp [GeV]
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https://arxiv.org/pdf/2105.12780.pdf

The Large Hadron Collider

30.05.2022

World'’s largest/most-powerful particle collider

Located close to Geneva (Border of France-Switzerland)

LHC accelerates p-p, Pb-Pb, Xe-Xe ions at energies up to /s = 13 TeV

= Two beam pipes guiding beams in opposite direction
= Beam consists of >2000 bunches with 101! protons

Major data-taking periods: Run-2 (2015-2018), Run-3 (2022-2025)

ALICE 2, North Area LHCb

T2

HiRadMat
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(2020 61 m) | ISOLDE
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2001/2015

TT42
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A Toroidal LHC Apparatu$S

* General-purpose detector with ~4m coverage

* 44m long, diameter of 25m
* 25ns bunch spacing — collisions @ 40MHz — 1KkHz (trigger system)
* Consists of multiple sub-detectors + magnetic system surrounding interaction point
= Inner Detector: track reconstruction of charged particles
= Calorimeter: electromagnetic (e,y,jets), hadronic (jets) innermost to outermost

= Muon Spectrometer (u)

44m

25m

LAr hadronic end-cap and
forward calorimeters

Pixel detector
LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker
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ATLAS o Measurements

stat. unc.
1

[

1

2012 Zyy VBF, VBS, and Triboson Cross Section Measurements saus: July 2021 JLdt o ence
e el (i3 |
P -1 ; ' ' ' ' T T T ' T T T PLB 781 (2018) 55
analysis: 20.3 fb Yyy B — 202 R 30031050) 057
—> | Zyytlyy " SRS sy v o | AT AS Preliminary 20.3 PRD 93, 112002 (2016)
Run 2: 139 fb—l — [Njer = "'Em"ém%‘ﬁb{.ﬂéf"” 026 1b fdata) 20.3 PRD 93, 112002 (2016)
* Wyy—=lvyy = Sichunio heay \s=7,813 TeV - . 20.3 PRL 115, 031802 (2015)
_o % L-\“t — [Mjee = "*EM‘?CFM B ol 0.9 i) 20.3 PRL 115, 031802 (2015)
N - t\’ WWry—evuvy " ARG theory) 20.2 EPJC77(2017) 646
. 1 o = 0.848 £ 0.008 + 0.081 pb (data) 139 ATLAS-CONF-2021-039
nos WWW, (tot. M et
% \umt » (tot) i A R T e ) 20.3 EPJC 77 (2017) 141
— WWW - £vEvijj - =024+ 0390330101 daia) 20.3 EPJC77(2017) 141
- WWW - vevey = itsaraig » RGO {theoryy 20.3 EPJC77(2017) 141
WWZ, (tot.) Discpii::??: }‘:13""[‘*’ . zg.s AT RELCE
Hjj VBF s
1] =243 HQSWG 49,4033 -0.26p0 (6ata) e VF 13 Tev 20.3 EPJC 76 (2016) 6
H(—-WW)jj VBF " RO b LS et P e 139 ATLAS-CONF-2021-014
- o =051+ 017 —0.15+0.13 - 0.08 pb (data) Data
L Bic-Hicwa lineony) @ 20.3 PRD 92, 012006 (2015)
o =338z a0 o gfg;% syst 139 ATLAS-CONF-2019-029
— H(—=yy)ij VBF TR Elﬂ’\_ESrﬂ]) e LHC b VE =8 TV 20.3  ATLAS-CONF-2015-060
7 e By PP Ve =0 Te . | 4.5  ATLAS-CONF-2015-060
Wijj EWK M(jj) > 1 Tev) | 7~ Biadiamidails thear) B sDtZTi‘a 20.2 EPJC 77 (2017) 474
_ M(jj) > 500 GeV B E LR T . staf @ syst 20.2 EPIC 77 (2017) 474
= haabyiea 2 theory) 47 EPJCT7 (2017) 474
Zjj EWK 7 = ot el Py LHC pp V5=7 TeV 139 EPJC 81 (2021) 163
4 r=igraeston iy o Data 20.3 JHEP 04,031 (2014)
Zyii EWK R E EL T T N, st syt 139 ATLAS-CONF-2021-038
-rflltﬂ5xﬂﬂ'h(dala)
L 403,04 20.3 JHEP 07 (2017) 107
7 =332 03140.26 th (cet 139 PLB 816 (2021) 136190
MGS.al MCNLD+FMh|ﬂB 5 Fact (0.82) (th )
yy = WW r=6Rez2e Lo (o) e = 20.2 PRD 94 (2016) 032011
 ineory .
(WV+2ZV)jj EWK i e R theory) 35.5 PRD 100, 032007 (2019)
- o = 2.89 + 0.51 - 0.48 + 0.29 - 0.23 fb (data) 361 PRL 123, 161801 (2019)
PowhegBox (i . i
Wiwi.u EWK (r—lit[?gt02m(dam)
AN 20.3 PRD 96, 012007 (2017)
o =0.57+ 0.14—013+D.D7—D.05Fbtdalal
.. D87 £ 0140134 36.1 PLB79392019) 469
WZjj EWK M e 0 S | 20.3  PRD 93, 092004 (2016)
zzjj EWK .,_nsagégalgé?ﬂgnmma} 139 arXiv:2004.10612 [hep-ex]
L PETEETE BN ST S EE S S S U N U S S A SN A U N AR S A A AT A A |
00 05 10 15 20 25 3.0 35

data/theory

30.05.2022 Philipp Ott



Zyy Analysis — FSR Rejection

Rejection of Final State Radiation

*  Photons emitted from initial quark lines (ISR) or charged leptons (FSR)

[ e AAVAAVAVAV Vi q —— NN\ T
'y

NANNNNANN T 4

vs. '

I 3 £+
q —— q RN “S—
i
ISR FSR ¢

 8TeV Zyy analysis included FSR

= Rejection of FSR selects prompt/pure TGP
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Zyy Analysis — FSR Rejection

FSR Rejection

* (Invariant mass m;; > 40 GeV)
® my + min(mll’yl,m”’yz) > 2 X Mgz pDG
* my < Z boson mass

* myy,, ~ Z boson mass

§ —— NN Y

Z/y -

E+

m, [GeV]

200
180
160
140
120
100

80

60

Zyy signal MC sample (NLO in QCD)
Scaled to L;,,; = 139 fb~1

ATLAS Work In Progress
S

III|III|III|III|III’I|III|III|III

!

o = NN W 00O N 0 ©

0 60 80 100 120 140 160 180 200

30.05.2022
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Zyy Analysis — FSR Rejection

Subleading lepton pt Dilepton invariant mass
% - T I LI LU N N L L N I N N I N L N I N I N I NN L B B BB ': % 014 B L T T rfrryrrr | ryrrrrrro T T rrr ]
0 0161 = g 012 ISR =
3 O F —— Zyy ISR ] 9 N —— Zyy ISR ]
N 014 —— Zyy ISR+FSR — N 0.1 N —— Zyy ISR+FSR —]
1] I~ - © I~ 1
£ 12F - £ C ]
£ 02 E 5 0.08F ]
=4 0.1 — < - +L_ -
0.08F = 0.06 N =
0.06F = 0.04F- =
0.04— —] " 7
- - 02— —
0.02f~ = 0.02¢ ]
O:| PR B R T NS R T B T = s i = T L T Y (T IJJ_I...|._|_A|: [ L1 PRI S R B RN T A MR L 1
20 40 60 80 100 120 140 160 180 200 %0 70 80 90 100 110 120 130
Prp [GeV] m, [GeV]
FSR: loss of lepton energy FSR: second, broad peak below m,
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Photon Identification

Nl
_ EE,'T,‘? _ EE;H,‘ 2
WT’Q - EE; ZE;
s - width in a 3x5 (A1 x A@)
E"{Ea H-H region of cells in S
- EEE
g2 e -
3%7 mEm P

1
We = ZE;‘(I._IImax)Z
R E%ad 5= rE;
had = £y wy3 uses 3x2 strips (1 X ¢)
J Wyior 18 defined similarly
1 Hadronic |II|I| ||III but uses 20x 2 strips
Second layer S v o

Strips §)

Photon Identification
* Define fake-enriched CR using dedicated identification

= Select electromagnetic component (genuine non-prompt photon)
* pass e.g. Ryaq: energy ratio between HCAL-ECAL
= Select hadronic component (jet remnant)

* fail e.g. wgs: lateral shower width
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Photon Isolation

30.05.2022

Photon Isolation Energy
= Measure for hadronic activity around photon

= Cone of radius 0.2

................

LI TTTTTT

Er

T
e

=29/q-on’+X->2y+X
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2D Template Fit - Introduction

: cone20
Isolation energy E7

* Observable in 2D Template Fit

cone20
Er

* Derive templates, probability density, for

= Prompt photons: Zyy signal
= Fake photons: Zyj, Zjy, Zjj backgrounds
* Fit templates to observed isolation energy in data

= Fix shape of templates, determine normalization for each process

—¢— Toydata

= Fit result

Entries

Prompt photon template

----- Fake photon template

Fake photon contamination w.r.t loose isolation

= ELme20 _ 0065 X pyr <0

= ELone20/4,. < 0.065

2"

05 T =I5 10 5 0 5 10
S0 0,065 x p!’ [GeV]

30.05.2022 Philipp Ott



Template Extraction

2D Template Fit - Templates

* 2D: leading/subleading photon templates

e Extracted in MC simulation or fake-enriched data CRs

8 25
§ F 5 cumm Zyy
20 - MC simulation
r = Fit result
15 :_ chi2/ndof = 1.518
10—
5F
0, et R L \
=20 -15 -10 -5 (% N 5 1
E?’ =% - 0.065 x pi [GeV]
a E
£ a0f Zyy
w 35 E_ —E— MC simulation
30 f_ — Fit result
F chi2/ndof = 2.127
25 =
20F-
15F-
10F-
sE
o 4 S [ .. "
920 -15 -10 -5

= Gaussian core + power-law/exp tails

= Superposition of Gaussian kernels

30.05.2022

c91920 5 10
E"-0.065 x p! [GeV]

3 AY)
6 + MC simulation
5 :_ — Fit result
C chi2/ndof = 0.806
4
3
2k
1=
O: PRI T T S R s Ty lote
=20 -15 -10 -5 0n 20 5 1
EF™-0.065 x P} [GeV]
7E Zyj
© —4 MCsimulation
6
E = Fit result
5 F chi2/ndof = 1.999
4
3
2k
1
= PR . N T
=20 -15 -10 -5

Philipp Ott
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2D Template Fit - Templates

Template Extraction

* 2D: leading/subleading photon templates
* Extracted in MC simulation or fake-enriched data CRs
= Gaussian core + power-law/exp tails

= Superposition of Gaussian kernels

3 5
g F Zyy
- MC simulati - .
pof Tt Mosmuaton Correlated 2D Zjj kernel
C - Fit result ; 10 C
15[~ chizindof = 1.518 o) -
E %‘“Q"— 5 __
10— I -
C R L
= O. —
5 — o o—
C 0 L
02‘ e L] " % —
=20 15 10 -5 0 510 2 5l
ET"*- 0.065 x p! [GeV] 8.r C
8 F -
£ 40F Zyy 10—
w 35 ;_ —E— MC simulation E
30 f_ — Fit result 15 il
F chi2/ndof = 2.127 -
25F- C
20 E_ _20 B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1
15 —20 -15 -10 -5 0 5 10
E cone20,y, ¥
10 E; - 0.065 x p; [GeV]
s
- n n , <t IR B, b
% 75 =10 5

c91920 5 10
E"-0.065 x p! [GeV]
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2D Template Fit - Results

Final 2

D Fit

* Shape of templates fixed

* Sum of templates fitted to observed 2D isolation energy in Run-2

100

Entries

80

60

40

Leading photon projection

Subleading photon projection

30.05.2022

Data, 354 events

Fit result

Iso. energy template (7T)
Iso. energy template (TF)
Iso. energy template (FT)
Iso. energy template (FF)

chi2/ndof = 0.696

¥y = 298.56
vj = 38.85
fy =0.00

[7;] —
2 160 - —%— Data, 354 events
T - — Fitresult
w140 - = Iso. energy template (7T)
------- Iso. energy template (TF)
120 [ == Iso. energy template (FT)
- — — Iso. energy template (FF)
100 gyeme
80 :_ chi2/ndof = 0.553
60 :— ¥y = 298.56
- vj = 38.85
40— jr=0.00
- ji=16.28
20—
0 - i el e
10 =20 -15 -10

5 X p1 [GeV]
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2D Template Fit - Results

Final 2D Fit

. Egone20 — 0.065 X pr < 0
* Shape of templates fixed T pr

* Sum of templates fitted to observed 2D isolation energy in Run-2

Leading photon projection Subleading photon projection
.§ 100l— —%— Data, 354 events .§ 160 - —%— Data, 354 events
T - =——— Fitresult T 140 —— Fit result
w | =——— Iso. energy template (77) 0 w - = lso. energy template (7T) 0
80 === Iso. energy template (TF) f PDF <1 L emeeaas Iso. energy template (TF) f PDF <1
- === Iso. energy template (FT) - 120 L mimime Iso. energy template (FT) -
- —— — Iso. energy template (FF) 100 - — — Iso. energy template (FF)
60— -
- chi2/ndof = 0.696 80 :_ chi2/ndof = 0.553
40— ¥y = 298.56 60 :— ¥y = 298.56
[ vi=3885 - yj=38.85
L fr =0.00 40~ fy=0.00
20— jj=16.28 - ji=16.28
R I 20—
0 N S e PPPPPErTS Ll ol ) IR - 0 |
=20 -15 -10 -5 0 5 10 =20 15 10 5 0 5 10
ET"®-0.065 x p! [GeV] ET"®-0.065 x p! [GeV]
2D Template

Zyy SRyield 249.5+21.0 (stat.)£19.1 (sys.)
Zyj SRyield  21.5+£9.5 (stat.)=11.0 (sys.)
Zjy SRyield 0.0+7.8 (stat.)x£11.2 (sys.)
Zjj SRyield  5.542.5 (stat.)+2.7 (sys.)

Total fakes 27.0+11.0 (stat.)£15.9 (sys.)
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