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Motivation

* Measure quartic gauge couplings
Fixed by gauge structure in SM — Test of electroweak sector

 Complementary to the VBS analyses
Advantage: 3 particles of the vertex are identified

* Model independent search for new physics
Interpreted in terms of anomalous quartic gauge couplings

» Charged processes accessible for the first time
Wyy and WWW

q
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Overview

In order of appearance: WWy &WZy, Wyy, Zyy, WWW
— First discuss SM measurements, then BSM limits

Typically low cross section - need large data sets
All measurements use full Run 1 statistics at 8 TeV

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV
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Generals

Challenge: Isolate signal from backgrounds

» Backgrounds from detector effects (misidentified or

mismeasured objects) sizeable due to low signal statistics
- Usually not well modelled Calorimeter Sketh
- Use data driven methods: u

e. g. exploit difference in shower shapes o

e Hadronic showers much wider than EM e
» Good discriminator: isolation energy — |7 o
= energy deposited around EM object

-
* [rreducible backgrounds typically well Jet EM Obiject

described and measured
- Estimated using Monte Carlo
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Muon:

= CMS - WWy & WZy production

Phys. Rev. D 90, 032008 - Published 25 August 2014

First triboson analysis at the LHC.:
- Semi-leptonic WVy final states: evjjy & uvjjy

e Hadronic V-Boson decay yields larger branching ratio
* No distinction between hadronic W and Z

Event Selection ' /W+
- Exactly 1 lepton p.*>30 GeV/pH>25GeV >—Y—\W
1 photon p. > 30 GeV _ ,
- > 2 jets E, > 30 GeV, no b-tag, 70 GeV < m, < 100 GeV !
« E™>35 GeV g W
. m_> 30 GeV > ______ -
 Z rejection cuts in electron channel W \

q Y

m_ = \/pT'EpETmiSS(l-COS A\@lep. ETmiss)
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.032008

CMS

‘Compact Muon Sokenoid

CMS - WWy & WZy production

Phys. Rev. D 90, 032008 - Published 25 August 2014

Averaged expectations
[ 1Signal

B Wy + jets
B WYV + jets (jet — vy)
M Multijets (jet — 1)

B Other BG (tty, single
top, Zy + jets)

Background estimation:
« Wy +jets BG:m, sideband fit

 Jets misidentified as photons:
extrapolated from shower
shapes

« Jets misidentified as leptons:

) s £ cMS JLdt=19.2fb" §=8TeV

2-component fit to E_™s* fit 310 [ temronamn | Wl

e Other BG: Monte Carlo Y107 L Gt ey e .
§ 10° —

- 95% C.L. limits on cross section “ 1o R

o = 311 fb using profile likelihood g E

1075

Expected: 0 = (91.6 fb £21.7) fb 1o Rl 2

s 2 E

; - 4 _

-~ Good agreement with SM AN AP0, SR PO

Photon E; (GeV)
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.032008

&) ATLAS - Wyy production S

EEEEEEEEEE Phys. Rev. Lett. 115, 031802 - Published 16 July 2015

First evidence of process: pp — WHyy — IFvyy (1=e/p)

Averaged expectations
[ Signal

LW + jets & Wy + jets

Event Selection
Exactly 1 lepton p. > 20 Gev

2 photons p. > 20 GeV

« E.M>25 GeV (et ) v). |
- M, >40 GeV f\g;Je;get; )
e Z rejection cuts in e channel ther BG: Zy, ...

\Il\l‘lllll\\!ll\‘lllI\IIII\7
ATLAS 3
\s=8TeV,20.3f"
muon channel (N >0) 3
jets —

e Data

N
[$)]

Background estimation:
 Jets misidentified as photons:

Events / GeV
N
T

2D-template fit of isolation o = e
energy 200 e :
» Jets misidentified as leptons: 15¢ ;
ABCD method using E.™** and 12; M
Isolation energy oot T T
e Other BG: Monte Carlo Er;, [GeV]
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031802

ATLAS - Wyy production S

Phys. Rev. Lett. 115, 031802 - Published 16 July 2015

EEEEEEEEEE

Inclusive and exclusive (no jets p, > 25 Gev) measurement

o-hd [fb] oMCFM [fb]
Niet 20 | 6.1 70 (stat.) £1.2 (syst.) +0.2 (lumi.) | 2.90 + 0.16
Niee =0 | 2.9 705 (stat.) * 05 (syst.) 0.1 (lumi.) | 1.88 + 0.20

— Observation of signal > 3 o

> F T ] | 1 3 = I N R —
- Data - 70 e Data —

O 35F he 3 o U i
o 35F ATLAS — Wy 1 9 b ATias — Wy :
w T . Y 3 ° ok K48 -
5 30r [ Wyj + Wij T & f [ Wyj + Wij ]
€ [ = vy +jets 1 € _ I = vy +jets ;
g 250 I Other backgrounds g 50 I Other backgrounds —
L B ] L C ]
C ] C N ]

20E Vs = 8 TeV, 20.3 fb” ] 40r \ Vs =8 TeV, 20.3 b’ -

- Ielectron channel (Nim >0) I: [ I muon channel (Nim =0) I ]

15f = 30 g
1053 e 206 -

- 10 _

— 400 50 b 100 200 | 500
my, [GeV] m,, [GeV]
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CMS,

L Compact Muon Solenoid

CMS - Wyy & Zyy production

CMS-PAS-SMP-15-008 - February 2016 y
19.4fb (B TeV)

* :":’-" - CM ata
Wyy - !vlvyy O Bz—greﬁi;inary ﬁ 'Rryty Signal
2 SE 1 Zyy |
£ - RS = g:h—.ir m@g oson
o MUOn Channel analysed Lglj 6;_ - &#ﬂtalﬁruncertainty
* Observation of signal with 2.4 ¢ Bl - [auon channel ]
e Strategy similar to Zyy analysis (below) ‘GRS St
3
2800
Zyy — eeyy  puyy 1
. ] ] _ C'0 20 40 60 80 100 1?21@ 140
- No neutral triple or quartic vertices in SM ! Py (el
Zyy process produced via radiation, e.g.: ! K
Event Selection p -
e 2 same flavour leptons
opposite sign p_* > 20 GeV, p P > 10 GeV I+
e 2 photons p. > 15 GeV, max. 1 in endcaps
L m” > 40 GeV q Yy

Analysis divided in categories corresponding to detector regions of photons
(barrel-barrel, barrel-endcap, endcap-barrel)



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-008/index.html

CMS - (Wyy &) Zyy production

CMS-PAS-SMP-15-008 - February 2016
Background estimation:

 Jets misidentified as photons:
2D-template normalisation using

Isolation energy and photon ID
individually for different detector regions

e Other multibosons: Monte Carlo

Averaged expectations
[]Signal

W7+ jets & Zy + jets
(et = y)

B Other multibosons

— Observation of signal at 5.9 o

19.4 fb" (B TeV)

075, BR(Z = €0) =127+ 14(stat) 3 '6Fcms — v Data
:|: 18 (SVSt) Pﬁ 14;_ y %zﬂer Multibosan
+03(umi)fb § ZF e B ot s
T 10 - T =z Total uncertainty
Expected: : | Electron Channel |
LO 5
oo - BR(Z — ££) = 12.95 4+ 147 fb j \\\\\\\\
2
- (Good agreement with SM % :

PRI M M MR
100 120 140
p! " [GeV]
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£ ATLAS - Zyy production

Phys. Rev. D 93, 112002 - Published 2 June 2016

Zyy — eeyy/ uuyy/ vvyy — Also studied neutrino channel
Electron and muon channel similar as CMS analysis

vvyy Event Selection
« EMs>110 GeV

2 photons E. > 22 GeV
o AD(P. ™, yy) > 5/6 T
* No lepton in event

ATLAS

EXPERIMENT

Run Number: 203934, Event Number: 96866317

Date: 2012-05-26 12:18:41 CEST
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112002

£ ATLAS - Zyy production

LAR

EXPE

Phys. Rev. D 93, 112002 - Published 2 June 2016

vvyy background estimation:

* Mismeasured jets: ABCD method
using E.™* and photon ID

* Misidentified electrons:
fake rate from Z — ee

* Wyy: scale factors for MC

e Other BG: Monte Carlo

Inclusive expectations
[ 1Signal
Wy + jets & yy + jet
(jets mismeasured)
AW(ev)y (e —y)
EW(lv)yy
M Other BG (Zy, ...)

T
- ATLAS o Data

2 2
° 10® COZ(vv)yy 2 Iil-?-'isl tam' i
S 10°E ys=8Tev,2031" SV E 2 LY 3
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§0.5 * * | : §0.5
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112002

ATLAS - Zyy production

Phys. Rev. D 93, 112002 - Published 2 June 2016

Inclusive and exclusive (no jets p, > 30 Gev) measurement

EXPE!TI\ﬁNST
IIIIIIlIIIIIIlIIIIIIIIIIIIIIIIII
5 NI ATLAS
- >
PP =Y jets Is=8TeV,20.3fb"
* Measurement
ta” —
eery — Tot. uncertainty
Stat. uncertainty
i
HoRYY — MCFM (NLO)
L -i1c
| |'Y'Y + 20
vVYYy .
lIII|IIIIIIII|IIII|IIII|IIII|IIII
-1 0 1 2 3 4 5} 6
Gdata/ Gtheory

-

IIIIIIlIIIIIIlIIIIIIIIIIIIIIIIII
5 . ATLAS
% —
PP =Y jets Is=8TeV,20.3fb"
* Measurement
ta ——
eery — Tot. uncertainty
Stat. uncertainty
s
Ry — MCFM (NLO)
|+|'ny -i1c
+ 20
vVYYy .
lIII|IIIIIIII|IIII|IIII|IIII|IIII
0 1 2 3 4 5} 6
Gdata/ Gtheory

- (Good agreement with Standard Model expectations
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ATLAS - WWW production

To be published W

First study of: pp —» W*W*W7= Ivlvlv / Ivlvjj (1 =e/p)

Leptonic Selection

 Exactly 3 leptons p, > 20 Gev
Maximally 1 jet p. > 25 GeV
AdD(I,
No b-jet
« Z rejection cuts on m, and E_™s*

meiss) > 2 5

Hadronic Selection

Exactly 2 same charge leptons
p, > 30 GeV

65 GeV <m, <105 GeV, |rl,-,-| <15
No b-jet
m, > 40 GeV

2 |ets p.= > 30 GeV, p.swed > 30 GeV,

 Z rejection cuts in channels with e

Backgrounds:
 Electron charge misidentification
- From Z — ec (data)
e Leptons from misidentified jets
— From matrix method (leptonic) and fake factor method (hadronic)
e Other BG: WZ/y" + jets, Wy + jets, Zy + jets, ...

- From Monte Carlo with leptonic WZ/y* + jets normalisation taken

25.08.2016
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ATLAS - WWW productlon

ATLAS

EXPERIMENT

> i =
To be published 8 so- fs“:i:v e 96 oo
< 50f Wi mrael
=k mVy ]
749 oo
- - - E ee+ep+uu W mass sideband VR ]
Background estimation validated :
In dedicated control regions, e.g.:
Comparison to expectations: 3 WWW%W -------
; 50 v100 150 200 250 300[G v
Bx g e Fe IR B T e SRR SRE TR AR R b T L B e e e S EL T T e R
[0) o ATLAS Prellmlnary —o— Data - 0} — ATLAS Preliminary —o— Data H
O WWw = O 50 | WWW =
Q 16— \s=8TeV, 20.3fb" E\g{( . o g T \s=8TeV, 20.3 o Y .
C AKE = ] = 1 = ake L. 4
P 14:_m B Charge Fiip L E = 40_ . Charge Fip L. —
5o e SEe S of T o Tay = £ L eereusun SR At S0 TeV*
= - s S0 £ 2 o — il SIS e 2
" oE fo/A*=2000 TeV* 7 D 30 fs/A%=2000 TeV* ]
8:— ~ fsg/A*=2000 TeV* = r | fg/A*=2000TeV*
65 fs/A%=-6000 Tev* o0 fs {A%=-6000 TeV* 7]
4c : = 10 + kiR - <3
e : Ly = : e e
7 - e el = - atiags e e e
0 (0 e L - =i £ | [
o F l ' l ' ' ' ; e E ® E i : ' E
+ E + —+—
%) 1 57‘ 5l s “Smetnl B oai 7 : 7)) 1'5: ................ s ey ks
% 12 + / 7‘47‘7 //// /// // Z % 1%}%/ I Y, //// Z
/ ~ : Z
S o5+ +<F 7 / // | — _
0 100 200 300 400 500 600 700 800 900 1000 200 400" 160D 1808 T 1000] 11200
m¥ [GeV] Ip, [GeV]
- (Good agreement with SM, low statistics
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£ ATLAS - Tribosons Overview

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/ATLAS _k_SMSummary_
TriBosonFiducialRatio_Simple/ATLAS _k SMSummary_TriBosonFiducialRatio _Simple.png

ATLAS

Triboson Cross Section Measurements Status: August 2016
ATLAS Preliminary
Run1 +/s=8TeV
Wyy—tvyy -
— [Njer = 0]
- Th
Zyy—-ttyy eory
LHC pp V5 =8 TeV
— [njer = 0] mu D 20.3 b~
stat & syst
WWW - €vivijj
WWW - évelvey
0.5 1 1.5 2.0 2.5 3.0 35
data/theory

- Analyses would profit from larger data set
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Limits on Anomalous

Quartic Gauge Couplings




Anomalous Quartic Gauge Couplings

arXiv:1309.7890
Limits on coupling of operators of mass-dimension-8

~ coupling
Lrrr = Lsm + Z %05? + Z fTJ ~—5 Or; + Z fu J Ot
F=i2 j=0,....9 §=0,...,7 \ A operator
new physics
— 18 independent operators, scale

Different final states sensitive to different operators
Partly dedicated search regions defined

Limits set at 95% C.L. using profile likelihood ratio

final

A(o) = L(o, 9(”}), £(0.6) = ﬁpmsonw | Si(c, 0) + B(0)) - Gaussian(8y | 0)
.[ILT 9) i

with nuisance parameters 0 describing systematic uncertainties
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Anomalous Quartic Gauge Couplings

Only one or two coupling parameters # O for limit setting

Results with and without unitarisation

a —P
- form factor used for unitarisation F'(5) = | 1+ i form
A factor

E.g. from WWW e
- Confidence Intervals ATLAS Preliminary - Confidence Intervals ATLAS Preliminary
1— 95% CL e _ -1 1— 95% CL o o -1
\s=8TeV,20.3fb o \s=8TeV, 20.3fb
- 68% CL =9 & g - J68% CL s :
- __ Observed 95% CL WW*W' — Ivivjj+Iviviv ~  __ Observed 95% CL WWW* — vivjj+Iviviv
~ ><Observed Value 1 ~ >< Observed Value
05— - 0.5—

f_JA* (10*TeV?)
o

05 0.5
-exponentp =1 - Nno unitarisation
08 0r 04 o2 TG o a6 o ocom o om0 0 0> o4 06 0B

fo/A* (10*TeV™) fo/A* (10*TeV™)




Anomalous Quartic Gauge Couplings

Comparison of some non-unitarised results:

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

April 2016 CMS —
ATLAS - Channel Limits JLdt Vs
fro/A* B Wryy [-3.8e+01, 3.8e+01] 194 fb"' 8TeV
; | 77y [-1.6e+01, 1.9e+01] 20.3fb' 8 TeV
proseeceseencanaenees I Wryy [-1.6e+01, 1.6e+01] 20.3fb" 8 TeV
-------------------------------- WVy [-2.5e+01, 2.4e+01] 19.3fb" 8TeV
— Zy [-3.8e+00, 3.4e+00] 19.7fb"' 8TeV
fr /A% e ——— Wyy [-4.6e+01, 4.7e+01] 1941fb' 8 TeV
-1 ssWW  [-2.1e+00, 2.4e+00] 19.4fb' 8 TeV
frg/A* — Zyy [-9.3e+00, 9.1e+00] 20.3fb" 8 TeV
— Wy [-3.8e+00, 3.8e+00] 19.7fb' 8TeV
fr g /A* L Zyy [-7.4e+00, 7.4e+00] 20.3fb"' 8 TeV
| 'TI ‘ Zy [-4.0‘e+00, 4.0e+00] 1?.? fb' 8 TeV
| | | | | | | | | | | | | | |
-50 0 50 100 150

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

- VBS analyses yield more stringent limits than triboson studies
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Summary

Triboson processes studied at the LHC:

WWy, W2y, Wyy, Zyy, WWW
* Charged final states accessible for first time
* Good agreement with SM expectations \!
» Sensitive to quartic gauge couplings
e Exclusion limits set on aQGC
» 13 TeV data set luminosity starts to make triboson

measurements feasible
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WWy & WZy production

Phys. Rev. D 90, 032008 - Published 25 August 2014

cMs JLdt=19.3fh“ /s=8TeV
||||||||g
Muaon data -lels—rr 5
[BE%%E] MC uncertainty = .
W a2 T+ets i
SM + a; / A® = 50 Tev =
-tnpquark =
E

=
O
()]
o
¥ 10°
n
=
ab]
=
L

Data/MC
2

300

400

Photon E; (GeV)

JLdt 19.2fb"7 (s=8 TeV

- Wy+jets

© 10° E Cecwondata | Wt v 3
E 555 MC uncertainty I multijet ]
<+ 10° F— sm- aV / A2 = 50 TeV™ Zy+jets E

B top quark ]

B Wy

LLLLLL

Data/MC
[¥%]

200 300

400

Photon E; (GeV)


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.032008

WWy & WZy production

Phys. Rev. D 90, 032008 - Published 25 August 2014

Process Muon channel Electron channel
number of events number of events

SM WWry 6.6 £ 1.5 50+1.1
SM WZy 0.6 £0.1 0.5+0.1
W7 +jets 136.9 = 10.5 101.6 =8.5
WV +jet, jet — 33.1 438 21.3+3.3
MC tty 125+ 3.0 91+22
MC single top quark 2.8+0.8 1.7 £0.6
MC Zvy + jets 1.7+0.1 1.5+0.1
Multijets — 7.2+5.1
Total prediction 1942 +11.5 1479 +10.7
Data 183 139

Observed limits (TEV_4)

Expected limits (TeV*)

~77 < fuo/ AL < 81
—131 < fM,] /A4 < 123
—39 < fmrz/'ﬁil < 40
—66 < fmrg/'ﬁil < 62

89 < faro/ A¥ < 93
—143 < fig1/ A < 131
—44‘-?:er2/1\4 < 46
—71 < erg,/Ail < 66
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£9 Wy production ok

Phys. Rev. Lett. 115, 031802 - Published 16 July 2015

Definition of the fiducial region
p{T’ > 20 GeV, pr. > 25 GeV, [n¢| < 2.5
mr > 40 GeV
E% > 20 GeV, |p”| < 2.37, iso. fraction EE < 0.5
AR(C,y) > 0.7, AR(y,y) > 0.4, AR({/vy,jet) > 0.3

Exclusive: no anti-k; jets with pjfft > 30 GeV, [ < 4.4

> :I I | [ ) | | o | I f I | I TTT I | o ! | I | | ] B | I | I I: > :I | | [V ¢ | o o | R | I | B e | I { e e | I T T I Tl | o o | T | I:
8 45F ATLAS = 8 45;_ ATLAS 3
@ 40b \s=8TeV,203f" 3§ 5 4ob \s=8TeV,20.3fb" 3
S = -
L%g 350 muon channel (NjetS > O)_: L%g 350 muon channel (NjetS > O)_:
e sDala fen e e L » Data G

- 4 AL iR e - B e Bl | B

251 = ! = 251 = =

- 7l - : 7l ]

20F el E 20F w1 d
151 Jl = 155 | =
10- £ I 2
5F . 5F ]

O_ e == A I E T A T o e e s i I - 0: e B ey e o N -

4 2 0 2 4 6 8 10 12 14 2 S 20 0 = e S < T S

Er° [GeV] Er° [GeV]
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£9 Wy production ok

Phys. Rev. Lett. 115, 031802 - Published 16 July 2015

Electron channel Muon channel | Electron channel Muon channel
Niee =0 Nie =0
Wyi + Wjj 15.3 £ 4.8 (stat.) £ 5.3 (sysL.) 305 £ 7.7 (stat.) + 6.8 (syst.) 5.8 £ 2.1 (stat.) + 2.0 (syst.) 14.4 +£ 4.9 (stat.) £ 4.9 (syst.)
Yy + jets 1.5 £ 0.6 (stat.) £ 1.0 (syst.) 11.0 £ 4.0 (stat.) £ 4.9 (syst.) 0.2 £0.2 (stat.) = (.2 (syst.) 6.1 £ 3.5 (stat.) £ 3.1 (syst.)
Zy 11.2 + 1.1 (stat.) 3.9 + 0.2 (stat.) 2.4 + 0.5 (stat.) 2.8 £ 0.2 (stat.)
Other backgrounds 2.2 + 0.6 (stat.) 6.7 + 2.0 (stat.) 0.3 £0.1 (stat.) 1.1 = 0.3 (stat.)
Total background 302 £ 5.0 (stat.) £ 5.4 (syst.) 52,1 £ 8.9 (stat.) + 8.4 (syst.) 8.7 + 2.2 (stat.) + 2.0 (syst.) 24.4 £ 6.0 (stat.) £ 5.8 (syst.)
Data | 47 110 | 15 53
% C T T T T T T T T ] % C T T T T T T T _
- Data _ 70 e Data -
O 350 he 1 o U ]
o 35: ATLAS [ Wy 1 9 : ATLAS — Wyy :
g - B Zy 1 2 soC 2y B
& 30F [ W + Wi 1 %k [ W + Wij ]
c C 3 vy +ets 1 € r I yy +jets .
g 251 I Other backgrounds g 50 Il Other backgrounds —
Wt 1w N\ ]
o0k Vs=8TeV,20.31b" . 401 Vs=8TeV,20.3 " ~
. electron channel (N = 0) - C \ muon channel (N =0} 7
B lets ] L jets ]
15F 4 30 _\ﬁ -
. NN .
10 . 208\ -
5 = 10 -

% 100 200 300 400 500 D 100 200 300 400 500
mw[GeV] mw[GeV]
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EEEEEEEEEE

Wryy production

Phys. Rev. Lett. 115, 031802 - Published 16 July 2015

ﬂ.hd lfb] L].MCI‘M lfb]
Inclusive (Nje = 0)
MYy 7.1 *13 (stat.) £1.5 (syst.) +0.2 (lumi.)
evyy 4.3 +I % ¢ (stat.) +} o (syst.) £0.2 (lumi.) | 2.90 = 0.16
Evyy 6.1 +1 10 (qtat} +1.2 (syst.) £0.2 (lumi.)
Exclusive (Njer = 0)
Uvyy 3.5+ 0.9 (stat.) + (iyqt ) £0.1 (lumi.)
evyy 1.9 "'H (stat. ) "' (qyat) +0.1 (lumi.) | 1.88 +0.20
(vyy 2.9 *08 (stat.) *og (syst.) £0.1 (lumi.)
Limits with Observed [ TeV™*]  Expected [ TeV 7]
form factor fro/A* | [-0.9,09] x 10> [-1.2,1.2] x 10°
exponentn 7=0 | Ar/A*| [-0.8,08] x 10"  [-1.1, L1]x 10
fua/AY | [-1.5,1.4] x 104 [-1.9,1.8] x 104
fro/A* | [-7.6,73]1x 10>  [-9.6,9.5] x 10°
n=11 fin/A*| [-44,46]x10* [-57,59]x 10
fva/AY | [-8.9,8.0] x 104 [-11.0,10.0] x 104
fro/A* | [-2.7,2.6] x10°  [-3.5,3.4] x 10°
n=2| fiin/A*| [-1.3,1.3] x10° [-1.6, 1.7] x 107
/A | [-29,25]x10°  [-3.7,3.3] x 10°
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Muon Solencia

% Wyy & Zyy production

CMS-PAS-SMP-15-008 - February 2016

o

Definition of W=+ Fiducial Region

pt > 25GeV, [n7] < 2.5
pl > 25GeV, || < 25
Exactly one candidate muon and two candidate photons
mt (¢, vis)) > 40GeV
AR(7y,7v) > 0.4 and AR(7,?¢) > 0.4

Signal region expectations Wyy

Region jet misID | Z7y + Irreducible | Total Background | Data | Expected signal
Muon Channel

Barrel-Barrel 25+ 6 96+1.3 34+ 6 62 1654+ 1.8

Barrel-Endcap 17 + 3 194+04 19+3 26 41+05

Endcap-Barrel 21 +4 25405 24 +4 20 41+05

Sum 63 +11 14 +2 77 £12 108 25+3
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Wyy & Zyy production

CMS-PAS-SMP-15-008 - February 2016

Table 5: Systematic and statistical uncertainties affecting the W*++ fiducial cross section for
events with a leading photon having pr > 25GeV.

| Systematic Uncertainties | Wy = uyy |
Signal Simulation Systematics O(w=ryy )
Simulation Statistics 2.40%
Trigger 0.26%
Photon Identification 2.04%
Muon Identification and Isolation 0.27%
Photon Pixel Seed Electron Veto
Photon Energy Scale 2.10%
Muon Energy Scale 0.19%
Emiss Scale 1.39%
PDF 1.45%
Renormalization and Factorization 0.77%
Pile-up 0.17%
Total Signal Simulation Systematics 4.38%
Background Systematics O(ow=yy )
Misidentified Jet 37.19%
Ly 5.73%
Other Multiboson Backgrounds 1.02%
Total Background 37.64%
Statistical Uncertainties S(ow=ry )
Signal Region 29.30%
Sidebands 4.39%
Total Statistical 29.60%
Total Systematic 37.89%
Total Luminosity 2.72%

25.08.2016 Julia 1. Djuvsland (KIP, Heidelberg Universcy .
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pact uon Solencid

. Wyy & Zyy p roduction

CMS-PAS-SMP-15-008 - February 2016

Definition of Z+y Fiducial Region

p% > 15GeV, 7| < 2.5
pt > 10GeV, || < 2.5
Exactly two candidate leptons and two candidate photons
lead p; > 20GeV
My, > 40 GeV
AR(vy,7r) > 04, AR(7y,¢) > 04,and AR(¢,/) > 04

Signal region expectations Zyy

Region jet misID | Irreducible | Total Background | Data | Expected Signal
Muon Channel
Barrel-Barrel 28 +5 0.4+0.1 20+5 72 47 + 8
Barrel-Endcap 21 +3 0.1+0.1 21 +3 29 13+2
Endcap-Barrel 19 +3 0.1+0.1 1943 40 14+ 3
Sum 68 =9 0.6+02 68 £9 141 73+ 10
Electron Channel

Barrel-Barrel 21 +4 02+0.1 21 +4 65 37 + 6
Barrel-Endcap 21+3 0.1+0.1 21 +3 28 9+2
Endcap-Barrel 20%3 0.01 =0.01 20£3 24 11+2
Sum 628 0.3+£0.1 62 + 8 117 56 + 8
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CMS,

Wyy & Zyy production

CMS-PAS-SMP-15-008 - February 2016

Table 6: Systematic and statistical uncertainties affecting the Zvy fiducial cross section for
events with a leading photon having pt > 15GeV.

L Gompact Muon Solencid

| Systematic Uncertainties [ Zyy = eeyy | Zyy = ppyy |

Signal Simulation Systematics 0(0zyy )
Simulation Statistics 3.25% 2.89%
Dilepton Trigger 1.33% 1.20%
Photon Identification 2.78% 2.82%
Muon Identification and Isolation 0.46%
Electron loose Identification 3.71%

Photon Conversion Safe Electron Veto 0.76% 0.76%
Photon and Electron Energy Scale 2.52% 2.62%
Muon Energy Scale - 1.60%
PDF 1.05% 1.11%
Renormalization and Factorization 0.55% 0.68%
PﬂE'llP 131% 0.43%

Total Signal Simulation 6.60% 5.46%

Background Systematics 0(0zyy )
Misidentified Jet 15.08% 12.51%
Other Multiboson Backgrounds 0.21% 0.26%

Total Background 15.08% 12.51%

Statistical Uncertainties 0(0zyy )

Signal Region 16.54% 13.64%
Sidebands 1.39% 1.20%

Total Statistical 16.60% 13.70%

Total Systematic 16.46% 13.64%

Total Luminosity 2.60% 2.60%
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Wyy & Zyy production

CMS-PAS-SMP-15-008 - February 2016

19.4 fb" (8 TeV) - 19.4 fb' (8 TeV)
E 18-CMS ¢ Data R 16-CmMs ¢ Data
- Preliminary C Preliminary
w16 12w w14 1 Zvy
P - T [ ] Other Multiboson @ - - [] Other Multiboson
S 14 - SRR I jet— fakes 5 12 s [ jet— fakes
a 12 — | === Total uncertainty i 1000 # === Total uncertainty
10 i Muon Channel N Electron Channel
8 -
st s -
4
i S
.......... . —
60 80 100 1 ;?F 140 100 'ITEP 140
MY pL " [GeV)

Expected Limits (TeV~*) Observed Limits (TeV %)

~30.5 < I < 31.1 —37.5 < I < 38.1
~36.9 < I < 375 —46.1 < I < 469
-832 < 12 < 832 ~103 < 12 < 103

623 < bz < 603 751 < B2 < 729
~1080 < f%; <1110 ~1290 < f%; < 1340

25.08.2016 Julia 1. Djuvsland (KIP, Heidelberg Universcy .


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-008/index.html

£ Zyy production

Phys. Rev. D 93, 112002 - Published 2 June 2016

eteyy T yy eteyy My
Njets >0 N_i&lﬂ =0

Ngb 43 37 29 22

Ng:” 58+1.0+14 109+1.1+2.8 3.08+0.73+0.75 64+09+1.8

Nz‘:'ﬁ“ BKG 042008 +0.18 0.194+0.047 £0.097 024 +£0.05+0.11 0.105+£0.028 £0.055

N;'fT (SuerpA)  25.7+05+ 1.6 205+06+1.7 189+05+15 218 +05+1.7
> L L B L L I B = U B B AL L B R
3 :2-_ ATLAS * Data B 3 :z-_ ATLAS * Data B
s 1o S=8TeV,203f" L |Zeewr ] s 18 S=8TeV,203f" L Ztwrr ]
2 14 [Nzwigrii 2 14 | [ zeidvi
2 12k [ Other BKG — E 12 [ Other BKG
= 10 N ' Eastat. @ syst. _| 10__ Etat @ syst. _|

ol ‘ I N ol N

6 of 4 . 6l .

ar I ] 4 ]

ol - o -

0200 400 600 800 4000 1200 % =800 1000 1200

Mgy, [GEV] Myyy [GeV]
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Zyy production

ATLAS
Phys. Rev. D 93, 112002 - Published 2 June 2016
Cuts i yy VY'Y
Lepton p.‘; > 25 GeV -
In‘| <2.47 -
Boson me - > 40 GeV py > 110 GeV
Photon Ep > 15GeV E} >22GeV
Y| < 2.37
AR(L,y) > 0.4 .
AR(y,y) > 04 AR(y,y) > 04
e <0.5

Jet Py > 30 GeV, || < 4.5

AR(jet, £/y) > 0.3  AR(jet,y) > 0.3

Inclusive : Njg > 0, Exclusive : Njo =0

Niets >0 Njets =0

Ng™, 46 19
Ny 122+67+1.8 29+ 4.0+ 04
N;,"“"”W 3.6+ 0.1+3.6 1.0+ 0.1 = 1.0
NZ‘.";}?"”’ 104 £0.5+2.1 3.47 £ 0.28 + 0.69
NS 0.71+0.71£0.90  0.71+0.71 £0.75
AR 0.381 + 0.055  0.027  0.141 + 0.036 = 0.010
N, o 272+ 68+ 4.6 83+4.1+ 15

N> (Suerea)  7.54+0.07 + 0.34 4.80 + 0.06 + 0.29
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Zyy production

ATEAS
Phys. Rev. D 93, 112002 - Published 2 June 2016
y

Channel Measurement [fb] MCFM Prediction [fb]
hrjﬂlﬁ = 0

eTeyy 6.2 t::%(stat.) + 0.4(syst.) = 0.1(lumi.)

Whcyy | 3.83 T aa(stat ) 083 (syst.) £ 0.07(lumi.) 3.70*92!

CHyy | 5.07 T Bistat) )48 (syst.) = 0.10(lumi.)

Viyy 2.5 * O(stat.) = 1.1(syst.) + 0.1(lumi.) 0.7377003
Nrjﬂlr-; = ﬂ

ete yy 4.6 J_’f'j:g[stat.}il‘:ﬁ[syst.} + 0.1(lumi.)

prpmyy | 2.38 F0 T (stat) ) (syst.) 000 (lumi.) 2913

CHeyy | 348 F08(stat.) )32 (syst.) = 0.07(lumi.)

Viryy 1.18 *D2%(stat.)* )45 (syst.) + 0.02(lumi.) 0.395+00%
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Zyy production

Phys. Rev. D 93, 112002 - Published 2 June 2016

Channel

Measurement [fb]

Prediction [tb]

(Cyy (myy > 200 GeV)  0.1270- M (stat) 003 (syst.)  0.0674 + 0.0013(stat.) + 0.0053(syst.)

viryy (myy > 300 GeV) (syst.) 0.0499 + 0.0008(stat.) + 0.0062(syst.)

07

0.16:0-17(stat.)

+0.04
—0.01

o

Table 12: Theoretical Vervro SM and observed cross sections in chosen aQGC regions (with the exclusive selec-
tion) for the channels studied. The m,, threshold is 200 GeV for the electron and muon channels and is 300 GeV for

the neutrino channel. The first uncertainty is statistical, the second 1s systematic.

n ﬂpp [TﬂV]

Limits 95% C.L.

Observed [TeV "]

Expected [TeV "]

a2/ A*
fars/A?
fro/A?
frs/A?
frolA?

[-1.6,1.6] x 107
[-2.9,2.7] x 104
[—0.86,1.03] x 102
[-0.69,0.68] x 107
[—0.74,0.74] x 10*

[-1.2,1.2] x 107
[-2.2,2.2] x 10#
[—-0.65, 0.82] x 102
[-0.52,0.52] % 107
[-0.58,0.59] x 10*

5.5
5.0
2 0.7
0.6
0.4

fan/A*
faa /A
fro/A?
frs/A?
fro/A?

[—1.8,1.9] x 107
[-3.4,3.3] x 10*
[-2.3.2.1] x 10°
[-2.3,2.2] x 10*
[—0.89, 0.86] x 10°

[—1.4,1.5] x 107
[-2.6,2.6] x 10*
[-1.9,1.6] x 10°
[—1.8,1.8] x 10*
[—0.71,0.68] x 10°
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Zyy production

Phys. Rev. D 93, 112002 - Published 2 June 2016
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£9 WWW production

To be published
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£9 WWW production

To be published
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£9 WWW production

To be published
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Eboli parametrisation used

State of the Art iIn aQGC

April 2016 CMS

ATLAS Channel Limits JLat s
o /A - WVy [-7.7e+01, 8.1e+01] 19.3fb"' 8TeV
— Zy [-7.1e+01, 7.5e+01] 19.7fb"' 8 TeV
Wy [-7.7e+01, 7.4e+01] 19.7fb"' 8TeV
H ss WW [-3.3e+01, 3.2e+01] 19.4fb" 8 TeV
| TY->WW  [-4.2e+00, 4.2e+00] 24.7fb"' 7,8 TeV
fi /A peeemene] WVy [-1.3e+02, 1.2e+02] 19.3fb" 8 TeV
— Zy [-1.9e+02, 1.8e+02] 19.7fb"' 8 TeV
——1 Wy [-1.2e+02, 1.3e+02] 19.7fb"' 8 TeV
k- ss WW [-4.4e+01,4.7e+01] 194fb"' 8TeV
I YY—WW  [-1.6e+01, 1.6e+01] 247" 7,8 TeV
fyo /A° : | Zyy [-5.1e+02,5.1e+02] 20.3fpb" 8 TeV
poeemeameennanes 1 Wryy [-2.5e+02, 2.5e+02] 20.3fb"' 8 TeV
H Zy [-3.2e+01, 3.1e+01] 19.7fb"' 8 TeV
H Wy [-2.6e+01,2.6e+01] 19.7fb' 8TeV
g A" | | Zyy [-9.2e+02, 8.5e+02] 20.3fb"' 8TeV
S — | Wryy [-4.7e+02, 4.4e+02] 20.3fb"' 8TeV
— Zy [-5.8e+01,5.9e+01] 19.7fb" 8 TeV
H Wy [-4.3e+01, 4.4e+01] 19.7fb"' 8TeV
g /A H Wy [-4.0e+01, 4.0e+01] 19.7fb"' 8 TeV
fis /A" — Wy [-6.5e+01, 6.5e+01] 19.7fb' 8 TeV
s /A ——1 Wy [-1.3e+02, 1.3e+02] 19.7fb"' 8 TeV
-1 ss WW [-6.5e+01, 6.3e+01] 194 fb' 8 TeV
fi, 7 /A° ——- Wy [-1.6e+02, 1.6e+02] 19.7fb' 8 TeV
| | | | I-_|-I | | | | | SIs WT'N | [770?+01I ! BISB-FOI‘I:| | 1 914 fbl1 8I TE\I/ |
-1000 0 1000 2000 3000

. o -4
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC aQGC Limits @95 % C.L. [TeV ]
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Eboli parametrisation used

State of the Art iIn aQGC

April 2016 CMS —
ATLAS - Channel Limits JLdt Vs
fr o /A® freseeresseserens s | Wryy [-3.8e+01, 3.8e+01] 19.4fb"' 8 TeV
: | Zyy [-1.6e+01, 1.9e+01] 20.3fb"' 8 TeV
proverennenananeenns | Wryy [-1.6e+01, 1.6e+01] 20.3fb' 8 TeV
premssnmemennnn e | WvVy [-2.5e+01, 2.4e+01] 19.3fb"' 8TeV
— Zy [-3.8e+00, 3.4e+00] 19.7 fo' 8 TeV
——I Wy [-5.4e+00, 5.6e+00] 19.7 fo' 8 TeV
b-e-l ss WW [-4.2e+00, 4.6e+00] 19.4fb" 8 TeV
fr o /A" romsnssan s | Wyy [-4.6e+01, 4.7e+01] 19.4fb' 8TeV
— Zy [-4.4e+00, 4.4¢+00] 19.7fb"' 8 TeV
— Wy [-3.7e+00, 4.0e+00] 19.7fb"' 8 TeV
F-| ss WW [-2.1e+00, 2.4e+00] 19.4fb"' 8TeV
frp /A e Zy [-9.9e+00, 9.0e+00] 19.7 fb' 8 TeV
——— Wy [-1.1e+01, 1.2e+01] 19.7fb"' 8 TeV
F-—-- ss WW [-5.9e+00, 7.1e+00] 19.4fb"' 8 TeV
frq /A% —A Zyy [-9.3e+00, 9.1e+00] 20.3fb" 8 TeV
— Wy [-3.8e+00, 3.8e+00] 19.7fb' 8 TeV
frg /A" — Wy [-2.8e+00, 3.0e+00] 19.7 fo' 8 TeV
frp /A —— Wy [-7.3e+00, 7.7e+00] 19.7fb"' 8 TeV
frg /A® H Zy [-1.8e+00, 1.8e+00] 19.7fb" 8 TeV
frg /A® — Zyy [-7.4e+00, 7.4e+00] 20.3fb"' 8TeV
| |T| | Zy [-4.(fe+00, 4.0e+00] 197 fo' 8TeV
| | | | | | | | | | | | | | | | | | | |
-50 0 50 100 150

. o -4
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC aQGC Limits @95 % C.L. [TeV ]
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