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Di-boson physics overview

* Diboson production cross-section
measurements

* High energy test of Standard Model (SM) >w ng
oredictions at TeV scale %

* |rreducible background to Higgs

 Sensitivity to new heavy particles decaying ——FJV\?(/A ‘9_?/
L

to diboson

 Anomalous Triple/Quartic Gauge
Couplings (aTGCs,aQGCs)

* \ector boson self-couplings fundamental

orediction of the Electroweak Sector of the
SM

* Probe to new physics through deviations of

. o QCD and V+jets measurements:
measured cross sections from predictions

see Kristof Schmieden’s talk!
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Di-boson production at the LHC

e Measurement of di-boson

10° gpreemy o
processes involving combinations g — e
of W, Z and Y o chze:uron LﬁC
e W'W', WZ,Z2Z, W/Zy , W' W™ 0
* Measured mainly through their 10’
. . (E® > s/20) P
leptonic final states N :
< 10 Ow =
° . [ = 0 R
Advantage: relatively low backgrounds ¢ o | P
: : : 7 Wy ! z
* Disadvantage: low Branching Ratios ol =
- Wz,
e BR(WW—N) =0.108, BR (Z—1l) = 0.03366 . . /L ;
™ > ¥514) N
* Small cross sections O(1-100pb) 105 [ Gtiggs(My = 150 Ge)

Gpgqs(Myy = 500 GeV)
* Gluon contribution up to ~10% T ¢ M —

depending on the channel |
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Common signatures and backgrounds

Signatures

* Leptons/photons

* High-py, isolated, electrons/
muons and/or photons

e Z Bosons

e |nvariant mass in windows around
the Z pole

W Bosons

 Large Missing E; to account for
the neutrino

e Calculated from jets, leptons and
calorimetric clusters

e Transverse mass selection

Background

Estimated with data driven methods

¢ Vijets |

l‘!
4

* Genuine high-pt leptons from boson decay

|
| * Leptons from heavy flavour decays

» Jets misidentified as leptons/photons

 Particles outside the detector acceptance —
Missing E.-

=

|
* tt(bar) and single top

* Prompt isolated leptons from W leptons

* Large Missing ET

}:  Di-boson processes
|
m . Act as packground for each other

Estimated from M S
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Cross section measurements strategy

» “Cut and count” analysis yields observed

N — N
events O fid = data - Tbkg
¢ C- [ Ldt
« Background estimation from Data or/and MC
Ny Number of data events
 Measurement of fiducial cross section
kag Number of background events
* Defined as the phase space of the detector’s o
, , L Luminosity
acceptance + our selection requirements
S , BR Branching Ratio
* Minimizes the extrapolation to unmeasured
regions, more model independent C Efficiency corrections
A Acceptance

» Extrapolate measurement to total phase space

» Optionally provide differential cross sections in
fiducial volume

e Distributions “unfolded” from detector effects
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Phys. Rev. D 87,112003

WYy, Zy production (l)

* Final states measured:

. E_vx, ¢ e Y, VVY

* Backgrounds:

* W/Z + jets (dominant for leptonic channels), y+jet,
W—ev (dominant in vy channel)

« Systematic uncertainties dominate

e Photon ID, background normalization, jet energy scale

> T T T T
8 10° ATLAS —e— Data 2011
= 10* J Ldt=4.6f", ys=7 TeV .
. Z(I'T)+y (SHERPA x 1.0)
D 02 Nt 20, E:>15 GeV
- . -
QO A2 Z(I'")+jets, tt
S 1o —
W o
1
10"
1072
Cqa u ]
2 1 > — e —— -
E (U 1:_.-.-_-...........-—-'-_' -------------- -+ -
| 00.8 E
D 806_ | N N N TR | N N N N L a1
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L

Data

Events / GeV

10°
10°
10*
10°
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Selection Highlights

Require an isolated high-ET photon and isolated
high-pT lepton(s), and/or MissingET

Suppress FSR cutting on angular separation of
lepton and photon AR > 0.7

Exclusive measurement vetoes jets with pT > 30
GeV

ATLAS —— Data 2011
[ ] W(iv)+y (ALPGEN x 1.5)
I W(v)+ets
B i +ets

[ Other Backgrounds

f Ldt=46fb" fs=7 TeV
N =0, EYT>15 GeV

jet

:_,._.—H— ...... e @aa e e ne e m e n e enannaennn .E
& —
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WYy, Zy production (Il

* Inclusive Wy measurement above NLO theoretical
prediction (MCFM) by 1-2 o

 Discrepancy worst at high transverse Ey and jet Channel Measurement (pb)

Theory (pb)

multiplicity
Wy-—ivy 2.77 £0.03(stat.) £0.33 (syst.) £0.14(lumi.) 1.96 = 0.17

* Missing higher order QCD corrections
Zy— 1ty 1.31 £0.02(stat.) +0.11(syst.) £0.05(lumi.) 1.18 +0.05

* Fair agreement for Zy Zy— vy 0.133 £0.013(stat.) +0.02(syst.) +0.005(lumi.) 0.156+0.012

* Interesting how these 7 TeV results compare to
new NNLO calculations! (next slide)

< | I I I I - I [ [ [ [
%J 10 :__:@*,‘4;1[;:“& A--=--- %.) 10° E;*@ig ;
= e = oms 3
I = Wy 1 & e Zy -
2 | ATLAS v A 2 10E amas B E
= 10g .1 — I .1 st z
_> E fl_dt=46 fb _-.--‘-[!]___ _": 1 = fl_dt=46fb ::::.: :.:E-- =
g_ fchj" 1 (s=7Tev . iy E Vs=7TeV pp — I'ly 3
E -1
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O _ | | | | | — 0 _ | | | | | ]
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WYy, Zy production (lll)

L T T T T

 NNLO QCD corrections have _ P e
sizeable effect § 1! . .
N Foams

» Corrections are higher for Wy than Zy gl:l _ — o

« WY : arXiv:1407.1618v1 [hep-ph] I

« 7y : Phys. Lett. B731 (2014) 204 5 iég{ 1 I 1 I

é Hi

* Better agreement with R - .
measurement now % S0 100 i 2 500 1000

LO (fb) NLO (fb) NNLO (fb) Measurement (fb)
ai 8507 +0.2 1226.2 + 0.4 1305 + 3 1310 + 20 (stat) + 110 (syst) + 50 (lumi)
Ry 906.3+0.3 2065.2 + 0.9 2456 + 6 2770 + 30(stat) = 330(syst) + 140(lumi)



ATLAS-CONF-2014-033

W=W= production (l)

(2}
. 512000
* Final states measured: o
e PveFV (2=e,p) in Ojet bin 10000
8000
* Backgrounds:
* Top (15%), Drell-Yan (5%), W+jets (5%) and other dibosons 6000
. . . 4000
* Measurement is dominated by systematic
uncertainties 2000
e ETmiss (2-4%)
» Jet energy scale 2%
» Jet veto requirement 4-5%
= 900
» Background uncertainty 3-6% S
o 800
2 700
Selection Highlights 2 600
500
2 isolated high-pT leptons and MissingET 400
: : - : 300
Hard jet veto to reject tt” and single-top events
200
100

Z veto (ImZ —mll| >15 GeV) to suppress Drell-Yan
background in same flavour channels

BERERREEERREREEE
. ATLAS Preliminary

—¢— Data _
" \s=8TeV,|Ldt=203f" [ wwwmc ]
B 4+ T TOp MC —
— eV channel Ziots MG —
_ ] ——— B Wiets MC ]
— B other diboson MC —
- % %444 stat. unc. i
L ——eo— _]
m L Ll e 4 :
0 1 2 3 4 ) 6 7
Jet multiplicity
—_I T I I T I ll l| T T | T T T | T T T | T T
= ATLAS Preliminary 4 Daa []WW (x1.21)
C Ve _ . [] Top B Zjets
= \s=8TeV, [ Lt =20.3 b = S
- e'v uv channel %% stat. unc.— stat. @ syst. unc.
= ];+_!"+“1

i

IlllllltilllIIIIIIII|IIII|IIII|IIII|IIII|IIII|I

e .
40 60 80 100 120 140

p.. (leading lepton) [GeV]
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More details in Jun Gao’s talk

W=W= production (lI)

IIIIIIIIIIIIIIlIIIIIII IIIIIIIIIIIIIIIIIIIII | L IIII|IIII IIIIIIIII T T 1
ATLAS Preliminary ATLAS Preliminary
] Measured i
J Ldt = 20.3 fb” cross sections (Sil\lﬁlD!\iYXal erron J Ldt = 20.3 fb”
\S =8 TeV ete \s=8TeV
WW - CT10 T WW
eyt MSTW2008 Ww W
Data (£ stat. + tot.)
. NNPDF2.3 Wil
SM Prediction Combined — 71.4£1.2 %% pp
qa/qg - WW: MCFM NLO CT10 ATLAS-epWZ1 2 . ¢ . —— Stat
99 — WW: MCFM LO CT10
99— H— WW: NI\IILO MSTVIV2008 | l [ | | l | | Stat+sy?t
10 20 30 40 50 60 70 80 90 100 50 60 70 80 90 100
otot. [pb] Gy [PP]

* Measured cross section higher than SM prediction by ~2.10

* NNLO corrections: Enhancement of cross-section by ~10% (arXiv:1408.5243)

* Resummation of large logs: Enhancement of cross-section can partially explain the excess (arXiv:
1407.4537, arXiv:1407.4481)

Vs [Ldt [fb1] Measurement [pb] Theory [pb]
7 TeV 4.6 51.9 £ 2.0(stat.) £ 3.9(syst.) £ 2.0(lumi) 44.7
8 TeV 20.3 71.4 £ 1.2(stat.)*>0 4 4(syst.)*222.1(lumi) 58.7 Including Higgs

10
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EPJC 72 (2012) 2173, ATLAS-CONF-2013-021

W=Z production (l)

* Final states measured: £xve+L¥ (L=e,p)

* Backgrounds:
o Z+jets (~15%), ZZ (~5%),Top (~4%)W/Z+Yy (~3%)
o Z+jets, and Top backgrounds estimated with data driven methods

e 77 and W/Z y estimated from MC

. . . > T BN RN T

Selection Highlights & %% +data

© 140k T oz =

s o o 5 ~ — { / _

3 isolated high-pT leptons and MissingET > % 120f- 71 i =w/+21;tv :

25 GeV Lﬁ 100;_ - ' “ W g%;éet _;

Tight Z mass window o ATLAS Preliminary -

: 60— 4L s=8TeV,[Ldt=13f" _{]

requirement [My — Mppg | < 10GeV : + Jran +

40# e L, ) 1

= -

o - 20F = = "y

Tight isolation and ID criteria on the W-lepton | == Pt
% 20 40 60 80 100 120 140 160 180 200

P [GeV]
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W=Z production (ll)

e Measurement at 8 TeV

—_ 5 L B ) B ) B B L B B BB
. . Q | ATLAS Preliminary e _
dominated by systematic = e e :
SN S s |
unce I‘ta | I‘Itles Sb; """""" NLO QCD (MCFM, CT10)
10 === WZ (pp)(66<m <116 GeV) —
« Systematic from data driven - — Wz lpREsmEne e 3
background estimation is the i _
prominent one B LHC Data 2012 (ys=8 TeV) ]
O ATLAS WZ- vl (66<m <116 GeV) L=13 fb”
1 LHC Data 2011 (1s=7 TeV) —
.. - ® ATLAS WiZ—> il (66<m <116 GeV) L=4.6 fb" .
° Prellmlnary reSUItS B n nga\;&;'l,(\,jﬁlé%iljgzoeev) L=8.6 fb™ i
o o B A CDFWZ- Il L=7.11b" |
Compatlble WIth SM | | | | | | | | | | | | | I | | | | | | | I | | | I |
0 0 2 4 6 8 10 12 14
expectation (from MCFM) s [TeV]
Vs fLdt [fb1] Measurement [pb] Theory [pb]
7 TeV 4.6 19.0+144 3(stat.)+0-9 g o(syst.)*0-4g 4(lumi) 17.6 *1149
8 TeV 13 20.3%0-8 g 7(stat.)*12 1 1(syst.)*0-7g g(lumi) 20.3+0.8

12
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JHEPO3 (2013) 128, ATLAS-CONF-2013-020

ZZ production

* Final states measured: * Measurement is dominated by statistical
o {+{F£LF (E=e,u) and L£LFVV (7 TeV only) uncertainties
« Systematic dominated by lepton identification and

* Main backgrounds (significant mainly for £x£xvv)

o W/Z+jets, Top, WW, WZ

resolution

* Results compatible with SM predictions

e Estimated with data-driven methods

g B ATLAS Preliminary NLO QCD (MCFM, CT10.0) _|
— [ P ZZ (pp) (66<m <116 GeV) _
Selection Highlights 5y | —— 22 pp) (GBem <116 GeV) _

1= s
4 jsolated high-pT leptons 10 e —
Enhanced - e .

muon acceptance p| < 2.7 LHC Data 2012 (1s=8 TeV)
B O ATLAS ZZ-> Il (66<m <116 GeV) L=20 fb”’ .
v CMS ZZ- Ilil (60<m <120 GeV) L=5.3 b
. . . . - LHC Data 2011 (Vs=7 TeV) —
(2€2V). Requ:re axial-ETmiss > 80 GeV to 1 - ® ATLAS ZZ- li(lI/vv) (66<m <116 GeV) L=4.6 fo"
: v CMSZZ- 1 (60<m”<120 GeV) L=5.0fb" ]
suppress Drell-Yan background C Tevatron (fsc1.96 ToV) -
B m DO ZZ-> li(llivv) (60<m, <120 GeV) L=8.6 fb™ n
- A CDF ZZ= ll(I/vv) (on-shell) L=6.0 fb”' =
1 | | | 1 1 l 1 1 | | | | | I | | | | 1 1 1 I 1 | | I |

0O 2 4 6 8 10 12 14

\s [TeV]
Vs [Ldt [fb1] Measurement [pb] Theory [pb]
7 TeV 4.6 6.7+07 g7(stat.)*04 o.3(syst.)*0-3.0.3(lumi) 5.89 +0-22 4g
8 TeV 20.3 7.1%0:5 g 4(stat.)*0-3 g 3(syst.)*0-2q.2(lumi) 7.2 03,4

13
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JHEPO01(2015)049 4+

W W /W Z production in semi-leptonic final state

>1000 T I I I I I I I I I | I T I I T I I T
ol ATLAS ]
0 [Ldt=4610" ’
—. 8001 | -
> ¢ \s=7TeV | Vs [Ldt [fb1] Measurement oot [pb] Theory [pb]
g : —e— Data :
2 600 WWWZBestFiy 68 + 7(stat.) + 19(syst.) 61.1+22
I-I_ - -
CIU : 4{ Systematic Uncertainty :
S 400+ Wos v + 2jets ~
; : 5 O ATAS -
200 - o 2000 [Lat=4610" E
| _ —~ - —e— Data ]
* + + 1 Observed 12 180005 Is=7TeV Bl wwwz .
Il 1 . S 16000F B top quarks =
0 Z significance is 3.40 & ;,0F B ottt E
4 + T C W/Z + jets 7
i 7 7 | 120001 —
_200_1 Cl coeoe e by | 10000:_ I W= 1Iv + 2jets _:
50 100 150 200 250 - . g
Dijet Mass [GeV] 80001 'l 3
: .. 6000 * =
* Final states : WW/WZ—2v jj (£=e, p) w000k E
™ ]
 Main Backgrounds 2000F E
O_I 1 | 1 | | 1 | | | | | | 1 1 1 1 | 1 1 1 1
« W/Z + jets (~89%), Multijet (~5%), top (~4%) 0 100 150 200 250
» W/Z+jets and multijet estimated using data driven methods % 1.0'5
* Top and diboson using MC g 1
0.95
« Combined WW +WZ signal yield extracted from a fit to mijj 0055 160 150 500 550

distribution Dijet Mass [GeV]

14
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PRL 113, 141803 (2014)

W=W=+2jets production (l)
« Same charge WWijj scattering (VBS) is a key

process to experimentally probe the SM nature
of EWSB 2 forward jets with high dijet mass

Jets well separated in rapidity

* WWijj production process classification

o Pure EWK WWjj production (VBS contribution) | 2

« Strong + Ewk WWjj production (inclusive)

« WxW= has the best ratio of o(VVijj-Ewk)/o(VVijj-
strong)

W IV+

Wt /ﬁt\' W+ W+

" / WWjj-strong

15 q q q Wt
March 5, 2015




W=W=*+2jets production (ll)

* Final states: £xvexv + jj (E=e,p)

« Main backgrounds:
o WZ+2jets , Wy+2jets: estimated from MC

* tt(bar) and single Z production through charge misidentification : estimated from data

« Systematics dominated by jet energy scale and WZ+2jets normalization

measurement of EW + strong production measurement of EW only

selected with high di-jet mass selection enhanced by AYjj cut
E ATLAS e Data 2012 . o T A B R I RS IR R
o 10°% 203f0% \s=8TeV EZ3 Syst. Uncertainty = c 30— ATLAS e Data 2012 E
© : WHW* i Electroweak 3 > - ]
2 —> WEWHj Strong : Ll - 20.3fb" 1s=8TeV X Syst Uncertainty 3
G>J 10 [ ] Prompt _ 25__ m. > 500 Gev W W_” Electroweak™—
- Conversions = N . - W*Wjj Strong ]
“fr)f B Other non-prompt o0 : BN Prompt -
1 : S B N — Conversions 7
yyyyxx»{yyyyyx'zj :_ : ] Other non_prompt _:
: 15 .
10" : ]
2 "1 e Data/Bkg B
o : 1 Bkg Uncertainty -
2 5_%(Slg+8kg)/8kg ________ [ U _ ]
. : e Yeeees T

R T 3 - 8 9
8 97200 200 600 800 1000 1200 1400 1600 1800 2000 Ay |
16 m; [GeV] I
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W*W=*+2jets production (lII)

ATLAS SM o\ =1.52+ 0.11 [fb] ATLAS SM c\‘,’VBV3=O.95 + 0.06 [fb]
203 fb-1 \S=8 Tev NLO, POWHEG-BOX, CT10 203 fb-1 VS=8 TeV NLO, POWHEG-BOX, CT10

efet o ete’ o

2.0+ 1.5+ 0.5 [fb] 0.4+ 1.0+4.0 [fo]

ei}li b o eiui " ®

2.1+ 0.7 + 0.3 [fb] 1.3+ 0.6 +0.25 [fb]

uiui . ® 1 !»li].li . ® 1
2.2+ 0.9+ 0.2 [fb] 1.7+ 0.8+ 0.15 [fb]

Combination l o Combination - o

2.1+ 0.5 + 0.3 [fb] 1.3+ 0.4+ 0.2 [fb]

05 1 15 > 25 37735 4 05 0 05 1 15 2 25

& el [fb] o VBS. [fp)]
Theory [fb] measurement
Measurement [fb] (PowhegPythia8) significance
Inclusive 2.1 = 0.5(stat) = 0.3(syst) 1.5+ 0.11 4.5
IcE:will; 1.3 + 0.4(stat) = 0.2(syst) 0.95 + 0.06 3.6

* First evidence for EWK VV — VYV scattering !

17
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Anomalous gauge boson interactions

* The non-abelian nature of the EWK sector of the
SM predicts the self-interaction of gauge bosons
in the form of triple and quartic couplings

* Deviations from SM are parametrized, in terms
of anomalous couplings using effective
Lagrangian (SM+higher dimension operators)

(d)
C:
Leff = Lsm + Z Z W(l)fd)

dimensiond i
A: scale of New Physics

TGC

Coupling Parameter Channel
WWy Ay, DKy WW,Wy
WWZ Az,AKz Ag+Z WW,WZ

77y ha?,h4? A
VA ha¥,hay VAY
7y7 fa07,f507 77
777 fa0¥,fs0¥ /7

Characteristics

Anomalous couplings can manifest as
increase cross sections and modification
of kinematic distributions

« Anomalous triple or quartic coupling terms
(aTGCs, aQGCs) are in the effective
Lagrangian

« Di-boson production is modified by certain
dimension-6 and dimension-8 operators

QGC

Coupling Parameter Channel

WWZZ WWWW a4,a5 WW,WZ
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Summary of aTGC limits

Oct 2014

Oct 2014
. LT ‘ [T atAS timits! T T
CMS Prel. Limits —
Y DO Limit_ o
LEP Limit e
. Wy -0.410 - 0.460 4.6 fb™
Ak, Wy -0.380 - 0.290 5.0 fb"
—_ WWwW -0.210 - 0.220 4.9 fb™
—_ WV -0.210 - 0.220 4.6 fb™
—_ WV -0.110-0.140 5.0 fb''
———— DO Combination  -0.158 - 0.255 8.6 fb™
——i LEP Combination -0.099 - 0.066 0.7 fb™
A — Wy -0.065 - 0.061 4.6 fb™
Y — Wy -0.050 - 0.037 5.0 fb™
— wWw -0.048 - 0.048 4.9 fb™
— WV -0.039 - 0.040 4.6 fb™
— WV -0.038 - 0.030 5.0 fb
o DO Combination  -0.036 - 0.044 8.6 fb™
HT ‘LEP Combinati|on -0.059 - 0.?17 0.7 fb'!
| | | | | | | | | | | | | | | | | | |
-0.5 0

Nov 2013

1 1.5
aTGC Limits @95% C.L. . .
No deviations from SM!

T

I ATLAS Limits!| | —
CMS Prel. Limits -

¥22,222

19

— zZZ -0.015 - 0.015 4.6 fb’
f, - 77 -0.004 - 0.004 19.6 fb!
— ZZ (212v) -0.004 - 0.003 5.1, 19.6 fb™'
7 I 7z -0.013-0.013 4.6 fb
f4 — 77 -0.004 - 0.004 19.6 fb™
— ZZ (212v) -0.003 - 0.003 5.1, 19.6 fb™
Y . 7z -0.016 - 0.015 4.6 fb
f5 — zZ -0.005 - 0.005 19.6 fb™
— ZZ(212v) -0.004 - 0.004 5.1, 19.6 fb™'
7 — 77 -0.013-0.013 4.6 fb™
f5 — zZZ -0.005 - 0.005 19.6 fb™
— ZZ (212v) -0.004 - 0.003 I5.1, 19.6 fb™'
P T R SR S S PR N T SN SR S S SR S S’ Lo
-0.5 0 0.5 1 1.5  x107

aTGC Limits @95% C.L.

I [ [T A+LA§ Limits | —_ !
reI L|m|ts —
ww/Z Bl e
At — WwW -0.043-0.043 4.6 fb!
Z — WV -0.090 - 0.105 4.6 b
— WV -0.043 - 0.033 5.0 b’
i LEP Combination -0.074 - 0.051 0.7 fb™!
2\ — WWwW -0.062 - 0.059 4.6 b
Z — WWwW -0.048 - 0.048 4.9 b
— Wz -0.046 - 0.047 4.6 b
— wv -0.039 - 0.040 4.6 fb™
— wv -0.038 - 0.030 5.0 fb™
o DO Combination  -0.036 - 0.044 8.6 fb
o LEP Combination -0.059 - 0.017 0.7 fb™
Agz — wWw -0.039 - 0.052 4.6 fb™
1 — ww -0.095 - 0.095 4.9 fb
— WZ -0.057 - 0.093 4.6 b
A WV -0.055 - 0.071 4.6 fb
o DO Combination  -0.034 - 0.084 8.6 fb
‘ - lLEP Combmatlon -0.054-0.921 0.7 fb’!
-0.5 0 05 o 15
aTGC Limits @95% C.L.
L L [ ATLAS Limits! —
Z2Y2Z,2¥Y S -
H! — Zy -0.015-0.016 4.6 fb”
3 — Zy -0.003 - 0.003 5.0 fb
— Zy -0.004 - 0.004 19.5 b
—_— Zy -0.022 - 0.020 5.1 fb™
HZ — Zy -0.013-0.014 4.6 fb"
3 — Zy -0.003 - 0.003 5.0 fb™*
— Zy -0.003 - 0.004 19.5 fb!
— Zy -0.020 - 0.021 5.1 fp!
Y —l Zy -0.009 - 0.009 4.6 fb
hyx100 g Zy -0.001 - 0.001 5.0 fo
— Zy -0.004 - 0.004 5.0 fo'
Z — Zy -0.009 - 0.009 4.6 fb™!
hyx100 ’ 7y -0.001 - 0.001 5.0 fb"
— Zy | -0.003 - 0.|003 19.5 fb'1
| ‘ | | | | | | | | | | | | | | | | | | |
-0.5 0 0.5 x1o1

aTGC Limits @95% C.L.
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20

First limits on aQGC

 Measurement of VBS allows for setting limits on anomalous quartic
couplings

* Deviations from SM parametrized in terms of parameters x4 and &5

0.6
0.4
0.2

-0.2
-0.4
-0.6

* Limits on aQGCs extracted from WiWijj cross section in VBS phase space

confidence intervals
. 68% CL

[]95% CL
— expected 95% CL
x Standard Model

ATLAS

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

1

S

-0.4 -0.3 -0.2 -0.1

0O 01 02 03 04

oy

parameter

a4

a5

observed limit

-0.139, 0.157

-0.229, 0.244

expected limit

-0.104, 0.116

-0.180, 0.199
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Summary

* Excellent performance of the LHC has provided high quality/quantity
data in Run-1

Di-boson measurements with ATLAS

* Fiducial, total and differential cross sections have been measured at 7 and 8 TeV.

 Very accurate measurements of a few percent level

TGC limits consistent with the SM

 Sensitivity for aTGC limits expected to increase with increased centre-of-mass
energy and integrated luminosity

» Evidence for the same sign WW +2jets electroweak production with a
significance of 3.6 ¢

First limits on aQGCs

In Run-2 and Run-3 at 13,14 TeV, Di-boson, Tri-boson, VBS, and quartic
gauge couplings will become the main probe for New Physics !
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ssWW: selection requirements

* Lowest order:W=W= + 2jets, there is no SM inclusive WxW=

» for EW+strong measurement (“inclusive signal phase space”)

 exactly 2 high pT same-sign leptons with pT > 25 GeV in || < 2.5
* m,,>20 GeV, AR,,>0.3

> 2 jets with p->30 GeV, |n7| < 4.5
ETmiss > 40 GeV (from W decays)

» reduces Z+jets with charge mis-identification

veto events containing b-jets

e reduces tt” events (lepton from b-decays)

/-veto in ee channel: |mee — mZ | > 10 GeV

e reduces Z+jets with charge mis-identification

mijj >500GeV

 for EW-only measurement (“VBS signal phase space”)

* additional cut on |AY, | > 2.4
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ssWW: Background composition

e prompt background:

* 3 or more prompt leptons

o WZ/y«+jets (Sherpa) normalized to NLO with VBFNLO (uncertainty ~14% and 11% in inclusive and VBS regions

respectively)
o //+jets (Sherpa) theory uncertainty 19%
o tt + W/Z (Madgraph+Pythia8) theory uncertainty 30%

e tZj (Sherpa) negligible

e prompt photon conversion
WY (Alogen+Herwig/Jimmy, Sherpa for Ewk) total theory uncertainty 17%

» charge mis-ID due to bremsstrahlung with conversion (data driven)
o Z/Nx+jets

e Drell-Yan and tt” decays

* Other non-prompt (data-driven)
* |leptons from hadron decays in jets
e WH+jets
e semi-leptonic tt” decays

e di-jet events

24
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ssWW: Yields and interference effect

Inclusive region VBS region
etet eyt et et ot eyt it

Prompt 3.0+0.7 6.1 +1.3 2.6 +0.6 22405 42+1.0 1.94+0.5
Conversions 324+0.7 244+0.8 e 2.1+£0.5 1.9+0.7 e
Other nonprompt 0.61 +0.30 1.94+0.8 0.41 +£0.22 0.50 +0.26 1.54+0.6 0.34 +0.19
WEW=jj Strong 0.89 £0.15 25+04 1.42 +£0.23 0.25 £ 0.06 0.71 £0.14 0.38 £ 0.08
WEW=jj Electroweak 3.07 £ 0.30 9.0+ 0.8 49+0.5 2.554+0.25 7.3+0.6 4.0+04
Total background 6.8 +1.2 10.3 +£2.0 3.0£0.6 5.0£0.9 83+ 1.6 26+0.5
Total predicted 10.7£14 21.7+£2.6 93£1.0 7.6+1.0 15.6 £2.0 6.6 £ 0.8
Data 12 26 12 6 18 10

* Interference between electroweak and strong production is

studied at leading-order accuracy using SHERPA

* Interference increases the combined strong and electroweak cross
section by 12% in the inclusive region and 7% in the VBS region

* Included in EW WxW4xjj prediction
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ssWW: Systematic uncertainties

Systematic Uncertainties ee/eu/up (%) - Inclusive SR

Background Signal
Jet uncertainties 11/13/13 Jet uncertainties 5.7
Theory W Z /~* 5.6/7.7/11 | Theory WEW=*jj-ewk 4.7
MC statistics 8.2/5.9/8.4 | Theory W*W*jj-strong 3.1
Fake rate 3.5/7.1/7.2 Luminosity 2.8
OS lepton bkg/ 5.9/4.2/— MC statistics 3.5/2.1/2.8
Conversion rate .

Theory W+~ 2.8/2.6/- ET*5% reconstruction 1.1
EIM5s reconstruction 2.2/2.4/1.8 | Lepton reconstruction  1.9/1.0/0.7
Luminosity 1.7/2.1/2.4 b-tagging efficiency 0.6
Lepton reconstruction 1.6/1.2/1.2 trigger efficiency 0.1/0.3/0.5

b-tagging efficiency 1.0/1.1/1.0
Trigger efficiency 0.1/0.2/0.4
Systematic Uncertainties ee/eu/up (%) - VBS SR
Background Signal
Jet uncertainties 13/15/15 | Theory W*W=jj-ewk 6.0
Theory WZ /~v* 45/5.4/7.8 Jet uncertainties 5.1
MC statistics 8.9/6.4/8.4 Luminosity 2.8
Fake rate 4.0/7.2/6.8 MC statistics 45/2.7/3.7
OS lepton bkg/ 5.5/4.4/— | EIi* reconstruction 11
Conversion rate
ET*s% reconstruction 2.9/3.2/1.4 | Lepton reconstruction 1.9/1.0/0.7
Theory W + ~ 3.1/2.6/- b-tagging efficiency 0.6
Luminosity 1.7/2.1/2.4 trigger efficiency 0.1/0.3/0.5
Theory W*W=jj-strong  0.9/1.5/2.6
Lepton reconstruction 1.7/1.1/1.1
b-tagging efficiency 0.8/0.9/0.7
Trigger efficiency 0.1/0.2/0.4
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WW/WZ: Signal modelling

 Signal events are generated with mc@nlo interfaced to Herwig with CT10 PDF

* NLO cross sections from mc@nlo: 43.7 = 1.9 pb and 17.4 = 1.1 pb for WW and
WZ, respectively.

2 2 2 2
 Using factorisation and renormalisation scales equal to JIm W +p TW+ m V + p TV )/2

* gg > WW and H &> WW processes are not included in the signal samples nor
in the cross-section prediction,

 contributions are small compared to the expected sensitivity of this measurement
« gg = W W would increase the total predicted WV cross section by about 2-4%.

« H—= WW process would increase the WV cross section by about 5%,

» After applying all event selection criteria would only increase the expected number of signal events by
about 2%

* YY 2 WW process is neglected

* NNLO corrections would increase the total W V cross section by about 4%
(arXiv:1408.5243)
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WW/WZ: Backgrounds

* Dominant background: W/Z +jets
* Modelled using alpgen with ctegél1 PDF

* Scaled to the QCD NNLO inclusive cross section times branching fraction for a single lepton
species

* Shapes from MC

e Rates from data-driven methods

tt” events produced using mc@nlo with CT10 PDF

* shapes and rates from MC

e calculated at NNLO in QCD including resummation of next-to-next-to-leading logarithmic
(NNLL)

Single-top events from the Wt and s-channel processes are generated using
mc@nlo with CT10

ZZ background generated using herwig with MRST PDF

Data-driven method:
Estimate ETmiss shape from control samples

Multijet (5.3% and 3.7% in e and mu channels)

« Rate and shape estimated with data-driven methods Use ETmiss shape in template fit and
obtain multijet and W/Z+jet rate
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WW/WZ: Selection requirements and yields

Exactly one high-pT lepton

* suppresses the Z+jets and tt” backgrounds

Isolated leptons with pT>25 GeV, |d0/
o(d0)| < 3 (10) for muons (electrons), |z0|
<1 mm

ETmiss > 30 GeV, m_,W > 40 GeV
* highly suppress the multijet backgrounad

Exactly two jets with pT > 25 GeV and |n|
< 2.8 (pT > 30 GeV for the leading jet)

Azimuthal angular separation between
the leading jet pT and the ETmiss vectors
must fulfil |[A@(ETmiss,j1)| > 0.8

|An(j1,j2)] < 1.5, AR(j1, j2) > 0.7 if the pT
of the dijet system is less than 250 GeV

25 < mjj < 250 GeV

Signal processes e 0

%7474 1435 + 70 1603 + 79
W2z 334 £+ 23 370 4+ 26
Background processes

W+ jets (107 £21) x 10> (116 & 23) x 103

Z+ jets (55 £ 11)x10?
tt (47.2 £ 7.1)x10?

(46.3 4 9.3)x 102
(47.2 + 7.1)x10?
(20.5 + 3.1)x10?
(

Single-top (20.2 + 3.0)x 102

Multijet (67 & 10)x 102 50.5 4 7.6) x 102
A 19.2 + 3.8 21.1 £ 4.2
Total SM prediction (128 £ 17)x10% (135 + 19)x10°
Total Data 127650 134 846
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WW/WZ:Cross section extraction

NWV
Z
Ofd = E £ , Dgayg = faq" -C/'"W + (1= feq"")- ¢
L - Dgq ¢
{=e, ’
NWV
Tiot =y, b, Dioa = JAY - O B AV (1 ) O B Y
I—e L Dtot@

orq = 1.37 £ 0.14 (stat.) £ 0.37 (syst.) pb

* Dgy, account for the fact that WW - |vjj and WZ — |vjj contribute to the
signal yield with different cross sections, acceptances and correction
factors

WW
 f represents the ratio of the WW fid to the WW + W Z fiducial cross
sections

e Fixed to the SM value of 0.82
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WW/WZ: Systematic uncertainties

 W/Z+jets rate and shape modelling

. .« e S 0
estimated from scale variations,cross- e i Wgt :
section, MC modelling, JES, and JER al
uncertainties Data statistics +10

MC statistics +12
* Finite size of the MC event samples W/Z + jets rate and shape modelling +17
limits the precision with which the mijj Multijet shape and rate 18
templates are known Top rate and initial/final-state radiation shape modelling £6
Jet energy scale (background and signal shapes) +9
* The multijet rate and shape Jet energy resolution (background and signal shapes) +11
uncertainties are determined in WV shape modelling 15
validation region with modified
lecti e . Dsg Dot
selection criteria JES/JER uncertainty 16 46
.. . Signal modellin +4 45
* Main impact of the JES and JER is on Ji ol dg ; .
et veto scale dependence -
the shapes of the background ! P
< 4. . Others (loss of spin-corr information, lepton uncertainties, PDF) 4+1 44
distributions
Luminosity +1.8
" Signal shape modelling assessed by Total systematic uncertainty 127 £28
considering alternative templates Summary of the % contributions to the
from Pythia systematic uncertainties on the cross sections

31
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WW: Theoretical predictions

g W g Interference W

NN
VA

W q g W g
921% ~2% ~7%
\% ) V V
MCEM NLO MCFEM LO NNLO MSTW2008
3.0

« Standard Model prediction is : 58.7 ’ 2.7 (pb)

» Contributions neglected in this prediction:
* gg = WW (LO = NNLO+NNLL k-factor) up to +2.8 pb

* Electroweak corrections -0.5 pb
* YY-induced WW +0.5 pb
* \ector boson scattering <+0.5 pb

Double parton interaction +0.04 pb
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WW: Selection requirements

Leptons Jets
|solated anti-kt, R=0.4
pT>25(20) GeV
leading (subleading) pT>25 GeV
n| <2.5 n| <4.5

transverse impact
parameter
significance < 3.0

* Event selection
* Single or dilepton triggers

e Imll = mZ|> 15 GeV for same
flavour channels

e mll > 10 GeV for emu channel

33

vectorial sum of calorimeter

ETmiss pTmiss

vectorial sum of tracks

deposits pileup-robust
Emiss xsin|A¢p(met_j,1)| > pmiss > 20 (45) GeV
15(45) GeV em (ee,mm) em (ee,mm)
if Ad > 11/2, then Emiss,rel is
. In| <2.5
equal to Emiss

Channel etut ete” utu~
Observed Events 5067 594 975
Total expected events 4376 +26+280 536+10+42 873+12+63
MC WW signal 32244+104+248 346+3+32 610£5+56
Top(data-driven) 609 18 £52 02+7+8 127+£9+11
W+jets(data-driven) 22015+ 112 144+54+9 3+£5+6
Z+jets (data-driven) 166 £3+£26 55+£1423 96 £2+27
Other dibosons (MC) 157 +4+31 304+£2+5 39+£1+5
Total background 1152£244+130 190£9+26 264+11+£30

March 5, 2015



WW:Systematic uncertainties

Sources etu™ ete utu-
Cww experimental uncertainties
« Data and MC control samples  Pilew 1.3% 1.9% 2.0%
e trigger efficiency 0.3% 2.5% —
of Z — I+I_ events are used to u trigger efficiency 0.3% — 2.8%
Muon MS resolution 0.0% — 0.1%
[ ] .
determine the data-to-MC Muon ID resolution 0.5% —  1.5%
Muon scale 0.1% — 0.4%
correction factor for the Muon efficiency 0.4%  —  0.8%
Muon isolation/IP 0.6% — 1.1%
eff|C|ency of the Jet-veto Electron resolution 0.0% 0.2% —
. Electron energy scale 04% 1.4% —
requi rement Electron efficiency 0.9% 2.0% —
Electron isolation/IP 0.2% 0.4% —
g — ¢ > _[:Z Jet vertex fraction 02% 02% 0.2%
data, WW MC,WW Jet energy scale 2.6% 2.6% 2.6%
Jet energy resolution 23% 22% 2.9%
¢ {7 = € Jata Z/EI\/IC 7 = 0.990+0.029 EMiss soft term resolution 03% 0.3% 0.5%
’ ’ E%‘iss soft term scale 23% 4.2% 3.8%
(exp) iOO32 (theO) p%iss soft term resolution 0.1% 0.0% 0.2%
PSS goft term scale 0.3% 0.6% 0.5%
. Total experimental uncertainties 37% 6.3% 6.3%
® The ove I‘a" SyStematIC Cww theoretical uncertainties
o Jet-veto requirement (theory) 32% 32% 3.2%
uncertainty on the WW PDF 0.4% 0.6% 0.1%
o Scale 0.6% 1.7% 0.7%
SeleCtlon acceptance (AWW Total theoretical uncertainties 33% 3.7% 3.3%
Total (exp.+theo.) 5.0 7.3% T7.1%
M o)
xCWW ) IS 5.9 /O fOI‘ the Aww X Cww theoretical uncertainties
o o Jet-veto requirement (theory) 3.3% 3.3% 3.3%
combination of the three PDF 1.3% 1.6% 0.8%
o Scale 1.5% 2.0% 1.8%
dllepton Channels Total theoretical uncertainties 39% 42% 3.8%
Total (exp.+theo.) 5.4% 7.6% 7.4%
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WW: Data-driven backgrounds

* Top background (~15 %):

« Jet veto efficiency applied to MC events to obtain normalization
determined from a data control sample of top events with large
scalar sum of lepton and jet pT

 W+jets background (ep 4% / ee+pp 1%):
e extract normalization and shape
o efficiencies for fake and real leptons for loose and tight cuts

e determine signal and background components with matrix
method

« Z+jets background (ep 0.3% / ee+pp 1%):

e fit to data control region to extract normalization
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W/Zy selection requirements

Single lepton or photon
triggers:

e Electrons: 20-22 GeV
e Muons: 18 GeV
e Photons: 80 GeV

|do| /0, < 10(3) e(p)
|z0| < 1mm

Calorimeter isolation in cone
AR < 0.3 less than 6 GeV (e)

pT isolation in cone AR < 0.3
less than 15% of the u pt

W~ modelled with ALPGEN
(CTEQ6L1)

Z~,vvy modelled with Sherpa
(CTEQ6.6M)

Cuts  pp—=lvy  pp=LT0y  pp=viy

Lepton p7>25GeV  pr > 25 GeV —
<247 [n <247 -
Ny=1 Ny=LN-=1 N;=0
pp > 35 GeV —

Boson — Myt~ > 40 GeV pp > 90 GeV

Photon E} > 15 GeV  E1 >15GeV  E7 > 100 GeV
| <2.37, AR(L,7) > 0.7
e < 0.5

Jet B> 30 GeV, || < 4.4
AR(efp/y,jet) > 0.3
Inclusive : Nigt 2 0, Exclusive : Nje =0
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W/Zy systematics

Source pp — evy pp — pvy pp — € ey pp — wt Ty pp — viry
Relative systematic uncertainties on the signal correction factor Cy~ [%]
~ identification efficiency 6.0 (6.0) 6.0 (6.0) 6.0 (6.0) 6.0 (6.0) 5.3 (5.3)
~ isolation efficiency 1.9 (1.8) 1.9(1.7) 1.4 (1.4) 1.4 (1.4) 2.8 (2.8)
Jet energy scale 0.4 (2.9) 0.4 (3.2) - (2.2) - (2.4) 0.6 (2.0)
Jet energy resolution 0.4 (1.5) 0.6 (1.7) - (1.7) - (1.8) 0.1 (0.5)
unassociated energy cluster in E¥'* 1.5 (1.6) 0.5 (1.0) - (-) - (-) 0.3 (0.2)
1 momentum scale and resolution - (-) 0.5 (0.4) - (-) 0 (0.8) - (-)
EM scale and resolution 2.3 (3.0) 1.3(1.6) 2.8(2.8) 5(1.5) 2.6 (2.7)
Lepton identification efficiency 1.5 (1.6) 0.4 (0.4) 2.9 (2.5) 8 (0.8) - (-)
Lepton isolation efficiency 0.8 (0.8) 0.3 (0.2) 2.0 (1.6) 5 (0.4) - (-)
Trigger efficiency 0.8 (0.1) 2.2 (2.1) 0.1(0.1) 6 (0.6) 1.0 (1.0)
Total 7.1 (8.0) 6.8 (7.8) 7.6 (7.9) 5(7.1) 6.6 (7.0)
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