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Introduction

S Sa— —

i,  Trilinear and quartic couplings can probe dér aspt: B
| - TGC: Non-abelian gauge structure of the SM
| - QGC: Mechanism of spontaneous symmetry breaking

— e o ——

\m The SM Higgs boson is the most economicsolution tsr unit |
| We found a Higgs boson: is it fully or partially responsible for EWSB?

= — = = —

To this end, we really need to study the scattering of massive vector bosons
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Electroweak production of a Z boson with di-jets

EW Z(—ll)jj production defined
to include all contributions to lljj with a t-channel
exchange of an EW gauge boson

ut, et
W= q/
q q
VBF Z boson bremsstrahlung
Olew? Olew”
q q
Z uo,e”
A ptet
q . q
non-resonant lljj
Qlew?
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Inclusive Z— Il
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It is "known” that the Z—l| final state is “clean”
Then one would think observing EW Z(—ll)jj is “trivial”

K. Nikolopoulos Vector boson scattering: experimental perspective July 2 2015 § @"‘ gi\{{lﬁ?ﬁ%ﬁm 4



Electroweak production of a Z boson with di-jets

EW Z(—ll)jj production defined
to include all contributions to lljj with a t-channel
exchange of an EW gauge boson

q q q K€
A
poae” ptet
W Z
W= pt, et W= q
q q’ q q’
VBF Z boson bremsstrahlung
Olew® Olew®
q q

non-resonant lljj
Olew”
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di-boson initiated
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Electroweak production of a Z boson with di-jets

Study Zjj production and “observe” EW Zjj
CMS: 5 b1 of 7 TeV data JHEP 10 (2013) 062
ATLAS: 20.3 fb-" of 8 TeV data JHEP 04 (2014) 031

Modeling of EW and strong Zjj (interference neglected):
Sherpa (Matrix Element ® parton shower)

Powheg Box (+PYTHIA)

[Diboson contribution (small) through Sherpal
Overall normalisation to Powheg Zjj NLO prediction
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Jet activity both in terms of kinematics of the events, and as additional
hadronic activity are crucial to separate EW and strong production
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<N jets>
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Jets from pile-up interactions may pass event selection

— more background in our search/study
Use reconstructed tracks to associate jets to
hard-scattering primary vertex

| | | | | | | | | n L L L L L L L L
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Number of primary vertices 5 L i
S i ATLAS Simulation ]
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/ 0.3 ~ | Hard-scatter jets ]
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Event Selection

JHEP04(2014)031
Two prong effort:
- Observe EWK Zjj production
- Improve modeling of strong Zjj production
: . . Suppress EW and
Fewer selection criteria to Optimized for EWK PP :
. . . : enhance strong production
study Zjj production in Zjj observation
simpler topologies . ..cccvmmmemmaf )
v v
v
Object baseline high-mass search control high-pT
Leptons nt| < 2.47, p% > 25GeV
Dilepton pair 81 < myy < 101 GeV
— pfre > 20 GeV .
Jets Y| < 4.4, AR; 4 > 0.3
pgfl > 55 GeV p?fl > 85 GeV
PR > 45 GeV P2 > 75 GeV
Dijet system - mj; > 1TeV m;; > 250 GeV -
Interval jet — gap _ gap -
e Njer =0 Njer 21 _— ‘p{il +pT +pT +Z7%2
p st
Zj] System — pl%alance < 0.15 pg‘alance,?) < 0.15 - T ﬁ{:l
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Z(—1ll)jj: Composition of regions

JHEPO04(2014)031

Composition (%)
Process baseline  high-pT seafrch control  high-mass
Strong Zjj 95.8 94.0 § 94.7 g 96.0 85
Electroweak Z7;j 1.1 21 1 40! 14 12
WZ and ZZ 1.0 1.3 0.7: 14 1
tt 1.8 22 1 06: 10 2
Single top 0.1 01 i<01i <01  <0.1
Multijet 0.1 0.2 <01i 02 < 0.1
WW, Wjets <01 <01 (<01} <11 < 0.1

Common issue among VBS/VBF type of studies.
Main background arise from strong production of the
same final state, resulting in poor S/B
— Modeling of this contribution is crucial

‘Q} UNIVERSITY©F
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Z(—ll)jj: Data-MC comparisons
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Fiducial cross section

l

- Measure fiducial cross sections in phase ‘
space that mimics experimental |
selections (fiducial regions) N

- Nobs. o kag

L€ TN

Nsignal region, reco—level

o

€ —
Nﬁducial region, particle—level

- Estimated with detector simulation |
Accounting for experimental |
effects: trigger efficiencies, object |
reconstruction, e.t.c. |

L - e e ——————— —

~0.80-0.92 for p
~0.64-0.71 for ee
depending on region
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ducial cross section

ATL-PHYS-PUB-2015-013 N/

S 6th June 2015

‘( ATLAS NOTE @y
& ._,_:“_ﬂ = L
A

Proposal for particle-level object and observable definitions
for use in physics measurements at the LHC

The ATLAS Collaboration

| - “Born leptons”
| leptons “prior to QED Final State Radiation (FSR)”

| [ considered at the lowest-order diagram in the aqep for the process under study ] |
Here one needs to neglect, e.g., interference effects between initial and final state

QED radiation in the case of W and Z boson production.

- “Bare” leptons
leptons “after to QED Final State Radiation (FSR)”
Implementation of QED radiation depends in the details of MC generators.

______------------____~
i
-
~

‘e
-
-----
----------------------

A cone or jet algorithm is used to cluster all photons around the bare lepton direction,

| forming a lepton after partial QED radiation recovery.

Usually fiducial cross-sections are reported at the “Dressed” level,
| to study of intermediate states (W,Z,etc) the observables are provided at the “Born™ and/or
L “Dressed” Ievels to faC|I|tate comparlson W|th predlctlon
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Z(—Il)jj: Fiducial cross sections

Systematic uncertainty dominant
mostly Jet Energy Scale

Statistical .
. uncertainty 7.5-19%
uncertainty
= 10E....,....,....,....,....,....,....,....,...., 5 negligible
= - e A ATLAS 1 \
N - P
o - JLdt=203f" 9
- ° A - Fiducial reglon\? osd (pb)
. A Is=8TeV baseline 5.88 = 0.01 (stat) = 0.62 (syst) + 0.17 (lumi)
1 3 | high-pr 1.82 + 0.01 (stat) £ 0.17 (syst) + 0.05 (lumi)
- = high-mass 0.066 £ 0.001 (stat) £ 0.012 (syst) £ 0.002 (lumi)
- ¢ A - search 1.10 £+ 0.01 (stat) £ 0.09 (syst) = 0.03 (lumi)
B 7 control 0.447 + 0.004 (stat) £ 0.059 (syst) + 0.013 (lumi)
1 ¢ Data 201 2 Fiducial region Ttheory (PD)
10 , Powheg (Zjj) + Sherpa (VZ) ‘i q | vasetine 626 +£0.06 (stat] 1020 (scale)f 3] (PDF) 7
» PR U T W W N WY TN W U TN WA SN NN NN ST UNY WA U NN WA SN NN R W W 1 l aaa gl o a0 : hlgh_pT 1.92 +0.02 (Statl 1_8%(7) (Scale) tg?g (PDF):: 1_8
- ) i ) WP7IIIY PPPIII Y YYD, high- 0.068 & 0.001 (st y +0.000 J)} 10004 PRy +0.
5 i e s sonn ot et eorg
© A, A VIATIIAIIIIAS, A 2IAA A, searc stat) _o. scale)i _q. —0.
S| £ o R R0 000 KA | eonte 0444 £ 0.005 (stat] 0% (scalo 10021 (PpPL 20
S|, i, % Mk RS L (stat) Zo.05 (scale)f “g.00 (PDF “g.0s4 |
0.8f — X =
baseline  high P, search control  high mass
5 total uncertainty €.g. underlying
' on measurement event tuning

total uncertainty on
the predictions

Now go ahead to study differential distributions in the fiducial regions
Variables sensitive to the kinematics of the di-jet and the color flow

K. Nikolopoulos Vector boson scattering: experimental perspective July 2nd 2015 Ei“ﬁﬁ%ﬁ%‘ﬁ}fii 13




Unfolding (1/3)

Often one would like to measure distribution f(x) of quantity x.

|deal detector: measure x in each event

— obtain f(x) through histogram of measured x

Real detector:

1 ) Acceptance [Probability to observe an event is not 1, and depends on X]

2) Transformation [Instead of x, a related quantity y is measured (potential due to non-linear detector response)]

3) Resolution [ Measured y is smeared due to finite resolution. Only statistical relation between variable x and measured quantity y]
Also physics effects, e.g. radiation, hadronization, etc

[2]
c 30— -
g ~p AILAS *  Data 2012 .
m 25: 20.3fb", Vs =8 TeV BXA Syst. Uncertainty
- : W*W=jj Electroweak ]
F - m;>500 GeV W=W?jj Strong
20F } EES Prompt -

—p Conversions ]
: B Other non-prompt 7

mm:/Rm@ﬂ@w°

& Response function
Determining f(x) given g(y) is called unfolding or deconvolution.

If R not dominantly diagonal — Maximum Likelihood Estimators give too large variance for
estimated f(x) to be of any use (statistical fluctuations magnified)
In unfolding one accepts a (small) bias, in exchange for a (large) reduction in variance
Several approaches to overcome this difficulty
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Unfolding (2/3)

Correction factor method

Estimators with smaller variances, based on multiplicative correction factors derived from MC.:
MC
My

fi; = Cy(n; — bkg;) ="z

(]
Works well for Ci~1 (i.e. migration is small, smearing effect smaller than bin size) with a bias of :

MC
b, — 2% o i I/sig
L MC S1g 1

(except if the MC simulation is equivalent to Nature)

Regularized unfolding
Obtain a smooth result around the ML solution

¢ (1, A) = aln L{p) +5(p) + A
AR
regularization . .
t regularisation function
parameter (e.g. mean square of 2"d derivatives)

(optional)
constraint for
Mot = ) Vz'] <" unbiased estimate
i of total entries

lterative unfolding
Initial estimate of the true distribution:  [ig = Mot Po

and iteratively update through: 1 (

i = —
€; =
J

R;:p; N
S éfkpk) nj == pf,,; — ,ui/,utot

Updated estimate of g(x) in each iteration, stopping criterion (otherwise same issues as with
MLE) decided a priori. Usually a x? estimate of difference wrt previous iteration.
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Unfolding (3/3)

Unfolding not always necessary
(discovery, limit setting, parameter estimation)
One can compare measurements and model predictions at the uncorrected distribution level
— if measurements are reported with expected background, response matrix and
uncertainties (which is not always practical/feasible)

Unfolding yields an estimate of the distribution we think we have measured and can be
compared to different measurements (e.g. from different experiments).
Also, could demonstrate features which may not be recognizable in the uncorrected
distribution (e.g. image reconstruction)

Note: Unfolded distributions come with covariance matrix
— needed when testing models
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Z(—Ill)jj: Differential distributions

Baseline region

8 _g -4~ Data (2012) © % o o J L dt=20.3fb" -
_ _ . ) - —— = ey -
lo 1073 —— 3 Sherpa ij (QCD + EW) —lo i —O—_.__ \1s=8TeV _
- - Sherpa Zjj (QCD) 1 —— baseline region
—— / Powheg Zjj (QCD + EW) 10 RPN IE
1 0-4 - = Powheg Zjj (QCD) E E
-~ i g i
10° - 5 10°E E
__________ s - —4— Data (2012) .
[ amas pagaps oastsgrsass - " A\ Sherpa Zj (QCD + EW) i
10 [Ldt=203 5" E 10°k Sherpa Zjj (QCD)
\s=8TeV * = =~ Powheg Zjj (QCD + EW)
, baseline region "7 T T ~ - - - Powheg Zjj (QCD)
107 E I N N S S B
Slo  oF Slo 3
_qc) 8 - O|® —
wl~ 15F %[ —
- e —
e S - \Q\\\\\
: E e =
o) - - ’ %
; CU ~ e Q 1 '2 - ;'//q
ol - ; 8 n ff
o 1_ 0? 1__,_/ ,//_-’_
: _ 0.8F -3
0 500 1000 1500 2000 2500 3000 0 ] 5 3 4 5 6 7

m; [GeV]

>
=

Both distributions sensitive to the differences between EW and QCD production
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Z(—Ill)jj: Differential distributions

Search region

= T T T LR DL L LR > 15 SR LI L S
%5 e 5 L s
o 103 S\ Sherpa Zjj (QCD + EW) 1_Ib'° _ D \;=éTeV N

—— - - - Sherpa Zjj (QCD) e O search region |

‘ “# Powheg Zjj (QCD + EW) 10 = =

104 - - Powheg Zjj (QCD) - g S
== - N

—— - 1

10° A 10’25— e E
DIIIIZIiiii ~  —4—Data (2012) ]

. ATLAS | 3\ Sherpa Zjj (QCD + EW) . N
10 det =203f%7"  FT E 10°E - - - Sherpa Zjj (QCD) m 7 '_;
\s=8Tev. . 7rommmeees = =~~~ Powheg Zj(QCD+EW) ~ TTTC E

, search region N - - - Powheg Zjj (QCD) -

W0 PR P B PP B S S
© = n .
1T 12k \\%Z Slw 1.5F .
28 E R g w

————t—t—t—}—+ + = ‘\
E REEHIEINE B § \ \\ @ = .- -
- -—- ] 1 —

0.8 T | - T I+‘:
= . : . : ]
g % 1.2 = EJ) c 1.2F —
Hla 1:. A i s|© - } T A
o - DL °P 1F 1.,

50 1000 1500 2000 25 ) : N il S
500 000 500 000 5?n0.. [GGSVC}OO 0 : 5 3 ) E 5 >
i |Ay |
. . . . UNIVERSITYO©F
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Z(—ll)jj: Jet Veto Efficiency
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§’5, 15
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o 1

o

I ] T I L) ] T L) l ] L) L) I
—4- Data (2012)
3 Sherpa Zjj (QCD + EW)
- - Sherpa Zjj (QCD)
“ Powheg Zjj (QCD + EW)
- - Powheg Zjj (QCD)

baseline region

- 4
s S
- \N
- ATLAS T -
- [Ldt=2031fb" ]
— 1s=8TeV —

-

IIAIIIIIII_
I I
I N
3 /1 -
A '
4
_|_*_
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‘- . /'
500 1000 1500 2000 2500 _ 3000
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Jet veto efficiency

Sherpa
Data

Data
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1~ ATLAS —
Ee— [Ldt=2031" 3
Is=8TeV -

0.9 === baseline region —

0.8

0.7

0 6:— —4- Data (2012) 3 44445 5% /
""E S\ Sherpa Zjj (QCD + EW) sy
L - --Sherpazj(@CD) .. XU Ee=EE .
0.5 ) =
[~~~ Powheg Zjj (QCD + EW) ;.
C ... Powheg Zjj (QCD) .
0.4 I | s | I | .
1.2 —
m -
1
= t
0.8 — cm -y
0.6 —
1.2F -
N = Y -
- e ———— il Sl -
1\:—|====| ——————————p——+——F . T
/7 7,
0 1 2 3 4 ) 6 7
|Ay|

Overall quite good description of the data,
Sherpa gives better description for variables related to additional jet activity

K. Nikolopoulos

Vector boson scattering: experimental perspective

July 24, 2015

UNIVERSITY©F
BIRMINGHAM 19



Z(—Il)jj: Uncertainties

E‘ D.1 : I LI 1 I 1 LI I | I LI I LI | | I I LI | I I I I I 1 1 1 I I I I I I I:
_2;-05_""'""'""""""""""""— c 00 - anti-k, A = 0.4, LCW+JES + in situ correction ATLASPrEIiminaI‘y:
- ATLAS Differential cross section E . g__[jata 2012, ys = 8 TeV -
- - o] -
-g jL dt=20.3fb" 1s=8TeV Q 0.08 — P =40 GeV ] Total uncertainty =
D i . R A B = — Absolute in situ JES -
baseline region i
Q : J Ii ------ 4@ 0.07 -+ Relative in situ JES
) [ = D.DE*' «« Flav. composition, inclusive jets
— i 1 ®w | s\ 0w Flav. response, inclusive jets E
© -y E 0.0 = Pileup, average 2012 conditions '
T 0 gz S
(@] [&] ., o
= | & 0.04
O L ;
© -~ —— Syst+Stat o 0.03 B =
LL - Other | “a e
Data StatlStlcs D.DEI """ ;":""H-ll'I":':'HI:::::““mw“““ ""'l||........-:::.:I;I::ISW"-"_:,‘-__- -----------
B — = Theory modelling / closure 7 SR SRTCIETEY A% .
--- JES + JER y g 0.01 o e ‘-,‘ &
-0-5_1 oo v v by v by v by by by l_ n.I:::............-------"“"““""—_‘—-'li ........................ I I.“.“.
0 1 2 3 4 5 6 7 4 3 2 4 0 1 2 3 4
AY] 0

Jet Energy Scale and Resolution uncertainties dominant at high |Ayjj|
Forward region dominate by jet n response
(studied using pT balance in di-jet event and other techniques)
Theory modeling also more important than data statistics
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Extracting the EW Zjj component: Templates

To obtain EW Zjj contribution a Maximum Likelihood fit

Is performed in mj in the search region. > J0 ' . T
10% o~ ATLAS —
© - [Ldt=203f" =
Model § - e \s=8TeV -
EWK Zjj: Simulation (Sherpa) ~ 10— controlregion: |
Strong Zjj: Simulation (Sherpa) + data-driven _° - —= 7
(plus the small diboson/ttbar contributions) B} —— i
10°E e E
From baseline region established that strong Zjj . .
simulation does not describe well the data. - —¢— Data (2012) .
10 = —}— Background . —
Data-driven procedure: - | Background + EW Zj ¢ -
Derive reweighting function is defined Data/MC  &lo [~ AEREERRERS o 'p’ ‘o mip o
in control region — Apply to simulated al= .50 o iom B
background template in the search region. . T .
Constrain generator modeling of m; with data, 0 5:_ _

MC used to extrapolate from control to search regions. |
500 1000 1 500 2000 2500 3000 350(

m; [GeV]

Experimental and theory systematics on the background

(second order polynomial)
templates are reduced.
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Extracting the EW Zjj component: Template Variations

m —
e = 1'_’ ______ ATLAS _ y _

- | control region Modeling o.f m;; fpr stropg VA| cruma! N )
i N s=8TeV | ™ Uncertainty directly impact sensitivity to EW Zj

0.9 RN A number of tests performed:
) B - Choice of function.

0 8: - Use 1st order polynomial instead of 2" order.

a8 RN A \\\ Fitted signal changed <2%

[ : - Choice of event generator
- . Reweight Sherpa to Powheg.

0-7: T Powheg much better description of m;,and reweighting function
i ' S e becomes flatter. Result consistent within 0.8%
L — N =2 — - Probe dependance on choice of control region

0.67 \

Ol p_> 38 GeV _ =, Cor_lctjrfl retgion lsgli’; in vari?]ust sublre%ipns.(?rc))bing di-jet activity in the

R ' rapidity interval between the two leading jets).
f o 25 < pT <38 GeV \_ : . Fit result: maximum 5% spread between subregion, probably statistical
: (i,J) I === in nature

0'5— [A0G))/n] < 0.9, \. ' (reweighting functions statistically consistent)
i p” > 20 GeV \ 4
SR B 1 clov b v b b b e

500 1000 1500 2000 2500 3000 3500

m; [GeV]
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Extractlng the EWK Zjj component: Fit

o

t

Electron Muon Electron+muon
Data 14248 17938 32186
7| MC predicted Ny, 1370041200 71205 18600 4 1500 T5300 32600 + 2600 3050
MC predicted Ngw 602427 + 18 731429 + 22 1333 4 50 4 40
Fitted Npig 133514144429 17201 +£161+£31 30530 + 216 4 40
[ Fitted Ny | 89702427 TSTH08E28  16STLIS4340

> =
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Observed significance well above 50

Fiducial cross section measurement for EW Zjj production in the search region:

opw = 04.7 -
46.1 £0.2 (stat)

- 4.6 (stat)
92 (scale)

0.8
o4 (syst)

+ 0.8 (PDF)

+ 1.5 (lumi) fb
+ 0.5 (model) fb Powheg EW Zj]
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Back to QGC

J
N
NS
M

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

oooooooooooooooooooooooooooooooooooooooooooooo

QGC TGC fermlon mediated nggs -mediated

Two classes of processes give rise to VVjj final states:

VVjj-EW (electroweak mediated): exclusively electroweak processes, O(aew®), and contains

the VBS signal under investigation.

[processes with three decaying vector bosons, with one V—ijj, can be separated gauge invariantly and are suppressed by kinematic
requirements. Hence, not important in the signal region.]

VVjj-QCD (QCD mediated): contains processes O(aew*as?) can be suppressed by topological
selection requirements.

q q q q Wt
e , \'\«(""“
» 1 > q
+
W+ q/ "
d q q Wt d q
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EW VVjj: Which final state?

Final state Process VVj)-EW  VV31-QCD g/B
. (*v0'*Y/ jj (same sign, arbitrary flavor) W*W*  195fb  188fb ~1 |
(*v{'%V'jj (opposite sign)  WEW*  913fb  3030fb ~0.03
VYV g 77 2.4 1b 162fb ~0.015
ROV G 4 30.2 tb 687 fb ~0.04
CECTOE0T Z7 1.5 b 106 fo ~0.014

Leading-order cross-sections calculated at Vs=8 TeV using SHERPA
[2 leptons pt>5 GeV, m>4 GeV, 22 jets pt>10 GeV]

— No leading-order gluon-gluon initial state contributions to W*Wjj

— Only t-channel Higgs exchange contributes to W*Wjj

— Same-sign WW ensures small SM backgrounds (VV production, ttbar, Z+jets,...)
CMS: 19.4 fb-' of 8 TeV data, published as PRL 114, 051801 (2015)
ATLAS: 20.3 fb-! of 8 TeV data, published as PRL 113, 141803 (2014)
EW W*W4jj production interferes with strong W*W+jj O(10%) effect [depends on region] — SHERPA

VVjj-QCD |

q q q [V—i—

‘If—i_ q/ \Y—\M
> > 7

/ W+
W+ q ,ﬁi{

q q/ q [,.V+ q q’
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EW W*W3jj—I*vi*vjj: Event Display

280 ET [GeV]
},l+p+jj Candidate Event PRL 113, 141803 (201 4)

220

mji=2800 GeV | Ayi|=6.3

160

s o v—|

———————

EPARS SR

PO PP PN A
/

=
[

SATLAS
EXPERIMENT

Run Number: 207490, Event Number: 33152138
Date: 2012-07-26 04:16:35 UTC

Selection: (ATLAS as example)
* Two isolated same-sign leptons (pt>25 GeV, |n|<2.5): e*e*,e*u*, u*ut
* MET>40 GeV
e 22 jets with pr>30 GeV and |n|<4.5
e veto 3" |lepton with looser pr/id/isolation requirements (WZ veto)
* |[mee-mz|>10 GeV (Z veto)
* reject events with b-tags (ttbar veto)
* m;>500 GeV (inclusive region)

* m;j>500 GeV and |Ayjj|>2.4 (VBS region)

UNIVERSITYOF
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EW W*W3jj—I*viI*vjj: Backgrounds

Prompt Lepton Backgrounds:

strong W*W+*+jj
e Modeled with SHERPA
WZ/y*+jets — [FI¥I¥v+jets, where on lepton outside acceptance or failing selection
e ~ 90% of the prompt lepton background (20% of that from EWK production)
e Modeled with SHERPA taking into account both strong and EWK production
ZZ+jets and ttbar+W/Z also considered
e Modeled with MadGraph
Double parton scattering contributions (WZ/y*@di-jet) found to be negligible after m;>500GeV

Non-prompt Lepton backgrounds:
e Non-prompt leptons arise from hadron decays in jets
e W+jets, ttbar, single top, multijet production
e Data-driven from events passing all selections, but a lepton is non-isolated or looser quality

Conversion backgrounds:
Wy + jets production, including EWK Wyjj
e Modeled with simulation using ALPGEN (and SHERPA for the EWK component)
e Uncertainty of £17%
Processes with prompt opposite charge leptons, where charge misidentification occurs
e Main sources ttbar, DY pair production
e Estimated using data
In both cases there is a y—e*e- conversion involved

K. Nikolopoulos Vector boson scattering: experimental perspective July 2nd 2015

‘Q} UNIVERSITY©F
BIRMINGHAM 27



Charge misldentification

Electron charge mis-identification: typically early bremsstrahlung
with subsequent conversion to e*e-

‘. To reconstruct an electron the electromagnetic cluster should be
matched with a track in the inner detector — quality criteria applied
(charge mis-identification rate reduced - also overall efficiency)

Charge misidentification rate estimated fro Z—ee decays, and then
applied to events passing selection, but required to be same-charge.

2 5 T ]
c 100 — ]
= - ¢ ¢ e @ g S §

¢ — A =

; s B g O O .

= - ® & A7

! = § ATLAS .

. E = 94 2011 Data, \s = 7TeV,det=4.7 fo [T

. ' O ~ -

: Muon charge misID relates T gl -

IS- 2 . ° e All probes N

E to mlser:c?iisudrgmept of the E 5 oo o Looso probes E

: g direction. L5 - O Medium probes .

! . ' e B : .

. Relevant for high pr muons i O gg[ 4 Tightprobes -

: § T Y S E SRR

5 i 0 0.5 1 1.5 2 2.5

'MWWWW% | of the probe
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Radiation length [XO]

Material distribution

IIIIIIIIIIIIIIIII I L LI L I L L L | T T 14
2_5_ATLAS Prellmlnary -Servnces 7
_ Simulation CJTRT ]
Edsct -

5 I Pixel _‘
[_]Beam-pipe

1.5 —

IIIIIIIIIlIIIIIII

Electron charge mis-identification rates
sensitive in the amount of material

Simulation-based estimates involving conversions:

careful assessment/validation of
detector material needed
— particularly important for local effects
[also relevant for cases like h—yy]

O 05 1 15 2 25 3 35 4 45 5 — 200 T o
n S - AR Jidt=5?ﬂ pb™ £
€. f . £
;150_— S
E F E 10° 2
100 &t E -
Starting point is an as detailed as possible N 11 €
. “ s 1en 50_— —1 | Q
geometrical model of the “as-built” detector. N : >
o 131"
This is sub-sequently refined using collision data sof € E
[y—e*e-, hadronic interactions, e.t.c.] 1005 i P
i 0 150f- _E
Methods precise to the 5-1_0/? level, BOATLAS W E
but sensitive to local variations _zogl?ﬂ%"l'?‘.".‘?m T P
00 -150 -100 -50 O 50 100 150 200

X [mm]
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Data-driven background estimates

Background modeling (normalisation/shape) checked in control-regions with similar phase

space to Signal Region:

* Tri-lepton CR:
* Inverting third lepton veto, removing m; and |Ay;| requirements
» Testing modeling of prompt backgrounds

e <1jet CR:
* Require at most one jet
e Testing conversion and prompt backgrounds

e b-tag CR:
* Require at least one b-tagged jet
* Testing non-prompt leptons

e Overall validation of background model by inverting m;j;

Control Region | Trilepton <1 jet b-tagged  Low m,;

etet exp. 36 + 6 2(8 £28 40 L6 69
data 40 288 46 78

et uT  exp. 110 £18 288 £42 75 +£13 127 £ 16
data 104 328 82 120

uwEut o exp. 60+ 10 38384+ 14 2547 40 = 6
data 48 101 36 30

K. Nikolopoulos Vector boson scattering: experimental perspective July 2" 2015
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EW W*W3jj—I*vi*vjj: Tri-lepton control reglon

> BRI B LN B L B LA BLELEL L BLRLLELE I B L T - - L "E
8 . ATLAS * Data 2012 1 & s ATLAS *  Data 2012 E
3 - 20.3fb" 1s=8TeV &KX Syst. Uncertainty 4 LW - 20.3fb", 1s=8TeV &KX \?\}IS{}V Uncekrtalnty =
@ C  Tri-lepton CR W*W-jj ewk+strong = 60 Tri-lepton CR Jl ewk+strong 5
£ 50F P e Wzt — - P S Wz .
40— Non-prompt — -~ Non-prompt -
- Wz - 406 . W/Z -
30 — PRL 113, 141803 (2014) -
- m 30 -
20— — -
. 20 —
10 — 10 —
E 2__ ) Data/Expected lll* ...... _— 8 2__ ® Data/EXpeCted ............................................................................. —
g,_ i [ Syst. Uncertainty - a;’_ " [ Syst. Uncertainty l .
> - _
1] — B x n _
1 — L
s O+ - P ' + :
S - + ] 8 - —t + -
................................................ Q _ i
0 1002003004005006007008009001000 012345 5
jj [GeV] | ijjl
Control Region | Trilepton
etet exp. 36 = 6
data 40
et exp. 110 + 18
data 104
) 60 + 10
data 48
UNIVERSITYOF
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EW W*W-=

+Il

Ej—1Fvitvjj:

<1 jet control region

PRL 113, 141803 (2014)

> =L I AL L B AL L LA AL DAL RN B B
G . .F ATLAS e Data 2012 :
= 10 = 20.3fb" \s=8Tev &X Sy /St. _Uncertalnty IE
@ =~ <1jetCR, ee W Wi ewk|+strong ~
E 10%Ee— i» OS prompt leptons —_
o = B Wz/y*,Z27Z -
Ll - B N W4y -
10°E o ! BB Other non-prompt =
- s ; .‘Q  it+W/Z - < 1 jet Control Region
10 R _: eret et uE Total
3 W=W=jj ewk+strong | 272 £030 82+08 424+04 |151+£15
. WZ/N* 22 46 + 8 130 + 23 75 + 13 | 250 + 40
1 = W4y 39 + 11 59 + 17 - 98 + 29
; = tt+W/Z 0.344+015 08+£04 056+025| 17407
Ry VA AN OS prompt leptons 152:|:17 24 + 4 - 177 +£ 21
10 j __Othernonprompt | 3815 65+£2 85 | 1111430
"""""""""""""""""""""""" :  Total Predicted 278 + 28 290 + 40 88 + 14 650 &= 70 |
LA S S SR T ......................... ER Data 288 328 101 GV
0 - -
AN | :
m 1 : L3 L Illl | :
3 HASE ? +H T +T+ * Data/Expected
(DU O__.§€ .............................................................. : Syst Uncertalnty
7100 200 300 400 500 600 _ 700
m, [GeV]
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EW W:Wzjj— Itvitvij
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LU - tt+W/Z - S, tt+W/Z =
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OF = AT
- . - ;I Wy §
15— — 20__ X _
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t0- : z
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Control Region
etet exp.
data
er it exp.
data
prpt o exp.
data

K. Nikolopoulos Vector boson scattering: experimental perspective July 2nd 2015 ifﬁ Ei‘ﬁ&?ﬁ%‘ﬁ}fii 33



EW W*W3jj—I*vI*vjj: Putting everything together

Inclusive Signal Region

+

+

ere e ™ == Total

W=W=jj Electroweak | 3.07 £ 0.30 9.0 + 0.8 494+ 05 |169+£15
W=W=jj Strong 089 +015 254+04 1424+023| 48+0.8
I’VZ/’)/*,ZZ,tf-l— IV/Z 3.0 = 0.7 6.1 = 1.3 2.6 = 0.6 11.6 £ 2.5
W4~ 1.1 = 0.6 1.6 = 0.8 — 2.0 = 1.2
OS prompt leptons || 2.1 £ 0.4 0.77 £ 0.27 - 2.8 £+ 0.6
Other non-prompt 061 £030 19+08 041 4+022| 29+0.38

Total Predicted 10.7 =14 21.7 = 2.6 9310 42 +

Data

S/B

(

Signal is EWK WWjj

(illustration)

“blinded” signal region

K. Nikolopoulos
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UNIVERSITY©F
RMINGHAM 34



EW W*W3jj—I*vi*vjj: inclusive signal/validation region

PRL 113, 141803 (2014)

Events
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Events
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Same-charge WW production is observed
at 4.50 (3.40 expected)

K. Nikolopoulos
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EW W*Wijj—I*viI*vjj: VBS signal

-é) Soilllllllllllll L IIIIIIIIIIIIIIIIIIIIIIIIII__ PRL113,141803(2014)
G - ATLAS . * Data 2012 -
Ll - 20.3fb, \s =8 TeV BXX : ' ] :
25— 500 é y © \?\yi?,tviﬁrgggt?ﬁ%ak—_ EW same-charge WW production
- M © W=W=jj Strong observed at 3.60 (2.80 expected)
20— : ] Prompt
N — Conversions : . :
: E B Other non-prompt CMS with a similar analysis gpt
15— EW same-charge WW production

observed at 1.90 (2.90 expected)
[PRL 114,0151801 (2015)]

ATLAS SM 6¥BS=0.95 + 0.06 [fb]
203 fb_1,\S=8 Tev NLO, POWHEG-BOX, CT10
. . ee’ o
VBS Signal Region 0.4+ 1.0%4.0 [fb]
etet et u* uEp* Total i
WEW=]j Electroweak | 2.55 + 025 7.3 +0.6 4.0+ 04 | 139+ 1.2 i“+06+0 - *
JWEW=jj Strong | 0.25 £ 0.06 0.71 + 0.14 0.38 4 0.08 | 1.34 + 0.26 o
WZ/yZZtt+W/Z | 22405 42+10 19405 | 82419 T;{OSW et I :
W+ 07+04 13+07 - 20+ 1.0 7E08201510)
OS prompt leptons | 1.39 & 0.27 0.64 + 0.24 - 2.0+ 05 Combination e
Other non-prompt | 0.50 £ 026 15+06 0344019 23 +07 1:3+0.4:0.2 [fb]
Total Predicted 76+£10 156+20 66+08 |298+35 ool
Data 6 18 10 34 EW (+interference) G VBS. [fb]
S/B ~05 ~09 component only

~1 '5 \_, almost at the
h—Z77—4| level
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EW W*Wijj—I*viI*vjj: ATLAS/CMS

VBS Signal Region

Iy et it T

Total

W=W=jj Electroweak
WEW=jj Strong
WZ/vZZtt+W/Z
W+~
OS prompt leptons

2554+ 025 73406 40+ 04
0.25 4+ 0.06 0.71 =£0.14 0.38 £ 0.08
22+ 05 42 +1.0 19+05

0.7+ 04 1.3 £0.7 —
1.39 £ 0.27 0.64 +£0.24 -
Other non-prompt 050+026 15+£06 0344+ 0.19

139 £ 1.2
1.34 4+ 0.26
82+ 19
20+ 1.0
20 £ 05
23 £ 0.7

Total Predicted 76 +1.0 156 +£2.0 6.6 + 0.8

29.8 £ 3.5

Data 6 18 10

34

Nonprompt wWZ VvV Wrong sign WW DPS

Total bkg.

WEW=Ejj

Data

Ww+
W-w~
WEW=E

2.1£0.6
21405
42+0.8

0.6 £0.1
0.4 £0.1
1.0£0.1

0.2+0.1
0.1 £0.1
0.3 +0.1

0.1 £0.1 0.1 £0.1

0.1 £0.1 0.1 £0.1

3.1 £0.6
26£0.5
57+£0.8

7.1 £0.1
1.8 £ 0.1
8.9 =£0.1

10

12

Without going into the details of the CMS analysis, it worths noting:

1) structure similar for both experiments (in terms of selections/control regions)

2) similar expected sensitivity (2.80 vs 2.90)
3) background composition differs

- ATLAS: lower non-prompt background component (isolation re-optimization)
- CMS: lower “WZ” component (3" lepton veto/b-tag veto including soft-u tag)

- CMS: (much)lower charge mis-identification contribution
- Differences discussed and understood
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A word about b-tagging
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EW WWijj—Itvitvjj: aQGC

The two experiments followed different approaches here:

1) ATLAS used the production cross-section as observable to study aQGC
CMS used shape analysis with m; as discriminant

2) Results reported in different parametrizations:
ATLAS: dim-4 operators (non-linear realization of effective Lagrangian) and unitarization
CMS: dim-8 operators (linear-realization of the effective Lagrangian) and no form factors

Lo T T L T 1T T T T T T T T T T 1T T T T T CMS 19.4 fb-1 (8 TeV)
3 - | | | . 10 F
B ATLAS - [ @ Data
0.6— 20.3 fb'1, \s=8TeV - B — SM FT,OIA4 = 0.0 Tev*
u pp — W* W* jj - L e AQGCF_ /A*=-5.0TeV*
0.4 :_ K-matrix unitarization 5 —— AQGCF_ / A* = +5.0 Tev*
0.2 — |
S I
O: : -6 i . ---------------------------------
z SR s | N
-0.21— confidence intervals ] o
- P 68% CL ] '
-0.4— o — - ®
— [ 95% CL _ ol
0.6 — expected 95% CL ] - |
L x Standard Model . i ®
_I 1 1 1 | 1 1 1 1 | | | | | I I | | | I I P T O I | | | | | | | | | I I | | I_ .
-0.4-0.3-0.2-0.1001020304 o T T S U . S S
100 200 300 400 500
Uy m, (GeV)
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and the Higgs...
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SM Higgs boson production and decay at the LHC
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yo) : 86%
PP — K, =0o0lev 4=~ 00O W ---=--
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H—-ZZ*) -4}

H—ZZ™ 4 (I=e,u)

A i . ‘ Peak in ma spectrum:

e S/B~1.7 @ mn=125 GeV

e Mass resolution~1.6-2.2 GeV
Backgrounds: ZZ*)—4l,

Z+jets and ttbar

A EXPERIMENT

xun Number: 182747, Event Number: 63217197
Date: 2011-05-28 13:06:57 CEST

B

»

- Tracking and calorimeter isolation
- Impact Parameter (IP) significance

‘ Two same-flavor opposite-sign di-leptons (e/p)
-pTh234> 20, 15, 10, 7 GeV (6 GeV for p) <
Slngle lepton and di-lepton triggers N

lSO GeV <m+2 <106 GeV,
Mthr(Ma41)<M34<115GeV mn=12-50GeV (140-190 GeV)
— same-flavour opposite-sign pairs m;>5 GeV
— AR;>0.10(0.20) for (not-)same-flavour

— Recover Final State Radiation photons
(~3% improvement in resolution)

— Mz constraint to improve resolution
(~15% improvement in resolution)

UNIVERSITYOF
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H—ZZ(*)—4l|: Backgrounds

% Systematic uncertainty - % Systematic uncertainty

I+ : Simultaneous fit using 4
exclusive Control Regions
- inverted do significance

40
20

IIIIIlIII|

>200_ T [ T T ] >200_ T | T T T T T T LN ]
[0) B . L - . .
O1go[ ATLAS + 1 Gygo ATLAS 1 ZZ background estimated using MC
N 1 o C 1! . . .
5160F i+ . 4 >160[ I+ee 4 simulation and NLO cross section
*qc‘JMO:\s=7Tev [Ldt=451" ’ §140:\s=7Tev [Ldt=4510" ]|
> "V \s-8Tev [Ldt=2031b" 4 >V s_8Tev [ Ldt=203 10" E .
Uil E LR 1 Backgrounds with fake/non-prompt
- e Data . - :
100 Signal (m =125 GeV) 1 1o00C e leptons (itbar, Z+heavy flavour,
N i N T e Dat N . : .
801 MZrets 1 g0l Signal (m 125 Gev) 1 Z+jet, /) estimated from data:
- it . " mzz ]
60 Wz + — 60 - M Z+jets, i a

ry’

60 80 100 - inverted isolation
m,, [GeV] m,, [GeV] - eu+up
> B T T T T T T T | T ] > B T T T T T T T | T ] . .
&s160raTLAS e Data 1 &160raTLAS B - Same'3|gn sub-leading
To) B Signal (mH=125 GeV) 1 1o B i
~140 HH+pp Bzz: - <140 ji4ee e Data ~ .
2 Liso7Tev [Ldt=4as5m’ MZiets 1 2 [iso7Tev [ Ldt=4smp? | Signal (m=125GeV) - ll+ee : 3 data-driven methods
21201 _gTeV JLdi—203f" 1 2120 _8Tev [Ldi=203 1" MZZ - - 3|+ X
T [1s=8Te = 20. W2 1 W -ls=ole S B Z+jets, tt i
100 %, Systematic uncertainty 100 %, Systematic uncertainty | - transfer factors
801 1  8oF - - truth/reco categories
607% 4 60f . -
. : ] Overall uncertainties ~20%
40 ] 40~ + -
20 4 20§ 3 o — :
] 1 Background-dominated Control Region
0™ 50 100 0 50 100 " [Remove isolation/impact parameter
m,, [GeV] m,, [GeV] requirements on sub-leading di-lepton]
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H—-ZZ(*)—-4l: Selected Events

> _I [ I [ | L |||||||||||||I||l|| [ IIII_
5 35F ATLAS $ oaa 4 > L ATlAS o 1 Jo.2
LD_ E H N ZZ* BN 4l Signal(mH=125GeVu=1.51) E 9 80 :_ H—>Z77* > 4] ¢ Data _: _O 18
S 30  \s=7TeV ILdt=4.5 ! - Background ZZ* — 3 70 :_ \s = 7 TeV _[Ldt=4.5fb'1 -Signal(mH=125GeVp=1_51) —: )
ﬂ E /s =8 TeV ILdt=203fb'1 - Background Z+jets, tt E S [ \s=8TeV ILdt=20.3 ! Background ZZ*, Z+jets 7 _016
§ 25 — | 7/ Systematic uncertainty ] 60 :_ 120 <My <130 GeV _: —0.14
11 - - - R 1=
20 - o) SRR - 0.12
- “ . ELf O 1 0.1
- ] - e T . . 9 ]
150 7 Aol iiiiiiiiin < —0.08
- i r e ¥ 1
10}- - SEEES 1+ T ERRE
- . - e e :5:!.!2?: 4 —0.04
51 1 200 eligE ooz
TR - 1
0 50 o0 /70 80 90 100 110
80 90 100110120130 140 150 160 17

m,, [GeV]

m,, [GeV]
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H—ZZ*)—4l: Event Categorization

ATLAS Preliminary Event Categorization
H—ZZ" - 4 — probe production mechanisms
4] selection
High mass two jets e 2D flt (m4|,BDTVBF) ATLAS Simulation H s Z7Z* s 4]
VIIF | my = 125 GeV 110 < my [GeV] < 140
_ ] F be VBF WH ZH ttH
Low mass two jets 1D fit: ma mogrt = N - .
W(s j)H, Z(— j)H [selection using BDTvH ] \ Inclusive
) [ VHenriched VBF enriched
Additional lepton 1D fit: My
W(— Iv)H, Z(— I)H \> VH-hadronic enriched
l - VH-leptonic enriched
ggF - ggFeniiched  2[) fit: (ma,BDTzz) / 4aF enviched
0 10 20 30 40 50 60 70 80 90 100
Signal Composition (%)
Category g9 — H, q§/g99 — bbH/{tH qq' - Hqq' qq > W/ZH
Vs =8 TeV
ggF enriched 20+14 0.52+0.02 0.37 £0.02
VBF enriched L 2:|:O4 O69:|:005 0.10 £ 0.01
VH-hadronic enriched 0.41 £+ 0. 14 0.030 + 0.004 0.21 £ 0.01
VH-leptonic enriched 0.021 £ 0.003 0.0009 + 0.0002 0.13 +0.01
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H—ZZ*)—4l: BDT category

> T I T T T | T T T | T T T I T T T ] Q! _l T 1T | T 1T I LI I L | LI L | L | T 17T I— > 0-25_| T I T T T T | T T T T T T T T | T I—
& 0.1~ ATLAS Simulation m, =125 GeV S 0.1~ ATLAS Simulation m,=125 GeV _ & - ATLAS Simulation m,=125 GeV
o | H—>ZZ* >4 _ ggF | ;=-, : H—ZZ* > 4] ggF : j L H—>ZZ* - 41 ggF .
g - \s=7TeV | Lat=45f" Y ver | b . \s=7TeV JLdt=45f" Y ver i _ 0.2 \s=77Tev [Ldt=4510" ] ver B
E:=O‘O8__ \s=8Tev [ Ldt=2031b " i g 0.08 \s-sTev [Ldt=2031" o ] §' - 15=8TeV JLdt=20.3 1" o 1
Q VBF enriched category 7 © I~ VBF enriched category 1 Z -~ VBF enriched category —
5 0.06} ]z i 1 D0.15h ]
© Y. N = 0.06(- = Z - .
z : : s :
_‘ 0.04 ] 0.1%7 .
] i - va2N ]
| i i f/ A i
. 0.02: ] 0.05 ’4 7
e ] 7 ]
N 7 . i
s ST B IR T T R R
1000 % 8 0 100 150 200

mjj (GeV] |A1”ljj| Sub-leading Jet P, [GeV]

Q!0.06_||||||||||||I||||I|||||||||l[lllllllllllllll— >0-25_| T I T T T T I T T T T T T T T I T I— g |||||||I||||||||l|l|l|| l]llllllllllll]
e - ATLAS Simulation m,=125 GeV 8 - ATLAS Simulation m,=125 GeV S .12k ATLAS Simulation m,=125 GeV 1
%OOS:_ H—ZZ* - 41 ggF __ j L H—>ZZ* - 41 ggF _ \LL - H—ZZ* —» 41 ggF ]
> C \s=7TeV |Ldt=451b" S ver 1 _ 0.2 \s=7Tev [Ldt=451b" FVW Vo 7 @ L \s=7TeV |Ldt=45fb" { Y ver ]
O " \s=8TeV [Ldt=2031b" ] §' - 1s=8TeV JLdt=203 1" 1 5 0.1 (o _gTev [Lat-203 1" e ]
% 004 | VBF enriched category ] % - VBF enriched category — % L VBF enriched category S
- N : 1 > 0.15[¢ B > 0.081 I—L—_
C ] < i ] = i 1
0.03+ NS . — i ] i ]
QA . %ﬂ 1 £ 0.06F .
0.02] . /%1 : 0.04f- 1
0.01:— —: 005/ : ‘111 —: 0_02__ i
i S % Al - I ]

0; A A A /@7_ 0 //mﬂ" —l—_J_J;l‘LJ: 0_| g

-4 2 3 4 50 100 1 50 200 -1 1
Leading Jet n Sub-leading Jet p_[GeV] BDT, 5 output

Need to be careful to select variables that are reasonably described by simulation
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H—-ZZ*)—4l: Systematic Uncertainties in categorisation

Process 99 — H,qq/g9 — bbH/ttH q¢ — Hqq qq—W/ZH ZZ*
VBEF' enriched category

Theoretical cross section "::%_Q._ﬁ_lf;(;" 4% 4% 8%

Underlying event _66({0 K 1.4%

Jet energy scale 9.6% 4.8% 7.8% 9.6%

Jet energy resolution 0.9% 0.2% 1.0% 1.4%

Total 23.5% 6.4% 8.8% 12.6%
VH-hadronic enriched category

Theoretical cross section 20.4% 4% 4% 2%

Underlying event 7.5% 3.1% - -

Jet energy scale 9.4% 9.3% 3.7% 12.6%

Jet energy resolution 1.0% 1.7% 0.6% 1.8%

Total 23.7% 10.7% 5.5% 12.9%
VH-leptonic enriched category

Theoretical cross section 12% 4% 4% 5%

Leptonic VH-specific cuts 1% 1% 5% -

Jet energy scale 8.8% 9.9% 1.7% 3.2%

Total 14.9% 10.7% 6.6% 5.9%

ggF' enriched category

Theoretical cross section 12% 4% 4% 4%

Jet energy scale 2.2% 6.6% 4.0% 1.0%

Total 12.2% 7.7% 5.7% 4.1%
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H—ZZ*)—4l|: Results

LI UL A L L L e e e e LR L L L L L B B

= A3l _ — _ _
8 10 ; ATLAS o m, =125 GeV ; % 12_ ATLAS mH=125GeV :
U A s 1 o [ H 77 4l ]
@ 2L 's=TTe JLdt=451b" Ve 1 H  1ls=7Tev [ Lat=45m" -
& [ 'seTeY JLat - 203 0" =ZZ.* i 1 - L \s=8Tev | Ldt=203fb" -
> B . B Z+jets, tt ] o L T .
L VBF enriched category 22 Systematic uncertainty 5 0.8 vBF enriched category . —
105— E 0 - 110<m4[[GeV]<140 | 1
- - I | ]
i i 0.6 et —
'E E : . S
— Z T ggF, VBF, bbH, ttH, VH Purity pooees . i
i - 0.4 - VBF purity —
107 2 . i
o2 | | || .. -
10 A N I i
110 115 120 125 130 135 140 O;—al--l-.l- :-;=;=|=-| I | | L1 | L1 1 | L1 | | L1 1 | L1 1 | L1 1 | (I I—
-1 -0.8-0.6-0.4-0.2 0 0.20.4 0.6 0.8 1
m,, [GeV]

BDT  output

VBF

L=

- 110 <m4 <140 GeV |
| event yields
VBF-enriched: 5
| VH-hadronic: O |
| VH-leptonic: 0
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H—ZZ™*)—4l: Coupling Results

E " | L I [ I | I | I | I | | L I_ < 4 _I 1 I L l L I L | L I L I L l [ I | I_
m(/) 14_— + SM ATLAS -1 £ - I 4 -
x 12 — 68%CL , O HszZs4 1s=8TeV [Ldt=203f" -

L [ 95%CL \s=7TeV [Ldt=4.5fb" - -

> 10 \s=8 TeV de’[ =20.3fb" 3 | T ATHASCONF-2013-013 -

g - 2D model ggF i E — ggF and VBF enriched categories :
3. 8:_ m, = 125.36 GeV —: 2.5 - ggF, VBF and VH-Hadronic enriched categories -

6;— ______________ —; 5 f_ — Al categories A &
4:_ - 15 3_;3‘ ~40% improvement ‘ : 7
oF - : v
i I | 7 0 i .
o ERY: -
_41: | 1 | | | | L 111 | | | 111 I | 1 1 | | I . | 1 1 | l: O L ih- § — L I L I S I S I — | — l_
05 1 15 2 25 3 35 4 O 05 1 15 2 25 3 35 4 45
x B/B HygravH
M JoF +bBH i1 SM '

| UggF+bbH+ttH = 1.66+045 41(Stat)+O 25-0 15(Syst)
| Mver+vH = 0.26%1:80 5 g4(stat)*0-30 g 23(syst)
’ * HVBF+VH/ UggF+bbH+ttH = 2+1 2
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H—ZZ™*)—4l: Coupling Results

< 7_|III||IIIIIIIII|IIIIIIIII||III|IIII|IIII_
(- | -
N [ ATLAS \s=7TeV JLdt=451" -
6 - H—> ZZ"— 41 \s=8TeV JLdt =20.3fb ™ < 10 | %
: / O 2+1.2 : ﬁ b 30 §
S :_ aVRYT uggF+bEH+tfH - 05 _: B %
4 - m,, = 125.36 GeV E 2
; - 6t
SH ERTY: 20
E : H—WWH= VIV -
- 5 \s=7TeV,4.5fb" =
- - = _ -1
i \s=8TeV, 20.3 b 110
-._. O:lllllllll - lllllllllllllllllllllllllllllllll:
2 ; : 0 3 4 s
O R NS N NN NS NS uVBF/uggF
-05 0 05 1 15 2 25 3 3.5
Mverve M ggr b
i,,, - e — f—:—p
| HVBF+VH/|JggF+be+ttH =0.2*1295 |
Some way to go still before observation...
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2 InA(u, g /0 ggF+be)

LHC Higgs boson: Combining all the channels

|

B I I | I I I | I I I I | I I I | I I I | I | |
14— ATLAS Preliminary
B 1 —— Observed
- \s=7TeV,45-4.71b
125 (s -8 Tev, 20.3 10" == SM expected
10~
8
6
4
2
O: 1 | | | | | | I | | | |
0 1.5 2 2.5
l'LVBF/HggF+be
Ww* 0.28
s 115755,
Ratio of Best-fit Significance (o)
cross sections value Observed Expected
0.46
RyBr /ger 1.007554 4.3 3.8
Ry H /ger 1.331023 2.6 3.1
Rivt)gar 1.90" 5 58 2.4 1.5

-2AInL

- N W B~ OO0 O N 00 O O

T llll]](lflIIl

-

19.7fb" (8 TeV) + 5.1 b (7 TeV)

L ] L
- CMS
Unpublished

(=T [T T[T o]
p—

|

TTTTI

TTTTTTTTTTTTT

=~ Combined

— H — vy tagged
— H — ZZ tagged
— H — WW tagged
— H — 11 tagged

3

\III

|4

:41..1
w

5

VBF,VH/u

(@)

ggH,ttH
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LHC/HL-LHC Plan

High
LHC / HL-LHC Plan Luminosity

LHC
LHC L-LHC

LS1 EYETS 14 TeV 14 TeV

13-14 TeV - energy
7Tey 8TeV e o e Sryolmit HL-LHC installation e
R2E project DS collimation IP2 - fe——

b0 20z [2ois [B2ois Woois 2o W20z B2ote W2o0 200 W2oe W20zc W20z [aoos Waoes || )]

75% 2 x nominal luminosity
nomin a nominal luminosity | ont upgrace p— experiment upgrado

lU.’!‘Iillf‘v:‘j:;;ll‘,' | experiment beam pipes / phase 1 phase 2
Ir
SAAAALEE  luminosity
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QGC in Run Il and beyond

é’ 35 ATLAS Simulation Preliminary . VBS 22 (ISM) E

The increased energy and integrated luminosity at i ” J L= 000 Yy, SMVBS 7 + 7

LHC Run II/lll and beyond would allow access to 7 Con= 1oV

various processes: SMzzQeb 2

- VBS ZZ—4l, WZ—IVILW*WE—[fvity,... 3

- Tri-bosons Zyy—llyy,... Z E

Each of them sensitive to different operators in the = E

Effective Field Theory approach. SE 7
0.2 03 04 05 060708 1

m,, [TeV]

& = T ' ' ]

aﬁeCtS H—>VV COUpIingS % 35005_ ATLASJSmuIahon P:ellmlnary .VBS ssWW (SM) —E

Lov = LW, 0606 (i.e. triboson and VBS studies) " 000k - 3000 SN

\ but not di-boson production 2500;_ I s ceww aco _

T T - J

Parameter dimensi(?n/ channel | Ayy [TeV] 5 300 fb95% CL 50_3000 fb95% CL 2000;_ SM WZ + mis-ID _z

cow /A 6 | zz 1.9 34TeV™> | 20TeV™> | 16 TeV™> | 9.3 TeV™> 1500F- E

fso/A* 8 WEW* 2.0 10TeV™ | 6.8TeV™ | 45TeV™* | 0.8 TeV™ - ]

fri/A* 8 wZz 3.7 1.3TeV™* | 0.7TeV™* | 0.6 TeV™* | 0.3 TeV™ 1000 =

frs/A* 8 Zyy 12 09TeV™ | 0.5TeV™ | 0.4 TeV™ | 0.2 TeV™ - -

fro/A* 8 Zyy 13 20TeV™ | 09 TeV™ | 0.7 TeV™ | 0.3 TeV™ 500 —

e | |
1 2 3 4 5
my, [TeV]
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Higgs in Run Il and beyond

The LHC is a Higgs Factory R eucton s s
* Run Il x5-6 more integrated luminosity compared to Run | " mx=125 GeV 12
g y o ( ) %
« x2.3 - 3.9 increase in Higgs production cross section from 8TeV to 13TeV T ;2411 pg @ ; Pg | §
* x3.4-5 improvement in statistical sensitivity - 10l R %.. 57 02 gb % 14%\/ iE
In Run Il several Higgs analysis may become systematics limited (N 4 ]
need to work on reducing those s T e -
O B a.,...?\" ]
ATLAS Simulation Preliminary ATL-PHYS-PUB-2013-01 4 1 02’;\?%/ _
/ : 1. e Y o L = = N ]
\s=14TeV: [Ldt=300 b ; [Ldt=3000 fb* = = "~ T7 7 T RN G, :
— T = — w/ theory - w/o theo . B S, '\\
H—>HH (C(()mbl ; ! 13— esw CLy —95% CL b B i /[@:\) R ]
INC - _: - )c.,\ ~ —
(ttH-like) B — 1.2E ..................................... . 10 - b T E
H—tt (VBF-like) 115 = - _
H ZZ Comb :_ _: Lo b bva b v b L |||||||||||'|
- (\(,H ,,ke; ~~~~~~~ p— jé 1100 200 300 400 500 600 700 800 9001000
(ttH-like) [ gy — - 09 E My, [GeV]
(VBF I|ke) i 0.8:— ATLAS Simulation Preliminary :
F-like) [0 TR = 1 | Is= 14Te]v J.Ldtl 3.00 b E
H—>WVV( (gcomb) B %69 095 1 105 17
(VBF-ike) P o | | * Several open topics in the Higgs
(+1]) 1A BestFit + Standard Moce = sector for future studies:
- — w/ theory - w/o theory ] .
H>Zy (,(nC,J; 135 emwcL —eswoL = - Rare decays & Couplings
H%'Y,Y (Comb) """" 12;_ —; - CP StUdieS
(VH-like) 1.1 s - BSM Higgs boson searches
N ——— s—— 1 -Higgs boson pair production
IKe C ]
(1) s 1 %% E
(+O]) ::=::E o | o 0.8; ATLAS Simulation Preliminary_f
- \s=14TeV,J-Ldt=3000fb'1[ ]
0 02 04 OFs ek s AT
ATL-PHYS-PUB-2013-014 Ap/p Ky
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P u*jj Candidate Event

my=2800 GeV A6 | We just begin to explore the dynamics of
- = — [ | Electro-Weak Symmetry Breaking

Within the Standard Model this is purely due to the
Higgs non-zero vacuum expectation value.
— I | But new physics could contribute,
.%: % A'“_ AS without contradicting current experimental limits!

2 EXPERIMENT
Run Number: 207490, Event Number: 33152138 New physics may be |urking there!

Date: 2012-07-26 04:16:35 UTC

= e LHC / HL-LHC Plan @?ﬁ;‘y
| With the LHC Run II/III and beyond these
| are major questions to be answered!
LSt 1314 Tev 14 TeV 1AllTeV oy
Intensive dialogue/collaboration between i [ ee—
theory and experiment is needed to reduce | " = SRR N T . E_—" =
modeling uncertainties and to optimally | I -
o xS sy

- beneflt from the wealth of mformatlon
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EW ij VS strong VA|

2 L LA L L LR B = 2 FT T L L BN LR IR
S ATLAS _EWZj : [ AmLas —Ewzj ]
o 1F 3 o g 3
5 = — Background 5 1 — Background 3
o - . o C | ]
D - . D

© B 7 T 107 ‘I_I—|_I; 3
£ - . £ = =
< ::I_'T— s F :
107E E 10° g E
I ) 107 E
-2 |- _ u 7]
10 3 - 10‘4E E
: | | ' L 1 | : P S T T N T ST W T NN T TR TN W N TN N T TN N N TR T A A TN N -

0 1 2 3 4 5 6 7 0 500 1000 1500 2000 2500 3000
|Ay | m; [GeV]
.é\ 1]_' I LI I LI L I LELELEL I LI I LI I LELELEL I LI I l_l :‘;‘ : T I T I T 1 T T I T 1 T 1 I 1 L] 1 L] I L] T L] T I T T T :
0 o - .
2 0.8-— — Background 7 S 0.6F — Background =
e F 1 2 f :
] B m © [ ]
£ i i = 0.5: -
o 0.6 — o - .
< B 7] < 0.4 —]
0.4 - 0.3F =
i ] 0.2F =
0.2 — - | .
: : 0.1F- ‘\—|_|I =
O-l ' PR R I T T s s s e B O O -l | | ' TR A Y | O: L1 1 1 IT%IT‘- — s T | :

0 1 2 3 4 5 6 7 0 0.1 0.2 0.3 0.4 0.5 0.6
Ngap pbalance

Jet activity both in terms of kinematics of the events, and as additional

hadronic activity are crucial to separate EW and strong production
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W*Wijj—IrviI*vjj:Systematic Uncertainties

Systematic Uncertainties ee/eu/pup (%) - Inclusive SR

Background Signal
Jet uncertainties 11/13/13 Jet uncertainties 5.7
Theory W Z /~* 5.6/7.7/11 | Theory WEW=jj-ewk 4.7
MC statistics 8.2/5.9/8.4 | Theory W=*IV=jj-strong 3.1
Fake rate 3.5/7.1/7.2 Luminosity 2.8
OS lepton bkg/ 5.9/4.2 /- MC statistics 3.5/2.1/2.8
Conversion rate '

Theory W 4 ~ 2.8/2.6/- E7'*%% reconstruction 1.1
EZ"s$ reconstruction 2.2/2.4/1.8 | Lepton reconstruction  1.9/1.0/0.7
Luminosity 1.7/2.1/2.4 b-tagging efficiency 0.6
Lepton reconstruction 1.6/1.2/1.2 trigger efficiency 0.1/0.3/0.5

b-tagging efficiency 1.0/1.1/1.0
Trigger efficiency 0.1/0.2/0.4
Systematic Uncertainties ee/ep/up (%) - VBS SR
Background Signal
Jet uncertainties 13/15/15 | Theory W=T1 =5 j-ewk 6.0
Theory WZ /~* 45/5.4/7.8 Jet uncertainties 5.1
MC statistics 8.9/6.4/8.4 Luminosity 2.8
Fake rate 40/7.2/6.8 MC statistics 45/2.7/3.7
25 |ept<?n bki/ 5.5/4.4/— | EM** reconstruction 1.1
ETTni?Smr/:crcs)lr?srlcrruac'gon 2.9/3.2/1.4 | Lepton reconstruction 1.9/1.0/0.7
Theory W + ~ 3.1/2.6/- b-tagging efficiency 0.6
Luminosity 1.7/2.1/2.4 trigger efficiency 0.1/0.3/0.5
Theory W£W=*jj-strong  0.9/1.5/2.6
Lepton reconstruction 1.7/1.1/1.1
b-tagging efficiency 0.8/0.9/0.7
Trigger efficiency 0.1/0.2/0.4
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Overview of rate measurements

ATLAS Preliminary Input measurements
m, = 125.36 GeV + 16 On
H T H
m,, (GeV)
Overall: . = 1.17+g'§; 125.4 : : : 'z' |
H— vy ggF:p=1.32"7" 11254 : : : i
VBF:p =087 1254 e
WH: = 1.0"77 | 1254 L — ‘
S 437 . :
ZH:p=0.1" 11254 | :
L 4040 [125.36 . . . t——i -
H _ 77+ Overall: p = 1.4470‘33 : : : :
goF+ttH:n=1.7707 l12536| 1 1 1 i eH
S a6 . : . : :
VBFAVHiN =03 o l1os36] | | 1 —e———] 1
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Diphoton selection
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H—vyy: Fiducial/Differential cross sections
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