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VBS and New Physics

e The non-abelian nature SU(2), xU(1), of SM predicts the existence of the tri-
linear as well as quartic gauge couplings.

e SM allows only charged couplings, i.e. WWZ, WWy, WWWW, etc :
o pure neutral couplings, i.e. ZZZ type are not allowed at SM tree level since Z/y
has no charge or isospin

» Conceptually, trilinear coupling probe the non-abelian gauge structure, while
quartic coupling can be a window on the mechanism of the spontaneous
symmetry breaking

e Physics beyond SM can introduce anomalous TGC or QGC which may allow
neutral couplings or increase the charged TGC and QGC strength in a model-
independent way

» BSM physics can be parameterized in an effective field theory (EFT):
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Scalar operators only involve
Higgs doublet

= [(D ) D <1>] Dﬂ@)*pr]
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Mixed v %
operators [W’“’W ] 8 [(Dﬂq) b (I)]
mix scalar = [BuwB"] x [ Ds®) D%]
and tensor
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Ref:

Tensor operators only field
strength tensors
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Large cross section x branching ratio
* Irreducible background low, S/B ~ 1

* Further background suppression via b-jet veto
(ttbar) and anti-Z cuts in electron channels (DY)
» Data-driven estimates for reducible
backgrounds

* Lepton fake rates extrapolate from ttbar-
enriched to signal region

« WZ normalization from trilepton control region
» Data-driven charge mis-ID rates correct the
simulation



Data

Signal+Total bkg.

Signal
Total bkg.

Non-prompt

Triboson

Wrong sign

40
441+ 34
183 £ 0.4
25.7 £ 34
184 +3.3
44+0.2
1.3 +£0.1
02+02
1.2+03

14
190+ 19
6.2 +0.2
128 £ 1.9
56 1.7
3.0x0.2
0.6 0.1
1.4 +05
0.8 +0.2
1.5+0.6

63
67.6 + 3.8
247 £04
429 + 3.8
249 £ 3.6
85+03

1.7 £0.1
3.6 0.9
22+04
14+04

26
239 £28
6.5+0.2
174 £ 28
142 +28
22+0.1
04+01

05+0.2

10

48

utut etet etut T e~e” ey~ Total

201

118 +18 389+33 2048+72

25+0.1
94 +18
50£16
1.9+0.2
02+0.1
08+04
03+0.1
1.1+£05

8.7 +0.2

30.2 £33
199 +3.2

52+03
0.6 +0.1
23+0.7
09+03
1.2+04

66.9 + 0.7
1379 £7.1
879 £ 6.9
251 +£0.6

48 +£0.2
83+13
58 £0.7
52+1.0




CMS

Major Systematics

» The normalization processes for misidentified leptons - 30%.
» The WZ normalization uncertainty is 20-40% ( dominated by the small
number of events in the trilepton control region)

» Theoretical uncertainties of 12% for the signal normalization and 20% for
the triboson background normalization (estimated by varying the
renormalization and factorization scales up and down by a factor of two
from their nominal value in the event)

» The interference between the EW signal and the QCD background
processes taken up to 4.5%.

» A PDF uncertainty of 5% in the normalization of the signal is included.

* Fiducial cross section measurement:
[ O5iq (W*W3jj) = 3.83 £ 0.66(stat) £ 0.35(syst) fb }
* In agreement with the SM expectation 4.25%0.21 fb.

CMS-SMP-17-004
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EXPERIMENT

Signal Region | | Selection Criteria

Lepton Exactly two tight same-electric-charge leptons with pr > 25 GeV
Jet At least two jets with pp > 30 GeV and |n| < 4.5
myy mee > 20 GeV
B ER™ > 40 GeV
7 veto imge —myg| > 10 GeV (only for the e*e™ channel)
Third-lepton veto No third veto-lepton
b-jet veto No identified b-jets with pr > 30 GeV and |n| < 2.5

mj; > 500 GeV

|Ay;;| > 2.4

mww,T > 400 GeV

Inclusive

)
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CATLAS |

EXPERIMENT

ATLAS e Data 2012
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Major systematics for W¥W=+ ¢

EXPERIMENT

> Inclusive signal region (SR) treats both electroweak and strong

production of W*WHjj as signal.

» VBS signal region consists of events in inclusive SR with separation
between two leading-pT jets greater than 2.4 in rapidity (JAy;|).

Major Systematics

On Background Yield

Jet related uncertainty
W+-Zjj-EW cross section
MC sample size
Non-prompt

Signal Yield

Jet-related Unc.
W+-W=-jj-EW cross section
WWij-QCD cross section
Luminosity

Inclusive SR VBS SR
eel/ep/pp (%) ee/ep/pp (%)
11/13/13 13/20/20
6/8/11 5/5/8
8/6/8 9/6/8
41717 4717
Inclusive SR VBS SR
6 5
5 6
3.1 -
2.8 2.8

https://arxiv.org/pdf/1611.02428



OTLAS

EXPERIMENT

ATLAS SM Prediction (NLO, POWHEG-BOX, CT10) ATLAS SM Prediction (NLO, POWHEG-BOX, CT10)
20.3 fb! o,=152%£0.111b 20.3fb" fs=8TeV oy, =0.95£0.06 fo
{s=8TeV

Measured cross-sections Measured cross-sections

gtet otet
22+16106fb 04+111£04fb

eirui eiuir
24+08+04fb 1.5+£0.7+03fb

it ot
Hu Hu
23+1.0£021f 19409+021b

Combined Combined
23+06+03f 15+05+02f

4.5 05 0 05 1 15 2 25 3 35 4
ofd [fb] ol [fb]

IncI WW” EWWW]]
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O5q = 10.8 £ 4.1 (stat) £ 3.4 (syst) £ 0.3 (lumi) fb

CMS
Signal region W(—u*v,)y + jets

19.7 fb (8 TeV)

¢ Data

mQCD Wy + jets
mJets —» vy

B Zy and dibosons
m Top quark
WmEW Wy + 2 jets
=y Uncertainty band

t

ARl N

N\ NN

Events / bin

Data/ MC

CMS

Signal region W(—e*v, )y + jets

19.7 1o (8 TeV)

¢ Data .
mQCD Wy + jets
mJets — vy
mJets — e
mm Zy and dibosons
-Tc\)lb) Wark )
mE Y + 2 jets
3 Uncertainty band
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Constrains on anomalous
Quartic Gauge Couplings



(TeV —%)

Observed limits  Expected limits

(TeV ~4)

Run-I limits
(TeV —4)

fso/ A
fs1/ A

[-7.7,77]
[-21.6,21.8]

(7.0, 7.2]

[-19.9,20.2]

[-38 ,40] [11]

[-118, 120] [11]

fano/ A

[-6.0,5.9]
[-8.7 9.1]

[-5.6,5.5]
[-7.9,8.5]

[-4.6 ,4.6] [29]

17,17

29

119,118
133,129
-0.62,0.65
-0.28,0.31

-0.89,1.02]

11.1,11.0
124,118
-0.58,0.61]
-0.26,0.29
-0.80,0.95)

65, 63]
70, 66]
38,34
19,22

11

52,64

11
30
11
11

/ Much improved limits compared to Runl 8 TeV.

Numbers in [ ] are references to published Runl limits.
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a(QGC Signal Region

Non-prompt 0.2 &£ 0.1 £ 0.1
Conversions 0.7 £ 0.2 = 0.1
Prompt 0.8 = 0.1 = 0.3
SM W=W=;;-EW 1.7 = 0.1 &£ 0.2
SM WEW=*45-QCD 0.4 £+ 0.0 £ 0.1
Total background 3.8 &£ 0.3 £ 0.5
as =0.1, a5y =0 7.3 £04 %+ 0.6
Data 8




CATLAS |

EXPERIMENT

ATLAS

20.3fb" Vs=8TeV
pp — W* W* jj
K-matrix unitarization

confidence regions
[[]68% CL

[[]95% CL
— expected 95% CL
--- expected 95% CL PRL 113, 141803

-800 -600 -400 200 0 200 400 600 800
foo/ A*[TeV?]




Events / 28.6 GeV

—4— Data

= Sum of backgrounds
Signal, aQGC=0 (SM)

-== Signal, i“IA' =44 Tev?

[EEEE] Signal uncertainty

[ Background uncertainty

60 80 100 120 140 160 180 200 %?0 240
Py [Ge

Observed limits ( TeV=1)

Expected limits ( TeV—1)

=17 < _I'M,(]/A4 <T

-125 < fua /A <129

=26 < fy/A' < 26
—43 < fu/At < 44
—40 < faa/AT <40
—65 < fars/A' < 65

-129 < fu6/A* <129
~164 < frr7/A" < 162

=54 < fro/At <56
=3.7< frafAY <40
~11 < fraf/At <12

-38< frs/A1 <38
-28 < fre/At <30
-13< fra/At <17

—47 < fuo/A < 4
-72< fua /A <79
-16 < fM,glAd <15
=25 < fyaf/A <27
=23 < fuafA < 24
-39 < fus/A' < 39
=77 < fug/AY <77
-99 < farz/A* < 97
=32 < frp/At < 34
-22< ffryl/f\d <25
-6.3 < fra/At <79
-23 < frs/At <24
-17< fre/At <19
~44 < fra/A' <47




—
=
[
=
o=
[
==
><
[




\s=8TeV, 20.2 fb™
W— I'v, V= jj

— ,=0.10, 0;=0
—— @,=0.05, 0,=0

-4 Data — a,=0.10

— ,=0.05 [l SM EWK WV
[CIW+jets [
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EXPERIMENT

ATLAS -4 Data —oc4=0.10
- } — ,=0.05 [l SM EWK WV
's=8TeV, 20.2 fb" %a
! ’ Cw+jets [
[ Single-top [l Diboson
B Z+jets [ Multijet

— ,=0.10, 0,5=0
— ,=0.05, 0,,=0

800 900
m(WV) [GeV]
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EXPERIMENT

Resolved channel

Merged channel

e and ut e and p” e and u
W + jets 92 437 51 £+ 29 19.449.9
tt 59+ 18 63 £ 35 6.8+£2.8
Single-top 10.0£5.6 5.5+ 3.2 22+1.2
Diboson 8.61+5.7 10.84+6.4 1.6£1.2
Z + jets 4.5+1.5 3.4+2.4 0.58 £ 0.64
Multijet 16 £16 12+12 1.8+1.9
Total background 190 £53 145+ 54 32+ 12
EWK WV (SM) 3.66£0.82  2.34+0.56 0.54 +0.22
EWK WV (ay =0.1,a5 =0) | 21.0+£4.2 9.24+1.9 15.14+4.4
Data 173 131 32
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OATLAS

EXPERIMENT

\s=8TeV, 20.2 fb"’
K-matrix unitarization

. 95% CL, WVjj
. 95% CL, WVjj
. 95% CL, W*Wj
. 95% CL, W*Wijj
. 95% CL, WZjj
. 95% CL, WZjj

-0.5 -04 -0.3 -0.2 -0.1 0 0.1 02 03 04 05
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Compact Muon Solenoid

CATLAS

EXPERIMENT !«/-’i
)

July 2017 Channel Limits /s
£ A* WVy -1.3e+02, 1.3e+02 2 fb 8 TeV
M,0 -7.7e+01, 8.1e+01 X 3 8 TeV
-7.1e+01, 7.5e+01 . ] 8 TeV
-7.6e+01, 6.9e+01 2 fb 8 TeV
-7.7e+01, 7.4e+01 A ] 8 TeV
-3.3e+01, 3.2e+01 X ] 8 TeV
-6.0e+00, 5.9e+00 9 fb 13 TeV
-2.8e+01, 2.8e+01 2 fb 8 TeV
-4.2e+00, 4.2e+00 .7 fb’ 7,8 TeV
-2.1e+02, 2.1e+02 . ] 8 TeV
-1.3e+02, 1.2e+02 X ] 8 TeV
-1.9e+02, 1.8e+02 7 for 8 TeV
-1.5e+02, 1.5e+02 . ] 8 TeV
-1.2e+02, 1.3e+02 .7 for 8 TeV
-4.4e+01, 4.7e+01 .4 fo 8 TeV
-8.7e+00, 9.1e+00 9 fb 13 TeV
-1.1e+02, 1.0e+02 . ] 8 TeV
-1.6e+01, 1.6e+01 3 7,8 TeV
-5.1e+02, 5.1e+02 . ] 8 TeV
-7.0e+02, 6.8e+02 .4 for 8 TeV
-2.5e+02, 2.5e+02 . ] 8 TeV
-5.7e+01, 5.7e+01 2 fb 8 TeV
-3.2e+01, 3.1e+01 .7 for 8 TeV
-2.7e+01, 2.7e+01 2 fb 8 TeV
-2.6e+01, 2.6e+01 .7 fo 8 TeV
-8.5e+02, 9.2e+02 3fb 8 TeV
-1.2e+03, 1.2e+03 X ] 8 TeV
-4.4e+02, 4.7e+02 X ] 8 TeV
-9.5e+01, 9.8e+01 . ] 8 TeV
-5.8e+01, 5.9e+01 7 fo 8 TeV
-5.2e+01, 5.2e+01 .2 fo 8 TeV
-4.3e+01, 4.4e+01 . ] 8 TeV
-1.3e+02, 1.3e+02 . ] 8 TeV
-4.0e+01, 4.0e+01 .7 fo’ 8 TeV
-2.0e+02, 2.0e+02 . ] 8 TeV
-6.5e+01, 6.5e+01 A ] 8 TeV
-2.5e+02, 2.5e+02 2 fb 8 TeV
-1.3e+02, 1.3e+02 .7 for 8 TeV
-6.5e+01, 6.3e+01 4 fb 8 TeV
-1.2e+01, 1.2e+01 3 13 TeV
-4.7e+02, 4.7e+02 . ] 8 TeV
-1.6e+02, 1.6e+02 .7 for 8 TeV
ss WW -7.0e+01, 6.6e+01 4 fb 8 TeV
|SS ww | -1 .:?e+01 , 1.Se-||-01 3 ] 13 TeV

2000
aQGC Limits @95% C.L. [TeV™]




Compact Muon Solenoid

OnTLAS

EXPERIMENT

July 2017 Channel Limits | Ldt /s
IAG [-3.4e+01, 3.4e+01] 19.4 o' 8 TeV

fro /A [-1.6e+01, 1.6e+01] 20.3 b’ 8 TeV
[-1.6e+01, 1.9e+01] 20.3 fb™ 8 TeV
[-1.8e+01, 1.8e+01] 20.2 fb™ 8 TeV
[-2.5e+01, 2.4e+01] 19.3 fb” 8 TeV
[-3.8e+00, 3.4€+00] 19.7 fb”’ 8 TeV
[-3.4e+00, 2.9¢+00] 29.2 b 8 TeV
[-5.4e+00, 5.6e+00] 19.7 fb”’ 8 TeV
[-4.2e+00, 4.6e+00] 19.4 fb' 8 TeV
[-6.2e-01, 6.5e-01] 359" 13 TeV
[-4.6e-01, 4.4e-01] 35.91fb" 13 TeV
[-3.6e+01, 3.6e+01] 20.2 fb" 8 TeV
[-4.4e+00, 4.4e+00] 19.7 fb™ 8 TeV
[-3.7e+00, 4.0e+00] 19.7 fb™ 8 TeV
[-2.1e+00, 2.4e+00] 19.4 fb™ 8 TeV
[-2.8e-01, 3.1e-01] 35.9 fb! 13 TeV
[-6.1e-01, 6.1e-01] 35.9 fb’ 13 TeV
[-7.2e+01, 7.2e+01] 20.2 b 8 TeV
[-9.9e+00, 9.0e+00] 19.7 b 8 TeV
[-1.1e+01, 1.2e+01] 19.7 fb™ 8 TeV
[-5.9e+00, 7.1e+00] 19.4 fb™ 8 TeV
[-8.9e-01, 1.0e+00] 35.9 b 13 TeV
[-1.2e+00, 1.2e+00] 35.9 b’ 13 TeV
[-9.3e+00, 9.1e+00] 20.3 b’ 8 TeV
[-2.0e+01, 2.1e+01] 20.2 fo'! 8 TeV
[-3.8e+00, 3.8e+00] 19.7 fb” 8 TeV
[-2.5e+01, 2.5e+01] 20.2 fo'! 8 TeV
[-2.8e+00, 3.0e+00] 19.7 fb’ 8 TeV
[-5.8e+01, 5.8e+01] 20.2 fo'! 8 TeV
[-7.3e+00, 7.7e+00] 19.7 b’ 8 TeV
[-1.8e+00, 1.8e+00] 19.7 b’ 8 TeV
[-1.8e+00, 1.8e+00] 20.2 o' 8 TeV
[-8.4e-01, 8.4e-01] 35.9 fb 13 TeV
[-7.4e+00, 7.4e+00] 20.3 o 8 TeV
[-4.0e+00, 4.0e+00] 19.7 fo” 8 TeV
[-3.9e+00, 3.9¢+00] 20.2 o’ 8 TeV
[‘-1 8e+00, 1 .8e+lool | 35.9 fP" 13 Te\l/ |

200 300
aQGC Limits @95% C.L. [TeV™¥|




Compact Muon Solenoid

OnTLAS

Run 3

S to 7 x
nominal
IuMINOSity

ioprsss

We are here!

With only 1-22%6 of the total expected luminosity recorded! 6 Dec 2016 Pasztor: EW Physics at LHC




‘Compact Muon Solenoid

CMS Delphes Simulation

14 TeV, 3000 fb", PU = 140
CMS Phase Il Delphes Simulation
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14 TeV, 3000 fb™

CMS Delphes Simulation
WW WZ combination

—— Phase | 50 PU
---- Phase | aged 140 PU

—— Phase Il 140 PU

10
fake rate scale factor

Expected significance (c)

CMS Delphes Simulation
WW WZ combination

—— Phase | 50 PU

---- Phase | aged 140 PU

—— Phase Il 140 PU

4000 6000
Luminosity (fb™)
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EXPERIMENT

ATLAS Simulation Preliminary . VBS ssWW (SM)

J L =3000fb' 20 SM VBS ssWW +
T A, =10 TeV*

. SM ssWW QCD

Entries

SMWZ + mis-ID

-l

ATLAS
Simulation
Preliminary

— 3000 fb™!

Significance [o]

model 300 fb~! 3ab!
f O/A 10TeV* 45TeV™?

S

4 6 8 10
fso/A* (VBS W'W*—FVviv) [TeV™]




OHTLAS

EXPERIMENT

ATLAS Simulation Preliminary VBS WZ (SM)

777777 7] J. L =3000 f51 s SM VBS WZ +
77 f1,=1.0TeV*

. VBS WZ (SM)

SMWZQCD

06 0.7 08 09 1

-t

ATLAS
Simulation
Preliminary

— 3000 fb™!

Significance [o]

3001 3000 b

le/A 1.3TeV?* 0.6 TeV™

02 04 06 08 1 1.2 1.4 1.6
f- /A% (VBS W*Z—FVI'T) [TeV 4]
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CMS Projection: 5= 14 TeV, L =300 ft'

lepton pT > 20 GeV/c, lepton |n |< 2.4

AR(II') > 0.04, AR(lj’) > 0.4

m, > 20 GeV/c? for any same flavor
opposite charge lepton pair

HIET = Sl S (300 fb_1 Only) 1000 1500 2000 2500 3000
J?rtl p: 6> 0(530(3(2?/\//:2:, jet|n| < 4.7, Anjj > 4.0 diJet Invariant Mass, GeV/c?
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Conclusions

“ LHC is a discovery and precision measurement

machine.

. VBS mechanism is becoming accessible now at LHC.
. Both ATLAS and CMS experiments have performed
new and improved measurements.

.Observation of Same sign WW and stringent limits on
aQGC.

. Upgraded detectors with HL-LHC will be able to
measure the VBS and shed light on EWSB.



THANK YOU!



ATLAS Preliminary
20.3fb", \s = 8 TeV
pp — W* W™ jj
K-matrix unitarization

confidence regions
[]68% CL

[ 95% CL
— expected 95% CL
--- expected 95% CL PRL 113, 141803

-0.4 -0.3 -0.2 -0.1 O 0.1 0.2 0.3 0.4

Oy

Two-dimensional confidence regions in the aQGC parameter plane (a,,05). The area
outside the solid light blue region is excluded by the data at the 95% CL. The area
outside the solid dark blue region is excluded at the 68% CL. The expected exclusion
contour at the 95% CL is marked by the solid black line. For comparison, the expected
exclusion contour at the 95% CL from the previous analysis of this final state [Phys. Rev.
Lett. 113 (2014) 141803] is shown as a black dashed line.



14 TeV, 3000 fb™
L I 1 I I 1 I 1 I 1 1 1 I 1 1 1 I 1 I I I 1

- CMS Delphes Simulation -

cross section uncertainty (%)

L —— Phase | 50 PU J

41— ---- Phase | aged 140 PU ]

N —— Phase Il 140 PU ]

0 2 4 6 8 10
fake rate scale factor

The expected total uncertainty for the
various scenarios with several possible
scale factors to the fake rate, for the same-

sign EWK WW cross section
measurement.

cross section uncertainty (%)

—_
(@]

. CMS Delphes Simulation

—— Phase | 50 PU

-=-=-=- Phase | aged 140 PU

—— Phase Il 140 PU

4000 6000
Luminosity (fo™"

The evolution of the analysis uncertainty,
for the unity scale factor of the fake rate, as
a function of the collected luminosity.




lower limit, ay [—0.11,—-0.030] | [-0.26, —0.015]
upper limit, ay [0.034, 0.091] (0.018, 0.20]
lower limit, as (~0.15,—0.034] | [~0.24, —0.018]
upper limit, asx [0.039,0.13] (0.024, 0.23]

The observed and expected lower and upper limits of the 95% confidence intervals
for a, and a;. The £ 10 and +2 o uncertainty bands on the expected lower and
upper limits are also shown for comparison. The a, confidence intervals are
computed while fixing as to zero, and vice-versa.



