ATLAS

EXPERIMENT

Photon+V measurements in ATLAS

Dimitrii Krasnopevtsev on behalf of ATLAS collaboration
Moscow NRNU MEPhI

PHOTON 2017, Geneva



Outline

» Motivation
» Photon identification in ATLAS
» Photon+V measurements with 8§ TeV
% * Zy vector boson scattering (VBYS)

* Zy(y) production

* WVy production
» Anomalous triple gauge coupling (aTGC)
» Anomalous quartic gauge coupling (aQGC)
» Summary

® PHOTON2017, May 22-26, Geneva Krasnopevitsev Dimitrii ® 2



Importance of Photon+V measurements

» To test the electroweak sector of the Standard Model
with high accuracy using multi-boson production
Cross section measurements.

» To probe the SU(2), x U(1)y gauge symmetry of the
electroweak theory that determines the structure and
self-couplings of the vector bosons.

» To search for signs of new physics using anomalous
triple and quartic gauge-boson couplings studies.

Last but not least:
SM multi-boson production is a background for Higgs and exotic
searches. Precision Photon+V measurements help to tune Monte-Carlo,
which describes some of these backgrounds.
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ATL-COM-PHYS-2014-542

Photons in ATLAS

» ATLAS uses Electromagnetic calorimeter and Inner Detector system to reconstruct
photons with high efficiencies. Both photons that do or do not convert to electron-

positron pairs are reconstructed in ATLAS.

> The jet suppression is about 10* along with a high identification efficiency for photons:
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Multi-boson production

3
AbxAn = 0.0245x0.05

s. Rev. D 93, 112002

ATLAS

EXPERIMENT

Run Number: 203934, Event Number: 96866317
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Sketch of a barrel module of the ATLAS
electromagnetic calorimeter

Z(vv) production in association with one converted
and one unconverted photons (orange lines)

Close-up view of hits and reconstructed tracks in the 1D
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Photon+V measurements with 8 TeV

Standard Model cross sections (o) for Vy production in ATLAS were

measured with high accuracy already with 7 TeV data. Proton-proton G =

collisions at 8 TeV allowed to improve some measurements...
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VBF, VBS, and Triboson Cross Section Measurements

Zyy—{lyy
...and to study rare  “[I==C
. Wyy—tvyy
processes of Zy scattering |
and triboson productions. WWy—evury
Zyjj EWK
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Zy VBS

arxXi1v:1705.01966

EWK component:
» jets with wide rapidity separation. £
» large dijet invariant mass (m;). z
» production with high centrality (small values of C).\ 2
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Z 1)y — cross section measurements, aQGC limits setting.
Z(vv)y — aQGC limits setting.
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Zy VBS

Basic selection for charged channel:
E;"> 15 GeV, two OS same flavor leptons with E> 25 GeV,

Nj =2, m> 40 GeV, my+tm;> 182 GeV.

VBFNLO

Data
stat
stat ® syst

am——

Z(I“'I‘)yjj EW
m;>500 GeV

Two regions were studied:

» Search region with max. VBS
contribution was used for —
Orwk»> Opwk-+qcp Measurements.

2041
mji> 500 GeV

» Control region with max. QCD
contribution was used for QCD "\-1502('T'_:Z;’G , ATLAS
normalization in search region and ~ (s=8Tev, 20307

also for opyy.ocp Measurements. ‘ O g datatneory

The significance of the observed EWK production
signal is 20 (1.80 expected)
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Zy production

Basic selection:

Events with N, =0 and N;,=0 were studied (jet p;> 30 GeV).
Z(llyy: E;Y> 15 GeV, two OS leptons with p;> 25 GeV, m;> 40 GeV.
Z(vv)y: Ef¥> 130 GeV (trigger 120 GeV), E;™s5 >100 GeV.

i i miss,y miss,jets miss,SoftTerm miss,u
Ef® =ET"¢ +E +E +E +E
T x(y) x(y) x(y) x(y) x(y)
Major backgrounds were estimated from data:
Z+jets for Z(ll)y.
v+jets and W(lv)y for Z(vv)y.
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Zy production

An unfolding procedure was performed to remove measurement inefficiencies
and resolution effects from the observed distributions.

Phys. Rev. D 93, 112002
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Zyy productlon
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Z(llyyy: similar as for one photon channel.

Z(wW)yy: EfY>22 GeV (trigger 20 GeV), E;m>110 GeV. R L REREE R
PP = 21y New?© %TigsTev, 20.3 fb
Major backgrounds estimated from data: v L " Measuremen
Z(Wyy: Z(yytets. I vy
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Cross section: )
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The measurements are statistically limited, but
the data and SM predictions agree within 1.5¢ stat. error
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https://atlas.web.cern.ch/Atlas/§GROUPS/PHY SICS/PAPERS/STDM-2016-05/

WWy production (fully-leptonic)

The quartic vertex Trilinear vertex Radiative processes
q W q |14 q
W
W/Z W/Z Y
¢! W/Z
q gl q- q

» WWy events are studied solely in the evuvy final state.
» evevy and uvuvy channels have low sensitivity because of large Zy backgrounds.

10— T

Basic selection: 5 F 0 e ATLAS Preliminary -
L B - 1 7

— - O (f \s=8TeV,20.2 0" -

ETY > 15 GeV, pTe #>20 GeV, NJets 0 (pT > 25 GGV), 102 = Fake Y from jets WWy —evivy 7T
E [ Other backgrounds

|:| Total uncertamty
....... fuo /A =-1876 TeV*

E M5 >50 GeV, m;> 50 GeV.

Measured cross section (significance of 1.40):

Ug‘éﬂw = (1.53 £ 0.92(stat.) + 0.46(syst.)) fb

Agreement with NLO predictions by
VBENLO: (2,02 +0.10) fb

Data/Pred.
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WVy production (semi-leptonic)

WVy events with one leptonically decaying W boson and one hadronically decaying
W or Z boson are studied: evjjy, uvjjy.

Basic selection:
E.> 15 GeV, pS+>25 GeV, N,

jets—

>2 (no b —jets), E;™ >30 GeV, m> 50 GeV, 70 < m;; < 100 GeV.

> T T ™ > ™
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Reasonable agreement

Upper exclusion limits on evjjy, wvjjy and lvjjy production cross-section were set.
Results are as low as 2.5 x Standard Model expectation.
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Triple and quartic gauge couplings

Wi

» Non-Abelian nature of SU(2); x U(1), allows for self-couplings
of the gauge bosons in fermions interactions: triple and quartic
gauge couplings.

W

v

» Allowed are vertices with charged gauge couplings: Allowed in SM
WWZ, WWy, WWWW, WWZZ, WWZy, WWryy.

w— W~

» Neutral boson gauge couplings are forbidden at tree level in the

SM, but can arise in theories beyond the SM via anomalous |"; v

couplings. Limits on anomalous couplings will provide constraints
on many exotic models. - 7/

Forbidden

wt Z/
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Vertex approach was used to study aTGC.

Phys. Rev. D 93, 112002

Zy production and aTGC

Anomalous ZZ:y vertex function:

FZY/;;(Ql,CD,P) =

P? —q%
2

V4

Z

Z

h
W9 — 459" + VéP"(P - q2g" — ¢, PP)

For Zyy:

Z

h
+ hgsﬂaﬁqu + #Paé‘”’gpa—quzo—

VA

P2

2 2
P - q7 12

_)
2 270
MZ MZ

— h,i=1,2,3,4

Unitarity preservation at high energies:

CP-conversing parameters h;," and
CP-violating h, ," do not interfere and
their sensitivities are nearly identical.
h; Y were studied in this analysis.

hy(8) = hy/(1+5/Agg)"

Ay - form factor energy scale.
Unitarized scheme: Agp =4 TeV.

Violation scheme: Ay = .

VVy, uuy and eey channels

—— Data observed
—— MC expected
[ ]*2c
(R

—— Unitarity bounds

lIIIIIIIIII

ATLAS
\s=8 TeV, 20.3 fb

IIIIlIIlIIl

1
(@]
N

Aqe [TeV]
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aTGC limits from Zy production
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wy: E(y) > 400 GeV.
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. . . . ———— CMS, Iy and vvy, {5=7 TeV, 5.0 fb™ ——— CMS, Iy and vvy, V=7 TeV, 5.0 fb!
Non-unitarized intervals: — CMS, I, Vs=8 TYev,19.5 ol ——— CMS, I, E=;¥ev,19.5fb‘1
— ATLAS, Ity and vvy, Vs=7 TeV, 4.6 fb’ —— ATLAS, Iy and vvy, Vs=7 TeV, 4.6 fb”
M M TT{TTTT{TTTT{TTTT{TTTT{TTTT{TTTT{TTT ITTTT{TTTT{TTTT{TTTTI

» LHC limits are several ATLAS 95% C.L., Agp = ATLAS 95% C.L., Apg = o0

orders better than LEP, h =+ h -
Tevatron. S——

» ATLAS limits for these i i ] i . )
parameters are the e — Z ==
strongest at LHC.

\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\ l\ \‘\\ \‘\ \\‘\\ \l
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Zyy production and aQGC

Effective field theory with higher-dimensional operators 1s adopted to
parameterize the anomalous couplings. It uses EFT Lagrangian:

L= LSM n Z % o) +Z % Oj O,,— dimension-6(8) operators

A [mass] - energy scale of the new physics

' aTGC J aQGC f; - numerical coefficients used to set limits

Operators WWWW | WWZZ | ZZZZ | WWvyZ | WWyy | ZZZy | ZZyy | ZyYY | YYYY
Os.0. Os.1 X X X 0 0 0 0 0 0
Our0- Onr1: Onre. Onrr X X X X X X X 0 0
2. Oni35Ona. O 0 X X X X X X 0 0
ﬁm, Or.1. Ory X X X X X X X X X
\Or5.Or6. Ory o) X X X X X X X X
" Ors.Ory) 0 0 X 0 0 X X X X

N~/

These constants were studied.

Unitarity preservation at high energies

with energy dependent Form Factor:
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aQGC limits from Zyy production

— — T
ATLAS

@® Data
- == ZOV)YY £ AY=10° TeV™, Agp=es

3z sm

Vs=8TeV,20.3fb"

Events / 50 GeV

N

To maximize aQGC sensitivity regions
with high m, were considered:

llyy: m,, > 200 GeV.
vwyy: m,, > 300 GeV.

S 258
oS8
[a} :-:_ 0.; X I 2 7
w 100 200 300 400 500 600 . . .
my [GeV] Non-unitarized intervals:
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Zyy ATLAS, Vs=8 TeV, 20.3 fb Wyy ATLAS, Vs=8 TeV, 20.3 fb”
WVy CMS, s=8 TeV, 19.3 b Zyy ATLAS, (5=8 TeV, 20.3 fb”
T T T ‘ T T T ‘ T T T T T 1T ‘ T T T ‘ T T T N \\\\\\\\\ ‘ \\\\\\\\\ prrrTTTTTT ‘ \\\\\\\\\ N
ATLAS 95% C.L. ATLAS 95% C.L.
App = , Agp = o0 Sz ap 2
fro/A* a /A _A4 = F _gZ >
I | - 1 fuz _ ac 2
A i JMS _ _Te _~&
frs/ A a /A2 A% A2 g2i2
o First time at LHC
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I I - ‘ I I - ‘ \\\\\\\\\ ‘ L1 L ‘ - l \\\\\\\\\ ‘ ) : \\\\\\\\\ ‘ \\\\\\\\\ l
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aQGC from Zy VBS

> A R IRERERRREE IRERERRREE ]

The neutrino channel provides best expected limits | & | Amas — Data ]
. . . . > 15 \s=8TeV,20.2fb" WM Z(VVW)ijj EWK 3

for all studied operators. Combination with charged 2 ) 2 Z(vW)yjj QCD 1
. . o - aQGC Region B W(ev)+jets ]

channels improves results by 5-10%. @ ol B Z()+jets
E fMO/A4=1A1 7 TeV*, B +jets 3

Basic selection for neutral channel: I Wy+jets

N. =1, E;Y> 150 GeV, E;™ >100 GeV, angular cuts. T

jets

Tot. unc.

107
. . 200 300 400 500 600
Non-unitarized limits: £ [GeV]
Limits 95% CL | Measured [TeV—1]  Expected [TeV~1]
Fro/ AT [=3.9,3.9] [—2.7,2.8] ~—
frs/A* [—1.8,1.8] [-1.3,1.3]
fro/A* [—3.4,2.9] [—3.0,2.3]
ATLAS Z(— ¢ /vp)y-EWK fao/A? [-76,69] [—66, 58]
A4 —147,150 —123,126 .
%f X [[_27: 27]] [[_23223]] ATLAS obtained stronger
J}m//jﬁ [[‘45(2)’ 22(1] [[‘642’230]] b limits with combined
T9 —4.0,4. —6.0,6.
i frs/A* [~1.8,1.8] [-2.7,2.7] measurements of [y and
)4
CMS Z(— £0)y-EWK fro/A* [—3.8,3.4] [-5.1,5.1]
faro/AY [-71,75) [—109,111] vy channels.
farn /A [—190, 182] [—281,280]
Farz/ A [—32,31] [—47,47]
Fas/A [—58, 59] [—87,87] —
Fro/A* [—5.4,5.6] [—3.2,3.4]
Faro/ At [—77,74] [—47,44]
CMS W (— v)y-EWK Farn /A [—125,129] [—72,79]
faz/A* [—26, 26] [-16,15]
fars /A [—43,44] [—25,27]
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aQGC limits from WVy production

» Effective field theory was used for these studies.
» To maximize aQGC sensitivity regions with high — E; photons were considered.
» First exclusion limits on the coupling parameters f,,,, fs, {7 and f-.

I Observed Limits - Expected Limits
Fuo /A AIA.A.S.E’.re_l!m!hary ....... m— 13=8TeV,2021b"]
; ;Ai_ _________________ T — App=eo @ . _
PN —————————
o f / A L | — 5 n
Non—umtarlzed fM / T """"""""""" | — o
limits: | fye/At ] em— ]
fM7/ A4_ _________________ ...................... ______ E——— ........................................ _
fro /N - . _
L7 I S B
f /A4— """"""""" """"""""""" """"""""" == e |
f / pj R — o S e _
N T
fT7 /A ——————— > | 0
-6 -4 -2 0 2 4 6
Anomalous Coupling [TeV*]
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Summary

» ATLAS provides great possibilities to study Vy(y) productions
in high energy proton-proton collisions with previously
unattainable accuracy.

» All measurements reported here demonstrate an agreement with
Standard Model predictions.

» No evidence for physics beyond the SM was found in
anomalous boson triple and quartic couplings.

» New energies at LHC open frontiers to the new research areas.
Vy studies with 13 TeV data are in progress now and more
results will come soon.

Thank you
for your attention!
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aQGC limits summary

May 2017 M — Channel Limits J Lot is
fro/AY [ i Wyy [-3.4e+01, 3.4e+01] 19.4fb" 8TeV
_ Wyy [-1.6e+01, 1.6e+01] 20.3fb" 8TeV
_ Zyy [-1.6e+01, 1.9e+01] 20.3fb" 8TeV
I | WVy [-2.5e+01, 2.4e+01] 19.3fb" 8TeV
— zZy [-3.8e+00, 3.4e+00] 19.7fb"  8TeV
— zZy [-3.4e+00, 3.4e+00] 292fb" 8TeV
— Wy [-5.4e+00, 5.6e+00] 19.7 b’ 8 TeV
— ss WW [-4.2e+00, 4.6e+00] 19.4 b 8 TeV
H ss WW [-6.2e-01, 6.5e-01] 35.9fb" 13 TeV
H 2z [-4.6e-01, 4.4e-01] 359fb" 13TeV
fr, /A° — Zy [-4.4e+00, 4.4e+00] 19.7fb"  8TeV
May 2017 s —1 Channel Limits — Wy [-3.7€+00, 4.0e+00] 197"  8TeV
fuo /A (] WvVy [-7.7e+01, 8.1e+01] () ss WW [-2.1e+00, 2.4e+00] 194" 8TeV
— Zy [-7.1e+01, 7.5e+01] 1 ss WW [-2.8e-01, 3.1e-01] 359fb" 13TeV
H Wy [-7.7e+01, 7.4e+01] H 7z [-6.1e-01, 6.1€-01] 359fb" 13TeV
H ss WW [-3.3e+01, 3.2e+01] frpA° — Zy [-9.9e+00, 9.0e+00] 197" 8TeV
1 ss WW [-6.0e+00, 5.9e+00] —— Wy [-1.1e+01, 1.2e+01] 19.7fb"  8TeV
H n-WW [-2.8e+01, 2.8e+01] — ss WW [-5.9e+00, 7.1e+00] 194" 8TeV
| Y-WW [-4.2e+00, 4.2e+00] H ss WW [-8.9e-01, 1.0e+00] 359fb" 13TeV
[N — WVy [-1.3e+02, 1.2e+02] H 7z [-1.2e+00, 1.2e+00] 35.9fb" 13 TeV
— Zy [-1.9e+02, 1.8e+02] frs /A P Zyy [-9.3e+00, 9.1e+00] 20.3 b 8 TeV
— Wy [-1.2e+02, 1.3e+02] — Wy -3.8e+00, 3.8e+00 19.7fb"  8TeV
H ss WW [-4.4e+01, 4.7e+01] fr /A* — Wy -2.8e+00, 3.0e+00! 19.7fb"  8TeV
i ss WW [-8.7e+00, 9.1e+00] frq IA* — Wy -7.3e+00, 7.7e+00 19.7fb"  8TeV
— n-WW [-1.1e+02, 1.0e+02] frg /AT — Zy -1.8e+00, 1.8e+00 19.7fb"  8TeV
H n-WW [-1.6e+01, 1.6e+01] H zy [-1.8e+00, 1.8e+00] 202" 8TeV
fu2/A* | Zyy [-5.1e+02, 5.1e+02] H 7z [-8.4e-01, 8.4e-01] 359f" 13TeV
| Wy [-7.0e+02, 6.8e+02] froIAY — Zy [-7.4e+00, 7.4e+00] 203fb' 8TeV
— Wyy [-2.5e+02, 2.5e+02] — zy [-4.0e+00, 4.0e+00] 19.7fb"  8TeV
H Zy [-3.2e+01, 3.1e+01] — zy [-3.9e+00, 3.9e+00] 202" 8TeV
H Wy [-2.6e+01, 2.6e+01] H 7z [1.8e+00, 1.8e+00] 359" 13TeV
fua /A 1 Zyy [-8.5e+02, 9.2e+02] | 1 1 1 1 1 1 1 1 | 1 1 1 [ [ 1 1
I | Wyy [-1.2e+03, 1.2e+03] |
— Wyy [-4.46+02, 4.70+02) 50 0 50 o1 00o 3
— zy [-5.86+01, 5.9¢+01] aQGC Limits @95% C.L. [TeV™]
H Wy -4.3e+01, 4.4e+01 19710 T TEV
fua /A H Wy -4.0e+01, 4.0e+01 19.7fb' 8TeV
fus /A* H Wy -6.5e+01, 6.5e+01 19.7 fb‘: 8 TeV
fus /A — Wy -1.3e+02, 1.3e+02 19.7 fbor 8 TeV . .
— ss WW -6.50+01, 6.3e+01] 19417 8TeV >
, SWW (850101630401 194fb]  SToV No evidence for physics beyond
[ — Wy [-1.6e+02, 1.6e+02] 19.7fb"  8TeV
H SWW  [700101,660101]  194fb!  BTeV the Standard Model.
| 1 1 'f . | 58 WW | [-1 .13e+01, 1i3e+01] 35,? o' 113 TeV
Ld Ld
~2000 0 2000 4000 » ATLAS and CMS aQGC limits

aQGC Limits @95% C.L. [TeV*]
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Wryy production

Phys. Rev. Lett. 115, 031802
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Signature: two isolated photons and W decays
into leptons (isolated lepton + missing energy).
The largest background from jets fake photons
or leptons are estimated using data.

Results

* Above 3o significance for SM Wyy process for
combined results.

* Cross sections are higher by 1.96 than SM NLO
prediction in inclusive case, better agreement in
exclusive case.
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First measurement of triboson

process in ATLAS!
o™ [fb] [ MM [1p]
Inclusive (Nje = 0)
uvyy 7.1 H 3 (stat.) =1. 5 (syst.) 0.2 (lumi.)
evyy 43 +' % ¢ (stat.) + (syst ) £0.2 (lumi.) | 2.90 £0.16
tvyy 6.1 * +' X ! (stat.) I (syst.) £0.2 (lumi.)
Exclusive (Njey = 0)
uvyy 35+0.9 (stat.) * + (syst ) 0.1 (lumi.)
evyy 1.9 +ii’ (stat.) +l l (syst.) £0.1 (lumi.) | 1.88 £0.20
tvyy 29 * (stat ) (syst) +0.1 (lumi.)
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Phys. Rev. Lett. 115, 031802

aQGC limits from Wryy production

» Anomalous quartic couplings limits are set for exclusive case.
* M, >300 GeV.
* Limits better or similar to LEP and DO.

LEP ATLAS
T B0 e W CMS yy - WW
— DO vy —» WW
AQGC Limits 95% CL
f£
e Tev] s
w :
°C [Tev?) —
w :
a0 -2 ’
o [TeV?)
-10°-10* -10°-10° -10 10 10° 10° 10* 10°
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