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Motivations and outline

@ The production and scattering of two electroweak vector bosons (V) @ LHC are
sensitive to terms of SM & Beyond SM(BSM) Lagrangian well beyond the reach

of previous experiments

= Measurements of dibosons final states are of great interest:
= to test of the SM at the TeV scale (EW and QCD corrections & calculations )
= to search for New Physics

@ VV final states are irreducible background to Higgs and BSM searches
—> important to validate present MC modelling
VV production have to be well understood and measured

Outline of the talk :

= WW cross sections @ vs =8 & 13 TeV
= WZ cross sections @ vs =8 & 13 TeV
= 77 cross sections @ vs =8 & 13 TeV

= Zy cross sections @ Vs =8 TeV
= Charged Triple Gauge self-Couplings (TGC) @ Vs =8 TeV (WW), 8 &13 (WZ) TeV

* Neutral TGC (Zy) @ 8 TeV
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Standard Model Production Cross Section Measurements

Status: August 2016
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Measurement procedures

@ Fiducial and total cross sections

* Fiducial phase space defined following the analysis

Nobs - kagd selection ( minimal phase space extrapolation )
Oy =
fid C L = C corrects for detector effects
o
fid . : .
O, = o, for a more general comparison with theory and

A Br other experiments (but larger modelling uncertainties)

= A extrapolates from fiducial to total phase space
@ Differential cross sections

Unfolded to particle level for a direct comparison with theory predictions
(Baysian unfolding)

€ Anomalous Couplings among V
= non-Abelian structure of SM = couplings among V V=W,Z,y

= Anomalous Couplings appear as enhanced rates at high p;¥ or m;"V & changes
in angular distributions

= Fit detector-level distributions to extract limits
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WW @ Vs = 8 TeV
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: . : 4000 ]
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=> large log-terms in perturbative series 2000r- _l__\__' 7
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with reduced logarithmic dependence S coof / o e E
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500 , E

® 8TeV (WW+1 jets) : arxiv:1608.03086 400 : =

: Top control region g

= only ep channel (larger signal acceptance wrt 300 -+ E

same flavour) 200 E

= reject top with b-jet veto 1005 | g E
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@ Channel with smallest uncertainty (~7%) ep: og,"""eH = 374 +£7(stat) f%g (syst) t?(lumi) fb

® o,V syst. limited. Main contributions : JES (~ 4%), W+jets bkgd (~3%), luminosity (~2%)
fid y
[heory ~ 1%

Initial excess triggered many theory papers

Experimental results compared with NNLO;, calculations

T | T T T | T T T
ATLAS
Vs =8TeV, 20.3 fo'

—— Normalized Data
— stat
stat+syst

approx. NNLO+NNLL
[arXiv:1410.4745]

approx. NNLO
[arXiv:1408.5243]

| T T T T T T | T I. T |
| 0 jets
- WW — e*v u™v

= =l

WW — e*v ev

NNLO,,, = gg->WW (a.2)+gg ->H->WW (a.*) +

gg->WW (0,?)
approx. NNLOg, = A * NNLO,,,
A = acceptance from MC (Powheg+gg2WW)

@ Results:
" g,," " in agreement with calculations
within 1-2 ¢

NNLO p_-Resum WW — u*v u'v
[arxlv 1407 4481] " resummation improves agreement
| | | | | | | | | |
0.4 1 1.2 1.4
Ratio of predictions to measurement 6
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0.,"" @ Vs =8 TeV (0 & 1 jet)

arXiv:1608.03086

@ Uncertainties in O-jet and 1-jet bin 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 to o, """

€ Measurement uncertainty on the ratio (1 jet/O jet) : ~ 10%

II|IIII|IIII|II II|IIIIIIII|IIII|II IIII|IIII|IIII —— —— —— ——
ATLAS ATLAS
= 5 fid i )
\s=8TeV, 2031 ow(=1-iet) Vs =8 TeV, 20.3 fb”
—+— Data (stat+syst) Data
approx. NNLO Powheg+Pythia8
gg initial states added
ol (0-jet) MC@NLO+Jimmy
gg initial states added
Powheg, reweighted to NLO+NNLL
(Phys. Rev. D 90 (2014) 114006)
MATRIX, NNLO
fid ; Xiv:1605.02716 [hep-ph
oww(1-iet) (arXiv [hep-ph])
MCFM, NLO
NN R AT (Phys. Rev. D 92 (2015) 014033)
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R,=o0 /

QCD calculations describe data within uncertainties

Ratio of measurement to prediction, of,"***/af "
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WW differential cross sections @ vs = 8 TeV

arXiv:1603.01702

@ Use ep channel
@ Result compared to several predictions including H — WW contribution ( typical
contribution 2% per bin, at most 8.5%)

€ NLO EW corrections on predictions important for the aTGC extraction
( pr(lead lept) > 350 GeV corrgy = -24 £7%)

Variable used for aTGC extraction
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No obvious discrepancies in shapes @ NLO ;
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0'ﬁdWW & O'totWW @ Vs =13 TeV ATLAS-CONF-2016-090

® Measurements :

= use el channel
" Ny (Pr>25 GeV) =0 and b-tag veto to reduce top bkgd

" 04 1S extracted with a simultaneous fit of Signal Region, top and Drell-Yan control
regions (in SR: Signal: ~71%, Top: ~ 16%)

@ Theoretical calculations ( nNNLO+H ):
qq->WW (o) , gg->WW (o) , gg->H->WW (o (tot), o (fid))

l'lllIlllllllllllll'llllllllll
U ' R ATLAS Preliminary Total cross section ratio
ATLAS Prelimina Vs =13TeV,3.16 fb’
Yy s=ivte 316" (13 TeV) and 20.31b" (8 Tev) _ (13TeV/8TeV)
— Data
NNNLO+H calculation stat. -
(fixed-order acceptance)
WW — ety pv I stat.+syst.
nNNLO+H calculation Fiducial cross section B nNNLO-+H Prediction
(MC acceptance)
0. WW
fid
Datg
529 +20+50 £ 11 fh
stare : Fiducial cross section ratio
1 lstat-+svst-+lulml- | 1 WW - efvu'y (13 TeV/8 TeV)
L1 L Lt bl L1 l'llllllll lllllll'llllll
300 400 500 600 700 08 1 12 14 16 18 2 22
oV [fb] Cross section ratio (13 TeV /8 TeV)

High-order QCD calculations describe data well
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Inclusive WZ measurements @ vs = 8 and 13 TeV

Phys. Rev. D 93, 092004 (2016) ATLAS-CONF-2016-043

@ Inclusive selection : 3 leptons, an on-shell Z, m;V > 30 GeV
Main bkgd: Z+jets (data driven), ZZ

@, ,"’@ 8 TeV: onl ., =35.140.9(stat) & 0.8(sys) & 0.8(lumi) fb

~ 4% uncertainty, similar contributions from data statistics,
systematics (leptons, bkgd estimation) and luminosity

®0,.,"“@ 13 TeV: ofid =662 + 1.8(stat.) + 3.6(sys.) + 2.1 (lumi.) fb

W7 vif

@ Signal predictions @NLO : Powheg
8 & 13 TeV results give consistent data/prediction ratio
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WZ total cross section
arXiv:1606.04017 accepted by PLB

ol [pb]

@ comparison to recent NNLO calculation by Grazzini et al. (arXiv:1604.08576 ) have
explained the significant excess initially published by ATLAS @ 8 TeV

NNL()I prgdicltiqns i.mlm.'o."e. tl|1q datla/lpll'edilctilop agreement to < lo

Ratio to NLO

—  ATLAS Z
— e ATLAS Vs=13TeV (m__ 66-116 GeV), 3.2 fb” o~
— A ATLAS Vs=8 TeV (mzillllss-116 GeV), 20.3 fb™ :\
40[— = ATLAS Vs=7 TeV (m,_, 66-116 GeV), 4.6 fb” — 13 TeV - 3.2 fb1
— V DO Vs=1.96 TeV (m,_ 60-120 GeV), 8.6 fb” =
30l * CDF Vs=1.96 TeV (corr. to m,_ 60-120 GeV), 7.1 fb ]
20 — ]
~ — MATRIX NNLO, pp—~WZ (m,_ 66-116 GeV) ]
— NNPDF3.0, u_=u_=(m_ +m,)/2 -
10— . — MCFM NLO, pp—~WZ (m,_ 66-116 GeV) __
— P CTi4nlo, u_=u_=m,,,/2 -
— Fo-" - =MCFM NLOF: pﬁF—>V\‘;VZ (m,  60-120 GeV) _ NNLO/NLO k—factor ~1.1
0 C -- - | | | ?T1 4nlo, uR=uF|=mwz/2 | ]
14 3( T I I I = Theory scale uncertainties
10E F A { = donotcover the NNLO/NLO
| A - difference
— 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 [ —
2 4 6 8 10 12 14
{s[TeV]

Higher orders needed to describe data

The Standard Model works very well .. .. too well !
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Ratio to Powheg

WZ differential cross sections @ vs = 8 and 13 TeV

ATLAS-CONF-2016-043

Phys. Rev. D 93, 092004 (2016)

107"

@ Modelling issue in the low p;¥: NNLO differential predictions desirable

Oherwise no obvious discrepancies in shapes wrt NLO generators
(PowHeg, MC@NLO and Sherpa )

@ To extract aTGC use m"# ( smaller predicted QCD & EW h.o. effects than pZ )
13 TeV

8 TeV

Py
¥

[SEETEPEFEFTEErE

I — Pow

® Data 2012

. MC@NLO
[ e Sherpa

heg

ATLAS

Vs=8TeV,20.3f0"

W*Z > ¢vee

80

P} [GeV]

8 TeV

o > g J102@ ©
S— [05) - = — Y=
= E en ATLAS 7= = g4
] Q - m 2 N
o L8 o - Sl o ==
s = o L._ {s=8TeV,20.3fb" | 3 =
N E | <
= F WZ - ¢ovee 210 ~
I = 2 10"
< b * 4 ©
é , 15 % L L L L L e L ) | <
o 10°
Qa4 F ER
[ eData2012 ] 1072
10— Powheg . B
SR MC@NLO E 107"
L omme Sherpa ]
B ] 10°°
g 2.2 F o 2
ey C .uC)
g 1.8 =
a N © 15
o N o
= 14r o
° N 2
:‘(% 1 » -g 1
£ ©
- C o
0_6"HluuluuluulHHXHHXHHIH
0 100 200 300 400 500 600 (o] 0.5

miZ [GeV]

WZ
my

Lucia Di Ciaccio - QCD@LHC - 25th of August 2016 - Zurich

] o)
ATLAS Preliminary . 1023:2_.
5=13Tev, 133" 9

Ll

® Data -
E — Powheg+Pythia _| 10
VR, po L e Sherpa 3
g - 1
F Wz evee T b
S S B [0
e | [
N R B R
0 200 400 600 [ole]

my¥Z [GeV]
WZ
mT

12



WZ differential cross sections @vs = 8 and 13 TeV

@ Investigate ( exclusive ) jet multiplicity (p; > 25 GeV) :
help to understand jet-veto modelling in other channels (WW, ZZ) and bkgds

in VV+jets searches

Phys. Rev. D 93, 092004 (2016) 8 TeV arXiv:1606.04017
o = 1T » 13 TeV
P ATLAS IER g " : ATLAS
ko1 _ 3f' 3 10 © e r
f] \f/*zs TeV;O ;; CI ST —— {s=13TeV, 3.2 fb"
~ LTV ] -
:gb : 1 bbb
T L = A 10 S
- ® Data 2012 —4— E - —
Sherpa, T — Sherpa ] ] N * Eatah Byth
LO multi-leg [ «emee o R - - seme
. 101 - MC@NLO ed 10| Sherpa
up to 3j + PS = . 1 N
] E WZ - ¢'vee
P ] :
- . | |
o 2 g 5F
2 - <
o _—a
8 a
ke) e 3F
T i i)
o i E 2
0_‘| N B B o 1;? )
0 1 N2 3 4 5’,\] 0o . =
jetS jets Njets

@ In both analyses (Vs =8 and 13 TeV ) :
multi-leg formalism ( Sherpa ) describe high jet multiplicities well,

better than NLO+PS approach
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On-shell ZZ cross section @ vs = 8 and 13 TeV

Phys. Rev. Lett. 116, 101801 (2016)

ATLAS-CONF-2013- 020
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- .
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8 TeV Zy 6 measurements (Z->1*l-, vv)
Phys. Rev. D 93, 112002 (2016)

® Z (->11) y : two leptons p;>25 GeV, one or two ¥ E;7>15 GeV)
major bkgd from Z+jets (data driven)

® Z(= vv) y: (MET (>100 GeV), E;¥ (>130 GeV, due to photon trigger threshold)
better statistics in high E;¥ (important for aTGC fits) but higher bkgd
major bkgds from y+jet and W+y (both data driven)

@ Exclusive channel defined with jet veto (for py°t > 30 GeV)
Detector-level distributions of E¥ (used for aTGC measurements) :

104 ' ' e Data ) .
\ ATLAS 0 Zlee)y ATLAS ) o Data -
10 1 Vs =8TeV, 20.3 b’ Z+jets E;B TeV, 20.3 fb CIZ(vv)y
o»-L sl Bl y+jets
102 B, 10 T T Ewy =
> CIW(ev) ]
8 stat. © syst. Bl Z(vv)jets .
< 10 & o Z()y ]
£ 9 stat.® syst. |
g 1 w "
LI.I 1 :_ LTI L LIS, SIS -
107 :
107 I
107
& 14 R S 1.4F =
al® 12 i, i ol 12E 3
©le 1 ;‘r-,'/,i'---..0//,4'-1-,'/“-"",",',v-‘--z;i"---v,zifm-::5<««---+-,-,5m--: w g 15«," 7 ;
88 orf : Sgog
& 20 30 40 102 2x10° 10° 0 150 200 350 1000
Y Y
El [GeV] Er [GeV] 15
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Z7v ¢ measurements (Z-> 1) @ Vs= 8 TeV

Phys. Rev. D 93, 112002 (2016)

@ Fiducial cross section: 6= 1507 £+ 10(5tat)+78 (Syst)+29 (lumi) fb
uncertainty systematics dominated ( ~ 5 %, main: e.m. energy scale, lepton isolation & 1.p. )

Consistent with NNLO prediction (~2 % uncertainty )

Differential cross sections:

Njet = 0 Njet = 0 Njet =0
E ® Data E 102 ¢ Data ) ® Data
N o - 3885 Sherpa (CT10 10
L S 5% Sherpa (CT10) 3 _.__._ % 'V'Cf?':ﬂa((cT1 0)) s — % ;z:el;:ﬂa((((:::;)
_— E E
5 E 777 MCFM (CT10) i 5 10 - s NNLO (MMHT2014) § 10 —— SN NNLO (MMHT2014
= - ] 5 1 * = e
2 = — g 1 ——
z 102 E_ 3 E- 'z ;-l-up—
= | ATLAS - 15,10 ATLAS ' §¥ F amas -
T -1 -k 1 == 3F| 10 p -
& F Vs=8Tev,203fb [ § 102 (s=8TeV,203 (s =8TeV, 203 fb
=N
E N0 [Ty channel 3 103 Ng=0 [Tychannel o Nes20 Mychannel =%
L 4 10
4 14 1 19‘: L 1 1 1 1 1 1 1 1 i N N N N 1 N \ 2 N
4E 3 N m 5 3
gl k 1 &lz " b =i Y R S 4
< . 3 T T 3 7 1777, * >
ElGost ] £lGos URE {13 s s =
0.6- 3 0.6 0.6 -
0 1 2 >=3 15 20 30 40 50 60 80 100 150 200 100 15 20 30 40 50 60 80 100 150 200 10I

Nets E! [GeV] Ey
High order QCD describe data well, NNLO effects clearly visible
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Diboson Cross Section MeasureInents
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Wy—- vy
— [Njer = 0]

Zy—tty
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—Zy-vvy
WV -fvqq
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- WW-oep, [nje: = 0]

~ WWoseg, [mjec > 0]
-WWoey, [nje: =1

wz

-WZ-tvtt
Y4

— ZZ-4¢, (tot.)

—-ZZ-4¢

—Z2Z->ttvy
—727Z*>4¢

Status: August 2016
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ratio to best theory
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Triple Gauge Couplings (TGC) description

@ Effective lagrangian/vertex function formalism with gauge invariant, C/P conserving

terms :
= Anomalous TGC g :

CHARGED (WWZ, WWy) : G =g,-1,k"-1, oY V=2Zy
NEUTRAL (ZZZ, Zyy, ZZy) : & =h,",hY,fY, .Y inSM : =0

= To avoid unitarity violation @ high energy = introduce a cutoff scale Ay

replacing C; £ — C;
L A+5/AY

@ Operator O/9 expansion (EFT) approach o 1 (d)
L=Lsm+ dZS ~a=a 2¢O
= (2

= Valid description for energies E < A

= Leading CP-even gauge boson operators (d = 6) inSM: ¢;=0
generating TGC > [Opww = Tr[W, W*W"
—> Study coefficients of Oy > Oy Op: Ow = (D,®)W"(D,®)
Cyww/ A%, Cw/AZ, cp/ A Op = (D,®)'B"(D,®)

= CHARGED G; related to cyyyw/A2, cy/A?, cg/A?
= NEUTRAL couplings only at d = 8:
= Some operators affect both Higgs and TGC (WW and WZ)
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Charged aTGCs from 8 TeV WW, 8 &13 TeV WZ

@ Extracted fitting detector-level distributions

(py (lead lepton) in WW case, myWZ in WZ) , W2 @13 TeV_arias-conr-2016-0a3
‘GC: 10° ATLAS Preli 3 éaﬁta o _:
fs=13TeV, 13.3fb" "Z (corr. 1o NNLO) 3
wWw @ 8 TeV Phys. Rev. D 93, 092004 (2016) o . Vi lpons 3
| — BT LA RAAAS RAARS Riddd RAAAd RAAAE REAAA ’ - +
;E - ATLAS - : E (f ,A§Z=-oe1 oArKi)O 25, A?=0.1 : %t%/ers _§I
I~ 1 Background - i e ’ ot. unc. -
% 104 - \s=8Tev,203f6° =~ SM ) - 2015+16 103 ;_ ----- Ag1z=i), A.KZ=-0.19, A%=0 _;I
S — \g « 0.6 ~ =S =
W s i A" =02 1 data S T :
~ ' A'=02 T el sy =
10° _H_: - 10 5
! | E' —f
: [ -' ——t—t
1 0 Beccssss E . L§) 1.5 — —
5 : s Bt -
1 —1—« ............................................... : g e
= a B ]
100 200 300 400 500 600 700 800 900 1000 osF- ]
leading lepton) [GeV 0 200 400 600 800
P, (leading lepton) [GeV] mYZ [GeV]
ww @ 8 TeV WZ @ 8+13 TeV
Parameter ~ Expected [TeV-] Observed [TeV-2] Coupling  Expected [TeV™2] Observed [TeV 2]
Cow/AZ  [-7.62,7.38] [-4.61,4.60] | ewin, [-3.4; 6.9] [-3.6;7.3]
Cg/A? [-35.8,38.4] [-20.9,26.3] cB/Aip [-221; 166] [-253; 136]
Cy/A2 [-12.58,14.32] [-5.87,10.54] cwww /! Adp [-3.2; 3.0] [-3.3;3.2]
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Neutral aTGCs from Zy @ vs = 8 TeV

Phys. Rev. D 93, 112002 (2016)

@ Use event yield in high EY; region (> 200 GeV (1l v), 400 (y) ) with Njet =0

@ No obvious excess wrt SM = set 1D and 2D constraints on the four
CP-conserving neutral couplings h; ,% (from ZZy vertex) and h; ,¥ (Zyy )

111

ATLAS, Ity and vvy, /s=8 TeV, 20.3 fb™’
CMS, vvy, (s=8 TeV, 19.6 fo!

CMS, Iy and vvy, {s=7 TeV, 5.0 o™’
CMS, iy, {s=8 TeV, 19.5fb™!

ATLAS, Ity and vvy, /s=7 TeV, 4.6 fb™'

ATLAS
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CMS, Iy, {s=8 TeV, 195"’
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Conclusion and Outlook

@ Understanding of the production of 2 or more gauge bosons is mandatory to pin
down the SM and search for New Physics

From the experimental point of view:

€ LHC has produced many data = many experimental results are available which
challenge the precision of the theoretical predictions
(@8TeV: WW:7%,WZ: 4%, Zy: 6% ,2Z: 11%)

@ Significant improvement is expected from the use of larger data sets, more advanced
analysis techniques, additional variables (i.e. angular).

From the theoretical point of view:

€ Much progress in theory calculations in particular for total cross sections.
€ Full NNLO QCD calculations and NLO EW corrections including non-shell effects
and differential distributions (in particular of angular variables) are needed to match

the improving experimental precision

@ Other key aspects are the understanding of the most effective way of comparing data
with theory and more comprehensive ways of extracting (limits on) New Physics

Lucia Di Ciaccio - QCD@LHC - 25th of August 2016 - Zurich 21



Back-up
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Total production cross section [pb]

—

o

w

T TTTT] ]

—_
o
N

—
o

——r
ATLAS Prelimi
0 Theory

@ Measurement

nary

NNLO+NNLL

|

— tt
- PP NLO+NNLL =
- PP —1q ]
: LHC-XS (N°LO ggF) :
pp —> H
- NNLO ]
B pp —» WW _
B x 0.1 7]
i NNLO ]
pp - WZ
— x 0.1 —
- NNLO .
- pp > Z2Z -
~ %01 ]
L | L L L | 1 L 1 | L L L | L | L | L
4 6 8 10 12 14
Vs [TeV]

2 pp >t

7 TeV, 4.6 fbo", Eur. Phys. J. C 74:3109 (2014)
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8 TeV, 20.3 fb™", ATLAS-CONF-2014-007

13 TeV, 3.2 fb™!, ATLAS-CONF-2015-079

o pp—oH

7 TeV, 4.5 fo™!, Eur. Phys. J. C76 (2016) 6

8 TeV, 20.3 fb™!, Eur. Phys. J. C76 (2016) 6
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Inclusive 4 lepton analysis @ Vs =8 TeV

Physics Letters B 753 (2016) 552-572

¢ Require 4 leptons (e or W), loose cut on masses of dilepton pair, low p thresholds for
3rd/4th leptons, = 476 candidates with 5% bkgd

% Test SM in a wide range 80< m(4l) < 1000 GeV including interference effects

9 —_— e z
o3 10 = ATLAS ' " e Data NNLO QCD
q S [ (s=8Tev,203 0" WH-a | NOEW
» E Clgg—al g z
7”  NLO QCD ¢ 5 [DBackground { ,
LO EW oo 9F $ [ Ostat.+ syst.
: LO QCD
Ro NLO EW
g z
| N\ H
Region for Higgs width
9 NLO QCD study (interference
NLO EW 80 200 300 400 1000 petween gg=> 41 and

m, [GeV]  off-shell Higgs)
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Inclusive 4 lepton analysis @ Vs =8 TeV

Physics Letters B 753 (2016) 552-572

€ Unfolded m (41) spectrum in fiducial region:

Predictions:

= Higgs pole and on-shell ZZ scaled to
NNLO predictions

* PowHeg MC (NLO+PS) to predict signal
acceptance

= NLO EWK corrections are applied

€ Extract gg - 4l contribution in the region
> 180 GeV

U= 0,," 0,,10=24+1.0,,, 0.5, +08

Events / 20 GeV

Compatible with recent calculation of NLO/LO
k-factor of 1.5-2 (PhysRevD.92.094028 )

3 0.355 ATLAS —4— Measurement i
% 0. 3; —— Prediction ;
£ 025 * | /5= 8TeV, 20.3 10" -
85 0.2f =
¥ox | = :
0.15f E
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0.05F ii —
F =+ 3
.o '
\D ! ? _a: ++—+—is.— b - E
DE 0.5:' + M =
90 200 300 400 1000
m,, [GeV]
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= ls=8TeV,20.3fb" -
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; ...... Fit _:
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- Background .
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200 300 400 500 1000
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do/dm, [fb/GeV]
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ATLAS Simulation
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ATLAS —— Data r 2 [T 1 T T T T T ™
i [ Top Quark MC 1  §12000- ATLAS b D ~
(8=8Tev, 20.3M ) wwhe 4 & [ =8Tev,203m" e .
e'vev+pu'vuvchannels I oter diboson MC ’ 10000} e*v u'v channel M Orell-Yan MC -
I Orell-Yan MC b : I W+ets MC N
- Wijets MC = R Il cther diboson MC -
= stat. unc. . 8000 —— Gésss stat. unc. —_
E 6000 -
1 4000F== E
E 2000 -
- E—— :
0 1 2 3 4 5 6 7 2 3 4 5 6 7
Jet multiplicity Jet multiplicity
Final state eu ee Jp
Observed events 5067 594 975
Total expected events 4420 + 30 + 320 507 £+ 9 + 39 820 + 10 + 65
(Signal + background)
WW signal (MC) 3240 + 10 + 280 346 + 3 + 33 613 + 5 £ 60
Top quark (data-driven) 609 + 18 £ 52 92 + 7 + 8 127 + 9 %+ 11
W+jets (data-driven) 250 + 20 £+ 140 14 + 5 + 14 6 £+ 5 £ 12
Drell-Yan (data-driven) 17 £+ 3 + 18 28 £+ 0 = 13 33 £+ 0 = 17
Other dibosons (MC) 150 £+ 4 + 30 27 £+ 1 £ 5§ 38 £+ 1 £ 5
Total background 1180 + 30 + 150 161 + 9 + 21 205 + 11 + 24
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process WW+1-jet WW+0-jet

Observed Events 3458 5067

Total expected events 3310 + 50 + 340 4420 + 30 + 320

(Signal + background)

WW signal 1490 + 10 + 330 3240 + 10 + 280

Top Quark 1236 + 43 + 49 609 + 18 + 52

W+jets 121 £+ 15 £+ 50 250 + 20 + 140

Drell-Yan 267 £+ 12 + 49 175+ 3 = 18

Other diboson 195+ 5+ 53 150 + 4 + 30

Total background 1820 + 50 + 100 1180 + 30 + 150

o (Cww) [%] o(Aww) [%] o(Cww X Aww) [%]
eu ee  uu eu ee i eu ee 7

PDF 0.100 034 0.13 081 094 093 08 13 098
EWK corrections (SFgw) | 0.01 0.06 0.04 | 046 041 043 | 047 034 040
Jet veto — — — |34 34 34 |34 34 34
Scale 0.62 062 062022 022 022|066 066 0.66
Soft QCD 035 092 080 |25 26 27 |25 30 29
Total 070 1.2 10 [43 44 45 (44 48 46
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TABLE VII. Relative systematic uncertainties, in percentages, in the signal correction factor C for each channel in the inclusive
Njeis 2 0 (exclusive Njy = 0) measurement.

e"ey KWuTy vy eeyy WK viyy
MC statistical uncertainty 0.3 (0.3) 0.2 (0.3) 0.1 (0.1) 1923 18(@2.1) 0.6(0.8
Efficiencies:
Trigger 0.2 (0.2) 0.5 (0.5) 1.9 (1.9) 0.1 (0.1) 05(@.5 0.2(0.2
Photon identification 1.5 (1.5) 1.5 (1.5) 0.5 (0.5) 21 2.1 21@.1) 1919
Photon isolation 0.5 (0.5) 0.5 (0.5) 4.5 (4.3) 1.2(1.2) 1212 282598
Lepton reconstruction and identification 1.6 (1.6) 0.9 (0.9) - (=) 1.6 (1.6) 0.9 (0.9 - ()
Lepton isolation and impact parameter 2.2 (2.2) 2.2 (22) - (=) 2222 2222 - (=)
Jet vertex fraction -(0.5) - (0.6) -(0.1) -(0.5) -(0.6) -(0.2)
Energy/momentum scale and resolution:
Electromagnetic energy scale 2.3 (2.5) 1.2 (1.3) 2.1 (2.4) 2527 1819 20(2.8
Electromagnetic energy resolution <0.05 (<0.05) <0.05 (<0.05) <0.05 (0.1) 02©03) 03@03) 04(0.5
Muon momentum scale - (=) 0.1 (0.2) - (=) - (=) 0.3 (0.2) - (=)
Muon momentum resolution - (=) <0.05 (<0.05) - (=) - (=) 0.5 (0.5) - (=)
Jet energy scale -(1.9) -(1.9) <0.05 (2.2) -(2.2) -(1.8) 07 Q2.9
Jet energy resolution -(1.2) -(1.4) <0.05 (1.0) -(1.2) -(08) 0119
ET™ soft-term energy scale - (=) - (=) 0.3 (0.5) - (=) - (=) 1.3 (1.7)
ET™ soft-term energy resolution - (=) - (=) <0.05 (<0.05) - (=) - (=) 0.4 (0.7)
Pileup simulation 0.8 (0.8) 0.6 (0.7) 0.2 (04) 08 (1.0) L1(L.1) 0.6(.9
Total, without MC statistical uncertainty 4.0 (4.7) 3.2@4.1) 5.3 (5.9 45((53) 41@6) 43(6.0
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