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Introduction: W*W- Diboson Physics

WW production provides a test of the Standard Model (SM) at the TeV scale
— precise measurement of the fiducial, total and differential cross sections

Test NLO Electroweak Weak (EW) corrections and of QCD calculations (NNLO)
Irreducible background to Higgs and beyond SM-searches

Probe triple gauge-boson self-coupling (aTGC) to test the EW theory and to search
for New Physics beyond the SM

This talk will cover:
1. WW production at 8 TeV and aTGCs
2. WW+1 jet production at 8 TeV
3. WW production at 13 TeV



W+W- S i g n a I @ 8 Tev arXiv:1603.01702 submitted to JHEP
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*  Measure W*W-—lvlv (I=e, p) + jet veto in fiducial phase space and extrapolate
to the total phase space

* Excess in early cross section measurements from both ATLAS and CMS has
triggered a lot of theory papers about the NNLO calculations and further

investigation on resummation effects at large logs
(arXiv:1407.4481, arXiv:1407.4537, arXiv:1410.4745, arXiv:1509.07118, arXiv:1507.02565, arXiv:1606.07062,
arXiv:1606.01034, arXiv: 1408.5243, arXiv: 1511.08617, arXiv: 1605.02716, arXiv: 1506.04801)
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Background (1)

Event Selection

» Reduce Top (ttbar+Wt) background
— require events to have 0-jets

(qa/gg/H)
> WW

(MC)

 Suppress Drell-Yan background:

— Remove Z peak in ee,un
+ require large Etmiss

Background Estimates Jet Multiplicity before jet veto
< 0 [T l I l I I I ]
° . ~dri . - o S12000—~ ATLAS —— Data ]
Top: data-driven: (A~10%) QIR0 v, 203 1" 5 e ]
— Data(inclusive jets) x Jet-Veto efficiency (corrected 10000 &V u*v channel B Drell-Yan MC -
using data) C ] = sivr diboson ]
. . 8000— % stat. unc. ]
*  Wh+jets: data-driven (A~>40%) : %‘ ]
—  Matrix Method 6000 . E
* Drell-Yan: data-driven (A~10-50%) 4000;— =
— A simultaneous fit using control and signal regions 2000 . -
* Other dibosons: Monte Carlo based (A~20%) — = :

0 1 2 3 4 5 6 7
Jet multiplicity
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Background (II)

Event Selection

» Reduce Top (ttbar+Wt) background
— require events to have 0-jets

14%
(qa/gg/H)
> WW

(MC)

5%

 Suppress Drell-Yan background:
— Remove Z peak in ee,un

5%

+ require large Etmiss 4%

T T T ]
—4¢— Data |

* The 0-jet final state suffers from large

@ T T
. . . D ©12000— ATRAS

logarithmic terms in the prediction of E | 1s-8Tev, 203" B e
fiducial cross sections and in the 10000F & kv channe R g
extrapolation to the total phase space 8000-_1 : B orerdiosoniic
2 - E
do ~ " |ogm (M 00008 . * . ]
d p¥et0 S ( p¥eto )2 40005 -
i | i
. . 2000 —— ]
— introduction of a new energy scale S ]
M 1 1 L | 1_3__

(jet veto spale)%Large logs Whlch spoil —— &
perturbation theory = resummation : Jet multiplicity
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Cross section definitions

ey ee/py
p. (leading/sub-leading) > 25/20 GeV
. . v Il < 2.4 and |iff] < 2.47,
FldUClal excluding 1.37 < || < 1.52
: 10 GeV 15 GeV
selection =« > > Do
|z — mgel — > 15 GeV
clpse to ) Number of jets with
analysis selection ;> 25Gev, |y < 45 0 0
= if Age > n/2 >15GeV |  >45GeV
Ep7l xsin(A¢y) if Age < x/2
(ERRe)
Transverse magnitude of the vectorial sum of all neutrinos, [Ep7| | > 20 GeV > 45 GeV
(pT™=)
o Nobs — kagd o O fid
fid — tot —
C x [Ldt A x BR
Efficiency Corrections Acceptance

*  Measurements are corrected to consistently defined “truth level” to allow proper theory
comparisons

»  Measure fiducial cross section (with minimal phase space extrapolations) and total cross
section ( Acceptance could suffer from uncertainty modelling)
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Fiducial Cross Section Measurement

Prediction Fiducial cross section

pp — WW — {lvy [fb]
Measured of(WW) 374 +7(stat) *33(syst) *3(lumi)
o(nNLOfiq ey.) PowHeg+Pythia8~NLO+NLL 311 +15
o(approx. NNLOfg ¢,) NNLO 335+ 18
o(approx. (NNLO + NNLL)gg,,, Quoted from arXiv:1410.4745 358 + 14
o (NNLO pr-Resumgg e,) MC reweighted to NNLL resummed p(WW) 349 + 19

*  nNLO =NLO qq2>WW + NNLO gg2>H>WW + LO gg>WW
NNLO= NNLO qq2>WW + NNLO gg2>H>WW + LO gg>WW

I‘IIIIIIIlIIIII\IIIII IIII\IIIIIIIIIlI
ATLAS \s=8TeV, 20.3fb"

I i icti . . NNLO+NNLL
» The measurement is compared to various predictions: approc NNLON }
— 20 larger than nNLO (NLO +PS) approx. NNLO )
. .o . . [arXiv:1408.5243] f WW — etv pfv
— 1o against prediction with NNLO qq + resummation Fiducial oross section
NNLO pT-Resum +

[arXiv:1407.4481]

* Fiducial cross section measurement uncertainty in euw ~7% | pata stat + tot)
. .. —— 374172 1b
- dominant uncertainties: et

stat.+syst.

— Experimental: Jet Energy Scale (~4%), NI N § T T T
. . . 260 280 300 320 340 360 380 400 420 440 460
W-+jets background (~3%), luminosity (~2%) G0 {1

— Theory : <1% minimal modelling uncertainty
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Total Cross Section Measurement

Final state Total cross section pp — WW [pb]
eu 70.6+1.3(stat) fg:?(syst) +1.4(lumi)
ee 73.633(stat) *13(syst) +1.5(lumi)

[ 74.0+3.0(stat) fgzé(syst) +1.5(lumi)
Combined 71.1£1.1(stat) *3)(syst) £1.4(lumi)

o(NNLOyy) theory 63.2*-(scale)+1.2(PDF)

ATLAS
\s =8 TeV, 20.3 fo'

IlIIIIIIIIIlIlIlI

III||l||||||||||||||||||||||||l

Total cross section pp— WW

— ket efv utv
° . i e'vev
———— wv v
e Combined

SM prediction (MsTw 2008 PDF)
GTheory=63.2j :i (Scale)=1.2 (PDF) Pb
[arXiv:1408.5243], [arXiv:1307.1347]

IIIIIIIIIlIIlIIllIIIIIIIIllllIl

45 50 55 60

Cross section measurement uncertainty is ~8.5 %

65 70 75 80 85 90 95
Gy [PD]

tot

Dominant theory uncertainty in euw comes from jet veto (3.4%), parton shower,
hadronisation and underlying-event uncertainties (2.5%)

The combined total cross section is compatible with NNLO within 1.4c0
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Differential Measurements@8TeV

T T T I T T T T | T T T T | T T T T T T T T | T T T T I
5—ATLAS —e— Data, stat. uncertainty

300 :—I ;I4-Irl_lA|sI B —e— Data, stat. uncertainty

; __ § LI —_

8 \s—8TeV 203 fb'1 —— Bataﬁ total uncertainty m ;= C \s—8TeV. 203 fb'1 —— ll;)ata[,1 total uncertainty n
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Shapes of the measured unfolded differential distributions agree with the
predictions at the level of 15%

Overall normalisation offset between data and MC at NLO
Measurement dominated by systematic uncertainties O(10%-30%)



Constraints on anomalous Triple Gauge Couplings

Events / bin

q ;/W
. TGC vertex
Z/y*
q %%
F ATLAS —e— Data
- . Background
10t 's=8TeV. 203f0" o _
E —— AgZ=06 =
C — AK“ =02 ]
3 I - =02 _
10 E Ak'=0.2 3
E —— A =02
1022— ... L r =
10 ) -

_IIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIE
100 200 300 400 500 600 700 800 900 1000

P, (leading lepton) [GeV]

Effects of aTGCs are modelled using an
Effective Lagrangian which depends on few
parameters (A, Ak,, Ag?) or an Effective Field
Theory (C,./A?% C,/A% Cg/A?) [arXiv:1205.4231]

WWW

Manifest as an increase of cross section at high
invariant mass and high transverse momentum

Fit leading lepton p'ead_ distribution to extract
limits
— NLO Electroweak correction is large in high p'ead.

— Major uncertainty of 20% comes from p'ead.
shape comparison between PowHeg and
MC@NLO



alGCs Li

IIII|II||II|I||I|I|II|I|IIIII|

°

H ATLAS WZ 8 TeV 203" A=o

HI ATLAS WZ 8 TeV 203fb"  A=2TeV
7 [ ] ATLAS WZ 7TeV 46f7 A=

A TETHII ATLAS WZ 7Tev 46f"  A=2Tev
g — ATLAS WW 8TeV 20317 A=e
1 [ ] ATLAS WV 7Tev 50f"  A=e
CMS WwW 8 TeV 19.4fb" A=

(1] DO combination 1.96 TeV 86fb'  A=2TeV

H LEP combination 0.2 TeV 07" A=w (]

] ATLAS WZ 8 TeV 20317 A=w

H] ATLAS WZ 8 TeV 203fb"  A=2TeV
H ATLAS WZ 7TeV 461" A=cw

Z ITHI! ATLAS WZ 7TeV 46f7  A=2Tev
;L —> ATLAS WW 8 TeV 203fb"  A=eo
[ ] ATLAS WV 7Tev 50f" A=
CMS WW 8 TeV 19417 A=
H CMS WV 7TeV 50" A=

|:\ DO combination 1.9 TeV 8.6f" A=2TeV
n LEP combination 0.2 TeV 071" A=co
] ATLAS WZ 8 TeV 20317 A=w

[T ATLAS WZ 8 TeV 20317 A=2TeV
] ATLAS WZ 7TeV 46" A=

7 [FTTTLITTS T AtLAs wz 7Tev 46f"  A=2Tev
AK ATLAS WW 8 TeV 20317 A=c
Bl ATLAS WV 7 TeV 50f" A=w
CMS Ww 8 TeV 19417 A=
H CMS WV 7 TeV 50f"  A=w
[ ] LEP combination 0.2 TeV 07" A=«

|IIII|IIII|IIII|IIII|I\II|I\II|II

-05 0 05 1 15 2 25

aTGC Limits at 95% CL

mits

1D Limits and 2D contours for different
scenarios provided (No constrains, LEP,
HISZ, equal couplings and EFT)

Results are more stringent than for
7 TeV and competitive with LEP

—

N T T T T T [ T T T T
(@)
<

T T T | T T
| ATLAS

---- Expected
o4 's=8Tev,203 fo! —Observed 1
"L 95% C.L. with LEP Scenario
-0.05F e i ]
- N
-0.1 -0.05 0 0.05 0.1
Ak?

Scenario  Parameter Expected [TeV-2]

Observed [TeV-2]

Cown/A?

WWW

-7.62,7.38]
Cy/A2 -35.8,38.4]
C /A2 -12.58,14.32]

EFT

[-4.61,4.60]
[-20.9,26.3]
[-5.87,10.54]
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W*W-+1jet @8TeV : Signal and Background New !

Events in O-jet & 1-jet analyses

« Extend the previous measurement to 1-jet final  sooo, | | :
o - ATLAS Preliminary —4— Data 3
States Lﬁ 70005_ ‘@zs_'rer\]/’ 20_? o % 1"_\’0‘2’ _E
- e*v u’vchanne I Drell-Yan ]
. . . . . 60005 B Wejets .
* In combination with previous result provide a 5000 . B ovosn E
. . . . . Z WA ~ stat. @ syst. unc. .
WW+< 1 jet fiducial cross section with reduced ;07 R E
logarithmic dependence 3000E- o e\ N 7 7
- \O 3
. o o 2000p EW
 Analysis is based on the previous O-jet analysis, .k | E
but using only eu channel I
, . . o : 0 1
— kinematic selection criteria similar to 0-jet Lot multiofic
. et multiplicity
— largest background contribution from Top g __Pr (et Iaftclerl f'rl‘ﬁlllslelleq'f)f‘l _
- N : . i ® 900F ATLAS Preliminary —4— Data
Reject Top with strict b-jet veto S ook fs=8Tev, 203" A
. ~ - . [ Top Quark
— Background estimates are largely based on the 2 & v + et B Orelvan
previous analysis except for Top 2 —

%444 stat. ® syst. unc.

— Top yield is determined with a precision of 5.3%

« The largest contribution to data is signal, with
similar amount of top background

40 60 80 100 120 140

140
p. [GeV]

T,jet
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WHW- +1jet @8TeV: Cross Section New !

~20% of the expected signal yield is due to migrations
from WW+0-jet events

Take into account bin migration :

(aoj.fid) _ Roo Rm] % 0j,reco
01ifial] ~ |R R data—bkg
1j,fid 01 11 Nlj,reco /L
_ 90jfia t 01jfia
Oww =

0+1j 2
A% B

Uncertainties in O-jet and 1-jet bin are similar, except for
JES, JER and b-tag

Cancellation of uncertainties between 0-jet and 1-jet bin
results in smaller uncertainties on WW+< 1 jet and on
the extrapolation

The results in the fiducial region are in agreement with
the theory predictions

The result on total cross section is 12% more precise than
the previous ATLAS measurement based on WW+0jet

Samira Hassani
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ATLAS Preliminary
{s=8TeV,20.3 "

+ Data (stat+syst)

approx. NNLO

NNLO
Tior XAy

ofd, (< 1-jet)

old (0-jet)

olid, (1-jet)

0.7 0.8 0.9 1 1.1

[ENET AN B R B
1.2 1.3 1.4

Ratio of measurement to prediction, of%,™2/gla I"°-

ww

Vo) fid, 1-jet fid,0-jet
Ratio = oy 1Yo 1408

T T T T I T T T T I T T T
ATLAS Preliminary
Vs=8TeV,20.3fb"

Data

Powheg+Pythia8
gg initial states added

MC@NLO-+Jimmy
gg initial states added

Powheg, reweighted to NLO+NNLL
(Phys. Rev. D 90 (2014) 114006)

MATRIX, NNLO
(arXiv:1605.02716 [hep-ph])

MCFM, NLO
(Phys. Rev. D 92 (2015) 014033)

I B
0.45

P BT R R
0.5 0.55

06

_ fid,1-jet/ fid,0-jet
R;=o 10w

wWw



W+W_ @ 13 TeV (I) ATLAS-CONF2016-090  INEW |

* Main Changes compared to 8 TeV analysis

Use eu channel

Lepton p; cut moved to 25/25 GeV instead of
25/20 GeV

Apply b-tag veto to reduce Top background

Top and Drell-Yan are estimated using Transfer
Factor method

Fiducial cross section is extracted using a
simultaneous fit of Signal Region and Top and
Drell-Yan Control Regions >take into account
systematic uncertainties and their correlations
Signal: ~71%, Top: ~ 16%, Drell-Yan: ~5%,
W+jets+QCD: ~6%, Others: ~1-2%

« Significant progress in theoretical calculations

qq2>WW (NNLO) O(a?)
gg>WW (NLO) O(a?)
gg2>H>WW (N3LO)  O(ay’)

- Total : pp2>WW = 128.4 pb
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W‘l‘W‘ @ 1 3 Te\/ (“) ATLAS-CONF-2016-090 INEW |

T T |
ATLAS Preliminary

— Data
NNNLO+H calculation stat
(fixed-order acceptance) ’
WW — e*v pifv I stat.+syst.

nNNLO+H calculation
(MC acceptance)

Data
——529+20+50+11fb
stat.

\s=13TeV, 3.16 fb

Fiducial cross section

Fiducial
Cross section

ATLAS Preliminary
3.16 fo'' (13 TeV) and 20.3 fb™' (8 TeV)

LI I L | LI I T T T | LI I T T

Total cross section ratio
(13 TeV/8TeV)

= nNNLO-+H Prediction

-

Cross section
Ratio 13 TeV/8 TeV|

Fiducial cross section ratio

- stat.+syst.+lumi. WW — efvptv (13TeV/8TeV)
| | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 | 1 I 1 1 1 | | 1 1 1 | | 1 1 1 I 1 | | I 1 1
300 400 500 600 700 0.8 1 1.2 14 16 1.8 2 2.2
MW [fp] Cross section ratio (13 TeV /8 TeV)
fid

Oww'®'= 142 +5 (stat) £13 (syst)+3.0

O-WWtheory:1 28.4 +3'5-3.8 pb

(lumi) pb

* High-order QCD calculations describe the data well
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Summary

- ATLAS Preliminary
- NNLO WW (MSTW PDF)  (arXiv:1408.5243 [hep-ph])
+ NNLO H->WW (MSTW PDF)(arXiv:1307.1347 [hep-ph])

102 — WW(pp)
— WW (pp)
(incl. H—> WW above 7 TeV)

Gyorml [PD]

LHC Data 2015 (1s=13 TeV)
B ATLAS WW (3.2 fb™)

LHC Data 2012 ({s=8 TeV)
® ATLAS WW (20.3 fb™)

LHC Data 2011 ({s=7 TeV)
O ATLAS WW (4.6 fb™)

Tevatron (1s=1.96 TeV)

10

Y Doww (9.7 fb'?

2 4 6 8 10 12 14
\s [TeV]

WW di-boson production measured with precision O(8%) at 8 TeV
Good agreement between measurements and recent NNLO predictions at 8/13 TeV

No deviations from SM observed in the search for Anomalous Triple Gauge
Couplings, limits start to surpass LEP results

And still a lot of data at 13 TeV to be analysed...
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Systematic Uncertainties WW@38TeV

Sources of uncertainty ey ee Hy Combined

Experimental uncertainties in fiducial and total cross sections [ %]

Integrated luminosity +2.0 +2.0 +2.0 +2.0
Pile-up +1.35 +2.00 +2.03 +1.48
Trigger +0.43 +2.8 +3.0 +0.75
Electron energy scale +0.42 +1.45 — +0.43
Electron energy resolution +0.04 +0.23 — +0.05
Electron identification and reconstruction +0.99 +2.19 - +0.91
Electron isolation +0.22 +0.47 - +0.21
Muon momentum scale +0.10 — +0.39 +0.14 o(Cww) [%] oAww) [%]
eu  ee  pu | en  ee  puu

Muon momentum resolution (ID) +0.56 — +1.67 +0.67 PDF 0.10 032 0.13] 081 0924 093
Muon momentum resolution (MS) +0.09 — +0.21 +0.11 EWK corrections (SFgy) | 0.01 0.06 0.04 | 046 041 043
Muon identification and reconstruction +0.41 — +0.82 +0.43 Jet veto — — — |34 34 34

) i Scale 0.62 062 062|022 022 022
Muon isolation +0.59 — +1.20 +0.62 Soft QCD 035 092 080|25 26 27
Jet vertex fraction (JVF) +0.22 +0.26 +0.24 +0.23 Total 070 1.2 1.0 (43 44 45
Jet energy scale +4.1 +3.9 +4.4 +4.1
Jet energy resolution +1.35 +1.30 +1.47 +1.35
E.';‘is"' scale soft terms +1.12 +2.07 +1.85 +1.28
E-';‘i“ resolultion soft terms +0.31 +0.38 +0.53 +0.35
pfl'-‘i“ scale soft terms +0.23 +0.38 +0.35 +0.25
p%‘i“ resolution soft terms +0.13 +0.19 +0.14 +0.13
Background uncertainties in fiducial and total cross sections [ %] Cww [%] Aww [%]
Top-quark background +1.35 +1.82 +1.42 £139 =t 2‘;] s se ’;’_‘ 5
W+jets & multijet background +3.6 +3.1 +2.0 +2.8 qq — W*W- 514 292 477|235 87 95
Drell-Yan background +0.46 +3.00 +2.26 +0.86  gg—>W*W~ (non-resonant) | 53.6 33.4 482 |30.6 147 163
MC statistics (top-quark, W +jets, Drell-Yan) +0.61 +2.03 +1.39 +0.53 _99—>H - W'W~ 435 218 3931104 41 46
Other diboson cross sections +0.70 +1.01 +0.55 +0.69
MOC statistics (other diboson) +0.10 +0.32 +0.18 +0.09
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Systematic Uncertainties WW®@13 TeV

Sources of uncertainty Relative uncertainty for a%ﬁlw e
Jet selection and energy scale & resolution 7.3%
b-tagging 1.3%
Emiss and piiss 1.7%
Electron 1.0%
Muon 0.4%
Pile-up 0.9%
Luminosity 2.1%
Top-quark background theory 2.4%
Drell-Yan background theory 1.5%
W +jet and multijet background 3.8%
Other dibosons background 1.1%
Parton-shower 3.1 %
PDF 0.2 %
QCD scale 0.2%
MC statistics 1.2 %
Data statistics 3.7%
Total uncertainty 11%




WW@13TeV

pp — WW order of ot A a-aﬁiw_)e#
sub-process O(as) [pb] [%] [fb]
qq (10, 14] O(a?) 111.1 £2.8 | 16.20+£0.13 4223%
gg (non-resonant) [34] O(a?) 6.82*0-22 28.1+2-1 44.9+7.2
gg — H — WW [66][31] O(a?) tot. / O(a?) fid. 10.45j8:% 4.5+0.80 11.0£2.1
= 3.5 0.17
qq + gg (non-resonant) + gg — H nNNLO+H 128.473-2 1587714 47817

Table 5: Theoretical predictions for the WW cross section sub-processes and their associated uncertainties in the full

phase space (o5, ) calculated up to the given order in O(as) together with the respective acceptance corrections

(A) for the fiducial phase space and the fiducial cross sections (cr&?w_)e”). The resonant gg —» H — WW is
fid

calculated up to 0(03) for C’ww and to 0(03) for TWW —eu and A. A correction is applied to cr&‘,‘w_)e# and A
to account for non-perturbative effects. The quoted uncertainties include scale variations and PDF uncertainties,
with the latter being evaluated at NLO. The scale uncertainties are treated as correlated, whereas PDF uncertainties
are treated as uncorrelated between the g4 and the gg-induced processes. A branching ratio of leptonic W-boson

decays of B8 = 0.1083 [58] is used.



