Overview of multiboson measurements at the LHC
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Topics covered

ATLAS and CMS published impressive amount of SM cross section measurements at 7, 8 & 13 TeV CME.
| will focus on:
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Cross section measurement in a nutshell

Observed events in
fiducial region Number of bkg events

(from cut&count / fit) MC simulation / data-driven

o X BR =

‘!C'Eint
Acceptance on Efficiency on
generatcj)\;alfvel: detector level:
: 1

Jyacc
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Run2 diboson cross section measurements
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77 - 4l @ 13 TeV

CMS-PAS-SMP-16-001 (Updated result)

Measurement of the ZZ production cross section and Z — 4/ branching fraction
« Using full 2015 dataset (£ = 2.6fb—1)

CMS Prellmlnary 261" (13 TeV)
« fully leptonic channels (4e, 4p, 2e2p) E 60; T I ‘i
— very clean signature, low statistical precision N 1 qg~22/Zy* 1
2 50: 5 gg%ﬁz 77 ]
. i i i @ 50— —H— —
Selecting 2 pairs of OS leptons with 60 GeV < my; < 120 GeV 500 = A ]
» Data-driven estimate of background with misidentified leptons E 40; B
(Z+ jets / W2) e I 1
o
8 af ]
‘ 64 observed events with bkg of 1.4 events ‘ 5 T 1
fiducial cross section obtained from combined fit to all 3 final states o 7
Total cross section: L ﬂ ]
10 -
‘ o(pp — ZZ) = 14.67] 3 (stat) 705 (syst) + 0.2(th.) £ 0.4(lum) pb ‘ i } 1
07 b
in agreement with NNLO (gg — ZZ) / NLO (gg — ZZ) prediction: 0 2 0 & 80 ,,1722 [Ge\}]zo

o = 16.575T pb (MATRIX) / 15.070% pb (MCFM) ‘
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-001/index.html

77 - 4l @ 13 TeV

CMS-PAS-SMP-16-001 (Updated result)

Measurement of the ZZ production cross section and Z — 4/ branching fraction
« Using full 2015 dataset (£ = 2.6fb—1)

I I I R
CMS

CMS 4l channel Preliminary

« fully leptonic channels (4e, 4p, 2e2p)
— very clean signature, low statistical precision

N
S

CMS 212v channel

ATLAS 4l channel

0, 4 (pb)

4> m e

« Selecting 2 pairs of OS leptons with 60 GeV < my; < 120 GeV

ATLAS 4l+22v

» Data-driven estimate of background with misidentified leptons
(Z+ jets / WZ)

MATRIX NNLO (qq+qg+gg)
NNPDF30,fed = i, = My

MCFM NLO+gg

NNPDF3.0, fhed 1= 1, = M,

‘ 64 observed events with bkg of 1.4 events ‘

fiducial cross section obtained from combined fit to all 3 final states
Total cross section: 5

‘ o(pp — ZZ) = 14.67] 3 (stat) 705 (syst) + 0.2(th.) £ 0.4(lum) pb ‘ ! A A

in agreement with NNLO (gg — ZZ) / NLO (gg — ZZ) prediction:

o = 16.575T pb (MATRIX) / 15.070% pb (MCFM) ‘
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-001/index.html

ZZ — 4l @ 13 TeV @

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

S8

@ ATLAS T
+ Larger dataset used £ = 3.2fb~! o1 (5= 13 Tev. 3.2 b

S 3.

-1 .
« Selecting 2 pairs of OS leptons with 66 GeV < my < 116 GeV 2 .Z;‘_‘"‘ZZ_ u

%1 [Jog-2zz- 4l

1

Prediction uncertainty

Expected background: 0.627’;::’

fiducial cross section obtained from combined fit to all 3 final states

pp - 2Z -4l
Fiducial I ATLAS
de \s=13Tev,321b"
2e2u ———y Tot. uncertainty
stat. uncertainty 200 300 400 500 600 _ 700
a? prediction Mass of four-lepton system m,, [GeV]
“ - 24¢
£ g 2o AT e
Conbined e oy riosocom o7 R o =
N E - ) 20"
1 1 I 1 1 CU\O NNLO\ L B 18F LHCData 2012 (¥s=8 Tev)
04 06 08 1 12 14 16 18 2/ 22 E  ocMszz- Iill (m, 66-116 GeV) 19.6 fb™
Oaia’ Tineory 16F e Data 2011 (8=7 Tev)
14i @ATLAS zzHYHH(WVZL)J(Déejrtl)sssue’z)vtsem
E eCMS ZZ . (m -120 Ge
12 E Tevatron Data (fs=1.96 Te
. E o COF 22~ lifiv) (on-shell) 9.7 b
Total cross section: loi D027 H(u(/vv)()rrE?sori;o'eev)ssm’
8t
o(pp — Z2) = 167555 (stat) £0 5 (syst) T (lumi) pb o
4
in agreement with NNLO prediction: 2 ‘ ‘ ‘ ‘ ‘
% 10
om = 156754 pb Vs [TeV]
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.101801

WZ — W'l @ 13 TeV

CMS PAS SMP-16-002 (Updated result)
Measurement of the WZ production cross section

231113 Tey)

100 CMS‘

>
[0]
« Using an integrated luminosity of £ = 2.3fb—! g . Fretminary v
£ mzz
« fully leptonic channels (evee, uvee, evupu, pv ) & =\ZI;N

60
,,,,, o] Non-Prompt

» Dominant backgrounds from processes with misidentified leptons
(Z+ jets / tt) — improved data-driven estimates

40

20

Decay N;f; Background Background Total Observed . g
o U
channel Non-prompt Prompt expected 2 1Elqm--;n--é-myw;mim-{u..J....... e
2 o5
0 100 200 300
Total | 22609 +1.61733 | 67.19£7.087119) 3321 £1.05733 | 32650 £7.3371550 | 318 8

fiducial cross section obtained from combined fit to all decay channels

Events

Total cross section:

o(pp — WZ) = 40.9 + 3.4(stat) *3 % (syst) + 0.4(theo) £ 1.3(lum) pb . Nonprompt

to be compared with recently published MATRIX NNLO prediction:

ot = 49.98722%pb, (42.6715 pb from MCFM@NLO) g
Q =F I ¥ 3
s 1 .
2 0""’ot R S
a Number of Jets (p,>30 GeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-002/index.html
http://arxiv.org/pdf/1604.08576v1.pdf

Runl diboson measurements & alGC limits
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WZ — W'l @ 8 TeV

arXiv:1603.02151 (acc. by PRD
Measurement of the

LVZ production cross section (integrated & differential) +

limits on anomalous TGCs

« Using an integrated luminosity of £ = 20.3fb—!

pee

eun

fn

combined

127 £0.10 +e—+ ATLAS ece | 146019 —o—i ATLAS
Vs=8Tev,20.3 b s=8Tev,2031b*
121+008 . Hee | 192 +0.22 ——
Wz
1.19 £ 0.08 +o+ ®Data HH | 126 £0.14 +H—@— ®Data
== Powheg = Powheg, CT10
----- Powheg, ATLAS-epWZ12
1.11+0.06 +o+ HHH | 147 £ 014 ——i
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fid. theory fid. fid.
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Total cross section:

o(pp — W*2Z) = 24.3 4+ 0.6(stat) & 0.6(sys) £ 0.4(th.) + 0.5(lumi) pb

higher than NLO prediction (Powheg+Pythia): oy, = 21.0 £ 1.6 pb

But: Significantly better agreement when comparing to NNLO (MATRIX) calcu-

lation:

oth = 23.927

1.7%
1.8%

pb
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» Generator predictions agree

* Measured xs higher at low pf
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http://arxiv.org/abs/1603.02151

WZ — W'l @ 8 TeV

arXiv:1603.02151 (acc. by PRD)

Measurement of the WZ production cross section (integrated & differential) +
Llimits on anomalous TGCs

+ Using an integrated luminosity of £ = 20.3fb—1!

Unfolded distributions:
w
+ Transverse momenta p7 4
+ Transverse mass of the WZ system m¥#?
* Transverse neutrino momentum py

« Absolute difference between Z and charged lepton from W, |yz — v, w|

)
= ATLAS
2
> 10 s=8TeV,2031" 3
L f WZ - evee ]
3 =
ER [ ]
L f ]
E ® Data 2012 § 3
C —— Sherpa ]
| Powheg -
10 e MC@NLO =
@ [
2 ot
[} L
<
7] r —_—
2 i
2 1
I
o r L
[ | | | |
% 1 2 3 4 5 0o
N

ets

 Largest deviation at low jet multiplicities

+ Data is best described by Sherpa

prediction

* MC@NLO & Powheg predict less jets

than Sherpa and w.r.t. measurement
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http://arxiv.org/abs/1603.02151

WZ — W'l @ 8 TeV (2)

arXiv:1603.02151 (acc. by PRD)

ATLAS
Measurement of the WZ production cross section (integrated & differential) q V;/‘i o
+ limits on anomalous TGCs
Analysis is sensitive to BSM gauge couplings
w*
» Manifest as rise in cross section over the SM expectation at high pr
- . q Z
» No deviation observed — set limits on aTGC parameters
T T T ATLAS
ATLAS L Da_ta20|2 — -
wz ATLAS Vs =8 TeV
s=8TeV,20.3fb" Misid. leptons Ag? 203107 A=2Tev
f,ff = ﬁf\/ e AT‘LAS vV§:7'le\/
(¢',¢=eorp) :?;Te.:ic 4sib™ A=2Tev

A gf:rﬂ.‘ , A k%=0.25, 17=0.1

_ e DO V5 = 1.96 Tev

F-j : gf:O, Ax-019 170 )‘Z 41, A=2Tev
— 71fb  A=2Tev —
Ak? WEZ - BuIT
L L |
-0.5 0 0.5 1 15
600 [ -
m¥¥Z [GeV] aTGC Limits at 95% CL
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http://arxiv.org/abs/1603.02151

WEW~ = lvly @ 8 TeV Bis.
arXiv:1507.03268 (submitted to EPIC) //I
CMS 19417 (8TeV)
N T T T T
Y e « b
% 1072 - -8 -m- Madgraph
. . . . © F MC@NLO 1
Cross section measured separately in 4 final states and combined (profile like- 2 F = 5 Poures ]
. + I R
lihood fit) = L 1
% 10° E
« same- and different-flavour leptons > F E
- Exclusively 0 or 1 reconstructed jet L :
Event category WTFW~ production cross section (pb)
ot cat Different-flavor 59.7 £ 1.1 (stat) & 3.3 (exp) = 3.5 (theo) £ 1.6 (lumi) «
ZEroJet AtesOrY  game-flavor 64.3 £ 2.1 (stat) & 4.6 (exp) £ 4.3 (theo) £ 1.7 (lumi) 8 R
et catego Different-flavor  59.1 £ 2.8 (stat) & 6.0 (exp) = 6.2 (theo) £ 1.6 (lumi) § gz
OneJet calegory  game-flavor 65.1 &+ 5.5 (stat) = 8.3 (exp) = 8.0 (theo) & 1.7 (lumi) £ E
Total cross section: s E
8
o(pp — WHW™) = 60.1£0.9(stat) + 3.2(exp) £ 3.1(th) £ 1.6(lumi) pb | & ¢
oo [ MC@NLO+Herwig normalized 100, o
in agreement with NNLO prediction: s 1SE E
13 % 1 ?ﬁﬁ‘*frqg

Oth = 59.8_1:1 pb £ 0.5 [ Powheg+Pythia normalized to o, E

40 60 80 100 120 140
py(GeV)
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http://arxiv.org/abs/1507.03268

WHW~ = lvly @ 8 TeV o~
arXiv:1507.03268 (submitted to EPJC) ///

CMSs 19.4 b (8 TeV)
s L E ‘ ‘ ]
g [ -e Data ]
3 I = Madgraph =g
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2 || =& Powheg irﬁ
b == ]
L —— 4
v f % ]
- . . . 3 -
Cross section measured separately in 4 final states and combined (profile like- ™° - e
lihood fit) 107 E
CuE ‘ ‘ ‘ ‘ ‘ =
Unfolded distributions: s F ]
> 1=
) =
» Transverse momentum of leading lepton p’T max T s [ MadgraphPytha nommaized 0., E
. . 15E =
= Transverse momentum and mass of dilepton system p¥, my g F . o
X X % L 2 T 277 7
» Angular separation in transverse plane between leptons A¢y g F oo E
05 ; MC@NLO+Herwig normalized to o, {
o 15 - 3
8 F —
% 1 LRI e el
= 05 [ Powheg+Pythia normalized to o, B
0 0.5 1 15 2 25 3

A, (rad)
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http://arxiv.org/abs/1507.03268

WHW— — lly @ 8 TeV

arXiv:1603.01702 (submitted to JHEP)

Cross section measured with jet veto only (separately same- and
different-flavour lepton channels)

ATLAS Total cross section pp - WW
Vs=8TeV, 203 fb*
SN e v
—— evev
—— vy
e Combined

SM prediction msTw 2008 PDF)
Orpeory=63.2.7 § sca1£1.2 60 pb
[arXiv:1408.5243], [arXiv:1307.1347]
[ | | | | | | |

45 50 55 60 65 70 75 80 85 90 95

" [pb]

Total cross section:
‘ o(pp — WTW™) = 71.1 + 1.9(stat) 37 (syst) & 1.4(lumi) pb ‘

in agreement with NNLO prediction:

Oth = 63.2f%:2(scale) =+ 1.2(PDF) pb ‘

TLAS
EXPERIMENT

I e R R e R R

() - ATLAS —e— Data, stat. uncertainty

[0} 14 L =e= Data, total uncertainty _—|

3 Vs=8TeV,203fb —— Powheg |

= = e Powheg+Resumm —

- —— MC@NLO A

o

o a1

. i

© =

I I 3

g 1 T ; =

g I -

5 =
g oo T e [

6
8:'5 | | I | | [ I 3
' 40 60 80 100 120 140 500

P, (leading lepton) [GeV]

Differential measurements agree well with
theoretical predictions within uncertainties
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http://arxiv.org/abs/1603.01702

WHW— — lly @ 8 TeV

arXiv:1603.01702 (submitted to JHEP)

Unfolded distributions:
« Transverse momentum of leading lepton p’T max

» Transverse momentum, rapidity and mass of dilepton system p#,
Yu,my

» Angular separation in transverse plane between leptons Ag¢;

- |cos(6%)| = |tanh (%) \

— [ e
£ 300 ATLAS —+— Data, stat uncertainty  —|
o C " =e= Data, total uncertainty |
g [ (s=8TeV,20.3fb —— Powheg 3
- Powh R |
£ 250 oweno ™ 4
EE = —+— .|
T 200 —
150 —
100

alud B Ly

> o
T [T 77

E e
15 2 25 3

e

Pred. / Data
00O krERP
o 00 N
° i
a1 -
- +

A,

Differential measurements agree well with
theoretical predictions within uncertainties
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http://arxiv.org/abs/1603.01702

WHW— — lly @ 8 TeV &)

arXiv:1603.01702 (submitted to JHEP)

T T
= e
ATLAS ATLAS data, 20.3 fb’* £ 300F-ATLAS 4= Do st uorany
Is=8Tev WW+HWW total cross section g [ fs=8Tev, 2037 — Pouteg -
: = PowhegrResumm
stat.+ex.+theo.+lumi. unc. -~ 250 —— MC@NLO —
pp - WW ——t——+ Egg F —— 1
—— NNLO Theory 200~ 3
[ scale unc. 150 =
Scale+PDF unc. E -
100/ ==
CMS data, 19.4 fo™* 50k= 5
WW total cross section :\ o b b e b e e e i L \:
stat.+ex.+theo.+lumi. unc. g 16grrrr T e T g
I E
o 15E E|

AP B B e b b e 1 = Ll

50 55 60 65 70 75 80 B s - = ]
WW o & 06
o)
[pb] 0 e a—

e
15 2 25 3

e

tot
g
Discrepancy between prediction and measurement in earlier
publication significantly reduced by including resummation effects
up to NNLL!

Differential measurements agree well with
theoretical predictions within uncertainties
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http://arxiv.org/abs/1603.01702

WTW~ — lwlv @ 8 TeV - aTGC limits

Comparing observed limits in EFT parametrization

ATLAS: CMS:
« Only using different-flavour channel * Only using 0-jet categories
« pr of the leading lepton found to be most sensitive to * my distribution used to set limits
alGCs cMs 19.4 fo (8 TeV.

10* «Data Top quark

T T T T T T 3 ww DY 3
ATLAS —e— Data E| BWWZ/ZZINWV | WHijets q
s=8TeV,20.3b* Background ] 1

— ¢, /A® =20 TeV?
— = Cywn/A®=20Te
- — - Cg/A? =55 TeV?

Events / bin
e
S

Events / (75 GeV)
B

=
3,
LR T L T L L R L L

T 102
10 ] 10
1 _T_‘ i
T T T
100 200 300 400 500 600 700 800 900 1000 |
p, (ieading lepion) [GeV] . (Gov)
Coupling constant ~ 95% CL interval Coupling constant ~ 95% CL interval
cwww /A2 [-4.61,4.60] Comw /A2 [-5.7,5.9]
cw/A? [-5.87,10.54] cw /A2 [11.45.4]
cg/A? [-20.9,26.3] /A2 [-29.2,23.9]
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Differential pp — 4l@8 TeV

Physics Letters B 753 (2016) 552-572

Differential pp — 4l cross section consists of 3 contributions:

» Non-resonant gg — 4(
(LO)
) * Onshell
e I qq — 2Z — Al
S (NNLO QCD + NLO EW)
+ Offshell
qq — ZZ — Al
; (NLO QCD)
ey
(NNLO QCD +NLO
EWK)

ATLLAS Simulation
10740 i

do/dm, [fb/GeV]
>

LE
90 200 300 400

Estimating the signal strength of gg-contribution w.r.t. LO prediction in
region my; > 180 GeV

‘ f1gg = 2.4 + 1.0(stat) £ 0.5(sys) = 0.8(th) ‘

Events / 20 GeV

dofd/ dm,, [fb/GeV]
O

+ Measurement

— Prediction

(s =8TeV, 20.3 fb'

3 —-—
0.05( =+
EF -
£ 0 :
\b.— 1'5‘ e *H+_._ -
& o5 T -
90 200 300 400 1000
m, [GeV]
80F T T g
7 ATLAS é
60F (s =8TeV,20.3fb" <
50; —4— Data E
40+ eeeee Fit E
30; —— Non-gg 2Z Signalé
£ Background |
20- 3
10- 3
0o 4

200
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http://www.sciencedirect.com/science/article/pii/S037026931500996X

Zy — voy@8 TeV

arXiv:1602.07152 (Submitted to Phys. Lett. B)

Earlier CMS publication on Z~ — [T(~~: J. High Energy Phys. 04 (2015) 16

S 19.6 b (8 Te\/) q
& CMS — ‘éﬂen ‘|I1V(Iuv)v vy, Z(hy ;
Events are selected by requiring: 210 =oa ™ .
[ W ev E
w == ;Vv«villlv ]
« 1 high-pr isolated photon 1 o E B
. e, | 4
o EP'SS > 140 GeV 10 3
o EP'SS > 140 GeV 107} 7 002
* <=1 separated jet 107k =
= 2k ]
« No separated charged lepton S e, : E 0.01
8 osF 3
° 200 300 400 500 600 700 800 900 1000
ET [GeV]
The measured cross section 0
ofia(pp — Z7) x BR(Z — v) = 52.7 £ 2.1(stat) £ 6.4(sys) & 1.4(lumi) fb 001
is in good agreement with the NNLO prediction:

ot = 50.07%3 b

Felix Biihrer, SM@LHC 2016, Pittsburgh 3-6 May 2016

002 . .
-0.004  -0.002

Multiboson measurements at the LHC

x1073 19.6 fb* (8 TeV
L m —_—— Exp‘saed‘s&m Cli m 4
[ CMs o r 1
L —— Observed 95% C.L. i
[ 7 ]
r oy 1
et i
L \ { 4
L N AN - 4
[ ~om——o ]
[ ZZ~-vertex ]

0 0.002

Wz
ﬂ;tra\ct‘ limits on anomalous neutral

15/25


http://arxiv.org/abs/1602.07152
http://dx.doi.org/10.1007/JHEP04(2015)164

Zy — voy@8 TeV

arXiv:1602.07152 (Submitted to Phys. Lett. B)

Earlier CMS publication on Z~ — [T(~~: J. High Energy Phys. 04 (2015) 16

Wz
ﬂ;tra\ct‘ limits on anomalous neutral

19.6 b (8 Tev) q
> T T T =
8 CMS % ‘éﬂen ‘|I1V(Iuv)v wy. Z(y
Events are selected by requiring: 219 oo E
< o W-ev E
i X w == yv«vwv ]
« 1 high-pr isolated photon 1 o E B
B P
o EMisS > 140 GeV wf _
o EMisS > 140 GeV 102} g x10°3 196" (8 Tev.
i E I T eomamtor
* <=1 separated jet 107k = [ CMS T Temamer 1
= 2 = L —+— Observed 95% C.L a
« No separated charged lepton S e, : E 0.01 =
8 osf E L 0 ]
200 300 400 500 600 700 800 900 1000 [ //,/' RNy \; } 1
7 [GeV] r ///// /jl /) ]
The measured cross section 0 7 7
[ | [L// 57 ]
- I L NS 1
ofia(pp — Z7) x BR(Z — v) = 52.7 £ 2.1(stat) £ 6.4(sys) & 1.4(lumi) fb 0oLl N 1
is in good agreement with the NNLO prediction: [Zyy-vertex ]
002, 1
ot = 50~0t3é b -0.004 -0.002 0 0.002 (;.1004
3 3
Felix Biihrer, SM@LHC 2016, Pittsburgh 3-6 May 2016 Multiboson measurements at the LHC

15/25


http://arxiv.org/abs/1602.07152
http://dx.doi.org/10.1007/JHEP04(2015)164

Zvy — lly and Zyy — llyy@8 TeV @

arXiv:1604.05232 (Submitted to PRD)

T TLA

ATLAS EXPERIMENT
-z N =0
PP -2 s s=8TeV,20.3 "

* Measurement

Similar selection to CMS analysis, but: eey — Tot, uncerainty
. Stat. uncertainty
« also eey, ppy channels Hry — NNLO
" W:o
» Separate exclusive (jet-veto) and inclusive selections v +20
oy
00704 he 08 1 12 14 16 18
Ogaial Tineory
% e Data
o ATLAS 20y
=~ - 1 Z+et: . . P
2 fs=8Tev. 20310 Eﬁ;’es Integrated results in agreement with SM prediction
g mwz
w 2y

stat. ] syst.

bl ol od ol ol 1l

Channel Measurement [fb] NNLO prediction [fb]
107 N]ets >=0
-+ — +78 +29 +19
o My 1507 £ 10(stat)_74 (syst)_Zg(lum,) 148371 57
vy 68 + 4(stat)tgg (syst) £ 1(lum.) 81.41’%'3
10°
S 14 Niye = 0O
ofE 12 Jets —
8% os iy 1189 % 9(stat) 53 (syst) T35 (lum.) 1230719
2 06
w 20 30 40 100 2x10° vy 43 + 2(stat) & 10(syst) =+ 1(lum.) 149.2119-01
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Zvy — lly and Zyy — llyy@8 TeV

arXiv:1604.05232 (Submitted to PRD)
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Zvy — lly and Zyy — llyy@8 TeV

arXiv:1604.05232 (Submitted to PRD)

Unfolded distributions:
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Comparison of aTGC limits

ATLAS

EXPERIMENT

Charged aTGC couplings

‘ WWZ aTGC couplings WWZ aTGC couplings
Mar 2016 o 5 Mar 2016 oMs
Sl — W B
FiVe ng: Channel Limits lat & coal G5 ] .
g — W 43002, 436:02] 46" 7TV e (gp e Channel Limits Juat [5
- ww -2.5e-02,2.0e-02] 203 fb" 8TeV ax Wy [-4.1e-01,4.6e-01] 46" 7TeV
—— ww -6.0e-02, 4.6e-02]  19.4fb* 8TeV v 1
—_—_ -3.8e-  9e-
wz 1.9e-01,30e01]  203fp" 8TeV wy [3.8:01,29e-01]  50fb" 7Tev
—] wyv 9.0e-02, 1.0e-01] 46 7TeV — ww [12e01,1.7e01] 203 fp" 8TeV
[e— wv -4.3e-02,3.3e-02] 50fb 7TeV —_— wWw [-2.1e-01, 2.2e-01]  4.9fp* 7TeV
—— LEP Comb. [7.4e-02,5.1e-02] 0.7 fb" 0.20 TeV 36-01. 9.56-02] o
A, —_ ww -6.26-02,5.9¢-02] 46" 7 TeV —— ww [-1.3e-01,9.5e-02]  19.4fb™ 8TeV
[ ww -1.9e-02, 1.9e-02]  20.3fb" 8TeV —_— wv [-2.1e-01,2.2e-01]  46f* 7TeV
— ww -4.8e-02,4.8e-02]  49fb 7 Tev 1.1 - 1
- W 24002, 246.07] 1041t 610V — wyv [11e-01,14e-01] 50fb" 7TeV
— wz -4.66-02,4.7e-02]  461b"  7TeV —— DO Comb. [1.6e-01,25e-01] 86" 196TeV
H wz -1.6€-02, 1.5&02} 203 15" 8Tev —— LEP Comb. [-9.9e02,6.6e:02]  0.7fb" 0.20 Tev
— wv 3.9-02,4.0e:02] 46’ 7TeV T
— wv -3.8e-02,3.0e-:02] 50fb 7TeV N — wy [6.5e-02,6.1e-02]  46fh* 7Tev
—t DO Comb. [-3.6e-02,4.4e-02] 6o’ 1.96 TeV — wy [5.0e02,3.7e02] 50" 7TeV
——t LEP Comb. [-5.9¢-02, 1.7e-02] 0.7 fb* 0.20 TeV. " 11,9602, 1.96-02 1 g Tev
I3 — wWw 3.96:02,5.26:02]  461fb! 7TeV ww [ 3 ] 203 ﬂ:
2 — iy 160-02,2.7¢:02] 2031 8TeV — ww [4.8e-02,480-02]  49fb? 7TeV
—_— ww -9.5e-02,9.5e-02]  4.9fb* 7 TeV ] ww [2.4e-02,2.4e:02]  19.4fb" 8TeV
(o] ww -4.7e-02,2.2-02]  19.4fb" 8TeV 3 9o " 1
—_ wz -5.7e-02,9.3e-02]  4.6fb1 7Tev = wv [-3.9e-02,4.0e-02] 46 7TeV
— wz 1.9e-02,2.9e-02] 203" 8TeV — wv [38e-02,3.0e-02] 50f* 7TeV
— wv . -g‘ie-gg, gje-g% 46" I ; 2\4 N el DO Comb. [-3.6e02,4.4e02] 86" 1.96TeV
—— DO Comb.  [-3.4e-02, 8.4e- 86f" 196Te
| [ LEP Comb. [5.4e-02, 2.1e02]  0.7{b" 020Tev | an | LEPComb. [5.90:02,17e02]  07fo? 020Tev
-0.5 0 0.5 -0.5 0 0.5

1 1 15
aTGC Limits @95% C.L. aTGC Limits @95% C.L.

No form factors used for setting limits (only DO comb.)
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Comparison of aTGC limits

ATLAS

EXPERIMENT

Neutral aTGC couplings

ZZ~&ZZZ aTGC couplings Zy~&ZZ~ aTGC couplings
Mar 2016 ous April 2016 oue 1
Channel Limits Jiae s coF Channel Limits fie s
i L 7z [-1.5e-02, 1.5e-02]  4.6fb* 7TeVv hy —_— Zy(lywvy) [-15e-02,1.6e-02] 4.6fb* § 7Tev
i N H Zy(lywvy) [9.5e-04,9.9e-04] 203fb" 8TeV
e 7z [-5.0e-03,5.0e-:03]  19.6fb* 8TeV —_— Zy(lywy) [2.96-03,296-03] 50fb? 7Tev
— 7z (2l2v)  [-3.6e-03,3.2e-03] 247 fb* 7.8 TeV —_ Zy(lly) [-4.6e-03, 4.6e-03] 195 8TeV
13.00-03, 2.6e- L 78T H Zy(wy)  [11e03,90e-04] 19.6f" 8Tev
— ZZ (comb) [-3.0e-03,2.6e-03) 247 fb* 7,8 TeV Zyllywy) [226-02,2.0002]  51fb"  1.96Tev
¢ —_— 72z [1.3e-02,1.3e-02]  46fb" 7Tev " —_ Zy(lywvy) [13e02,1.4e-02] 46’ 7TeV
L | zz [-4.0e-03, 4.0e-03] 19.6 ! 8TeV H Zy(lly,vvy) [-7.8e-04, 8.6e-04] 20.3fb* 8Tev
— Zy(lywvy) [2.7e-03,27e-03] 50" 7TeV
L | [-2.7e-( .2e- 1 7.8Tev
2z (22)  [27e03,32e:03]  24.7 fb N — Zy(ly)  [38¢-03,37¢-03] 19.5f" 8Tev
— ZZ (comb) [-2.1e-03,2.6e-03) 247 fb? 7.8TeV — 2Zy(wy) [-1.5e-03, 1.6e-03]  19.6 fb* 8 TeV
I3 _— 7z [1.6e-02,1.5e-02] 46fo" 7TeV | ——) Zv(::v‘vvv) [2.0e-02,2.1e-02] 51 lb: 1.96 TeV
¢ 5 Oe- y 4 ny — Zy(lywwy) [9.4e-05,92e-05] 4.6 7Tev
— 7z [-5.0e-03,5.0e-03]  19.6 " 8TeV " W 2Zy(lywvy) [3.2e-06,3.2e-06] 20.3fb" 8TeV
— 77(212v)  [3.3e-03,3.6e-03] 247fb" 7.8TeV — Zy(lywvy) [15e-05,15e-05] 50fb" 7TeV
— ZZ(comb) [-2.6e-03,2.7e-03] 247 fb! 7.8 TeV — zy(lly) [-3.6e-05,3.5e-05]  19.5fb? 8TeV
= H Zy(wy)  [3.8e-06,4.3e-06] 19.6fb" 8TeV
¢ —_— zz [1.3e-02,1.3e-02]  46fb" 7TeV 2 [— Zy(llyvvy) [-8.7e-05,8.7e-05] 4.6fh’ 7TeV
e | 2z [-4.0e-03,4.0e-03]  19.6fb" 8TeV * [} zy(llywvy) [-3.0e-06,2.9e-06] 203 fb* 8TeV
— 27 (2l2v)  [2.9¢-03,3.0e-03] 24.7b" 7.8TeV - Zy(lywvy) [13e-05,13e-05] 50f0? 7Tev
X — Zy(ly)  [3.1e-05,3.0e-05] 195fb* 8TeV
\ '\_| ‘zz (comb) [-2.2e-03, 2‘.39-03] 24.7 7,‘8 Tev | ¥ |, B | [3906.45006] 19607 Tev
. o [ [ [ . o o o I [ [ [
-0.02 0 0.02 0.04 0.06 -0.2 0 0.2 0.4 0.6 0.8 x10%(h),
aTGC Limits @95% C.L. aTGC Limits @95% C.L.  x10%h)
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Runl triboson measurements, aQGC limits & other rare
processes
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Zvy — lly and Zyy — llyy@8 TeV

arXiv:1604.05232 (Submitted to PRD)

Similar selection to CMS analysis, but:

Events / 40 GeV

Similar selection as in Zv-analysis

Both ey~ and pvy+y-channel

Separate exclusive (jet-veto) and inclusive selections

18- ) ]
o ATLAS baia ]

[ 5=8Tev, 203" L lZeow 7
14 [Czwivi 4
12— [ other BKG
10 stat. O syst. -]

oL ]
6 ]
a B
oL ]
C’ " L L L

0 200 400 600 800 1000 1200

Meey, [GEV]

‘ Z~~ observed with > 50

Felix Biihrer, SM@LHC 2016, Pittsburgh 3-6 May 2016

L A o Lo o o e
2 N =0 ATLAS
PP e s~ (5=8Tev, 203"
* Measurement
o
eeyy —— Tot. uncertainty
R Stat. uncertainty
WHyy —— MCFM (NLO)
- Mo
I
i +20
Yy
v b B b b b b
- 1 2
Ogeta! Tineory

Integrated results in agreement with SM prediction

Channel Measurement [fb] MCFM prediction [fb]
Nies >= 0

Fimyy | 5.07T8 73 (stat) T3 33 (syst) & 0.10(wwm) 3.7070-31

vy 2.573-0 (stat) + 1.1(syst) £ 0.11(um) 0.73775-039
Njets =0

Fimyy | 3.48T8 80 (stat) T8-22 (syst) + 0.07(wwm) 2.017923

vy 1181052 (stat) T3-48 (syst) + 0.02(wm) 0.39575-029
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Zvy — lly and Zyy — llyy @ 8 TeV - aGC results @

arXiv:1604.05232 (Submitted to PRD)

2y TLA
Z: EXPERTMENT
o Y * Limits on anomalous quartic GC by fit to m.
* Obtain limits on neutral TGCs by fit to £/
2 ATLAS i . o
2 E e o 3 g 10° N LN TV
G, ol o ZuvyHe0000n A ATEAS 1 3 Vs=8Tev,20.3
o 10 5 " \5=8 Tev, 203 fb” .
§ " =
3 . s
10 [
satOsyst | TTTTTTTTTTT =
1
102 4
E| 107
10
. S 25
1§ 15F E g8 .3
g S8 03
g g
] 5 5 [
£ 05k i E| m, [GeV]
4 "130 200 350 , 1000 W
Er [GeV] - g o
———— W'W* CMS, {s=8 TeV, 19.4 fby
e ATLAS Iy and vy, VB TeV, 203 7 Ay TV ATLAS, 1528 TeV, 203 5% Apemd TeV ——— Wyy ATLAS, (s=8 TeV, 20.3 fbl"
— COF, Iy and vvy, f5=1.96 TeV, 5.1 *and 49 %, A =15 Tev N ——— Zyy ATLAS, {s=8 TeV, 20.3 fb’
ATLAS, (5=7 TeV, 4.6 fb, A=3 TeV 5
e KTLAS, Iy and oy, T TeV, 45 3T WVy CMS, (5=8 TeV, 19.3 fb
DO, by and vy, VE=L96 TeV, 7.2 o and 3.6 b, A,,=15 Tev CDF, \5=1.96 TeV, 4.9 fb™, A =15 TeV. T T T T T
T T T T T T T T T T T T 95% C.L.
ATLAS 95% C.L. ATLAS 95% C.L. ATLAS -
w W Nep =
3 A
/A
T - frofA?[ |
N W —_— ™
‘pp = \ITVN\W I L L L ‘pp . I'IIV\IVW I L L fr/A*
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pp — Wy~ and pp — Zvy @ 8 TeV

CMS PAS SMP-15-008

W'y'y 19.4 b (8 h

£ 120FCMS o 0w .
. S [ preliminary s Extract limits on aQGCs:
Muon channel only £ 0 =L
o I O e o= so7ov q I+
» Observed with significance of 2.40 80 S T oeoraiy
Muon Channel
60|
aﬁ;’iw X BR = 6.0 & 1.8(stat) & 2.3(sys) & 0.2(lumi) o | 40| W v
In agreement with prediction: oy, = 4.76 + 0.53 fb ‘ 20 QGC -
0 30 40 50 60 70 80 \ ?0 100
P [Gev]
q Y
N 194" (8 Tev) Zyy
3 s d 1 channel Observed Limits (TeV %)
zyy .
E [ other Multiboson €and p channe —375< % < 38.1
£ - L
g el « Observed with significance of 5.9¢ _461 < C\L} < 46.9
Muon Channel _103 < ,&}_ < 103

—751 < 42 < 729
—1290 < ﬁ?— < 1340

‘ og‘fw X BR = 12.7 + 1.4(stat) + 1.8(sys) % 0.3(lumi) fb

‘ In agreement with prediction: oy, = 12.95 £+ 1.47 fb ‘

80 100 120 140
p;"[GeV]

T
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-008/index.html

Evidence for W~~ production @ 8 TeV

Phys. Rev. Lett. 115, 031802 (2015)

* Using both W — ev and W — pv decay channels

« Combined significance > 3o

fiducial cross section obtained from fit to the combined ev and pv

channel and separate:

Oﬁ?l [n)] ‘ UM'(“FM [ﬂ)]
Tnclusive (Njex > 0)
oy 7.1 T3 (stat.) £1.5 (syst.) £0.2 (lumi.)
evyy 4.3 18 (stat.) 19 (syst.) £0.2 (lumi) | 2.90+0.16
tvyy 6.1 T1f (stat.) +£1.2 (syst.) £0.2 (lumi.)
Exclusive (Nt = 0)
vy 3.5+ 0.9 (stat.) 18 (syst.) £0.1 (lumi.)
evyy 1.9 14 (stat.) T3 (syst.) £0.1 (lumi.) | 1.88+0.20
vyy 2.9 08 (stat.) +19 (syst.) £0.1 (lumi.)

Measured cross section ~1.9¢ higher w.r.t. NLO prediction. Better

agreement when adding jet veto

Same behavior has been seen in measurement of W~ before NNLO

calculations were available.

Felix Biihrer, SM@LHC 2016, Pittsburgh 3-6 May 2016

ATLAS
= f ‘ T ]
r ® Data =
g 35 ATLAS ] Wy .
oo I zy ]
& 30 0 Wyi + Wi =
c vy +jets ]
|j>j 251~ [ Other backgrounds ]
200 {s=8TeV,20.3 1" E
= electron channel (Nle'szo) B
Observed [TeV~ 1] Expected [TeV 7]
fro/A* | [-0.9,0.9] x 102 [-1.2, 1.2] x 10?
fme/A* | [-0.8,0.8] x 10*  [-1.1, 1.1] x 10*
fms/A* | [-15,14] x 10 [-1.9, 1.8] x 10*
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Evidence for W~~ production @ 8 TeV

Phys. Rev. Lett. 115, 031802 (2015)

* Using both W — ev and W — pv decay channels

» Combined significance > 3o

fiducial cross section obtained from fit to the combined ev and pv
channel and separate:

Uﬁ?l [ﬂ)] ‘ UM'CFM [fb]
Tnclusive (Njex > 0)
oy 7.1 T3 (stat.) £1.5 (syst.) £0.2 (lumi.)
evyy 4.3 18 (stat.) 19 (syst.) £0.2 (lumi) | 2.90+0.16
tvyy 6.1 T1f (stat.) +£1.2 (syst.) £0.2 (lumi.)
Exclusive (Nt = 0)
vy 3.5+ 0.9 (stat.) 18 (syst.) £0.1 (lumi.)
evyy 1.9 T4 (stat.) T3 (syst.) £0.1 (lumi.) | 1.8840.20
ryy 2.9 08 (stat.) +19 (syst.) £0.1 (lumi.)

Measured cross section ~1.9¢ higher w.r.t. NLO prediction. Better

agreement when adding jet veto

Same behavior has been seen in measurement of W~ before NNLO

calculations were available.

Felix Biihrer, SM@LHC 2016, Pittsburgh 3-6 May 2016

70 ATLAS
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50

Events / 50 GeV

100

—
® Data

CIwyy
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3 Wyj + Wijj

vy +jets

[ Other backgrounds

(s=8TeV,20.3fb"
muon channel (N
jets

300

>0)

500

m,, [GeV]

Observed [TeV 7]

Expected [TeV 7]

fro/A*
faaa/A*
fas /At

Multiboson measurements at the LHC

[-0.9, 0.9] x 102
[-0.8, 0.8] x 10*
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Evidence for exclusive vy — WTW~ production @ 7&8 TeV

arXiv:1604.04464 (Submitted to J. High Energy Phys.)
« Search for exclusive vy — WW in the T e final state

« Combination of 7TeV and 8TeV results

« Combined significance 3.40 over background-only

hypothesis (2.10 expected)

19.7 fb™ (8 TeV)

Events / 50 GeV

Data
SM yy ~ Ww
I Diffractive W
B Elastic vy - T
[ Inelastic yy - Tt
N EWK WWaqq
Inclusive diboson
B Drell-Yan
7277% Stat. uncert. in simulation

j IltllJllll |

100

Interpreted as cross section:

T I RN mra
00 50 150

200 © 250 = 300 350

M(ue) [GeV]

CMS 19.7 fb™ (8 TeV)
> £
8 35— . Data
=4 20 = VY~ WW (a)/\°=1.5*10°, a/\?=0, A,154=500 GeV)
E E Yy - WW (a:/l/\2:2*10'5, a¥A*=0, no form factor)
£ £
L%) 25 E SM yy — WW I inelastic yy - Tt

2 F I oiffractive ww B Ewk wwaq
iy Ml etastic vy - w Inclusive diboson

w5y

77777 Stat. uncert. in simulation

- Drell-Yan

N

Dimension-8 AQGC parameter |

\ 41
180 210 240

p (ue) [GeV]

7TeV (x10 2GeV*) | 8TeV (x10 2GeV *) | 7+8TeV (x10 2 GeV*)

* — (s 5 * 5.6
a(pp — p*WHW—p() — p*pEetp()) =11.9155 fb
on =69+ 0.6

fuo/ A*(no form factor)
fuu1/A*(no form factor)
fuz/ A*(no form factor)
fu3/ A*(no form factor)

Felix Biihrer, SM@LHC 2016, Pittsburgh 3-6 May 2016
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—15 < fmo/A* <15
—57 < fua /At <57

~7.6 < fuz/A* <76

—28 < fma/A* <28

4.6 < fao/A* <46
17 < fup/A* <17
~23 < fua/A* <23
—84 < fus/A* <84

—42 < fuo/ AP <42
—16 < fu/A* <16
—21 < fua/A* <21
78 < fus/AN <78
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Summary

Standard Model Production Cross Section Measurements stus e 2016 IJ':;"

0w

W e

6z
W

teeenan

: « First Di-boson cross sections measured with Run2 data
" e o7 - consistent with SM expectations
wi -

 Latest Runl results reach accuracy of few percent -
mostly in good agreement with latest NNLO

calculations
0‘6 0‘8 1.0 12 14 16 18 20 22 Q‘A . . .
data/theory » Many differential measurements published
April 2016 CMS Preliminar
CMS measurements | 776V CME measurement sttty ——o—— + aTGC analyses show no deviations from the SM -
vs. NLO (o) theory 8 TeV CMS measurement (stat,stat+sys) +——e——— . .
13TeV OMS measuement (sa statsys) e stringent limits placed

VY, (NNLO th) e 1.06+0.01+0.12 5.0fb*

by i s o « First evidence of triboson production and sensitivity to
zy o 0.98 £0.01+0.05 19.5fb*

WW+HWZ _— 1050134015 4.9fb? aQGCs from Runl

ww e 1.11+0.04 +0.10 4.9fb* .

WW, onom) e 101:002£008 19417 — looking forward to results from Run2
Wz o 1.17 £0.07 +0.07 4.9fb?

wz ———— 112+0.03+0.07 19.6fb?

Wz e 0.96 +0.08 +0.08 2.3fb?

wz ey 0.97 £0.08+0.08 23fb*

zz e 0.99 £0.14 £ 0.07 4.9 fb*

7z ——— 1.00 +£0.06 +0.08 19.6 fb

7z »—T—« 1.00 £0.16 +0.06 1.34fb™

05

15
All results at: 9 ; i
hip:icern. chigolphi7 Production Cross Section Ratio: Gy, / Gyeq
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