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. Vector boson fusion (VBF) J Vector boson scattering (VBS)
q q
W+
W+
q q q
o4 (Zjj — Electroweak) = 46.1 + 1.0 fb o (WEW=jj — Electroweak) = 0.95 4 0.06 b

 Rare Standard Model processes

* Insight on Electroweak symmetry breaking mechanism
- WW,_ — W W, violates unitarity without a SM Higgs
- Zjj background for VBF Higgs measurements

« Sensitive to triple/quartic gauge couplings
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Electroweak and Strong production

Electroweak productlon O(a EM4)@LO Strong productlon O(oc ‘o.2) @LO

S S S

Analogous classification for Zjj productlon

e Study the whole EWK production (interference, gauge invariance)

« EWK production leads to g T amas Cewn
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Electroweak and Strong production

Electroweak production: O(o,,*) @ LO Strong production: O(a, 0. %) @ LO

P ¢ ! v q q q W

(/ - Analyses goals 7"
 Measure inclusive (strong+electroweak)

production cross section (and kinematic)

- Stul « Extract electroweak component cross section nce)

« EW - strong production considered as a background o

Zjj

ackground ]

-+ Set limits on anomalous triple and quartic .
gauge couplings < see results in the papers ]

- Large rapidity difference
(lack of “color-flow” -
b/w tagging jets) 0ok

0.4 _
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0 1 2 3 4 5 6

Particle-level distribution et
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ut, et

 20.3/fb @ 8 TeV; nujj, eejj final states
« single/di-lepton triggers

Object baseline high-mass search control high-pT
/
Leptons In‘| < 2.47, p% > 25 GeV
Z selection ~_ Dilepton pair 81 < myy < 101 GeV
— P > 20 GeV -
/ .
Jets ly’| < 4.4, AR;¢ > 0.3
jets selection= pr > 55 GeV pil > 85 GeV
P > 45 GeV PR > 75 GeV

Dijet system

mj; > 1 TeV

mjj > 250 GeV

Interval jets

J?\GEt = 0

J;I\'rjet 2 1

Zjj system — phatance .15 p‘if‘la“‘:&?’ <0.15 .

= extract EWK component

= probe high-p_, high m(jj)
e Strong Zjj production dominates (85-96%)

* Electroweak Zjj (1-12%), other processes (1-4%)
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Fiducial cross section (strong+ewk)

« Measure fiducial cross section .
 Unfold sensitive kinematic <
distributions to particle-level
fid. _ N (ewk + strong)
fﬁ .C
) 10 T e =
= F ¢ ATLAS 3
o) - [Ldt=20.3f0" -
I °* s 1s=8TeV | o
TE * 3 S|%
e Data 2012 ]
Sherpa (VZ) ?«s
..................................,...”.'.’: ........ gg
~ / » '/./. ...... 7 g

June 3rd, 2014

baseline hlgh P,

search

control  high mass

S. Pagan Griso, LBNL

1.2F
- , 1
L | I_*l . _| N | - ; '___i__,_ i JIo.. ]
08_ ’ - igﬁ:‘WWW”W?W',J‘,:,T?::,!" / ‘ -—:
0 1 > 3 4 5 6 7
|Ay |

N A

1

- - - Powheg Zjj (QCD)

Data (2012)

X Sherpa Zjj (QCD + EW)
- Sherpa Zjj (QCD)
Powheg Zjj (QCD + EW)

\s=8TeV -




= ewk Zjj extraction

« Constrain strong Zjj using events with >= 1 jet within tag jets

* Fit m(jj) in signal region

old (Z45) = 54.7 £ 4.6(stat) 9>, (syst) £ 1.5(lumi) fb

— result in agreement with SM 8§ _ .[* oo

3 - .- \s=8TeV 3

AN = search region -

 Background-only excluded N LU

8 = —o— 3

at more than 5¢ z —o- &

10% - =

. . . . = - —e— 3

* Leading systematic uncertainties | —i:F+ -

. - _¢ Data (2012) e 4= =

- Background modeling L~ Bakgroung +_|_#ii

_ o = | Background + EW Zj E

 Control region statistics 2| T =

.. o = . T =

* Theory uncertainties ég T T '“\“Jr';'_"”

0.56 | HE

— Jet Energy Scale o 1| a TR R AR R R E

Ols c B e S .

: : H : + +1 x| @ 0'52_ —— constrained ~ otpe- —— B

- Similar situation as for W*W3jj... =o of -~ tnconstrained e e e ey o
500 1000 1500 2000 2500 3000 3500

m; [GeV]
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E *W+jj:data sample and selections

g / « 20.3/fb @ 8 TeV, single-lepton triggers

* nruijj, etetjj, e*p’jj final states

« Leptons p_> 25 GeV, In| < 2.5, Jets p. > 30 GeV, |n| <4.5

 Veto events with any additional <«
electron (muon) with p_> 7(6) GeV

* Missing Transverse Energy > 40 GeV +

e
i

—
i

e |[m(ee)-m,|>10GeV <

Reduce WZ/ZZ

Reduce DY with
charge mis-identification

 Veto events containing b-jets «

« m(jj) > 500 GeV — Measure strong+EWK
* |Ay(jj)| > 2.4 — Extract EWK component
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EW Sample composition

(after all selections)

Other non-prompt

- leptons from

(b-)hadron decays

- top, W+jets, multi-jets

- Data-driven using
events with one
non-isolated lepton

W=W4jj ewk+strong

- Sherpa (3jets @ ME)
prediction normalized 47%
with Powheg (ewk)
(VBFNLO as x-check)

13%

(str @

Asym. conversions (y — ee)

Prompt lepton background l
- Wy, lepton bremsstrahlung

- mainly WZ/y*, ZZ

- 75% strong WZ/v*, (mostly Drell-Yan, top)
15% ewk WZ/y* - affects mostly ee channel

- Sherpa (3 jets @ ME) - Data-driven from opposite
normalized with VBFNLO sign leptons (DY, top)
calculation when available (WZ/y*) - Simulation (W)
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Background control regions

Conversions (ee), other non-prompt
Prompt promg\t (up) (b-decays) .
o s L Mix
Control Region| Trilepton <1 jet b-tagged Low m;;
eTeE  exp. 36 £ 6 278 £ 28 40 £ 6 76 £ 9
data 40 288 46 78
espT  exp. | 110 £ 18 288 4+ 42 754+ 13 127 + 16
data 104 328 82 120
o exp. 60 +£10 &3 +14 25+ 7 40 + 6
data 48 101 36 30
5 L ATLAS * Data2012 E 5 455_ ATLAS * Data2012 3
i = 20310, \s=8TeV &I Syst. Uncertainty 3 D 405 2031b" 15 =8Tev &R Syst. Uncertainty
60~ Tri-lepton CR — W_Z\X(;” ewk+strong€ 35;— <1jetCR, ee gsvgrjcj)n?lvr\),’:( Igspttrngg _;
= - Zo E 30 = ng*’zz E
e - ﬁfc\;/pzromp E 25F = %r\}s/rznon-prompt E
] 20E- e
E 5 bt W
= 10E- L oo + :
o
R et T P |,
i c—— — i o : N A TE S N SUR SN SRNT S
g A SR S S g F TR TR
% 1 5 3 4 5 6 2 - 0 1 2
| ()
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Fiducial cross section (strong+ewk)

« Background-only hypothesis excluded at 4.5

 Measure fiducial cross section in fiducial phase space close to
experimental acceptance selections

> L L R L B LA I I BN BN
obs. __ nrbkg. ® ATLAS * Data 2012 7
O'ﬁd' _ N N O 102K 2030 1s=8TeV BZ Syst. Uncertainty =
_ f r @ <2 : W*Wj Electroweak J
A 56-83% = — WEWHj Strong ]
L%’ 10 E B Prompt _
) Conversions 3
ATLAS SM ot =1.52 + 0.11 [fb] _f*/j; B Other non-prompt 1
1 Ve NLO, POWHEG-BOX, CT10 : XHXX 7]
20.3 fb', \s=8 TeV ] m _E
etet o yyyyyys{yyyyyy‘g
2.0+ 1.5+ 0.5[fb] _
efut — 10"
2.1£0.7 £ 0.3 [fb]
L’l‘iui (B & a _8 ! : A Il
: Data/Bkg 1
22+0.940.2fb] 2 : T Bkg Uncertainty i
2.1% 0.5 + 0.3 [fb] 3 i , LT
| | | | | | | E _ H -
0.5 1 1.5 2 25 3 3.5 8 0 200 400 600 800 1000 1200 1400 1600 1800 2000

c el [fb] m; [GeV]
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ewk W:W:jj extraction

« Background-only hypothesis excluded at 3.6
— first evidence of electroweak W*W*jj production

_fid, VBS Region — 1.3 + 0.4(stat) & 0.2(syst.) fb

Wi W =345 Electroweak ~—
0.95+0.06 fb (expected)
o Statistical error dominates

L g T IR IR IR IR :42 455_ - e E
o - ATLAS * Data2012 12 - ATLAS * Data 2012 =
it © 20310, 1s=8TeV B3R Syst. Uncertainty 1 405 p03fp! 1s=8Tev oo oyt Uncertainty 3
251 v WWjj Electroweak - ’ W™Wjj Electroweak
- (m;>500Ge WEWHj Strong 1 35F VBS SR, ee+ep+ip = \(/)V%/y ZZH+W/Z =
201 : Promp! 4 so- Other o prompt, =
C —p — 8or:1ver3|ons ] 255 J -y ]
155 : ther non-prompt E E I W WHj Strong E
: S
10__ _: 15:_ | |ijj’ > 24 _;
o 1 10 o =
5 - E
: 5%
A~ | I 7] : . . . &
0 1 2 3 4 5 6 7 8 9 2 3 4
Ay, Nt
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Conclusions

« Observation of electroweak Zjj production

Evidence of electroweak W*W#jj production

Measured fiducial cross sections in agreement with SM

Milestones towards a full VBS program at the LHC

WWijj statistically limited

- In Run-2 expect increase in cross section by a factor of ~ 4

Looking forward to fully explore the physics behind
VBS in the next years of operations of the LHC !!
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VBS/VBF @ LHC

. . 3 H . 2
Electroweak production: O(o,,°) @ LO Strong production: O(o,,0. %) @ LO
' q q .
Z
q g q
> :""|""|"'\'|""|""|IIII - ML DL DL L DL L DL ELEL N LELELEL R B B
= | ATLAS _ew = | ATLAS _ewy ]
o 1E o
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R R B .
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£ 2 3 E - 1
o - 1 o 0.6 —
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Strong Zjj control region

> L L B A
o 10% e ATLAS —
O = [Ldt=203f" 3
8 . \s=8TeV
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Strong Zjj control region

E E [T T | T T T T T T T T T T T T T T L
8 % : ATLAS m‘% [ ATLAS ]
m] 1_ O 1.2 - control region with 25 < p_ = 38 GeV —
- control region S fs-8Tev B
0.9 /s =8 TeV - E
I 1.1F ]
e - ’
0.8} — default T~ [ | D S, S
f e Y £ 0.8 E ! E
0.7f - 1vI=08 0.9F ]
:__ N|E1 = 1 : :
I N =2 - ]
[T e 0.8 -
0.6; ___p_>38Gev 5 - .
[~ 25 {_FTESB GeV 0.7F E
0.5p - - [ae(l/n] <09, - 4 uncorrected MC: %N, = 10.9/5 .
:I 1 I 1 IpITI}; -IE[I] I(BIEI‘.{ 111 I 111 1 |'I 11 1 | ;'I 11 D'E‘:_ +CGrrectEd MG: IEIII'N{!I - SISI{E _:
1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I‘
500 1000 1500 2000 2500 3000 3500 500 1000 1500 5000
I"f‘lji [GE‘V] my; [GEV]
(a) (b)

Figure 12. (a) Background reweighting functions obtained for different choices of control region.
(b) The agreement between data and simulation in the 25 < pp < 38 GeV subregion both before

and after applying a background reweighting function derived in the pp > 38 GeV subregion.
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Systematic uncertainties

>. _I L | T 1T T I T 17T | L | LI T
= 0.5
= . ATLAS Differential cross section |
g [ JLdt-2031" 1s=8Tev 1
8 i baseline region ~ ____|777""" |
c [——7
) i I e | i
r— e B
g 0] o= e P s . N
2 | =
= r  TTTTTEee---
&)
© —— Syst+Stat — ——
LL - Other i
Data statistics
T JES + JER — - Theory modelling / closure
-Ol5 _I 1 1 1 | 1111 | 11 1 1 | 1 1 1 1 | 11 1 | | 111 1 | 11 | I_
0 1 2 3 4 5 6 /
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Ay

ewk cross section measurement

Source ANgw ACrw
Electrons Muons | Electrons Muons

Lepton systematics — — +32% +2.5%

Control region statistics +89% +11.2% — —

JES +£5.6 % 2%

JER +0.4 % +0.8 %

Pileup jet modelling +0.3 % +0.3 %

JVF +1.1% %

Signal modelling +8.9 % 8%

Background modelling +75 % —

Signal/background interference +6.2 % —

PDF % +0.1 %

Similar situation stands for W*W4jj ...

S. Pagan Griso, LBNL

At large Ay(jj) largest uncertainty from Jet Energy Scale

Theory uncertainty and background modeling important!
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Electroweak Zjj fit results

Electron Muon Electron+muon

Data 14248 17938 32186

MC predicted Ny, 137001200 71205 18600 £ 1500 13500 32600 £ 2600 3500

MC predicted Ngw 602 =27 £ 18 731 =29 1+ 22 1333 =50 £ 40
Fitted Nyig 13351 £ 144 = 29 17201 £ 161 = 31 30530 =216 £ 40
Fitted Ngw 897 92 £ 27 737 98 £ 28 1657 = 134 + 40

Table 5. The number of strong (Npy.) and electroweak (Ngw) Zjj events as predicted by the
MC simulation and obtained from a fit to the data. The number of events in data is also given.
The first and second uncertainties on the fitted vields are due to statistical uncertainties in data
and simulation, respectively. The first and second uncertainties in the MC prediction are the

experimental and theoretical systematic uncertainties, respectively.
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Anomalous gauge couplings limits

C . A,
— [ 017 (wT WHZY — W, Wi “Z“) R WIW,ZH + ZZwh

. v oy ‘H_:'I{ L ZJ: jr.‘i]
IwWWwWz myy

aTGC A =6TeV (obs) A=6TeV (exp) A =00 (obs) A= oc (exp)
Agrz  [-0.65, 0.33] —0.58,0.27]  [~0.50, 0.26] [~0.45, 0.22]
Az —0.22, 0.19] —0.19, 0.16]  [~0.15, 0.13]  [~0.14, 0.11]

Table 7. The 95% confidence intervals obtained on the aTGC parameters from counting the
number of events with m;; > 1TeV in the search region. Observed and expected intervals, labelled
‘obs’ and ‘exp’ respectively, are presented for unitarisation scales of A = 6 TeV and A = cc. The

parameter Ag; z refers to the deviation of g; z from the SM value.
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E Signal expectation

« NLO (in QCD) calculation available for electro-weak and
strong W*WHjj production

- VBFNLO and PowhegBox — interfaced with Pythia8 for parton
shower, hadronization and underlying event

e Constructive Interference of 7-12% (Sherpa, LO study)

 Main systematic from scale/PDF variations and parton shower
uncertainties

Expected cross section after selections that closely mimic
experimental event selections:

fiducial x-section [fb] Inclusive region VBS region
Electroweak W*W+jj 1.00 + 0.06 0.88 £ 0.05
Strong W*W3jj 0.35+£0.05 0.098 £ 0.018
Interference 0.16 £ 0.08 0.07 £ 0.04
Total Signal 1.52 £ 0.11 fb 0.95 *0.06 fb
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Signal region yields

Inclusive Region

VBS Region

e:te:t (?:tﬂ:t H:tu:t e:te:t eiﬂi ﬂiﬂi

Prompt 3.0+ 0.7 6.1 £ 1.3 2.6 £ 0.6 2.2 +0.5 42+ 1.0 1.9+ 0.5
Conversions 3.2+0.7 2.4 +0.8 2.1 0.5 1.9 £ 0.7 —
Other non-prompt 0.61 £030 19+0.8 041+0.22 | 0.50+0.26 1.5+0.6 0.34 + 0.19
W=W=jj Strong 089 +£0.15 25+04 142+0.23 | 025006 0.71+0.14 0.38+0.08
W*=W=jj Electroweak | 3.07 £ 0.30 9.0 £ 0.8 4.9 + 0.5 2.55 £ 0.25 7.3 £ 0.6 4.0+ 04
Total background 6.8 +1.2 10.3 + 2.0 3.0+ 0.6 5.0+ 0.9 83+1.6 2.6 £0.5
Total signal 4.0 +04 114 +1.2 6.3 +£0.7 2.55 £ 0.25 7.3 £ 0.6 4.0 + 0.4
Total predicted 107+ 14 21.7+£2.6 93+1.0 7.6 1.0 15.6 £2.0 6.6 £ 0.8
Data 12 26 12 6 18 10

June 3rd, 2014
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Signal kinematics

> 16 _ > L _
5 - ATLAS Preliminary @ gata %012 . o 10— ATLAS Preliminary * Data 2012 N
o 14F Az = yst. Uncertainty o - A= _ X Syst. Uncertainty i
..pr_ - 20.3fb , \[g 8 TeV WiWiJJ Elegtroweak . % | 20.3fb , \[g =8 TeV Wiwill Elegtroweak ]
€ 121 VBSSR eetep+ryn B WZ/y'ZZtHWiZ 4 € gl VBS SR, eetep+uy W WZ/y* ZZtt+W/Z ]
> - B Other non-prompt 2 i B Other non-prompt |
10 W4y 4 W - OS prompt leptons
- 0S prompt leptons 6  W+y ]
8 W*Wj Strong - - W*W?3jj Strong 1
o E 4t :
4 . B .
b ] 20— ot %%
2 . : -
TR T P o S S = L

0 50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300
me(1.LET*) [GeV] Zlp.| [GeV]

 Kinematics sensitive to electroweak component

« Candidate distributions for differential cross section
measurements with more data
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Electroweak fiducial cross section

ATLAS SM GQ,’VB\,?=0.95 + 0.06 [fb]
20.3 fb‘1 \s=8 TeV NLO, POWHEG-BOX, CT10

ee’ .
0.4+ 1.0+4.0 [fb]

eiui °
1.3+ 0.6 +0.25 [fb]
e 3 .
1.7+ 0.8+ 0.15 [fb]

Combination o
1.3+ 0.44 0.2 [f0]

L PRI BT
-1 -0.5 0 0.5 1 1.5 2 2.5
S ' ]
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:EW Cross section likelihood

Llowtw=,j,q;) = H Pois(Nbe\Nifgt) H Gaus(a}]a;, 1)
ic{ee,up,ep} jEsyst
NP (owswejj05) = L owewsj; - Ai - gi(ag) + Y Nip(ay)
b

- o, nuisance parameters for systematic uncertainties
« A. — relative acceptance for channel i (~ 1:2:1 for ee,ep,up)

- & — efficiency for channel i

- 56%, 72%, 77% for ee, eu, uu in Inclusive region
- 57%, 73%, 83% for ee, eu, uu in VBS region
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Fiducial region definition

Fiducial region: summary of selections

Two same-charge leptons (e,u; veto t decays), p, > 25 GeV, |n| < 2.5
- includes photons in a cone of radius AR=0.1 around the leptons

At least two jets p. > 30 GeV, |n| < 4.5
- anti-k, R=0.4

AR(I) = (Ad(Il)? + An(I1)?)"2 > 0.3

DR(l, jet) > 0.3

m(ll) > 20 GeV

Missing Transverse Energy > 40 GeV

m(jj) > 500 GeV — Inclusive fiducial region

|AY(jj))| > 2.4 — VBS fiducial region

June 3rd, 2014 S. Pagan Griso, LBNL

26



:Z anomalous Quartic Gauge Coupligs

« Using electroweak W*W:jj fiducial cross section in VBS phase
space to constrain aQGC

« Effective field theory approach (@)
_ C (d)
L=Lout D D 730

dimension d 7

— Valid below energy scale A

« Some d=8 operators can be mapped to d=4, d=6 ones

d=4 d=6 d=8
WWWW, WWZZ WWZy,WWryy all VVVV
Chiral Lagrangian “‘non-linear” formalism “linear” formalism
(“non-linear”)
o, O a,/ A’ a A fo. [ A%y /A% T LAY
Appelquist et al. (1980) Belanger et al. (1992) Eboli et al. (2006)
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aQ6C results

ATLAS Preliminary

0.6/ 203107, Vs =8 TeV
- pp > W* W*jj .
0.4 :_ K-matrix unitarization
0.2 1-D observed 95% C.L. limits:
of

-0.14 < a, < 0.16 (0..=0)
-0.23 < a, < 0.24 (,=0)

0.2~ confidence intervals

0.4 - 68%CL
T [95% CL
-0.6— —expected 95% CL

= Standard Mlodel | | | |
| | | L1l \ | | | | | | | | | L1l | L1
-04 -0.3 0.2 -01 0 01 0.2 03 04

o,

« Simplified-model interpretation (arXiv:1307.8170) relates to
energy scale of hypothetical contributing resonance:

U

A= ~ 500 — 650 GeV

%
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Process o @ 8 TeV | ol @ 14 TeV | Ratio 14 TeV / 8 TeV
electroweak WEWEj] 1.83 fb 7.3 tb 4
strong WEWj 0.74 tb 2.75 fb 4
strong W*Zjj 3.11 tb 15.7 fb 5

Madgraph, LO; 2 same-charge lep p, > 15 GeV, |n|<5; at least two jets p_. > 30 GeV, |n|<5; m(jj) > 500 GeV
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