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“In the beginning there was symmetry.”
- Werner Heisenberg

3 |§in9d0m of SM - ...and then it broke. Now all we’ve got are
trength A .
. Strong Why are these so particles.
?
far apart? - Despite the (ongoing) success of the SM, it is a
natural theory only up to ~1TeV
EM GUT
Electroweak TOE

f there i1s no new physics beyond this, then this
Weak Gravity isn’t really a problem per se. However there are
reasons 1o expect that this isn't the case.

1(')19 Ge\>/ - | |
- Latest indications suggest that if there Is new
ohysics, It must be at a scale further away than
- o g we expected, so that SM stays natural beyond
Here be dragons (new physics) 1TeV (otherwise we should have seen some

evidence by now)
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Kingdom of SM— 7
Strength

-

Strong

EM GUT

Electroweak

YeSuN Gravity

TOE

| |
107"
Energy

Here be dragons?
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Dibosons & VBF alGC

Tribosons & VBS aQGC

Kingdom of SM——? Precision EWK measurements . Negw ohysics may introduce deviations in

Strength A T 0‘6 at our energy scale can give couplings at high energy scales leading to an
e'b(’ insight into NP at higher (not- en qaqpement .Of vector boson cross sections,
< . . especially at high pT.
directly-accessible) scales
EM ook GUT ade - Can be seen via, e.g.:
Weak . - Specific observables, eg shape of pI, m or
Gravity mT distributions
| | | Vv /o - (Differential) cross section measurements
100 10" jo0  Gev & ( )
Ener 2, - .
sy R Precision measurements of EWK couplings
>
Here be dragons? (please?) 3 o[ s < o
Mt(W2Z) g ;™" ZSE==": search for deviations
ol I ‘1 < in the tails
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Current Status of Diboson Measurements

Diboson Cross Section Measurements Status: July 2017 {Li;
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Charged TGCs and &www

Parameterisation of possible charged TGCs that is Lorentz invariant and obeys charge
conservation: (V =Z or y)

q |44

Lwwy = ig] (W[L/W“VV - WJV,,W“”)

.A "
. ) .
+g5 €77 (Wgaw,,) V, + iky WIW, VA

only WWy and WW/Z

~ allowed in SM
LA ~ .
+ o WL WEV +isy WIW, VR,
W

gives final states

BROOKHIMVEN Claire A. Lee WW’ WZ’ WX
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Charged TGCs and &www

Parameterisation of possible charged TGCs that is Lorentz invariant and obeys charge
conservation: (V = Z or y)

Terms violating C and/or P
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NATIONAL LABORATORY



Charged TGCs and &www

Parameterisation of possible charged TGCs that is Lorentz invariant and obeys charge

conservation: (V = Z or Y)

B“““KH‘-’A"E“ Claire A. Lee
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Terms violating C and/or P

91X = 1 from EM gauge invariance

J1 -

i, - remaining
independent

Kz -1 parameters, all

AX =0 in SM

Az



EFT Approach

- An alternative framework for describing modifications of diboson production is an EFT that is assumed to
be valid below an energy scale A, formed by adding higher-dimension operators to the SM Lagrangian:

L = 35M+Z ﬁ+zf’é’+

- There are three CP-conserving dimension-6 operators, vvlth coefficients that are zero in the SM, and are
related to the LEP-constrained aTGC parameters.

Ow
Op

Owww

(D, @)W (D, D),
(D,®)'B" (D, ),
Tr(W,W*PWi].

2
—-Agy
my

2 2
5 AKy ) Ag%
My, my

2 A

39°m2,

- Since the LHC results have now surpassed LEP/Tevatron limits, the LHC aGC Taskforce recommends to

now move towards using the dimension-6

BROOKHFVEN
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—F1 operators In our results.



13TeV

8 TeV

ATLAS and CMS diboson results focusing on alGCs

( )
WW - vlv +

4 )
W+W
\§ J
4 )
WV
\_ J
4 )
Wy
\§ J

BROOKHFVEN
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WW = Pvey ATCG ,
(- Y4 )
WZ—=evee + || WV—=Pvgg +
alGC alCG
U J \_ /

/ TeV measurement

J

Claire A. Lee

U

WW — vlv

( )
WW—= vy +
alGC

. J

~
\.

p
W/Z—ovbPl +

alGC

~

J

(- )
WV-=+PvgQq +

alCG

. J

W/ tvee

J

r

Covered in Md
Naimuddin’s talk (VBS))

~
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-07/
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131eV 38 eV
J \L
ATLAS and CMS diboson results focusing on alGCs
( \ (" ) Y4 )
WW- WW - fviv + WW - viv +
aTCG aTGC
\ j \_ J J \_ J
4 N (" ) Y4 )
WV
\ j . / VAN J
[ \ ) )
Wy
\ ) J J
BROOKHIUEN Claire A. Lee 11



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-07/

WW-=2vPv + alCG at 8 TeV - Introduction

(- )

JHEP 09 (2016) 029

. J

r

~

Eur. Phys. J. C 76 (2016) 401

/

. J
q 't Channel W g gluon W CMS 194fb'1(8TeV) ;. 16_. IS N B N I O B I B O B B I B B ) I |.| T
\ M fusion > 500 - Data BWZ/ZZNWV S | FATLAS ) o Date il uncoriny =
o - WW Top quark S 14 \s=8TeV, 2031 Powheg _
> - mHiggs boson pgDY = - Powheg+Resumm —
o B Wajets - 1o —— MC@NLO 7
" —  400— -8‘ — —
q A A Y -'9 . = : + :
- GCJ : + 1 ) t _-9% 1 O e + —
o 300 \i\ e L a0 -
B % ete/uu/eu/e ut 8= —
- A N _
1% _ & N —4— _
200 6 —
Higgs 100 @I. - ¥ ! .
rod : . 1 t E
. - ——eN\ | _
[ il e ST e NI
"""" 0 _.(E 1.6 — | | L [ [ " - ' =
H ..% TP Y D S v o | 8 1.4 ;_ —
& ¢ t 5 1 =
W 50 100 150 200 250 300 o 06 = _E
— | I | | | I | | | I | | | I | | | | | | | I | | | .| I | | | |:

Mee (GeV) 047207760 80 100 120 140 500

|_

iggs considered signal for

A

"LAS, background for CMS

BROOKHFVEN
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WW differential cross section measurement

Same- and different-flavour channels , O jet (AT

GCs calculated from distribution of
Claire A. Lee

Limits on a
My (CMS)

p_. (leading lepton) [GeV]

AS) and 0,1 jet (CMS)

LAS) and

12

leading lepton pr (A


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-07/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-016/index.html

WW—=Pvfy + alCG at 8 TeV - Cross Sections

r

JHEP 09 (2016) 029

.

~

J

r

Fur. Phys. J. C 76 (2016) 401

.

~\

J

ATLAS
\s =8 TeV

pp > WW
—— NNLO Theory

- Scale unc.

Scale+PDF unc.

50 55

BROOKHFVEN

NATIONAL LABORATORY

60

ATLAS data, 20.3 fb™

WW+HWW total cross section

stat.+ex.+theo.+lumi. unc.
——-—+—

1.40 excess in ATLAS

that lasted until a
better theory

calculation came along

CMS data, 19.4 fb’

WW total cross section
stat.+ex.+theo.+lumi. unc.

65

/70 /5

WW
Otot

80
[pb]

- CMS predicted cross section quoted Is solely non-
resonant NNLO WW production,

- ATLAS predicted cross section includes H— W\W at

NNLO

+ ATLAS scale choice: yR=pF=muw/2

- CMS scale ch

oice: |

account WW

OT1 resu

R=pF=mww (taking into

Mmmation)

heoretical and statistical uncertainties in both

measurements are fairly comparable

- CMS experimental uncertainties are smaller
(background estimation, JES, and ETmiss)

Claire A. Lee

13


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-07/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-016/index.html

WW—=2vPv + alCG at 8 TeV - EFT coefficients

r

.

JHEP 09 (2016) 029

\

-

Eur. Phys. J. C 76 (2016) 401

J
~\

_J

e ———

, N
Coupling constant This result { Its 95% CL interval | World average
C\II.I— I I I I | I I | I | I I I I | | I I I (Tev—z) (Tev_z) | (Tev_z)
= [ AILAS | - Expected - Covww /A2 0.1732 [—57,59] | —55+48 (from A.)
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s | ' - ]
O / ’\ N CMS 19.4 fb™' (8 TeV)
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I ] O i BWZ/ZZINVV Wjets -
i el | | l\\/ 103 — —_— CW/A2 =20 TeV_2 —
- T . ~~ - -
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| | I | | | | | | l | l | | l | | l C L | o 2 _ _2 —]
20 10 0 10 20 o 1 === T CgAT =0 TV -
- LlJ 10 = I T =
CW/A2 [TeV 2] = ] — =
. — : T == ____
Scenario Parameter Expected [TeV~?] | Observed [TeV 2] i s
i ] | ] . I N
Cwww /A2  [-7.62, 7.38 —4.61, 4.60 10 = w&%&
EFT Cp/A? —-35.8,384] | [-20.9,26.3 : __L—
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BROOKHILVEN ATLAS o A Les 100 200 300 400 500 o600 )
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-07/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-016/index.html

13TeV

8 TeV

ATLAS and CMS diboson results focusing on alGCs

4 )
W+W

\§ J

4 )
WV

\_ J

4 )
Wy

\§ J
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-07/

WW—=£vPv at 13 TeV - Introduction

Total (ATLAS & CMS) and fiducial (ATLAS) cross sections

measured at 13 TeV

ey channel only, O jet (A

LAS) and 0,1 jet (CMS)

Again, Higgs considered signal for ATLAS only

DY and top backgrounds estimated using CR, W

Main improvement from theory predictions

Events

CMS Preliminary
: T T T T | T T T T

e

CMS-PAS-SMP-16-006

4 )
arxiv:1702.04519

\ J

N

\.

J

L=2.3fb"(13 TeV)
T T T | T T T I —]

220
200
180
160
140
120
100

tot

W -
pp — WW sub-process ATLA SOrc(lfsr of U[gg]v [ (7AO] OW[IP{)]—W
qq [9,13] O(a?) 111.1 £ 2.8 | 16.20£0.13 | 422 * {7
gg (non-resonant) [33] O(a?) 6.827 g2 | 28.1 T o4 44.947.2
g9 — H — WW [67][30] O(a?) tot. / O(a?) fid. | 10457 ;25 | 4.5 £0.6 | 11.042.1
q7 + gg (non-resonant) + nNNLO+H 128.4 T 3% | 15877 58 | 478 £17

gg — H —- WW

Top-quark
VZ/VVV
n

|
|,
t
Pttt el

Events / 18 GeV

Data / SM

150

_ 200
EMss [GeV]
400_IIIIIIIII|IIIIII|IIIIIIIIIIIIIIlIIIIIIIIIII
[ —e— Data
ss0k ATLAS %22 SM (sys @ stat)
I _ -1 ] WW
- Vs=13 TeV, 3.16 fb =1 Top Quark
300 WW-etvu'v, SR I Drell-Yan
B W+jets
250 7 B Diboson

e P P N N I P I N I N
20 40 60 80 100 120 140 160 180 200 220 240

me, [GeV]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-20/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-006/index.html

WW—=£vPv at 13 TeV - Uncertainties

arxiv:1702.04519

. J

e

~

CMS-PAS-SMP-16-006

\.

J

CMS

Sources of uncertainty

Jet selection and energy scale & resolution 7.3% I

Relative uncertainty for o

WW—ep

fid Uncertainty source Propagation to cross section (%)
Experimental uncertainties 4.9
QCD scales and higher order effects 3.2
PDFs 0.4

Underlving event and parton shower 3.7
Non—promzt normalization 3.0 I

Top-quark normalization 2.0
Wv* normalization 0.3
Simulation and data control regions sample size 1.4
Total systematic uncertainty 7.4
Total statistical uncertainty 5.0
Luminosity 3.0
Total uncertainty 9.5

b-tagging 1.3%
Emiss and pmiss 1.7%
Electron 1.0%
Muon 0.4%
Pile-up 0.9%
Luminosity 2.1%
Top-quark background theory 2.4%
Drell-Yan background theor 1.5%
W +jet and multi-jet background 3.8%
Other diboson backgrounds 1.1%
Parton shower 3.1%
PDF 0.2%
QCD scale 0.2%
MC statistics 1.2%
Data statistics 3.7%
Total uncertainty 11%

BROOKHFVEN
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ATLAS

Claire A. Lee

dominant experimental uncertainties

in ATLAS from JES & JER

dominant background uncertainties
in both ATLAS and CMS from

estimation of fakes

17


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-20/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-006/index.html

WW—= vy at 13 TeV - Cross Sections

arxiv:1702.04519

| | | | |
ATLAS \s=13TeV, 3.16 fb’

NNNLO+H calculation

u (fixed-order acceptance)

WW — etv ufv

NNNLO+H calculation Fiducial cross section

® (MC acceptance)

Data
— 529 +20+ 50+ 11 1b
... stat.
. stat.+syst.+lumi.
] ] | ] ] | ] | ] ] | | | ] ] ] | ] | |
300 400 500 600 700
GU\CIjW — eu [fb]
BROOKHFAEN
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G J
( N
CMS-PAS-SMP-16-006
. J
—_ = tot  _ :
3 T ATLAS ooy = 142 £5 (stat.) £ 13 (syst.) £ 3 (lumi.) pb.
= - NNLO WW (MSTW PDF)  (arXiv:1408.5243 [hep-ph]) ATLAS
369 + NNLO H—WW (MSTW pDF)(arXiv:1307.1347 [hep-ph])
102 — WW (pp)
- — WW (pp)
B (incl. H—» WW above 7 TeV)
B LHC Data 2015 (1s=13 TeV)
B ATLAS WW (3.2 fb")
i LHC Data 2012 (1s=8 TeV)
® ATLAS WW (203 fb™)
LHC Data 2011 (1s=7 TeV)
10 - O ATLAS WW (4.6 fb™)
— Tevatron (1s=1.96 TeV)
B A CDFWW (3.6 b7
B | | | | T IDolev (SI).7|fb'1? o
2 4 6 8 10 12 14
\'s [TeV]
CMS
Category Value = stat. £ exp. syst. & theo. syst. &= lumi. [pb]
O-jet 113.6 £t 6.3 +t5.1+65+33
1—jet 135.3 =154 +34.0 =144 + 6.0
Combination 1153 58 +£5.7+64+ 3.6
Claire A. Lee 18


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-20/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-006/index.html

13TeV

8 TeV

ATLAS and CMS diboson results focusing on alGCs

4 N
WZ-vlPl +
aTGC

4 )
W+W

\§ J

4 )
WV

\_ J

4 )
Wy

\§ J
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4 N/ )
\_ J \_
4 \N/ )
WZ-Lvll +

aTGC
\_ J \_ y,
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-07/

WZ—-PvfP + alTGC at 13 and 8 TeV - Introduction

(

\.

ATLAS-CONF-2016-043

\

J

(

.

Eur. Phys. J. C 77 (2017) 236

~\

J

vertex

W

t channel

Z

The WZ cross section Is sensitive to WW/Z couplings

Fully leptonic final state in 4 channels combining e and |

The presence of aTGC would affect the W=Z integrated cross
section and manifest itself as an increased yield of events at high
values of pTZ or Mt

alGC confide
section distrib
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WZ

ce Intervals dete
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Tom differential cross

LAS) 0
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WZ—-ev€f + aTGC at 13 and 8 TeV - Samples
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ATLAS | CMS
Signal *
- Powheg-Box v2+Pythia8 (NLO) (NLO Sherpa 2.1.1 for sys) - MadGraph5 (LO)
- MC@NLO for aTGC signal events scaled by 1.11 basedon - For alTGC modelling NLO MCFM 6.3 used
NNLO QCD calculations to compute weights

Backgrounds with 3 or more prompt leptons

. qg->ZZ, tt and single top: Powheg-Box v2+Pythia (NLO) * qQ->ZZ, tt and tW: Powheg 2(NLO)

- 1tV and tZ: MadGraphb (LO)+Pythia8or6

- Other backgrounds evaluated using data-driven technigues

BB“OK“’-’A‘,E“ Claire A. Lee

NATIONAL LABORATORY

+ Other backgrounds use MadGraph (LO)
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WZ—=PvPP + alGC at 13 and 8 TeV - Selection
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ATLAS CMS
—vent Selection 13 TeV -+ Event Selection 8 TeV
+Various single lepton triggers (>24+ GeV) - Dilepton trigger (17,8 GeV)
- 3 “medium” isolated leptons with ptp, > 15 GeV (at -+ 3 Isolated leptons with prs > 10 GeV
least one with p>25 GeV and trigger-matched)
+one Sk pair with OS and my, within 10 GeV of - one Sk pair with OS and my, within 20 GeV of
/ Mass / Mass
- mp(3rd lep + ETmiss) > 30 GeV and pt 3rd lep - ETmiss > 30 GeV and pr 3rd lep > 20 GeV
> 20 GeV (and tight ID for electrons) (and tight ID for electrons)

+veto on 4th loose lepton with pt > 7 GeV

BROOKHIEVEN Claire A. Lee Map > ‘] OO Gev
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+veto on 4th loose lepton with pr > 10 GeV
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WZ—=¢vef + alGC at 13 and 8 TeV - Backgrounds

Reducible Backgrounds (Z+jets, Wy, ttbar, WW) estimated
IN control regions using matrix method with loose vs tight
classification

104

10°

~vents / 25 GeV

Nreducible = N F3 + N Fp + NS Fy — N&% FoF3 — N5y F1F3 — N{SF 1 Fy

Misid leptons - 60% of total background

Irreducible background (ZZ, ttV, VVV, tZ) estimated from

simulation

/0% of irreducible background from ZZ

WZ with tau decays considered background, estimated
from simulation (about 6.5 to 7.6% in CMS case)

1.5

Data / MC

0.5

Dominated by WZ events where the W decays to a tau
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\_ Y,
_ ATLAS Preliminary o paa 19.6 fo! (8 TeV)
E 5-13TeV, 13310 ':"I\"A(tz,d(ﬁogitoNNLO) 3 % IR ';D't ]
= I1SI1d. leptons — ata
i - zz 10 - CMS W
= : (T)t?ers 3 T . £§ "% Non-prompt leptons -
N oF une- 4 B >} ] MC background
= £'Ct E -'g 200 R? N\ stat. @ syst.
: (¢',¢=eorp) ] 2 N
= it o $ +
i Pty | by -
hl -T_ 100} S i
i — _ i + |
- - t .
F 4, ety ﬂ, al i _ ot 4 _
- * +++ f t 0 J_M"."Ei e f"fq”»p.,.ﬂg
- o H |I e /70 80 90 100 110
0 200 400 60 m, (GeV)
m¥W2 [GeV]
Channel eee Lee e Lb Lk LLLb L All
Data 516 537 612 752 2417

Total Expected 504 £ 7

588 = 5 552 £ 6 671 £ 4 2315+ 11

W=z 354.0+ 2.5
A 277+ 04
Misid. leptons 103 &= 7 87
tt+V 12.8 £ 0.1
t4 5.50640.029
VVV 0.97440.029

442.7+= 2.9  453.2+= 29  581.1x=34 1831=L 6
36.0 £ 0.5 329+ 04 46.5 £ 0.5 143.2+= 0.9

+ 4 45 £ 6 17.9 £2.5 253 = 10

14.494 0.13  13.50£0.12  15.59£0.13 56.4140.25
6.6744+0.033 6.653+0.032 &8.22 +£0.04 27.05+£0.07
1.219+£0.034 1.166+£0.031 1.44 £0.04  4.80 £0.07



http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-043/

W/Z—-PvlP + alGC at 13 and 8 TeV - Uncertainties
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ATLAS CMS
eee pee eup e combined /s = 8TeV
Relative uncertainties [%] Source  eee eey Uue UUU

e energy scale 0.3 02 02 0.0 0.1 Renorm. and fact. scales 30 3.0 30 30
e id. efficiency 4.6 2.7 1.9 0.0 1.3 PDFs 14 14 14 14
1 momentum scale 0.0 0.1 0.1 0.2 0.1 Pileu 02 04 03 02
H ;(iisfs efﬁdefncy 0.0 1.3 26 3.7 2.0 Lepton and triééer efficiencz 34 25 25 32 |
Elf and jets 0.5 04 0.8 09 0.8 Muon momentum scale — 05 08 1.3
Trigeer 0.1 0.1 01 0.2 0.1
Pl 05 19 14 11 11 Electron energy scale 14 08 08 —

. . ETVsS 15 15 16 1.2
Misid. leptons background 11.9 5.6 11.9 1.7 3.1 ! .
7 Z background 0.6 07 06 0.6 0.6 £Z. Cross Sect%on 0101 01 0.1
Other Irr. backgrounds 0.5 0.5 04 0.3 0.4 Z_w
Uncorrelated 10.6 9.2 6.2 3.6 2.9 tt and Z+jets 460 72 61 /.7
Total systematics 16.6 113 139 57 55 Other simulated backgrounds 1.0 1.1 1.1 1.0
Luminosity 33 33 39 39 39 Total systematic uncertainty 70 86 77 92
Statistics 6.2 53 53 4.1 2.7 Statistical uncertainty 77 72 64 52
Total 18.1 129 152 7.7 6.9 Integrated luminosity uncertainty 2.6 26 26 26

dominant experimental uncertainties dominant background uncertainties
BROOKHIAVEN careales  from fakes y
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WZ—=vlPl + alTGC at 13 and 8 TeV - Cross Section | Eur Phys. J. C 77 (2017) 236
" y
3 6OI_ I I | I I I | I I | I I I _l
o i e CMS 4
I|III|IIIIIIIII|III|III|III|III N B A ATLAS
eee 1.16 + 0.21 - - o = - MATRIX NNLO
ATLAS Preliminary T 50 NNPDF3.0, fixed i =p_= , (m_+m,) —
ls=13TeV, 13.3fb" Q - MCEM NLO - F // a
uee 1.11+£0.14 0+ N ®) B "~ NNPDF3.0, fixed u=u : B
W—Z - F _
/ —
ey 1.18 £ 0.18 —o— 40 4 ]
® Data B
=== Powheg+Pythia ]
MUK | 1.29 010 o CT10 _
30 —]
combined 1.24 + 0.09 —o+— _
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII -
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ofid. / gtheory 20 + Theory & CMS 13 TeV: 60 < m, < 120 GeV
wiz - P wiz £
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WZ—=PvbP + alTGC at 13 and 8 TeV - Differential

Ratio to Powheg
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WZ—=Pvff + alGC at 13 and 8 TeV - Limits

AK?x0.1

| | | | l | | | | | | | | | | | | | | | | | | | | | | |

ATLAS Preliminary

, === AT|AS combined 8 + 13 TeV
== ATLAS Vs =13 TeV, 13.3 fb"
== ATLAS Vs =8 TeV, 20.3 fb™
== ATLAS Vs =7 TeV, 4.6 fb"

ACO=OO

WZ — Z'vEr

CMS

19.6 fb' (8 TeV)

CMS

—
(@)
~

¢

—

o
w
|

Events/ 50 GeV

A
o
N
TTTT

10

Data

- WZ aTGC (Ak% = 0.6) Non-prompt leptons -
-+ WZ aTGC (Ag?=-0.06) [l MC background
WZ aTGC (A = 0.04) _

100

o |
WZ

200 300 400
pZ (GeV)

Observed [TeV ™ *] Expected [TeV ]

CB/A2
Cw//\2

CWWW

/ \°

| —260,210]
—4.2,8.0
—4.6,4.2

[—310, 300]
—6.8,9.2
—6.1,5.6]

—0.05 0 0.05
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0.1 0.15 0.2 0.25
alTGC Intervals at 95% C.L.

Claire A. Lee

CMS

Vs [TeV]

From o
From o

bserved |
bserved |

From o

bserved |

imit on cg/A* parameter 1.6
imit on ¢y /A% parameter 5.1
imit on cywww / A2 parameter 4.3
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13TeV 38 TeV
ATLAS and CMS diboson results focusing on alGCs
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WV—=Pvgqg + alCG at 8 TeV - Introduction Phys. Lett. B 772 (2017) 21
. .

- WW or WZ with one W boson decaying to ev or pyv and one W or Z boson
decaying hadronically
. The presence of jets and the large background from W-+jets and ttbar diagram Creffit G Salam
production limit the experimental precision, but ~6 times greater branching ratio 1 .- - \

boosted X __ . single

- Also, for WW case the #vgqg kinematics can be better reconstructed

|
= ' fat jet
- Both resolved (two small-R jets, |j) (ATLAS) and boosted (one large-R jet, J) (ATLAS, (7 *z\ TS )
CMS) cases considered

- large R jet has increased reconstruction efficiency at high pr (improved BSM
sensitivity)

- After final event selection S/B is still low, signal extracted by fit to m; or my
distribution

- alGC contributions determined from p+(jj,Jd) distribution ATLAS

EXPERIMENT

. §
o ‘
:
- ) made on imgus
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WV-£vagqg + alCG at 8 TeV - Event Selection
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arxiv:1706.01702

. J

(

.

\

Phys. Lett. B 772 (2017) 21

J

- Jet selection:

- ATLAS: Small- and large-R jets are reconstructed using the anti-kT algorithm, with radii 0.4 and 1.0

- CMGS: Small-R jets reconstructed using anti-kT with radius 0.5; large-R jets using Cambridge-Aachen with radius 0.8

ATLAS
WV — i WV — )
Lepton Ny =1 with pr > 30 GeV and |n| < 2.47
AR(¢,j) > 04
W — tv pr({v) > 100 GeV —
mT > 40 GeV =
Ermiss B > 40 GeV ERss > 50 GeV
Jet N; = 2 with pr > 25 GeV, |n| < 2.5, Ny =1 with pt > 200 GeV, |n| < 2.0,
AR(j,e) > 0.2 AR(J,¢) > 1.0
No small-R jets with pp > 25 GeV, |n| < 4.5,
AR(j,J) > 1.0, AR(j,e) > 0.2
40 < my; < 200 GeV 50 < my < 170 GeV
pr(ii) > 100 GeV _
An(jaj).< 1.5 -
Global AdGhr, ) > 0.8 -

BROOKHFVEN

NATIONAL LABORATORY

Claire A. Lee

CMS

+ One CAS8jet pr>200, no additional CAS8

jets with p>80 GeV

- ETmiss>50(70) for p(e)

- similar cuts on AR variables and

includes A¢p(J, ETmiss) > 2.0

- Additional cut on ratio of 2-subjettiness

to 1-subjettiness < 0.55 to discriminate
against W+jets backgrounds.
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WV—=£¢vgqg + alCG at 8 TeV - Backgrounds
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Phys. Lett. B 772 (2017) 21
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- W+jets and top backgrounds by far dominant, followed by S 025 Amas
multijets, with data-driven corrections from CR for W+jets = o2 WY =) E
o — WV
aﬂd tOp EJ 0.15 — V+jets R
8 01 _l—. T I Bl Top quark -
- W-+jets CR s b [ Multje
i o.os;—_j___.-..! —___‘—h ________________ k
- ATLAS: SR and (my < 65 GeV or my > 95 e A 0010 140 [g{/"
m e
GeV) (85% purity) - SF=0.84 R S
V) (85% purity) 5 3 o _
S 2000 \s=8TeV,20.2b" - \s =8TeV, 20.2 b
WV — ivd ~ N
: Top Cq _l\@ 1500 W + jets CR | "g 1500 TWO\[/) CRIVJ .
g) ¢ Data LC|I>J) _ ;\E/)Va\;a
‘ . . L 1000 E TWO\:) quark 1000¢ [] Top quark B
- ATLAS: require a b-tagged jet and require e , Wi
AR(,d) > 1.0 (90% purity) SF=0.87 500 500F '
- h——o—-y -~
0 0 8 1 2__, ey S A / 8 ------------------------- 2 o s
CMS: require a b-tagged jet oy K /WW”%
© | L 7 i © 7774
/ A . . .
BROOKHFAIEN - %00 250 300 350 400 120 140 160
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VWV—=£¢vgqg + alCG at 8 TeV - Uncertainties Phys. Lett. B 772 (2017) 21
N y
ATLAS CMS

Source of uncertainty Relative uncertainty for ogq ) EStimateS d 20% uncertainty in the

V 1 jots modelling 607 total background normalisation by

Top-quark background modelling 2%  taking the precision of the ratio of

Signal modelling 15% . . ]

Multijet background modelling 13% curves I’[’[Gd o the VV+JeTS pT

Large-R jet energy /resolution 15%  distributions Iin the signal and

Small-R jet energy /resolution 16% : : - : :

Other experimental (leptons, pile-up) 307 sideband regions of W+jets simulation

Luminosity 2%

MC statistics 19% . '~

D s~ ocale and PDF uncertainties are

estimated to be approximately 18—
206%.

BRUOK“‘-‘"E“ Claire A. Lee 32
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WV—=£¢vgqg + alCG at 8 TeV - Signal Extraction

arXiv:1706.01702
- : o
Phys. Lett. B 772 (2017) 21
\_ _J

ATLAS

Sinned maximum-likelihood fit to my or m,
distribution

Performed on combined e and Y channels

mass range 40 GeV < m; < 200 GeV and 50 < m,
<170 GeV

> q4000F T ] > gl T T T T T -
o UF ATLAS } Data : & 20 amas } Data
o 12000 1s=8TeV,20.2fb" @ wv - © [ \s=8TeV,20.2fb" B wv
~ WV s jj B V+Jets : — 2000 Wy s vy B V-+Jets .
£ 10000 Sianal Regi CJTopquark i 2/ e Sional Reai [ Top quark
GCJ ignal Region ] Mutijet : GCJ Ignal Region [] Multijet i
Lﬁ 8000 Uncertainty Lﬁ 1500 Uncertainty |
6000 -
4000 -
2000 N
g 01_}+ .................. UM e * ...... e * ......................... — g -----------------
@)
R 005_ ................................................................................................................................. — ;
.g m 0 J ! ’ * s L,/_,J j;i .% """"""
O A i O
-0.05 ' ' ' ' ' ' ' .
40 60 80 100 120 140 160 180 200 120 140 160 3 A
m; [GeV] m, [GeV]

CMS

- Unbinned maximume-likelihood fit to m, distribution

- Performed for e and p channels separately

+ mass range 40 < my < 140 GeV

CMS - |1I9f|b'1l(8lTe|>V2 CMS - |1|9flb'1l(8lTeTV)
> - WW+WZ > 100+ e U, Data-Bkg —
) B B Top O . — WW+WZ
Q) 800_ B W+jets Q) i ! ! i
= e e, Data o ] I I
— . | : | —
< 600 e 1 T ] | |
e [ | & 50 | I -

L ’ L _ |
S 400 | & | | |
3 l ' kT B | |
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VWV—=2vgqg + alCG at 8 TeV - Cross Section & Coupling Parameters

L L A R B A L N L
ATLAS . e
\s =8 TeV, 20.2 fb™ Slgmflcance = 4.50 (52 exp) ATLAS
® Data " WV— v Parameter Observed Expected Observed Expected
WV — (vij WV — ()
Tot. uncertainty AgZ [ —0.027,0.045] [ —0.036,0.051] [ —0.021,0.024] [ —0.024,0.027
W Stat. uncertainty Ak [—0.11,0.13] [ —0.15,0.16] [ —0.061,0.064] [ —0.071,0.075
| | ' Az = A, [—0.022,0.022] [-0.027,0.026] [—0.013,0.013] [—0.015,0.015
—— MC@NLO
CMS
1 WV—s v — —
Significance = 1.36@ Parameter Expected Limits Observed Limits
(2|.5 exp) | | | | Az —0.014,0.013 —0.011,0.011
02 04 06 08 1 12 14 16 Ax., —0.068, 0.082 —0.044, 0.063
Ratio of measurement to prediction, o, "% /cyx "% Ag% —0.018,0.028 '—0.0087,0.024]
The theoretical uncertainty in the WV — |vJ channel is
4 )
dominated by scale uncertainties because of the arXiv:1706.01702
aggressive |et veto p \ 2
BROOKHIVEN St A Lo Phys. Lett. B 772 (2017) 21 o
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WV—=£fvaqg + alCG at 8 TeV - EFT Coefficients
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ATLAS

Parameter Observed [TeV 2] Expected [TeV~—%] Observed [TeV_Q] Expected [TeV™“]
_ V V' — lvj] V — {v)
E— w " 6.4,6.3 [—3.6,3.0

cp/A\?
cyw | A?

[ —45,51]
[ —8.7,13]

cms == 19 fb' (8 TeV)
CWWW / Az CB / A2 CW / A2 10— — Expected 68% CL —— Expec:iz 99555:2 (é||__

| —— Observ

[—=29.2,23.9]
—20.9,26.3
260,210

6]
7]
[43]

—4.61,4.60
—4.6,4.2

[—5.87,10.54]
42,80

ed 68% CL —— Obser

Events / _] 00 GeV

10°

[44] [-3.9,40] [-320,210
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Channel
WW, Wy
WW WZ

Parameter
Ay, AKy
Az,AKz Ag1Z

Coupling

Current Status of Charged alTGC Limits

July 2017 ° CMS —
ATLAS
Fit Value Do —c—] E-?'\‘}f?' ATLAS —
- it Value DO —e—
LEP —e— Channel Limits J Lot fs LEP —eo— Channel Limits J Lot fs
} ! Wy [-4.1e-01, 4.6e-01] 4.6fb’ 7 TeV AK A ww [-4.3e-02, 4.3e-02] 4.6 fb’ 7 TeV
A z — wWw [-2.5e-02, 2.0e-02] 20.3 fb" 8 TeV
KY = W’Y ['3.83'01 s 299'01] 5.0 fb-1 7 TeV f—e—] WW [‘6.03'02, 463‘02] 19.4 fbd 8 TeV
' | -1.3e- - 1 13 TeV
' -2.1e-01, 2.2e-01 9fb’ 7 TeV - Wz [-1.3e-01, 2.4e-01] 33.6 fb 8,
' ww [ ! 491 t wz [-2.1e-01, 2.5e-01] 19.6 fb” 8 TeV
| & WW [-1.3e-01, 9.5e-02] 19.4 fb™ 8 TeV i Y [-9.0e-02, 1.0e-01] 4.6 fo’ 7 TeV
| 2 16 ) 4 — wv [-4.3e-02, 3.3e-02] 5.0 fb" 7 TeV
. wv [-2.1e-01, 2.2e-01] 4.6 fb 7 TeV | I s (-4.00-02. 4.10-02] >3 b 13 ToV
} WV (Ivjj) [-1.1e-01, 1.3e-01] 20.2 fb 8 TeV } ® i LEP Comb. [-7.4e-02, 5.1e-02] 0.7 fb™ 0.20 TeV
' ' wWw [-6.2e-02, 5.9e-02] 46fb" 7 TeV
-1 I 1 .
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— W -6.5e-02, 6.1e-02 6 b’ 7 TeV — WV (Ivjj) [-2.2e-02, 2.2e-02] 20.2 fb" 8 TeV
)\‘Y ! ; ) 461 — WV (IvJ) [-1.3e-02, 1.3e-02] 20.2 fo' 8 TeV
— Wy [-5.0e-02, 3.7e-02] 5.0fb’ 7 TeV — WV [-3.8e-02, 3.0e-02) 5.0 fb" 7 TeV
1 Qe i 4 H WV [-1.1e-02, 1.1e-02] 19 fb™! 8 TeV
H ww F1.90-02,1.9¢-02) 20.31o 8 TeV — WV [-3.9e-02, 3.9e-02] 2.3 b 13 TeV
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- - - 1
a g ww [-2.4e-02, 2.4e-02] 19.4 fb 8 TeV A — Y [3.90-02 5.26-02] 461" =TV
— Y [-3.9e-02, 4.0e-02] 4.6 fo 7 TeV g — ww [-1.6e-02, 2.7e-02] 20.3 fb 8 TeV
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- WV (IvJ) [-1.3e-02, 1.3e-02] 20.2 fb" 8 TeV f i Wz [-5.7e-02, 9.3e-02] 4.6fb’ 7 TeV
— Wz [-1.5e-02, 3.0e-02] 33.6 fb" 8,13 TeV
I‘_‘I Y ['3.88'02, 303'02] 50 fb1 7 TeV I_l WZ [_1 .88-02, 358'02] 19.6 fb‘ 8 TeV
-1.1e-02, 1.1e-02 19 fb™ 8 TeV : : wv o [-5.5e-02, 7.1e-02] 4.6 fb" 7 TeV
H w [ ] e WV (Ivij) [-2.7e-02, 4.5e-02] 20.2 fb’ 8 TeV
e DO Comb. [-3.6e-02, 4.4e-02] 8.6 fb" 1.96 TeV — WV (W) [-2.1e-02, 2.4e-02] 20.2 fb! 8 TeV
£ 0. . o — WV [-8.7€-03, 2.4e-02] 19 fb”! 8 TeV
| I-QI—I | LEP Comb. [-5.9¢e (12, 1.7e-02] 0.7 [b 0.20 TeV } : WV 6.76-02. 6.66-02] 23 ! 13 ToV
S et — b it 11 1 —e— DO Comb. [-3.4e-02, 8.4¢-02] 8.6 fb" 1.96 TeV
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alTGC Limits @95% C.L.
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

Summary

- Whatever new physics there is seems (for the moment) to be lurking out of our

grasp

But new physics may introduce deviations in couplings at high energy scales,
leading to an enhancement of vector boson cross sections especially at high pr.

- Current res

alGC result |
surpassed LEP/Tevatron limits for essentially all paramnr

U

ts from the LHC mainly cover the 7 ar

s available from ATLAS in WZ fully lep

ON

d 8 TeV da
IC chanr

eters.

asets (though the first
el), and have

- With the excellent performance of the LHC in run 2 at 13 TeV, we now have the
opportunity to complete the set of measurements, placing the tightest restrictions
on alGC parameters and EFT coefficients yet.
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WW-—=2vPv at 13 TeV - Event Selection

Selection requirement

Selection value

pET > 25 GeV
0’ ] < 2.47 (excluding 1.37 < |°] < 1.52),
In*| < 2.4

Lepton identification

Tight (electron), Medium (muon)

Lepton isolation

Gradient working point

Variable Selection
Qe < qe; <0
pfr | GeV] > 20
PFEMSS [ GeV] > 20
min(proj. EMSS, proj. trackEMS®) [GeV] > 20
pt [GeV] > 30
myp | GeV] > 12
Additional leptons (p% > 10 GeV) veto
Top-tagging veto applied

Number of additional leptons (pr > 10 GeV) 0
Mepy > 10 GeV
Number of jets with pr >25(30) GeV, |n| <2.5(4.5) 0
Number of b-tagged jets ( pr > 20 GeV, 85% op. point) 0
E%"isf{el > 15 GeV
proiss > 20 GeV
BROOKHAVEN e A Lo
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WW—=£vPv at 13 TeV - Event Yields

Process Signal region Top-quark Drell-Yan
control region control region
WWw Signal 997 = 69 49 1= 12 75.3+£54
Drell-Yan 62+ 23 49 + 29 1568 =45
tt+single top 177+ 33 2057 == 81 3.50x 1.0
W +jets / multi-jet 8141 70 £ 55 017
Other dibosons 38+ 12 6.3 3.5 19.2+6.1
Total 1351 = 37 2232 =47 1666 =41
Data 1351 2232 1666
BROOKHFEVEN Claire A. Lee
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Process O-jet 1-jet
g — W"™W~ 585 =38 228 £ 19
99 — WTW~™ 51 & 25 T
WT™W™ 636 == 40 253 1= 20
/7 +WZ 16 =1 15+ 1
Top—quark 177 =18 338 = 34
Z/"y*—>€+€_ 314 31 =7
W’)/>l< 82 6 =2
W"y 25 +4 30 &5
Non-prompt /019 33 =10
Higgs 25 =2 14 =1
Total bkg. 324 £ 27 467 = 37
WTW™ + Total bkg. 961 =49 720 £ 42
Data 927 719
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WZ-=Pvff + alGC at 13 and 8 TeV - alGC and EFT limits

Observed Expected
Dataset Coupling Expected Observed AKZ [ — 021, 025] [ — 029, 030]
- o Z
o Agf [0.017;0.032]  [0.016; 0.036 AgY | [—0.018,0.035] [—0.028,0.040]
eV Ak -0.18; 0.24]  [-0.15; 0.26] 9
A2 [0.015; 0.014]  [-0.016; 0.015 A |—0.018,0.016] [—0.024,0.021]
AgZ  [-0.014; 0.029] [-0.015; 0.030]
8 and 13 TeV A’}Z -0.15; 0.21] -0.13; 0.24] Observed [TeV ™ *] Expected [TeV ]
A -0.013; 0.012] [-0.014; 0.013] CB/A2 [—260,210] [—310, 300]
cw / A? —4.2,8.0] —6.8,9.2]
Dataset Coupling Expected [TeV~2] Observed [TeV 2] waw/A2 —4.6,4.2 —6.1,5.6.
cw /A3 -4.1; 7.6] -3.8; 8.0]
13 TeV c‘; /Aif -261; 193] -280; 163] - i Vs [TeV]
cwww [AZp -3.6; 3.4] -3.9; 3.7] From observed limit on cg / A“ parameter 1.6
ew /A2 -3.4; 6.9] -3.6; 7.3] From observed limit on cy / A* parameter 5.1
8and 13 TeV  cp/Afp -221; 166] [-253; 136] From observed limit on cwww / A% parameter 4.3
cwww [Aép -3.2; 3.0] -3.3; 3.2]
BROOKHFAAVEN Claire A. Lee 41
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WV—-¢vgg + alCG at 8 TeV - samples

- Signal * Signal
- gqq = WV: MC@NLO+Herwig (Powheg-Box & Sherpa
1.4.1 for systematics) + MadGrapho_AMCEN
- alGC contributions use built-in reweighting feature of \V+jets
MC@NLO
. V+jets - MadGraph5

- Sherpa 1.4.1 (LO) normalised to NNLO with FEWZ ttbar and single top

- tt and single top

Powheg 1.0
- Powheg-Box+Pythiat

4
- Powheg+Pythia8 normalised using MCFM NLO

BRUOK“‘-‘"E“ Claire A. Lee

NATIONAL LABORATORY

42



WV-£vag + alCG at 8 TeV - Yields

WV —/tvyy WV = /luv)
Signal
WW 2860 £ 110 542 61
W2z 730 &= 30 128 £ 15
Total Expected Signal 3590 =+ 140 670 =75
Background
W + jets 136000 4= 8600 10500 = 1300
Z + jets 2750 == 340 245 = 32
tt 129804520 1130+ 150
Single top-quark 3620 4 150 249 + 35
Multijet 3689 % 60 313418
A 14+1 .
Total Expected Background 159000 £ 8600 12400 =+ 1500
Total SM Expected 162600 £ 8700 13100 £ 1600
Observed 164502 12999
S/VB (65 GeV < mj; < 95 GeV) 11.1 7.1

BROOKHFVEN
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Quantity  u channel e channel

Data 1977 1666

W +jets 1318 (1.22 £0.06) 1023 (1.17 = 0.07)
Top quark 450 (1.00 £0.08) 364 (1.00 = 0.10)
WV 204 (1.354+0.77)  285(2.23 +0.84)
Ae 9.7 x 107> 8.3 x 107>
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