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why vector boson scattering? (1)

m VV; — V| V| scattering violates unitarity ~ TeV if there is no
Higgs.
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why vector boson scattering? (1)

m VV; — V| V| scattering violates unitarity ~ TeV if there is no
Higgs.

Now we've found a Higgs particle with mass 125 GeV.

Is it fully responsible for the EWSB?

m Or some new physics could share the job?
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after Higgs discovery

m The Higgs couplings have been measured. Take the ATLAS
H — WW* as an example:

ATLAS-CONF-2014-060

I
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m Still room for new physics! If the Higgs is only partially responsible
for the EWSB, the V| V| scattering amplitude still grows as

O(s/m?,) until new physics kicks in.
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https://cds.cern.ch/record/1954714

why vector boson scattering? (I1)

m Gauge boson self interactions are an important part of the
electroweak sector

m Triple-gauge-boson coupling (TGC) has been studied extensively

m No direct evidence for a process involving QGC vertex in previous
experiments

m Probe to quartic-gauge-boson couplings (QGC) through VBS:

m QGC can be also studied in tri-boson production
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VBS at ATLAS

Final State Status
WEWE = (Fuity ATLAS-STDM-2013-06. Evidence for VBS!

WzZ — tvit In progress

WW/WZ — tvjj In progress

Vy In progress

pp — pWWp In progress

H — WW* — (Tuvf—v | ATLAS-CONF-2014-060. Evidence for VBF production!
H— ZZ* — (=00~ ATLAS-HIGG-2013-21

m This talk will focus on the same-sign WW analysis and briefly
discuss the VBF part of the H — WW™ analysis.

m More to come in the future.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/
https://cds.cern.ch/record/1954714
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-21/

VBS at LHC

m VBS production at LHC with O(a%,,):

o R
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= non-VBS production of the same final state with O(a%,,):
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= non-VBS production of the same final state with O(a%,,):

m strong production of the same final state with O(aZay,):

e e I
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VBS at LHC

m VBS production at LHC with O(a%,,):

m strong production of the same final state with O(aZaf,,):

=

A

m VBS not separately gauge invariant. Look at electroweak production
as a whole.
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why same-sign WW: electroweak vs. strong

m Electroweak vs. Strong production at LHC. (Sherpa prediction with
two leptons pr > 5 GeV, my > 4 GeV and two jets pr > 10 GeV.)

final state process | VVjj—Ewk [fb] | VVjj—Strong [fb] | Ewk/Strong
(FvlF ) jj (same sign) WEW* 19.5 18.8 1.04
(FvlF V' jj (opposite sign) | WEWT 91.3 3030 0.030
CEOFOEY i wtz 30.2 687 0.043
(EOFOEPF V4 15 106 0.014
A V4 2.4 162 0.015
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why same-sign WW: electroweak vs. strong

m Electroweak vs. Strong production at LHC. (Sherpa prediction with
two leptons pr > 5 GeV, my > 4 GeV and two jets pr > 10 GeV.)

final state process | VVjji—Ewk [fb] | V\Vji—Strong [fb] | Ewk/Strong
| “EviEDjj (same sign) WEW= 195 18.8 104 |
(FvlF V' jj (opposite sign) | W=WT 91.3 3030 0.030
ORI w*z 30.2 687 0.043
(EOFOEPF V4 15 106 0.014
eV j V4 2.4 162 0.015

m Theoretically, same-sign W* W™ jj has the largest Ewk/Strong
ratio.One of the most promising final states for a first study of VBS

at LHC.

m Experimentally, the same-sign lepton pair requirement also greatly
suppresses other SM backgrounds.

m Analysis goals:

m measure the inclusive Ewk-+Strong w W= jj production cross

section,

m extract the electroweak W* Wijj component,
m place constraints on aQGC's.
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signal simulation

m W*W=jj-Ewk and -Strong are simulated using Sherpa up to one
extra parton.

m Interference (7%-12%) is added to electroweak production, assuming
“No electroweak production, no interference” .

m Normalized to NLO cross section calculated using PowhegBox in the
fiducial regions.
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event selection

!

q q
€+
14
€+
v
q qd

m Exactly 2 isolated leptons (e, ) of the same electric charge with
pr > 25 GeV and my > 20 GeV

B missing transverse energy EXisS > 40 GeV
m at least 2 jets with pr > 30 GeV
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event selection

!
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Exactly 2 isolated leptons (e, 1) of the same electric charge with
pr > 25 GeV and my > 20 GeV

missing transverse energy EM > 40 GeV
at least 2 jets with pr > 30 GeV

veto events with a third lepton with lower pr and looser quality =
suppress WZ

|Mee — mz| > 10 GeV = suppress Z+jets
b jet veto = suppress tt
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event selection

!
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pr > 25 GeV and my > 20 GeV
missing transverse energy EM > 40 GeV
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event selection

!

q
€+
tagging jet (4)
14

€+

tagging jet (3)
14 N
q’ = (2) v

Exactly 2 isolated leptons (e, 1) of the same electric charge with
pr > 25 GeV and my > 20 GeV

missing transverse energy EM > 40 GeV
at least 2 jets with pr > 30 GeV

veto events with a third lepton with lower pr and looser quality =
suppress WZ

|mee — mz| > 10 GeV = suppress Z+jets
b jet veto = suppress tt

mj; > 500 GeV = Inclusive Signal Region
Ay(jj) > 2.4 = VBS Signal Region
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background overview

m Prompt backgrounds:

m WZ+jets
m ZZ-+jets
mtt+V

m Photon conversions:

m Wr+jets
m Z+jets and tt events with electron charge mis-ID

m Other non-prompt:
m Leptons originating from hadronic jets
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background overview

m Prompt backgrounds:
m WZ+jets: Sherpa
m ZZ+jets: Sherpa
m tf + V: Madgraph+Pythia MC
m Photon conversions:
m Wr+jets: AlpgenJimmy
m Z+jets and tt events with electron charge mis-ID
m Other non-prompt: data-driven
m Leptons originating from hadronic jets

m Background composition:

Inclusive Analysis Region VBS Analysis Region
M Frompt M Prompt
M W+gamma M W+gamma
[ Charge mis-ID I Charge mis-ID
B Jetfakes M Jstfakes
Il \WWijj strong
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lepton charge mis-ID

m Mostly through photon conversion. Negligible for muons.

m Charge mis-ID rate measured using Z — ee events in data.

m Scale opposite-sign data sample by the charge mis-ID rate to
estimate the background in same-sign signal regions.

m Electron energy loss applied according to MC studies.
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lepton charge mis-ID

ATLAS-STDM-2013-06

> T T T T T T 3 2 14008
3 ATLAS *  Data2012 i ¢ L ArLAs ., Daa2012
- ; “Wjj ewk+strong 3 F +
2 < 1IetCR, ee 0S prompt loplons [ SS Events, cevepshn 08 prompt leptons
g WZ/y*,ZZp £ - WZiy*Z
w Wy 3 BN Other non-prompt
BB Other non-prompt = . Wiy
. W2 3 . Wz
. 400
3 200
3 E )| E é 1.5 ‘ﬁData/Expected -
5] E [ Syst. Uncertainty ]
O [ *
£ g +¢++l++| Hn i | 1 5 -
s Fre $T JH ‘T 1’+T+ * Data/Expected ] & E ]
& o 3 Syst. Uncertainty 8 0.5F 1
100 200 300 400 500 600 700 0 1 2 3 4
m, [GeV] Nt

m my, shape validates charge mis-ID rate and energy loss correction.

m Jet distributions correctly predicted by charge mis-ID background
estimation.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/

non-prompt background

m Non-prompt leptons come from hadronic jets: mis-reconstruction or
hadron decay.

m Use lepton isolation sideband to extrapolate from non-prompt
dominated region to signal region: fake factor method.

leptans ID sideband

b

1D variable

Al
m Measure fake factors in dijet sample.
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non-prompt bkg. estimation

m Not easy to find a non-prompt-dominated CR given the tight lepton
isolation. Use a b—tag SS CR with 20%-40% from non-prompt.
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m Not easy to find a non-prompt-dominated CR given the tight lepton
isolation. Use a b—tag SS CR with 20%-40% from non-prompt.

m Event yields in b—tag SS CR: AT| AS-STDM-2013-06

b-tag Control Region
efe® etpT  uFut Total
Non-prompt 6.7+25 20+8 10£5 | 37+10
Total Predicted 40+£6 75+13 2547 | 141 £22
Data 46 82 36 164
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/

WZ+jets background

m The largest background in both signal regions.

m Estimated using MC. Checked in trilepton control region.
m Instead of vetoing a third lepton, require exactly one third lepton

Events/50 GeV

Data/Expected

o

passing the veto lepton definition,

m mj; and Ay(jj) cuts not applied.

ATLAS

Tri-lepton CR

. 77541
Non-prompt

Data 2012
20.3fo",1s =8 TeV B Syst. Uncertainty
W*WHj ewk+strong
WZiy'

L4

* Data/Expected

——
3 Syst. Uncertainty

==

T

T

0 100 200 300 400 500 600 700 800 900 1000

m, [GeV]

Events

Data/Expected

ATLAS-STDM-2013-06

ATLAS * Data2012

20.3fb", \s =8 TeV & Syst. Uncertainty
Tri-lepton CR
|y

Non-prompt
. Wz
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F— -
e

%

1 2 3 4 5
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/

low mj; control region

Events

Data/Expected

Same as the Inclusive Signal Region up to the mj; > 500 GeV cut.

Require instead my; < 500 GeV.

Good test of the overall background estimation.

T T T T = 2 g —
ATLAS * Data2012 3 & F ATLAS * Data 2012 E
203fb"1s=8Tev &2 Syj}v Uncekrtamtv = @ 503_ 203fb"\s=8Tev &2 Syst. Uncertainty
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/

systematic uncertainties

m Summary of systematics in Inclusive analysis region:

Systematic Uncertainties ee/ep /it (%) - Inclusive SR

Background ee/ep/ Signal ee/ej/
Jet reconstruction 11/13/13 Jet reconstruction 5.7
Theory WZ /~* 5.6/7.7/11 Theory W* W= jj-ewk 4.7
MC statistics 8.2/5.9/8.4 | Theory W* W 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 +~ 2.8/2.6/— E7's* reconstruction 1.1
Ess 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

m The uncertainties in the VBS analysis region are of the same order.
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signal region plots (1)

m Inclusive analysis region: ATLAS-STDM-2013-0

T T T T T T T T T

ATLAS * Data2012

20.3fb",\s =8TeV R Syst. Uncertainty
W*Wjj Electroweak J

[0 w*wjj Strong

B Prompt
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s >—>t B Other non-prompt

XX

Events/50 GeV

i e Data/Bkg
3 Bkg Uncertainty
%% (Sig+Bkg)/Bkg |

T

..

07506 400 600 800 1000 1200 1400 1600 1800 2000
mli[GeV]

Data/Background
. [$,)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/

signal region plots (I1)

m Inclusive analysis region: AT AS-STDM-2013-0
2 S
S 25 ATLAS . gata 3012
[i] 4 B2 yst ncertainty
203 0", s =8 TeV W*Wjj Electroweak
20 Incl. SR, ee+ep-+up WH W-u Strong

. WZpy*Z2Z t+W/Z

L B Other non»prompt ]

151 OS prompt leptons

£ -y ]

1o =

5 ]

-3 4

m lepton centrality: ¢

¢ = min{n(jr) — n(€1),n(¢2) — n(j2)} where n(j1) > n(j2) and
n(€1) > n(l2)

m ( > 0 for VBS and centers around 0 for other processes.
L
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/

signal region plots (llI)

m VBS analysis region:

£ 30
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/

signal region event yields

m Event yields in the signal region ATLAS-STDM-2013-06

Inclusive Region VBS Region
etet etpE it etet etp* it

Prompt 3.0+£07 6.1+13 26 +06 22+ 05 42+1.0 1.9+ 05
Conversions 32407 24408 - 21405 1.9+ 07 -
Other non-prompt 0.61 + 0.30 1.9+08 0.41 +£0.22 | 0.50 £ 0.26 15+ 06 0.34+0.19
W* W jj Strong 089+0.15 25+04 1.42+0.23 | 025+0.06 0.71+0.14 0.38+0.08
W*EW=jj Electroweak | 3.07 = 0.30 9.0 +0.8 49+05 |255+025 73+0.6 4.0+0.4
Total background 6.8 +12 103+20 3.0+0.6 5.0 £ 0.9 83+1.6 2.6 £ 0.5
Total signal 40+04 114+12 63+07 |255+025 7.3+0.6 4.0 + 0.4
Total predicted 107 £ 1.4 21.7+26 93+1.0 7.6 £1.0 156 - 2.0 6.6 £0.8
Data 12 26 12 6 18 10

m Significant excess when comparing observed data with backgrounds
only.

m Good agreement between data and signal+background.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/

cross section results

“Cut and count” experiment:
ATLAS-STDM-2013-06

Inclusive analysis region VBS analysis region
channel Significance Z (expected) asﬂtvf;"g [fb] | Significance Z (expected) aﬁyikwijj [fb]
ee channel 1.6/(1.3) 207737 0.4/(1.1) 04737
ey channel 3.3/(2.6) 21107 2.4/(2.0) 1370
e channel 3.5/(2.5) 22105 3.2/(2.1) 17708
combined 4.5/(3.4) 217058 3.6/(2.8) 13700

First evidence for both the inclusive and electroweak production of
same-sign W+ W= jj

ATLAS SM alge,=1.52+ 0.11 [fb] ATLAS SM o53=0.95 + 0.06 [fb]

2031 (58 Tey | Mo PomEGsOK Cri0 203 b (528 TV o, romc 80, o110

etet oot e .|

20+15+05(fb] 0.4+1.044.0 [fb]

et —_ e e'pt —_—

2.1+ 0.7+ 03 b] 1.3+ 0.6:40.25 [fb]

it N ;.

22:0.9:02(fb] 17408+ 0.15fb]

C ination Combination [ S

2.1+£0.5 +0.3[fb] 1.3+£0.4+0.2[fb]

05 TiTTis Tz EE 3 35 B A R N R

o4, [ib] o vt 1ol

Measured cross sections agree with the SM prediction within 1 o


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/

anomalous quartic gauge coupling

m Low energy effects from new physics at scales beyond our LHC reach

can be parameterized by effective field theories with
RO

higher-dimensional operators: Ler = Lsm + >4, Wﬁgd)

m Use WHIZARD to simulate different aQGC points (non-linear
representation). K-matrix method is adopted to restore unitarity.

m Our analysis is sensitive to the dimensional 4 parameters a4
((tr{V,.V,})?)) and as ((tr{V, V*})?).

m Limits are extracted using the VBS signal region.
ATLAS-STDM-2013-06

Ci !
F ATLAS ]
061 20317, 15=8TeV
E PP — W' W j B
0.4¢ K-matrix unitarization Observed 1D I|m|tS
02F a4 € [~0.14,0.16]
0

as € [—0.23,0.24]

0.2~ confidence intervals

o4 Booror 3 Expected 1D limits:
-O.Gi — expected 95% CL ,E (7S] [—010, 012]

F x Standard Model
Lot b b bevwn b b bonin bay |
-04 -03 -02 0.1 0 0.1 02 03 04

Oy

as € [—0.18,0.20]
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summary of same-sign WW VBS

m The fiducial cross section of the inclusive W* W= j and
W* W= jj—Ewk has been measured using the 2012 8 TeV data set,
consistent with the SM prediction within 1 o.

m First evidence for both inclusive W*W%jj (4.50) and
W+ W= jj—Ewk (3.60)! Evidence for VBS!

m aQGC limits are set on oy, as parameters in the effective field
theory (with K-matrix unitarisation).

Standard Model Production Cross Section Measurements

g 10t g

= ATLAS Preliminary  Run1 5=7,8TeV
o

b 105 o

w0 L e LHCpp V5=7TeV  LHCpp \s=8Tev
s Theory Theory

B vatass-arn B Datazsn:
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H— WW* — (tul' =1/

m The ATLAS H — WW* analysis using 7 and 8 TeV data is recently
updated with 6.1 o for total production and 3.2 ¢ for VBF
production.

m Improvements of the analysis:

m track-based missing transverse momentum: better mt(WW)
resolution, better background suppression

m likelihood ID for electron: same signal efficiency with better
background suppression

m lower sub-leading lepton pr: increase in signal acceptance

m Major backgrounds:

m Drell-Yan, top, SM WTW ™, other diboson processes: MC estimation
m Non-prompt (W + jets and multijet): data-driven

25/29



VBF H — WW*

Pre-
| | The VBF-enriChed region iS deﬁned selection
based on BDT after di-lepton, pp'**,
Njer > 2 and central jet veto.
m Input variables to BDT: - - s
m VBS topology: mj, Ayj,

sum of lepton centrality
(G = ‘W - % /%), > myj

ep ee/up ep ee/pp

ggF- VBF-
m Higgs decay topology: mye, Agye, enriched | | enriched
mr |
m others: vector sum of all pp . o (”ev)”i" “/””I
ggF-enriched VBF-enriched
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BDT for VBF H — WW*

m Input variables: Agy, Ayji, > Gy

ATLAS Simulation Prelim.
\s=8TeV,L=2031b"
HoWW*sevay +2 2

Events / (n/ 15)

150

2
49, [r

m BDT score:

o 10°
o
@
& 10°
>
L
10
;

= Exp sty
O

W oY)
o ww
[

S Wl w
Ew

e

Events in 15 bins

[ oYy
3 O Her 050
ad]

ATLAS Simulation Prelim.

ATLAS-CONF-2014-060

ATLAS Simulation Prelim.
Vs=8TeV, L =203 15"

JJ-LHHWW‘AMV +22

ATLAS Simulation Prelim.

o Expstat § \s=8TeV,L=20315'| = Expstay
O+ o HoWW*sevpy +22) | [
oV 2 N M OY(r)
ww 7y | ww
E t § H (R
g
mw [im] o w
I wi Ew
i i
H Hr M Hor
W ovoy W oYy
O e (x50) 5 [ Her (50)

Vs=8TeV,L=20.31fb"
H-WW*—evpy + > 2j

ZZ Exp*staty,.
(R

[ DY(x1)

B ww

Ot

B v

O w

i

- HQQF
I oY)
4 05 0 0.5 1 [ Heer (50)
BDT Score
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VBF H — WW*

ATLAS-CONF-2014-060

m Event yields:

m Observed BDT:

Channel Obs. Sig. Bkg.

._% (a)n> 2 VBF, en % ATLAS Prelim. H—>WW* =
2w 2 ORI 8 s gTev,[Lor=20ai’ 1 = 2 VBF (8 TeV) 130  20&4 999
2 S equ bin 1 37 82413  36+4
g 3 ¢ Obs * stat eyt bin 2 14 63408 6.5+1.3
20 ] Exp + syst ep bin 3 6 4.24+0.8 1.24+0.3
i ee/pp bin 1 53 42407 46+6
. 0 [ Huer ee/uu bin 2 14 36405 8.4+1.8
5 gof (c) ee/upt E W, ee/ 1 bin 3 6 23404 11404
2 s o n>2, VBF (7 TeV) 9 36404 7.8+18
o 40f S Hov eqt bin 1 6 1.0402 3.0+0.9
w = ey bin 2-3 0 13402 0.7+02
20 s Buww e/ bins 1-3 3 12402 41+13
9 Owmisia 1 e e
0= 2 3 BHw

BDT bin number
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VBF H — WW*

Events / bin

Events / bin

ATLAS-CONF-2014-060

m Observed BDT:

40

20

60

40

20

m Event yields:

@ns2vEre > ATLAS Prelim. H->WW* Channel Obs. Sig. Bkg.
2 ORI 8 s gTev,[Lor=20ai’ 1 = 2 VBF (8 TeV) 130  20&4 999
S ey bin 1 37 82413 3644
P ¢ Obs:stat e/i bin 2 14 63108 65+13
] Exp £ syst ey bin 3 6 42408 1.240.3
i ee/pp bin 1 53 42407 46+6
[ Huer ee/uu bin 2 14 36405 8.4+1.8
b (c) ee/upt E [ - ee/ 1 bin 3 6 23404 11404
s Omwp n>2, VBF (7 TeV) 9 36404 7.8+18
E S Wov eqt bin 1 6 1.0402 3.0+0.9
5 Eww ept bin 2-3 0 13+£02 0.7£0.2
> H _
& Wwisc ee/uy bins 1-3 3 12402 4.1+13
1 2 3 B w

BDT bin number
m Measured VBF production cross section:
o¥TV % Br_ww+ = 0.519 (stat.) 9 1 (syst.) = 0517922 pb
SM prediction: 0.35 £ 0.02 pb
m Observed significance: 3.2 o; Expected significance: 2.7 o
m Evidence for VBF H — WW* production!
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conclusion

m The VBS is a process essential to the understanding of the EWSB;
Sensitivity to aQGC.

m First evidence has been obtained for VBS!

m It’s finally the time to study VBS at LHC. With higher energy and
more data in the next three years, more to expect!
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m J. Chang, K Cheung, CT Lu, TC Yuan, PRD 87 (2013) 093005:

g2 8m>
B iMoee = i—5 S dst+t2 —amiy(s+t) — —Xut
4my, s
z/ g2 2
. ,Msfzhannel = _’4 4 [S(t - U) - 3mW(t - U)]
my,
2 2
.4 . g 2 8my ,
n IJ\/lt_/Z_’,,a,me,:—l4 Z {(s—u)t—3mw(s—u)+—u ]
myy, s
2 2 32 2 32
g & [(s=2my)  (t—2my)
B iMy=—i— > >
4my, 5 — my t— my
m Alboteanu et al. JHEP: 0811.010 (2008):
) ! a(VV — VV), no Higgs J \ o(VV — VV) with my, = 120 GeV
[ 1
1 ‘l\
k o |
\\\ wWew - 22 e
054 \‘J\\'H*aH'H' 4_,"/ |
ﬂ 0.01- WHW= — W+
L \ — WtW-=2ZZ
T g
0.2 \l\ W W=y 0.001 — ZZ-2Z
0 1000 [(-.\' 2000 3000 0 10(\"»7 [‘\ 2000 3000
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BSM resonances

m Higgs mechanism is not the only solution to the unitarization. BSM
resonances can also contribute: ( Alboteanu et al. JHEP: 0811.010

(2008) )

T
24 ’\ o(VV = VV), with 500 GeV scalar isoscalar 10 a(VV = VV), with 500 GeV vector isovector
in
iy
\ WA= W
0.5 Y
LU L L WHW WHW
R ~ % W W
0.2+
0.1 | ~
o1 WHW- =727
.05 72 22
00 0.01 772z
27=72
T — T
0 1000 2000 3000 0 1000 2000 3000
V5 [GeV] V5 [GeV]
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definition of fiducial regions

m object definitions:

m dressed leptons: leptons summed with all four-vectors of any photon
within AR =0.1; leptons are selected before dressing to avoid
over-dressing with the photons from jet fragmentation; leptons are
dressed before passed to event selections

m jets: reconstructed with the anti-kr algorithm with radius parameter
R =0.4, clustering all particles but neutrinos and muons; jets
overlapping with dressed electrons within AR =0.05 are removed

m Inclusive region:

m No ME-level 7 lepton

Two leptons ( e or p) with pr > 25 GeV and || <2.5

Two leptons have same electric charge with my, > 20 GeV

Two leptons are separated with AR(¢¢') > 0.3

Truth B > 40 GeV

At least two jets with pr >30 GeV and |n| <4.5

Selected leptons and jets are separated with min(AR(Y, jet))>0.3
The two leading pr jets have mj; > 500 GeV

m VBS region:

m On top of the inclusive region, reguire the two leading pr jets

separated with |Ay;| > 2.4
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lepton definitions

m nominal leptons

electron | muon
pT >25 GeV
El <247, ¢ [1.37,1.57] <25
ID/quality author =1 or 3 staco
0OQ cleaning MCP hits
tight++ combined and tight

same ID/MS trk. charge

impact parameter |zo % sinf] <0.5 mm, |dy/o(dp)| <3
isolation psme30 /pr <0.06 psne30 /pr <0.07
topo-E°"30 /pr <0.14 E£one30 / pr <0.07
m veto leptons
electron muon
pr >7 GeV >6 GeV
ID/quality loose++ loose

no trk. charge requirement
isolation pSo"e0 /pr <0.13 ps™e30 /pr <0.15
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jets and overlap removal

m jets
algorithm AntiKt4TopoEM
pPr >30 GeV
7] <45
quality NOT looserBad
pileup removal | |JVF| >0.5 when || <2.4 && pt <50 GeV
b—jets MV1 tagger, 70% eff. working point, |n| <2.5

m overlap removal

if AR(e,jet) < 0.3 remove jet
if AR(e,p) < 0.1 | remove electron
if AR(,jet) < 0.3 | remove event

m EMiss: MET _RefFinal, recalculated using calibrated objects
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systematic uncertainties in the VBS analysis region

Systematic Uncertainties ee/es /i (%) - VBS SR

Background Signal
Jet reconstruction 13/15/15 | Theory WEWTjj-ewk 6.0
Theory WZ /~v* 45/5.4/7.8 Jet reconstruction 5.1
MC statistics 8.9/6.4/8.4 Luminosity 2.8
Fake rate 4.0/7.2/6.8 MC statistics 45/2.7/3.7
0s IePt(,m bkg/ 5.5/4.4/- Eiss reconstruction 1.1
Conversion rate
E{"* reconstruction 2.9/3.2/1.4 | Lepton reconstruction 1.9/1.0/0.7
Theory W +~ 2.6/2.6/- b-tagging efficiency 0.6
Luminosity 1.7/21/2.4 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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signal efficiency

Inclusive analysis region

ee channel et channel ppt channel
WEW=;; EW (56.7+1.5% (73.0+£0.9% (804 +1.1)%
W=W=;;QCD (545+23)% (68.1+ 1.H% (77.3£1.8)%

W=W=*jj EW+QCD 562+ 13)% (71.7+0.8)% (77.0 +£0.9)%

VBS analysis region

ee channel eyt channel £t channel
W=W=jjjj EW (5722 1.60)% (727+1.00% (82.7+1.2)%
W=W=jjjjQCD (53.4+38)% (702 +£2.4)% (73.7£3.2)%

WEW=;jJEW+QCD  (56.8 = L.4)% (724+£0.9)% (81.8 £1.3)%
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cross section calculation

m Two signal regions: In the Inclusive analysis region, the same sign
W* W= jj Ewk+Strong is taken as the signal. In the VBS analysis
region, Ewk is the signal.

m Cut and count experiment: Likelihood function is constructed using
numbers of events in all three dilepton channels assuming Poisson
distributions and nuisance parameters representing the systematic
uncertainties. L(ow=w=jj, £, ) =

: bs| p/exP 0
GaUS(£0|£, Jﬁ) H ep} POIS(N? S|Ni,);ot) Hjesyst Gaus(aj |aj7 1)

i€{ee,pp,
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Cross sections

combined:
PENSR | = 21483 (stat.) 53 (sys.) . 1)
JEVV\fFV'VNiTjj = 1.3 457 (stat.) £33 (sys.) fb. (2)

in separate channels:

JEVV\LQV%E'J.JFE' Incl. SR — 2.0 135 (stat.) £33 (sys.) fb. (3)
Tt SR = 21 487 (stat.) £03 (sys.) fb (4)
Tyt M SR = 22409 (stat.) 03 (sys.) fb (5)
Wy VSR = 0.37 254 (stat.) 203 (sys.) b, (6)
s S VBS SR = 106 £080 (stat.) £038 (sys.) b (7)
e VBSSR - — 174 408 (star.) 313 (sys.) b (8)
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K —matrix unitarization

m Project the scattering amplitude A(s) onto the Argand circle:

saturation of the amplitude to achieve unitarity

m Amplitudes satisfying unitarity are invariant under K—matrix

unitarization

u Ax(s) = —AE)

1—iA(s)
arXiv:1310.6708
arXiv:1307.8170

Im[A]

WW—>W* W™

wwwww
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