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Recent LHC results

* Recent Run 2 ATLAS and CMS VBS results at Vs of 13 TeV
 Using datasets with integrated luminosity of 36 fb-!
» Measurements of EW production of W=W=by ATLAS and CMS
« ATLAS-CONF-2018-030, PRL. 120, 081801 (2018)
* Evidence by ATLAS and CMS in Run-2
» Events with two same sign leptons in association with two jets
* Measurements of EW production of W=Z by ATLAS and CMS
* ATLAS-CONF-2018-033, CMS-PAS-SMP-18-001
» Events with three leptons in association with two jets
* Measurement of EW ZZ production by CMS
* Phys. Lett. B 774 (2017) 682
» Events with four leptons in association with two jets
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Vector boson scattering

* VVjj process cross section at leading-order (LO):
e Pure EW contribution at O(a?®)

e VBS and irreducible EW (separately not gauge-invariant)
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Recent LHC results

* Recent Run 2 ATLAS and CMS VBS results at Vs of 13 TeV
* Measurements of W=W= and WZ SM EW production fiducial cross sections

» Need for reliable predictions: higher orders, parton showers,
approximations, etc.
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Semileptonic final states

* Study of the semileptonic WV and ZV VBS processes
» Benefit from the large hadronic branching fraction of W or Z boson

* Ability to fully reconstruct the WV mass :-
I

YA
* Up to quadratic ambiguity

« See previous talk W— a9

» W=Vjj includes contributions from: !
* W=Ws4jj, W=Wjj, and W=Zjj VBS processes

 ZVjj also includes contributions from ZZjj

 W/Z in VBS events can be highly boosted

* Main challenges of the WVjj channel:
* Large backgrounds from W+jets and top
» Difficult to separate WW and WZ production
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Boosted W/Z

* W/Z in VBS events can be highly boosted
* Particular interest for anomalous couplings

* Influence of higher order operators most prominent at:

* Large boson pT

 Large di-boson invariant mass
 Large radius V-jets
 V-jet tagging via substructure techniques

T axis

- Before computing the mass
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Experimental challenge: boost

» Boosted V-tagging techniques still rapidly advancing
 Active advances with deep neutral networks and boosted decision trees

* Large factors in background suppression appear within reach
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Pileup mitigation

* LHC during 2015-2018: on average 15-40 pileup

* Pileup affects missing energy, jet substructure, lepton isolation, etc.
 Different techniques to mitigate the effect of pileup in ATLAS and CMS
* Examples: Jet vertex tagger in ATLAS and Puppi in CMS
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Background estimation

 Large backgrounds from W+jets
» Determine ratio fo simulated to data distributions in sideband
» Extrapolate to signal region using transfer function (from simulation)
* Accounts for data-MC differences in shape and normalization
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ATLAS 8 TeV measurement

« ATLAS measurement of WVjj at 8 TeV Phys. Rev. D 95 032001 (2017)
e Resolved and merged V-jets considered
 Leptonic W reconstructed from the neutrino solution
e Optimized for AQGC sensitivity
* mjj>800 GeV, boson centrality, pT balance, etc. requirements
 Leptonic W reconstructed from the neutrino solution
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ATLAS 8 TeV measurement

 Use transverse mass of the WV system to search for AQGC signal

mp(WV) = \/(ET(Vhad) + ET(‘/Vle:p))2 — (Px(Vhaa) + px(Wlep))2 - (py(Vhad) + py(Wlep))2

Resolved channel Merged channel Fractional :
e and ,u+ e and s ¢ and p ractiona uncertalnty
W+ jets 92137 51229 194299 Source : Resolved | Merged
i 59+ 18 63 +35 6.8+2.8 WIZ + jets modeling 0.13 0.29
Single-top 100£56  5.5+3.2 22+12 tf modeling 0.14 0.07
Diboson 86+57 10864 16412 Multijet yield 0.06 0.05
Z +jets 45+15 34424 0.58 + 0.64 Minor background yields 0.04 0.05
Multijet 16+ 16 12+12 18+1.9 Jet reconstruction 0.21 0.17
Total background 190£53 145+ 54 32+ 12 Other detector/luminosity | 0.04 0.03
EWK WV (SM) 366+082 234+0.56 | 054+022 Limited stats in MCor CR | 0.0 0.06
EWK WV (a4 = 0.1,a5 = 0) | 21.0+4.2 92+1.9 15.1+4.4 Total 0.29 0.36
Data | 173 131 32
4
asLy = aste[V,V,]tu[VIVT],
asLls = as tI’[V,uV’u] tr[V, V"],

» Resolved category is split by charge
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ATLAS 8 TeV measurement

» Resolved category
» No excess seen
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ATLAS 8 TeV measurement

* More stringent limits than the corresponding W=W=and WZ leptonic
channels

» Boosted category improves the limits by 40%
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LHC Run 2

* Measurements of VBS cross sections of O(1fb) in leptonic channels
» Measurements are statistically limited
* Current 13 TeV results using dataset of 36 b1

« ATLAS and CMS have accumulated ~30 fb-! at /s of 7/8 TeV and ~150 fb-’
at Vs of 13 TeV

» Semileptonic measurements at 13 TeV to come
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Summary

* First measurements of the VBS processes by ATLAS and CMS
* In leptonic channels

* Many measurements yet to come with full run-2 data sample
* Including semileptonic channels
« Expect more than 150 fb-1 by the end of the year

« Semileptonic channels not sensitive to SM EW production yet
 But give stringent limits on AQGC

 Use of boosted jets in anomalous coupling studies

11/02/18
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Vector boson scattering

 Vector boson scattering (VBS) at the LHC

* Interaction of massive vector bosons (W, Z) radiated by partons of the
incoming protons

 Probe the non-Abelian gauge structure of the EW interactions
 Key process to investigate electroweak symmetry breaking

e S
S N

S o = 8§

« Typical signature of VBS events: 2 energetic jets and four fermions
* The scattering diagram can be mediated by Higgs boson

* Interaction of longitudinally polarized bosons is of particular interest
09/20/18 17



Experimental signature

» VBS events at LHC have distinct event topology
» Two energetic jets with large di-jet mass (m;jj) and pseudorapidity
separation | Ayjj|

» “Centrality” of the diboson system with respect to the two forward
jets . o (fb) per bin (mﬂ,IAy“_I): o X o (fb) per bin (mIJ IAyJJI) o8

* Common feature of all VBS signatures:
« Example of W*W+
 Cuts to enhance the EW contribution
* mjjand |Ayjj| requirements o, a1

e ‘Centrality’ requirements
1 o omt ’72)
Zl N AU]] (’71 2

Phys. Rev. D 54 (1996) 6680
Ballestrero, et aI.; 1803.07943
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Same-sign WW

* W=W= has the largest ratio of EW production to QCD initiated production
* Double charge structure of the leptonic final state

« QCD consists of diagrams with a gluon connecting the quark lines (no
diagrams with gluon-gluon or quark-gluon)

Inclusive study at LO: do / dmj j (fb/GeV)
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CMS same-sign WW

* Measurement performed in ee, uM, and e final states
* Major backgrounds (non-prompt leptons and QCD+EW WZ) estimated
from data (use low mjj for the WWijj QCD enhanced control region)
« Signal extracted from a fit to m and my distributions (and control
region)

« Major uncertainties: jet energy scale/resolution, background modeling
» Observed (expected) significance is 5.5 (5.7) standard deviations

359t (13 Te 359t (13 Te
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e L B S s R — T
e - - Data 1 o) - -e-Data 1
~150[ EW WW 1 —150F EW WW .
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g’ - Others . °>) i Others |
L 100 B \ N Bkg. unc. ] L 100 N N\ Bkg. unc. g
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I -\\\\\\}\\\\\\\\*\\\\\\\\\ﬁ\\\\\\\: I -\\\\\N
] 7] : —«\\\\\\\\\\\\\\\i\\\\\\\\\\\\\\:
O L I I L | I 1 I I | I 1 1 1 | 0 1 1 I | L L I | I 1 I
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ATLAS same-sigh WW

* Measurement performed in ee, uM, and e final states

* Major backgrounds (non-prompt leptons and QCD+EW WZ) estimated
from data (use low mjj for the WWijj QCD enhanced control region)

« Signal extracted from a fit to mj; distribution in signal and control region
» Major uncertainties: jet energy scale/resolution, background modeling
» Observed (expected) significance is 6.9 (4.6) standard deviations

L L L
- ATLAS Preliminary —¢— Data

(%)
g W=W*jj EW
z Vs =13 TeV, 36.1 fb WWH QCD
60 — Non-prompt ]
I e/y conversions
B wz

Other prompt

44444 Total uncertainty
40 —

20! | |

500 1000 1500 2000 2500 3000
nm[GeV] 21
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Cross section measurement

» ATLAS and CMS fiducial definitions
* Main differences from jet pT and MET requirements

Requirement CMS  ATLAS
pr > [GeV] 30/30 65/35
7| < 5.0 4.5
| Anji| > 2.5 2.0
ET [GeV]  N/A 30
Mmye > [GeV] N/A 20

* CMS cross section:

* The predicted cross section calculated at LO using Madgraph
4 =425£0.27tb

Oreas = 3-83 £ 0.66(stat) = 0.35(syst)tb
* ATLAS cross section:

* The predicted cross section calculated at LO using Sherpa
Opred = 2.01 £ 0.281fb

= 2.91 £ 0.50(stat) £ 0.27(syst)tb

O-pre

meas
09/20/18
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Theory predictions

» What about theory predictions? How consistent are different theory
predictions?
* CMS uses Madgraph, ATLAS uses SHERPA
* The interference contribution is not included (O(1%))

= T T
"‘_;' 41— ATLAS Prellmlnary —— Experimental uncertainties
2 - _
o) Vs=13TeV, 36.1 fb ——— Theoretical uncertainties
3 - .
Z
2 /%¢7
Z
Interference with strong production and NLO EW
- corrections are not included in theoretical predictions
| |

Sherpa v2.2.2 Powheg+Pythia8 Data

* Powheg includes NLO QCD corrections. What about NLO EW corrections?

» Need for reliable predictions: higher orders, parton showers,
approximations, etc.

09/20/18 23



NLO corrections

» Same sigh WW is the only diboson process with full NLO computation (EW

and QCD) B. Biedermann, A. Denner, and M. Pellen
a6) a5 (’)(a a4)
Order (’)(a7) (’)(asa6) (’)(agaF’) O(a? ) Sum
donLo |fb] —0.2169(3) | —0.0568(5) | —0.00032(13) | —0.0063(4) || —0.2804(7)
donro/oro %] —13.2 —3.5 0.0 —0.4 —17.1

* EW corrections are large and negative (~-15%) in the fiducial region
« Common feature for the VBS at LHC?
* Meaningless distinction between EW signal and QCD background at NLO

09/20/18
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ATLAS W/

* Measurement performed in three lepton final states

* Major background (QCD W2Z) estimated from data (use low m; for the
WWijj QCD enhanced control region)

« BDT trained to separate WZ EW signal from other processes
* Observed (expected) significance is 5.6 (3.3) standard deviations
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ATLAS W/

* Fiducial cross section:

* Sherpa
« Madgraph

ameas

O-pred -

Gpred -

0.32 = 0.03fb
0.37 £ 0.01(stat)fb

= (0.57 = 0.14(stat) = 0.05(syst) = 0.04(th.)fb

« Differential cross sections in the VBS fiducial phase space

Ratio to Sherpa

09/20/18
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CMS WZ

* Measurement performed in three lepton final states

* Major background (QCD W2Z) estimated from data (use low m; for the
WWijj QCD enhanced control region)

« Signal extraction using 2D m;j and | Ayjj| distributions
* Observed (expected) significance is 1.9 (2.7) standard deviations

3591 (13 TeV)

[ | [
—— Data

© -1 EW-WZj
B 7y

[ Nonprompt
B vv

B t+V/VVV
[ ] QCD-Wzj
Stat.®Syst.

T
CMS
Preliminary
40

N

Events / bin

w0 An e[2.5, 4], an, €[4, 5]

IZII|IIII|IIII|IIII|III

Data / Pred.

09/20/18 <0 27



CMS WZ

* Measured WZjj QCD+EW cross section in VBS enhanced phase space
fid +0.53 +0.41
owzj = 2-9170 749 (stat) Tgsy (syst)
ora.MG = 3.27 1059 (scale) £ 0.15 (PDF)
» Theory prediction computed using Madgraph at LO

 What about NLO corrections for WZ?

Cross section:

LO O(a®) [fb] NLO EW O(a’) [fb] Corrections [%]
0.2362 0.1899 —19.6%
[Denner, Dittmaier, Maierhéfer, MP, Schwan] Preliminary

» Talk by Matthieu Pellen at QCD@LHC 2018
* Large corrections (similar to WxW=)!

09/20/18

J Tight Fiducial | Loose Fiducial

pT(KZ,l) [GCV}

pr(lz,2) [GeV]

pr(tw) [GeV]
In(p)|
In(e)|

|mz — mEPC| [GeV]

mse [GeV]
TTLU [GQV}

pT(b) [GeV]
Nnp— —jet
mjj
|An(j1,j2)
}7736 - %(nj1 + nJ2)|

> 25
> 15
> 20
<25
<25
<15
> 100
>4

<4.7
> 50
>04
>2

> 500
> 2.5
<25

> 20
> 20
> 20
<25
<25
<15
> 100
>4

<4.7
> 30
>04
>2

> 500
> 2.5

28



CMS 27

« ZZjj measurement in fully leptonic final state
* Small cross section but clean sighature
» Exploit BDT to enhance the sensitivity
my, An, 2*(Z1), z*(Z2), R(pT), dijet pt balance, mag
Use all events with mj; > 100 GeV

» Observed (expected) significance is 2.7 (1.6) standard deviations

35.9 fb' (13 TeV) 35.9 fb' (13 TeV)
T | T | T T T T I T T T

% | T | T I 22_ L L B ]
& 102)- CMS - Data =4 20 CMS - Data -
3 M ZZjj EW 18l W ZZjj EW
g Mgy~ ZZ ] L Wy > 77 i
3 Oz, wwz - 1,0 Otz WWz ]
Lﬁ 10 B Z+X | - B Z+X
1 1oL ]
+ m, > 100 GeV ol m,>100 GeV |

nNnN A OO @
T T

OO

09/20/18 200 400 600 800 1000 1200 1400 1600 . . 0.6 0.8 1 29
m; [GeV] BDT output



Anomalous couplings

» Search for anomalous quartic gauge couplings
« Enhancement of cross section at large diboson mass
» Use effective field theorv (presented without unitarity bounds):

Eﬁ';\] ) C(ff — ﬁ\,,\l + Z ’ ,‘)i”+1)

n=1 i
June 2018
ne 201 CcMS —
cMs — June 2018 ATLAS — Channel Limits Lot is
£ IA | E————— Wyy -3.4e+01, 3.4e+01 194 fb 8 TeV
To — w -1.6e+01, 1.6e+01 203 o 8TeV
Channel Limits [ Lat is — Z):{yv 1:60+01 1.90+01 203" 8 TeV
| —— Wvy -1.8e+01, 1.8e+01 202" 8Tev
—_— Wvy -2.5e+01, 2.4e+01 193 8Tev
[ 2y -3.8e+00, 3.4e+00] 19.7 " 8TeV
H 2y -3.4e+00, 2.9e+00] 292 f’ 8TeV
I —— ssWW [-3.8¢+01, 4.0e+01) 19.41b" 8TeV == Wy -5.4e+00, 5.6e+00] 19.7 b 8TeV
Sl ss WW -4.2e+00, 4.6e+00] 19.4 fb" 8 TeV
fo . IAY 1 ss WW -6.2e-01, 6.5e-01] 359" 13 TeV
so ] wz -7.2e-01, 7.5e-01] 359" 13 TeV
_ & g.ge-% 43’138'06% Ban, éaTrsv
g 1 r [ ———————— | Y -3.6e+01, e+ 20.2 fb" 3
— 55 WW [-7.7e+00, 7.7€+00) 35.91b 13 TeV fr /A — 2y -4.4e+00, 4.4e+00)] 19.7 b’ 8 TeV
[ Wy -3.7e+00, 4.0e+00] 19.7 " 8 TeV
H ss WW -2.1e+00, 2.4e+00] 19.4 b~ 8 TeV
1 ss WW -2.8e-01, 3.1e-01] 35.9 fo' 13 TeV
s [} wz -4.8e-01, 5.2e-01] 35.9fb"’ 13 TeV
A wz [-2.6e+01, 2.8e+01) 3596 13 TeV 1 2 3 o1 e 18 Tev
£ IAY F { Wvy -7.2e+01, 7. 2e+ . 8TeV
T2 — Zy -9.9e+00, 9.0e+00) 19.7 o' 8 TeV
— Wy -1.1e+01, 1.2e+01] 19.7 o’ 8TeV
'T' ot 00110 e+(%:;] 19407 HAL
- k 41" 8TeV ss -8.9e-01, 1.0e+ 35.9 fb" e
F 4 ss WW [-1.2e+02, 1.2e+02] 19.4 fby e H wz "1.46+00, 1.86+00] 359 " 13 TeV
4 H 2z -1.2e+00, 1.2e+00) 359fb" 13 TeV
fo.1 /A f. A" — 2ry -9.3e+00, 9.1e+00 2037 BTeV
TS —— Wvy -2.0e+01, 2.1e+01 20.2 o' 8TeV
, = Wy -3.8e+00, 3.8e+00] 19.7 b 8 TeV
A ss WW [-2.2e+01, 2.2e+01] 35.9 fb' 13 TeV A [ — Wy -2 5e+01, 2.56+01 202 for B8 TeV
T6 H Wy -2.8e+00, 3.0e+00) 19.7 o' 8 TeV
£ IAY F 1 WVy -5.8e+01, 5.86+01 20.2 fo" 8TeV
7 — Wy -7.3e+00, 7.7e+00] 19.7 fo” 8 TeV
£ IAY H Zy -1.8e+00, 1.8e+00] 19.7fb" 8TeV
1 wz [-4.0e+01, 4.2e+01) 35.9fb" 13 Tev T8 !Iil Zy -;‘281?10'31 fea?? 202" ?3T$Vv
-8.4e-01, 8.4e- 359 fb” e
o IAY — Zyy -7.4e+00, 7.4e+00] 20.3 b 8TeV
T9 = Zy -4.0e+00, 4.0e+00] 197" 8TeV
[ Zy -3.96+00, 3.9+00] 202" 8 TeV
l ! ! ! l ! ! ! I ! | ! l ! 1 I 1 1 1 L 'ﬁ 1 1 L 1 ZZI 1 f1'ee+010' 1'ae700] l | 359 1 Ll Telv

aQGC Limits @95% C.L. [TeV*] aQGC Limits @95% C.L. [TeV™|
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Same-sign WW yields

M etet et ThaThs e e ey T Total
Data 14 63 40 10 48 26 201
Signal + total bkg. 19.0+19 676+38 441+34 11.8+£18 389=x33 239+£28 205 + 13
Signal 624+02 2474+04 183+04 2.5+ 0.1 8.7 0.2 65+02 669124
Total bkg. 128419 429+38 257+34 94 +18 302433 174 + 2.8 138 £ 13
Nonprompt 56+1.7 249+36 184+33 50+16 199+32 142+28 88 £ 13
WZ 3.0+£0.2 8.54+0.3 44 +0.2 1.9 +£0.2 52 +0.3 224+01 25141.1
QCD WW 0.6 0.1 1.7 £ 0.1 1.3 £0.1 0.2+0.1 0.6 = 0.1 04 +0.1 48 £ 04
Wo 14405 3.6 £0.9 0.2+£0.2 0.8 0.4 23 £0.7 — 83+x1.6
Triboson 0.8+£0.2 22+04 1.240.3 0.3 £0.1 0.9 +£0.3 0.5+02 58 £0.8
Wrong sign 1.5+0.6 14+04 — 1.1+0.5 1.2+04 - 52+ 1.1
AT1 AC etet e e” etut ey whut o combined
wz TUEPY 47106 12:04 13 x4 81 £25 50+16 33+ 11 32 +9
Non-prompt 41 = 24 23 + 1.8 9 + 6 6 =+ 4 057+ 0.16 0.67+ 026 23 +12
e/y conversions 1.74+ 0.31 1.8 £+ 04 6.1 =+ 24 3.7 £ 1.0 - - 134 + 3.5
Other prompt 0.17+ 0.06 0.14+ 005 090+ 024 060+ 025 036+ 0.12 0.19+ 0.07 24 + 0.5
W=W#ij strong 038+ 0.13 0.16+ 0.06 30 £ 1.0 1.2 + 04 1.8 = 0.6 076+ 026 73 + 2.5
Expected background 8.1 + 2.4 56 =+ 19 32+ 7 20 = 5 77 £ 1.7 49 + 1.1 78 15
W*W#jj electroweak 3.80+ 0.30 149+ 0.13 165 = 1.2 6.5 =+ 0.5 9.1 + 0.7 3.50+ 029 409 + 29
Data 10 4 44 28 25 11 122
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ATLAS and CMS WZ

CMS ATLAS
| Electroweak Signal
— o] — O7(Liead) > 27 GeV
pr(fz,2) [GeV] > 15 ot(Lz) > 15 GeV
pr(fw) [GeV] > 20 P 20 GeV
In(w)| <24 oT(Lw) > e
[n(e)l <25
Imz — my P [GeV] <15 r](LJ’ EB) <2 ES 2.47
mae [GeV] > 100 e: exclude [1.37, 1.52]
e o 0 mr(W) > 30 GeV
nG)| <47 p1(j) > 40 GeV
pr(j) [GeV] > 50
|AR(j, 0)] > 0.4
n; Z 2
pr(b) [GeV] > 30
Nb—jet =0
mjj > 500
|An (1, J2)| > 2.5
30 = 5 (j, + 1)) <25
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ATLAS W/

SR QCD-CR b-CR Z7-CR

Data 161 213 141 52
Total MC 1992 + 1.4 289.4+1.9 159.2+1.8 447+64
WZjj-EW (signal) 24.93+0.18 8.46+0.10 1.36+0.05 0.21 £0.12
WZjj-QCD 144.17 £0.85 231.2+1.1 24.44 +£0.29 1.43 £0.69
Misid. leptons 92+1.1 17.7+1.5 297+ 1.6 0.50 £ 0.32
727-QCD 8.10+0.19 1498 +0.34 1.96+0.08 35.0+5.9
tZ 6.46 £ 0.18 6.56 £0.19 36.19+0.45 0.18 £0.09
tt+V 421 +0.18 9.11£0.23 6536+0.64 28=+1.3
Z7Z-EW 1.50 £0.10 044+0.05 0.10+£0.08 34+1.6
74747 0.59 £ 0.03 0.93+£0.04 0.13+0.01 1.0+1.0

Source Uncertainty [%]

WZjj-EW theory modelling 5.0

W Zjj-QCD theory modelling 2.3

WZjj-EW and W Zj j-QCD interference 1.9

Jets 6.7

Pileup 2.2

Electrons 1.6

Muons 0.7

b-tagging 0.3

MC statistics 2.1

Misid. lepton background 1.0

Other backgrounds 0.1

09/20/18 Luminosity 2.1

33



CMS WZ

Total Yield

Process UUU uue eeu eee
QCD WZ 14109 | 9405 7104 | 4803 | 354=1.1
t+V/VVV 6.0x04 | 34102 2602 |18=x01| 13.7=x=0.5
Nonprompt 51+21 | 23+ 1.0 1406 |07x03] 9524
VV 09x+01 | 1.7x=02 | 05x<01|07x=01| 3.7x02
Ly < 0.1 22 0.8 < 0.1 < 0.1 2209
Pred. Background | 26.0 £2.2 | 18916 | 116 08 | 80=x05 | 64.5£29
EW WZ 51x=11 | 3.6 0.8 2505 | 18=x=04 | 13.0x15
Data 38 15 12 10 75
Source of systematic uncertainty | Relative systematic uncertainty [%]
Owzjj EW WZ Significance
Jet energy scale +9.8/-9.2 7.5
Jet energy resolution +1.1/-19 <0.1
QCD WZ modeling - 0.9
Other background theory +2.5/-2.2 0.2
Nonprompt normalization +2.1/-24 1.1
Nonprompt stat. +6.1/-5.8 6.2
Lepton energy scale and eff. +3.5/-2.7 < 0.1
b-tagging +1.7/-1.9 < 0.1
Luminosity +3.1/-3.4 < 0.1
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