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Introduction

— — i e

1; - trilinear couplings (TGC)
- quartic couplings (QGC)

|
|

E— . s

,rw Trilinear and quartic couplings can probe different spt:
| - TGC: Non-abelian gauge structure of the SM
| - QGC Meohanlsm of spontaneous symmetry breaklng

[By assuming unitarity comblned with the precisely known weak boson coupling to leptons, one is
led to the gauge value for TGCs. This does not extend to QGC in massive non-abelian theories.]

- The SM Higgs boson IS the most economic squtlon to restore unltarlty
| We found a Higgs boson: is it fully or partially responsible for EWSB?
Determlne EWSB dynamics and Iook for new physms

[e.g. heavy scalar singlet interacting strongly with the Higgs sector, may evade the current
constraints and still induce a stronger WWWW vertex than in the SM]

In the QGC studies, one tries to constrain “genuine” quartic couplings,
I.e. operators that not contribute in TGCs and are thus constrained.
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Introduction

| QGC process — a process where QGC dlagrams contribute
| — No reaction is mediated solely by a QGC vertex
| — Gauge invariant definition of the QGC contribution is not pOSSIb|e 7

Only makes sense to study the whole electro-weak productlon'
(including interference)
Two classes of QGC processes are measurable
Triple vector boson production

oooooooooooooooooooooooooooooooooooooo

------------------

oooooooooooooooooooo

TGC fermlon mediated Higgs-mediated
Vector boson scattering/fusion

(VBS/VBF)
g N mmemmemmeenmeem e, e (L
E L 2y, [
S e LR e e S t-channel s-channel
QGC TGC fermlon mediated Higgs-mediated
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anomalous QGC at LEP

Year Ldt Ey ki, Liot L
(pb™h)  (GeV/c?) (mA)
103%cm-2s
1989 1.74 45.6 4 2.6 4.3 A
The previous resident of the 1990 8.6 45.6 4 36 T =
“LHC” tunnel’ hOSted: 1991 18.9 45.6 4 3.7 10 %
1992 28.6 45.6 4/8 5.0 11.5
ALEPH, DEITPHI, L3and OPAL. . .0 e e N
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A different experimental 1995 46.1  45.6 8/12 84  341A
environment wrt hadron colliders 999 247 805-86 4 42 856 | —
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10 L T T However SM QGC contributions at LEP very small
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101 — Looking for aQGC
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| Data are found consistent with the SM
- expectations (contributions from ISR/FSR)
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aQGC at LEP

The parametrization of aTGC started by imposing the custodial global SU(2)
(to keep p-parameter near 1) and U(1)em for the operators involving photons.
(symmetry non-linearly realized)

There are two dim-4 operators giving interactions:
- WWWW a4 parameter (not possible through tri-boson production at e*e’)
- WWZZ as parameter (WWZ production - limited by available phase-space at LEP)
-7 (not present in SM - limited by available phase-space at LEP)

The following dim-6 operators involving at least one photon:

62

Lo=——a0 F"F, W, W, C and P-conserving
16‘9 [can parametrize exchange of heavy neutral scalar]
L.=— 166./\2 Qe F“O‘FWWﬁWa, C and P-conserving
e’ itk P-conservin
T AQ an Eisu PP W WA J
Ly = 1§ 3 o F“”ﬁWWaWO‘, C-conserving
L, = _16612\2 in € F,LWW W CP-conserving but violates both C and P

l\

Scale of New Physics
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aQGC at LEP

Preliminary ALEPH L3 LEP

In the combination,
couplings associated to
WWyy and ZZyy vertices are
assumed to be different.

Only results for ZZyy were combined
(vvyy and Zyy final states)

@Tevatron
DO search for exclusive yy—WW
To dump cross-section explosion
at high-energies;
a form factor is added

0%
W a;

a, 7
(1 T M2 /Acutoff)

—— T
-+ Data
—Signal
[1Z+]ets
[Diboson
mW+jets
JMultijet
Wtt

e I Diff. bkg.

*_  Bkg. syst.

Events/0.04

with A=500 GeV

jap’ /A?] < 0.0025 GeV 2 and |a /A?| < 0.0092 GeV

02 04 06 08 1

PRD88(2013)012005 Final Discriminant
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Large Hadron Collider Run |

1232 superconducting dipoles with B field of (up to) 8.3T
1.9K — the coolest place in the universe!
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Z—Ju candidate with 25 reconstructed vertices from the 2012 run.

Only good quality tracks with pT>0.4GeV are shown

SN

. .;‘.
\\

\ RO

)

\

e\

R

This is just the “in-time” pile-up

Need to account also for the “out-of-time” pile-up
[due to interaction in earlier and later bunch-crossings]
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The LHC experiments
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A Toroidal LHC ApparatuS
“ | AAs

m

/A —
a Magnets 2T solenoid, 3 air-core
toroids
"""""""""""""" Tracking silicon + transition

radiation tracker
EM Calorimetry  sampling LAr technology

Hadron plastic scintillator (barrel)
Calorimetry LAr technology (endcap)
25m
Muon independent system

with trigger capabilities

Tile calorimeters Trigger 3 Level Implementation
) LAr hadronic end-cap and from 40 MHz to 400 Hz
forward calorimeters
Pixel detector

LAr eleciromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation fracker '*E B ATLAS OlnIine \,f§=8|TeV 7
Semiconductor tracker 8 B = — - ]
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(&] -
(O] L
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Day in 2012
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“Physics Objects”

| | I [ [ | | r
Om m 2m im 4am 5m 6m /m
Key:
Muon
Electron

=== Charged Hadron (e.g. Pion)
— = — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

' Electromagnetic
)jl l' Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

D Bamaey, CERN, Febricuy 2004
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Electron Reconstruction
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Electron/Photon Identification
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Electron/Photon Identification
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The detector provides us with several pieces of information
(shower shapes, tracking, cluster-tracking matching)
Need to decide:
— how to best exploit the info (simple “rectangular” selections, MVAs, ...)
— what is the optimal trade-off between efficiency and “fake”-rate for the given analysis
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Electron/Photon Identification: Pile-up... again
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Muon Reconstru

ction/ldentification
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An unfair comparison

This comparison is completely “unfair?;

made in the region where the muons have the absolute advantage
[and not the latest reconstruction is used - but this is 2"9 order effect]

25 T I T T T I T T T l T T T I T T T l T T T I T

> ~~ | l T 1T I 1T T T | T 1T l T T T I |
[ » _ B _
) . N [ . . - N
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8 B —— Fit ] _ - [ Data 2010, same sign ]
s 20— s=13TeV == Jhy Signal — 7 - — Fit to data -
% - May 2015 commissioning | ... Background - CICJ 20__ ATLAS Preliminary -
= u i > - i
© Z _ 15 —
§ B . ' Y i
10 — : :
i i 10 n
5 _ i ]
i - o N
] — —— i

0 | | 1 1 | 1 | | 1 | ]
2.6 2.8 3.4 3.6 0 2 25 3 35 4

m,.. [GeV]

One cannot assume that in the detector

electrons and muons are the same
(let alone tau-leptons)

For each object dedicated work to make the most out
of the detector capabilities is required
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Unconverted Photon Conveed Photon

B * ) | Ideally, the photon in the detector is:
— a cluster of electromagnetic energy without
/u—— any associated track
f Reality is richer!
. S Photons may convert to e*e™ pair
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number of events / 15 GeV

Missing transverse momentum

CMS Preliminary 2012 CMS-PAS-INIE-12-002
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Snapshot of cross section measurements

Standard Model Production Cross Section Measurements

Status: March 2015
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Snapshot of cross section measurements

Mar 2015 CMS Preliminary

-8_ — ¢ 7 TeV CMS measurement (L < 5.0 fb™) —
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All results at: http://cern.ch/go/pNj7 Th. Ac,, in exp. Ac
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Search for WWy/WZy—lv(qgq)y

Search for triboson production WVy
CMS: ~19.3 fb-' of 8 TeV data, published as PRD90, 032008 (2014)

Signature: W(V)y—Iv(qq)y, WWy and WZy treated together
Main background Wy+jets, then WV+jets

Selection:
* Trigger: muon pt>24 GeV, electron pt>27 GeV
* Lepton selection
* one isolated muon pt>25 GeV, |n|<2.1, or
* one isolated electron pt>30 GeV, |n|<2.5 (excluding 1.44-1.57)
* Veto events with additional muons (electrons) pt>10 (20) GeV
* MET>35 GeV
o mr =\/pl Er[Adep,] >30 GeV
* Photon ET>30 GeV and |n|<1.44
e > 2 jets anti-kT R=0.4 pt>30 GeV and |n|<2.4
* Two highest prare forming the V—qq candidate
* Ap(highest prjet, MET)>0.4
e 70 <m; <100 GeV, |An;|<1.4
* b-tag veto veto
e / veto |mZ'meV|>1O GeV

W—uv candidate
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Ao@(highest pT jet, MET)>0.4

- ?‘ AT LA S m;=2.55 TeV.
SR AN\ N T eta1: 420 GeV,-1.51,

Run Number: 158548, Event Number: 5917927 pT,eta2 320 Gev,232
Date: 2010-07-04 07:24:40 CEST NO Other jetS Wlth pT>20 Gev Event
collected on 4 July 2010




mjj resolution

: ATLAS m =125 GeV

| ¢ Data H _
H—> ZZ" — 4l

- B ogF -

| (s=7TeV JLdt=45f" [ veF _

Vs =8 TeV JLdt 20.3 fb" [ ] Background ZZ*, Z+jets
81— ----- WH (x50) —

B Njets 22 —— ZH (x50) i

Events / 6 GeV
o

Jet energy, E, resolution

6 - — scales «A/sqrt(E)

i i Typical values of A~50-100%

i i For energies relevant for this search
4 -o— 1 — typical dmj/mj ~ 10%

0
40 50 60 70 80 90 100 110 120 130

m; [GeV]

Caveat: expected mjjresolution for
another analysis in another experiment,
for illustration only
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jets in pile-p

Parton level

‘p\ Particle Jet Energy depositions

in calorimeters

ATLAS-CONF-2013-083

;' : ' I Y I Y | l l I: L 1 3 I I I ! I I ! I I I I I I ! ! I
[} _ true ] > a I I ! I I :
O, 5: —e— Uncorrected 160 p < 320 Ge - O - ATLAS Simulation Preliminary -
oF ZE 4: 7 < N PV < 24 7 (-2- 12__ Pythia Dijet\ s=8 TeV —@— uncorrected ]
1= n . ] o ~ anti-k, LCW R=0.6 —m— f((w), N_ ) correction ]
- —=— Corrected Anti-k, LCWR = 0.4 - go_l— 14 20< ;;tT'“e <30 GeV —a— pxA corF;'\éction ]
3 Pythia Dijet, \s=8TeV = 4 . [ 25<(u)<35 .
- (W) =21 ’ 38 10~ -
C N o - -
- | Q_ - -
2 N — ~ B . 1
N | o N A -l-I b s 2 _
1= . 8L -t - = N
R e S e T e
0—:.__._—l— 0 R ] 2F + kA *a * +i E
B N - = -
L - B - & -
i E A "o
—ATLAS Simulation Prellmlnary . - .
1 11 1 1 1 1 I 1 1 1 | | 1 11 1 | 111 1 | 1 1 1 111 1 | 111 | - ]

5 | | | | Il Il | | | | I | | | l 1 1 | I | |

0) 05 1 15 2 25 3 3.5 4 2 0 2 4

ul n
Pile-up contributes to energy of reconstructed jets ~0.5 GeV/interaction
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Search for WWy/WZy—Iv(qq)y

Muon channel

Electron channel

Process number of events  number of events 95% CL upper limit O'(WVY)Z
SM WWy 6.6 = 1.5 50% 1.1 3.4xSM (4.4xSM expected)
SM WZy 0.6 + 0.1 0.5+0.1
Wy + jets 136.9 £+ 10.5 101.6 = 8.5 — WVYy is “Signal”,
WV + jets, jet = y 33.1 4.8 21.34+3.3 « ”
MC 17 1754130 01175 all other pgcests_,es are Backgtround .
MC single top quark 2.8+0.8 1.740.6 — Lounting experimen
MC Zy + jets 1740.1 1.540.1 total observed events lower than
Multijets e 724+5.1 expected (“downward” fluctuation)
Total prediction 1942 4+ 11.5 147.9 + 10.7 thus limit tighter than expected
Data 183 139

Total Background Prediction  ~187 ~142

K. Nikolopoulos
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JLdt 19.3 fb!

+ Muon data
BREL3 MC uncertainty

SM +a) / A2 =50 TeV?>

- top quark
- Wy+jets

100 200 300

Photon E; (GeV)

CMS

J.Ldt 19.2fb' (s=8TeV

3

— —
o o
N

Events / 42 GeV

—
- O

—
o
N
L

S
I|T| T IIIII|T| T TTTI

4
1 O —— Electron data
REZZ] MC uncertainty

SM + a)’ / A% =50 TeV?

[ multijet

Zy+jets

I top quark
- Wy+jets

Wvy

Search for WWy/WZy—Iv(qq)y

aTGC search uses
photon E1 as discriminant

Observed limits Expected limits

w
I

%

Data/MC
N
I

] 21 <all/A? <20 TeV~2
1 34 <al/AN* <32 TeV™?
1 =25 < fro/A* <24 TeV™ =27 < fro/A* <27 TeV™

] 12 <«V/A? < 10 TeV~2

300
Photon E; (GeV)

24 < al/ JA\* <23 TeV™?
—37 < al'/\* < 34 TeV™>

—-12 < KW/A2 < 12 TeV~2

-18 < K‘C/A2 <17 TeV~2 —19 < k) /A? < 18 TeV~>

The LEP aTGC results in terms of dim-6 operators,

with non-linear realisation of SU(2)xU(1) in effective Lagrangian
Post-Higgs boson discovery: linear realization a la SM more appropriate,
quartic couplings involving photons appear as dim-8 operators.

For some operators similar Lorentz structure between the two realization - can be

expressed in terms of each other - whereas others cannot.

4 parameters with analogues between the two realizations,
as well as one which is unique to the linear realization, presented.

Also at the same time the form factor was dropped.

K. Nikolopoulos
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Search for Wyy—lvyy

. . =
Search for triboson production Wyy 3
ATLAS: ~20.3 fb" of 8 TeV data, published as arXiv:1503.03243 3
Signature: Wyy—lvyy E’
Main background Wy+jets, then Wijj, Zy, yy+jets

35
30
25

20

® Data
] Wyy
2y
0 Wyj + Wjj
T vy +jets
I Other backgrounds

/s =8 TeV, 20.3 b

electron channel (NjetS > 0)

Selection criteria evyy JLUYY
Lepton pr pT > 20GeV ph > 20GeV
Lepton 7 Ine| < 2.47 1Nl < 2.4
excl. 1.37 < |n.| < 1.52
W transverse mass mT > 40GeV g
Missing ET > 25 GeV 0 ‘ ‘
Lepton track isolation pe°(AR =0.2) < 0.15p lepton 0 100 200 300 400 G \S/OC
Lepton calo isolation E°(AR = 0.2) < 0.20 pPte” - > S — n?W [ . eVl
Lepton |d0|/0.(d()) <6 ) <3 8 70F ATLAS e Data =
Lepton |z - sin 6| < 0.5 mm o : ] Wyy :
Photons E] >20GeV f 60 B Zy | ) E
1N, < 2.37 (excluding 1.37 < |n,| < 1.52) » n 0 Wyj + Wjj ]
AR(l,v) > 0.7 c T vy +jets .
AR(A.’ ,:,) > 0.4 Q 50 B Other backgrounds
ls() ) . / L - x .
_ (Aﬂq =04) < {G"" 40F \ Vs =8TeV, 20.3fb" -
7 rejection cuts m(eyy) —m(Z) < —10GeV or > 5GeV — B muon channel (N >0) -
m(eyy) —m(Z) < —=10GeV or > 3GeV — 305 Jets _—
m(ey )—m([) < =5GeV or > 3GeV - xg ]
pr(eyy) > 30GeV | = 20\\ E
inclusive: Nje; > 0; exclusive: Njep = 0 ]
Jet anti-k; with R=0.4 10 E
price > 30GeV | || < 4.4 .
AR(lepton/~,jet) > 0.3 a .
jet vertex fraction > 0.5 for jets with pr < 50GeV and |n| < 2.4 300 400 50C
m,, [GeV]
UNIVERSITYO©F
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Search for Wyy—lvyy

Definition of the fiducial region
pL > 20GeV, pi. > 25GeV | | < 2.5
mr > 40 GeV
E1 >20GeV, [n7| < 2.37, iso. fraction € < 0.5
AR(l,v) > 0.7, AR(v,v) > 0.4, AR({/~,jet) > 0.3

Exclusive: no anti-k; jets with plt’ > 30 GeV, |ni°t| < 4.4

O.ﬁd [fb] O.MCFM [fb]

Inclusive (Njey > 0)

% 7.1 T3 (stat.) £1.5 (syst.) £0.2 (lumi.)
evyy 4.3 fig (stat.) J_’%:g (syst.) £0.2 (lumi.) | 2.90 £ 0.16
vy 6.1 15 (stat.) £1.2 (syst.) £0.2 (lumi.)

Exclusive (Njet = 0)
LUy 3.54 0.9 (stat.) 13 (syst.) £0.1 (lumi.)
evyy 1.9 T (stat.) T3 (syst.) 0.1 (lumi.) | 1.8840.20
vy 2.9 108 (stat.) T4 (syst.) £0.1 (lumi.)

Significance in inclusive production cross-section >30
First evidence for triple-gauge boson production
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Events / 50 GeV

Events / 50 GeV

Search for Wyy—lvyy: aQGC

12F 7 : =
i ® Data ] _
ok =l § B0 7y - WW
NN 3 Wyj + Wijj ] — CMS WVy
- \ 0 vy + Jets .
8 I Other backgrounds —
NN : ]
- \s=8TeV, 20.3 b -
6— 1 ’ _ ] 6\“ fE
: \ electrorf channel (Njets =0) | ()\6\\ Tg [T eV ]
X/Q
ag
, [TeV ]
0
: ] w
' a
! I ] I . 0 [TeV-Z]
39F aTLAS é Bﬁ? . A2
C V) + W) ] 10°-10%-10%-102 -
- ® ¥y + jets . 10°-10"-10"-10° -10
25 “ [ Other backgrounds
205— \ s=8 T:eV, 20.3 fo’! ¢
C l\ muon channel (Njets =0) =~ ] Q
15k . ] S
N | . 3 X0 pO \6\1
108 N\ : el
: S
: 'L’LQ' ]
5 \ ' QO -
N : §
0 MR :
0 100 200 300 400 500
m,, [GeV]

AQGC Limits 95% CL

ATLAS

CMS yy - WW
—— ATLAS Wyy

(no form factor)

-------------

FETTTY| B AR TTTT TR R T R TTIT] SR W

10 10% 10° 10* 10°

For aQGC require additional selection my,>300GeV on top
of the exclusive selection

Three dim-8 operators (linear realisation) are constrained,
and translated to match definitions used by LEP and CMS.

Results with and without form factor given

K. Nikolopoulos
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Exclusive VBS at LHC: yy—WW

First VV—VV analysis at the LHC : yy—WW
CMS using 5.2 fb-1 of 7 TeV data, published as JHEP 07 (2013) 216 % W+

Signature is exclusive or quasi-exclusive W*W- production: ,
pp—pHlyyp*) —p*) W*W- p*)—p*) etve-vp*) s
both very-forward scattered protons escape detection AN

Distinct signature: In the interaction only e*u* produced, nothing else % W-
Main backgrounds: yy/DY—T1r, diffractive WW and W+jets

QGC
Selection:
e Leptons with pt>20 GeV and |n|<2.4
* e-j pair with opposite charge and compatible with a common vertex

e mi>20 GeV )4 W+

* pr(ey) > 30 GeV
— suppress yy/DY—11
* veto events passing u*u* selection
— suppress DY events with y mis-identified as e, due to brem )4 W™
* for aQGC studies pr(ep) > 100 GeV TGC

e zero additional tracks in vertex .\’L\'\r Pt
— Underlying Event for non-exclusive pp interactions
|
|
|
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Muon 0,

pt =26.19
eta = 2.008
phi = 2.558

CMS Experiment at LHC, CERN

Data recorded: Tue Apr 26 02:04:57 2011 CEST

Run/Event: 163402 / 256774116
Lumi section: 391
Orbit/Crossing: 102356584 / 1972

Electron 0,
pt = 54 83
eta=0.233
phi =1.503

MET 0,
pt=72.10
eta = 0.000
phi=-1.283

JHEP 07 (2013) 216

CMS Experiment at LHC, CERN

Data recorded: Tue Apr 26 02:04:57 2011 CEST
Run/Event: 163402 / 256774116

Lumi section: 391

Orbit/Crossing: 102356584 / 1972

Electron 0,
pt = 54 83
eta = 0.233
phi = 1.503 /
i . Muon 0,
i 3 pt=26.19
S | eta = 2.008
MET O phi = 2.558
pt=72.10
eta = 0.000
phi=-1.283

This is the kind of events we look for!

K. Nikolopoulos
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Muon 0,

pt =26.19
eta = 2.008
phi = 2.558

CMS Experiment at LHC, CERN

Data recorded: Tue Apr 26 02:04:57 2011 CEST

Run/Event: 163402 / 256774116
Lumi section: 391
Orbit/Crossing: 102356584 / 1972

Electron 0,
pt = 54 83
eta=0.233
phi =1.503

MET 0,
pt=72.10
eta = 0.000
phi=-1.283

CMS Experiment at LHC, CERN
Data recorded: Tue Apr 26 02:04:57 2011 CEST
Run/Event: 163402 / 256774116
Lumi section: 391

Orbit/Crossing: 102356584 / 1972

Electron 0,

pt = 54 83
eta = 0.233
phi = 1.503

MET 0,

pt=72.10
eta = 0.000
phi=-1.283

This is the kind of events we see...
striking difference in the activity in the detector

JHEP 07 (2013) 216

Muon 0,
pt=26.19
eta = 2.008
phi = 2.558

K. Nikolopoulos

Vector boson scattering: experimental perspective

July 2rd 2015 ¢

-\ UNIVERSITYOF
5 BIRMINGHAM 34



5
©
o
L)
o
S
i
Q
m

“-‘
LN

\ RO

\

2

N ‘

Our handle to separate different pp interactions within the same bunch crossing

Z—uu candidate with 25 reconstructed vertices from the 2012 run.

Only good quality tracks with pT>0.4GeV are shown
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Az requirement

Veto ey reconstructed vertices which have another track within 2mm JHEP 01(2012) 052
Trade-off between signal efficiency and background rejection:
wide Az to “capture” tracks accompanying DY events, but narrow enough to suppress pile-up

CMS,\'s = 7TeV, L = 40pb™

> L I — ; L L L B R CMS Simulation
8 ; : 0 vertices _ L>>~ ' ' ' | ! | ' | '
o 1 B . o o é o o o . ] c
LL] i e P T e 1vertex ]| = - i PythiaZ2tune
B ——2 vertices™ - —e— |
0.8~ - | |
0.7) .
: —e— : 10-3 — ._,_. -
i 8 vertices 1 i 7
05 +_| R B R ! NN BN RN B _I— L | ' | ' ! ' | ' | '
0 1 2 3 4 0 1 2 3 4
Veto size [mm] Veto size [mm]

“zero-bias” events, triggered only by presence of colliding
bunches. Artificial dimuon vertex added in each event as proxy
for an exclusive dimuon interaction.

Signal efficiency deteriorates rapidly when u increases — challenging analysis for 8 TeV data?

7 TeV datasample <p>=9 interactions/bc — 40% signal inefficiency
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Vertex Track Multiplicity

CMS,\Vs=7TeV, L=5.05fb"

20 | T | T | T | T | T | T | T |
I e Data - Drell-Yant*t ]
00 ~ Inclusive W'W =] Diffractive W*W’ —
- - tt —— WH+jets i
80 B — Elasticyy —= 't - Inelastic yy — 't N
i — vy — W'W (SM) -
60 —
40—
20—

0o 2 4 6 8 10 12 14
Extra tracks multiplicity

JHEP 07 (2013) 216

K. Nikolopoulos
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Estimating the SM expectation

exclusive/elastic inelastic/ inelastic/
proton dissociative proton dissociative
vyv—WW produced in:
* “elastic” pp collisions
* “inelastic” pp collisions — one or both protons are breaking up
Proton dissociative processes difficult to estimate from “first principles” — soft-QCD
Absorption effects caused by strong interactions between the protons usually result in smaller

dissociative contribution

Employ a data-driven estimate using the clean “yy—u*u~" process,
also can be used to check the pile-up rejection (track veto) requirement
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the yy—upu control region

|1-A@/TT| A
iInelastic
0.1fF---a
Divide the sample in two regions oo
based on prt balance and acoplanarity e\@%
>
1 GeV Apr(u,u)
Region Data Simulation Data/Simulation
Elastic 820 906 == 9 0.91 £0.03
Dissociation 1312 1830 £ 17 0.72 £ 0.02 unce(fttaaitriﬁii?énly)
Total 2132 2736 £ 19 0.78 + 0.02

Observed events compared to total expected events in the two control regions,
after trigger and preselection criteria.
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Events /5 GeV

the yy—Muu control region: elastic-region

B Drell-Yan pp’

-
CMS’ E=7TeV’L=5'24fb-1 TTT T[T T T T[T TTTTTT1 |||C|:IV|I|S,| |‘FS|T|7|T|e|V|,|L|=||5|.2‘|‘-|f|b|
_I I | I | | | ' | | | | | | | | | | | | | | | | | | % : | | | | | | | | | 7]
140— : Zregion | (5140~ m(up) > 20 GeV with Z region removed
= ' % E —o— Data &) - % —e— Data
120 - S : ' B LPAIR yy—p*u (double-dissociation) S 1201~ N Bl LPAIR yy—u'u (double-dissociation)
_ § E [ LPAIR yy—u* (single-dissociation) o [ N [[] LPAIR yy—u*y (single-dissociation)
100— [Ny 5 [ LPAIR yy—u*u (elastic) S 1001 I \% [ LPAIR yy—p'w (elastic)
BN [ Drell-Yan t*v Lﬁ N N\ B orell-Yan v
80 ' N [ Drell-Yan pw

60

(o))
o

40

N
o

20

N
(=)

III|III|III|III|III|III|III|I
(0]
o

(J-lllllllllllll|III|III|III|III|I

s
4
»
F‘

50 100 T T 250 i . .
m(uy) [GeV b (1) [GeV]

w
o
o
o
©
8y
—
—
o1
IV
\S)
(&)
w

This is the region we have the better understanding of, and can use
the Z peak to cross-check the Drell-Yan contributions
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the yy—upu control region: inelastic-region

JHEP 07 (2013) 216 CMS, \s=7TeV,L=5.241b" CMS, \s=7TeV,L=5.241b"
Fr1r 1171 1rrryrr0r0r7y1r1rr0r1r|7 11710177 1T T 1T T T TTT]TTTTT]TTTTT]TTTT I =1 T T T T (L T T T T T T T |’| T T ’I |.| T ]
% | | | | | | | | | % = : I | | =
O) 10° = m(uu) > 20 GeV with Z region removed =3 (5 B ;£ region . —e— Data .
o) - a o) 10° = B LPAIR yy—u*u (double-dissociation) =
A - —e— Data g - - [] LPAIR yy—u*u (single-dissociation) -
— B LPAIR yy—u*u (double-dissociation) | 2] B : : [ LPAIR yy—u*u (elastic) B
(2 ) [ ] LPAIR yy—u*u’ (single-dissociation) qC> 102 = rpfete=s ' ; 7 Inclusive WW —
S10°E [ LPAIR yy—p"u (elastic) ERE= * e ; ] Drell-van E
o C [ Inclusive Ww . C B Drell-van uu ]
- I Drell-Yan vt s 10 : . —
= [ Drell-Yan u*u ] X N > =
10 S . . = .
. 1
\ 10"
1 50 100 150 200 250 300
m(uu) [GeV]
I | L | T 177 | L | L | 1T 17T | 1T 17T | 17T 17T I 1T 17T I I
® o/ ol —— Ocom / Ofiminal :
i stat. uncertainty — = oEPA/ GEPA
O 10 20 30 40 50 60 70 80 90 100 1 stat. ® syst. uncertainty fheo_ u(:]":;"r:;'inty
GeV '
pT(MM) | ] CMS yy—u'w, 40 pb” " ’} ' I Oreminal=
. . . (m . >11.5GeV, p' >4 GeV, | < 2.1) | 4.07pb
Scale Factor F estimated for quasi-exclusive wn” T ) ;
production with respect to the “fully exclusive” elastic | smasyee asw' .i_._. | o
production of the LPAIR MC (m,., > 24 GeV, pf > 12 GeV, fn’| < 2.4) {1 0496 pb
[
Ny data — NDy ATLAS 171, 46 10 -—~|—- | o,
F = N (m ., >20GeV,p >10GeV, | < 2.4) | 0.794 pb
elastic +u,-)>1 :
m(ptp)>160 GeV ATLAS \s =7 TeV i
- | I | I | I | I | I | | l | | I | | I | | I | | | | | |
F =3.231+0.53. 0.3 0.4 0.5 0.6 0.7 08 0.9 1 1.1
arXiv:1506.07098 S/ Sromina
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Events/30 GeV

vyY—WW: Control Regions

CMS,\Vs=7TeV,L=5.05fb"

JHEPO7(2013)216 >25_|||||||||||||||||||||||||||||_
Region Background Process N, extra tracks pT (,uj:e:':) 8 i e Data B Drell-van ot ]
1 Inclusive WHW~— 1 < Nextra tracks <6 >30GeV g 20+ = nelutve WA -\E,)Viﬁ.r::: ve i -
7 ff W ]
2 Inclusive Drell-Yan 777~ 1 < Negtra tracks < 6 <30 GeV g I — Elasticyy 5> vt B8 Inelastic yy >t |
_ > {150 — ¥y > W'W (SM ]
3 vy = 1T Nextra tracks =0 <30 GeV o 1 e :
Region Background process Data Sum of backgrounds ~y — WTW~™ S}Jg/nilﬂm 0:_ _____ _:
1 Inclusive W+~ 43 46.2 £1.7 10 = : :
2 Inclusive Drell-Yan 777~ 182 256.7 £10.1 0.3 <’ 5[ N
3 vy — 7T 4 2.6 +0.8 0.7 i 1
N i . Lo
. 0 a2
CMS. (5 < 7 ToV. L 5.05 fo” 0 50 100 150 200 50 30
10 CMS,\/E=7T€V,L=5.05fb_1 w300_| LN L B I L B |,| |_| T T |’| |_|| T T |_ m(e].l) [GeV]
: T T T T | LA | T T 1T | T T 1T | T T T T | T T 17T : 'E B _ B
9 f— e Data - Drell-Yan t*t —f G>J :_ " Dee , . - D_re“-YénT ‘ ] _:
8 E_ = Inclusive W'W - Diffractive W'W _E L|J250 - B Inclusive W'W - lef'ractlve ww i
- B £ Wijets . - I . W-ets ]
7 —— Elasticyy —» vt - Inelastic yy — vt = 200 L — Elasticyy » v - Inelastic yy — t*v’ _
6 S WW (SM) E E — yy > W'W (SM) E
5/ - 150 .
4r E : !
3 4 oo
2F s i
- ] S0
1 E -
0L - ] - — |
0 50 100 150 200 250 300 0 0 > 4 6 8 14

m(eu) [GeV]

10 12
Extra tracks multiplicity
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vyY—WW: Results

JHEP 07 (2013) 216  cms, Vs =7 TeV, L= 5.05 o CMS, Vs =7 TeV, L = 5.05 fb” CMS, Vs =7 TeV, L = 5.05 fb”

> 8 B | | | | ] Q! 8 _I TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTT I_ > 8 B T 1T 1 1 | T 1T 1 1 | 1T 1 1 | 1T 1 1 | 1T 1 1 | T T T 1 ]
o _ 1 © ¢t .. 1 o F _ -
o * Data B Drell-Yan vt 1% 70 * Data B Drell-vantr 1 6 4t * Data B Drell-Yan vt B
o t — Inclusive W'W [ Diffractive WW' 1 e F ~ Inclusive W'W [ Diffractive W'W i o r — Inclusive W'W [ Diffractive WW :
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After applying the full selection, 2 events are observed
Expected background: 0.84 + 0.15 events
Significance : ~10
Cross-section x Branching ratio:

o(pp — pFWHW—pt) — p(*)uieqcp(*)) 9 2+3 3 3 b,

In terms of 95% CL upper limit: 2.6(1.0*0-55) x SM
95% CL upper limit: o(pp = p®WTWp — p®)p=eFp™)) < 10.6 b,

Cross section predicted 4.0 £ 0.7 fb
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vv—WW: aTGCs
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vv—WW: aTGCs

LEP L3 limits S— CMS WWy limits —
July 2013 -
Anomalous WWyy Quartic Coupling limits @95% C.L. Channel Limits L \s
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Currently in a transient state, moving from the “old” formalism of
chiral Lagrangians (non-linear realisation of the symmetries) to a la SM effective
Lagrangians (linear realisation of the symmetry)

Also the form factor approach is slowly being abandoned
PRD90, 0032008 (2014)|
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