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A broad menu of EWK boson studies at the LHC
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Thanks to CERN and the LHC ...

pp collisions  Typical data set analyzed by ATLAS

7 TeV ~ 5 fb!
8 TeV ~ 20 fb!
13 TeV 2015 data sample of 3.2 fb-!

13 TeV 2016 first collisions occurring now ...
Goal ~ 25 fb! by end of year *

£|( AND THEN T APPLIED
Il A DWE OF 63.

S

[ L

Al a0sIIdwW FIIEenu £Uulo

E
IN A PERFECT WORLD 8 BUT BASED ON PAST
THE PROJECT WOULD e PROJECTS IN THIS
TAKE EIGHT MONTHS. 5 COMPANY, T APPLIED
£ A 1.5 INCOMPETENCE
MULTIPLIER.

* modulo DWF

wWw!




Beautiful detector performance ...

p+p 2 Z(uw)+Z(ere) +.. at 13 TeV




Recent ATLAS measurements for VV'and VVV

Di - boson
[z y 8Tev]
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W* W* 8TeV
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Z Z 13TeV
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Tri - boson
TeV
[Z + L 8Te ] Selected ]
W=y y 8 TeV new results
Make comparisons to the best
available SM calculations
approved
today! Search for new physics
via aTGC and aQ6GC
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Di-boson production
and TGC studies
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p+p> Z +y+.. at8 TeV
arxiv:1604.05232

& Use Zdecaystoee ,u* uand vv from 20.3 fb! of data.

& Cross sections measured for Z(I* I') +y (E(y) > 15 GeV: Z(I* I') > 40 GeV)
and for Z(v v) + v (E-(y) > 130 GeV).

& Major backgrounds (Z/W+jets, y +jets) determined with data driven methods

& Compare measurements to SM theory calculations at NNLO
(arxiv:1504.01330)

& Search for BSM sources of Z y production from aTGC's .
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p+p> Z +y+.. at 8 TeV

arxiv:1604.05232

& Set aTGC limits on ZZy and Zyy using high Et photons

Events

@ The best constraints to date on hY (i=3,4 V=y, Z).
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ATLAS, Ity and vvy, 1s=8 TeV, 20.3 fb
CMS, vvy, \s=8 TeV, 19.6 fb”'

CMS, Ily and vvy, 1s=7 TeV, 5.0 fb”'
CMS, Ily, \s=8 TeV, 19.5 fb’!

ATLAS, Ity and vvy, \s=7 TeV, 4.6 fb”'
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+ q w
p+p> W+ Z+.. at8 TeV > .,
arxiv:1603.02151 >W{ .

& Use W decays toevand uv,Z decays to e* eq' and ut w”
from 20.3 fb! of data.

& Event selected with at least one charged lepton with Et > 25 GeV,

& Backgrounds from Z+jets, Z+vy, WW and top estimated from data
driven methods; other EWK backgrounds from MC simulations.

& Total and differential cross sections measured for 66 < M(I* |- ) < 116 GeV
& Precision of measurements require SM predictions beyond NLO.

New (April 28, 2016) NNLO calculations now available:
arXiv:1604.08576 .
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& NLO SM predictions (redline Powheg+Pythia)

p+p> W'+ Z+.. at8 TeV
arxiv:1603.02151

disagree with data.
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+
p+p> W+ Z+ .
arxiv:1603.02151

at 8 TeV

& The WZ channel has an approximate radiation zero similar to that
WYy production and is therefore particularly sensitive to higher order
QCD corrections (arXiv:1604.08576):
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& Compare the NNLO prediction to the ATLAS 8 TeV WZ measurement
with 66 < M(I* |- ) < 116 GeV:
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aTGC limits fromp+p > W*+ Z+ .. at 8 TeV
arxiv:1603.02151

@ Set aT6C limits on the WWZ coupling using S A A A S A
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p+p> W+ Z+ . at13 TeV
Approved today by ATLAS

& Use W decaystoevand uv,Z decays toe* e and u* u
from 3.2 fb-! of data.

& Event selected with at least one charged lepton with Et > 25 GeV,

& Backgrounds from Z+jets, Z+y, WW and top estimated from data
driven methods; other EWK backgrounds from MC simulations.

& Total cross sections measured for 66 < M(I* |- ) < 116 GeV

Al Goshaw Pheno 2016 14



p+p> W+ Z+

Approved today by ATLAS
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@ Detector-level data (points with uncertainties). The solid red curve is the total

background plus SM WZ signal with uncertainty indicated by the shaded violet band.

The SM WZ signal is calculated at NLO from Powheg+Pythia scaled by 1.17 to
match the data.
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p+p> W+ Z+ . at13 TeV
Approved today by ATLAS
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a) Ratio of measured WZ fiducial cross sections compared
to NLO SM prediction from Powheg+Pythia with CT10 pdf.
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to NLO SM prediction from Powheg+Pythia with CT10 pdf.
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p+p> W™ Z+ . at 13 TeV
Just aproved by ATLAS

& Compare the ATLAS 13 TeV WZ measurement to the recent
NNLO SM predictions (arXiv:1604. 08576)
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Tri-boson production at ATLAS
and QGC's
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p+p> Z +y+y .. at 8 TeV
arxiv:1604.05232

p+p> W +y+y .. at 8 TeV
arxiv:1503.03243

& Select W/Z leptonic decays from 20.3 fb-! of data. ’

& For Zyy photons with E+(y) > 15 GeV and AR(I-y) > 0.4
For Wyy photons with E(y) > 20 GeV and AR(l-y) > 0.7

& Compare measurements to SM theory calculations at NLO using MCFM.

& Search for BSM sources of Zyy /Wyy production from aQGC's .

Al Goshaw Pheno 2016 19



Events / 40 GeV

p+p=>

Z +y+y .
arxiv:1604.05232

at 8 TeV
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C DZWJ'JYJJ ] _ * Measurement
— . Other BKG — eeyy —— Tot. uncertainty
L D stat. @ syst. _| ) Stat. uncertainty
o b WHYY T —— MCFM (NLO)
__ _— v - +1o
L 4 v - +20
L N VWYY
L i PRI BT Ll PN R R
0 [ I -1 0 2 4 5 6
0 200 400 600 800 1000 1200 Satel Stheory
My [GeV]

& Observation of Zyy signal with

& Evidence for Wyy with
significance at the level 3 sigma.

significance at the level 5 sigma.

& Within large data statistical uncertainties we
find agreement with SM predictions

at NLO using MCFM.
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p+p9 W +y+ Y

arxiv:1503.03243

at 8 TeV
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Pheno 2016 20




p+p> Z +y+y .. at 8 TeV p+tp> W +y+y .. at 8 TeV

arxiv: 1604 05232

& Use the M(yy) spectrum to set aQGC limits:
M(yy) > 200 [300] GeV for Z(I* IN)+yy [Z(vv)+yy]: M(yy) > 300 GeV for W+yy

& Choose some parameters describing dimension 8 operators:

q v
g4
1
W
- w
q
v
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Lrp
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Sz

BB 1 X (D) D]

5 [BuBY1 X (D) D9

];\T OTe[ W, WHY] X Te[ W W]

fT5

unitarization

f_>(1+AL2)_ X f.

—ZTr[W,,, W*'] X BogB™ FF

Jz 2 Boy BBy, B

¥ WWYyy and ZZyy sensitive to fy, and fy,
WWyy , ZZyy and Zyyy sensitive to f+o and f5
ZZYyY and ZYYY sensitive o fqq
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W*W* CMS, \s=8 TeV, 19.4 fb
Wyy ATLAS, \s=8 TeV, 20.3 fb!
Zyy ATLAS, \s=8 TeV, 20.3 fb

+p> L +y+y .
P P arxiv:1Y604.YOSZ32

at 8 TeV

WVy CMS, \s=8 TeV, 19.3 fb" Arr [TeV] | Limits 95% C.L. | Observed [TeV~*] | Expected [TeV~*]
S Ffua/ A [-1.6,1.6]x 10* [-1.2,1.2] x 107
ATLAS 95% C.L. fus/A?* [-2.9,2.7] x 10* | [-2.2,2.2]x 10*
App = o 00 fro/A* [-0.86,1.03] x 10? | [-0.65,0.82] x 10?
/A frs/A* [—0.69,0.68] x 10° | [—0.52,0.52] x 10
fro/A* [-0.74,0.74] x 10* | [-0.58,0.59] x 10*
55 N [-1.8,1.9] x 10* [-1.4,1.5] x 107
fo/ A I | 5.0 fuz/AY [-3.4,33] x 10* | [-2.6,2.6] x 10
0.7 fro/A* [-2.3,2.1] x 10° [-1.9,1.6] x 103
n i 0.6 frs/A* [-2.3,2.2] x 10* [-1.8,1.8] x 10*
ng/A —_— 4 6 6
““““““ | J 0.4 fro/ A [—0.89,0.86] x 10° | [-0.71,0.68] x 10

MR AR ! TR ENRT !
-30 20 -10 0 10 20 30
Coupling strength [TeV™]

p+p2> W +y+y at 8 TeV

: , , arxiv:1503.03243
(using convention of Eboli et al.)

Observed [TeV—?] Expected [TeV 7]

fro/A*| [-0.9, 0.9] x 10> [-1.2, 1.2] x 102

n =0l fuz/A*| [-0.8, 0.8] x 10* [~1.1, 1.1] x 10*

fus/A*| [-1.5,1.4] x 10" [-1.9, 1.8] x 10*

10*  [-9.6, 9.5] x 10?
]

fTO/Ai [-7.6, 7.3 i . Ay =600 GeV
WWYY ZZYY ZYYY n = 1|| faz/A*| [~4.4, 4.6] x 10* [=5.7,5.9] x 10 ofrie o
aQGC consistent fro/A| [-2.7,2.6] x 10°  [-3.5, 3.4] x 10° _
Q n=2||fuz/A*| [-1.3, 1.3] x 10° [~1.6, 1.7] i 10° Agr = 500 GeV

] %
] x
] x
] x
fuas /A" [-8.9, 8.0] x 10* [-11.0, 10.0] x 10*
] %
] x
] %

for f,, and fy,;

with O
SM v

fas /A [-2.9, 2.5] x 10°  [-3.7, 3.3] x 10°

(using convention from VBFNLO)




Summary

& The ATLAS (and CMS) collaboration are making measurements
of the production of two EWK bosons in pp collisions at 7, 8 and
recently 13 TeV. Tri-boson production is just now being detected.

& The theory community is keeping pace with the required SM theory
predictions for di-boson production with QCD corrections at order o 2.

& Measurements and SM theory agree at these new levels of precision.

& Testing the triple and quartic gauge couplings are putting stringent
limits on the phase space of postulated anomalous-coupling parameters.

@ The advent of high statistics 13 TeV data will continue to increase the
precision of multi-boson measurements, requiring new QCD+EWK
calculations for testing the validity (or violation) of SM triple and
quartic gauge-coupling.
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p+p> L +y+ ..
arxiv:1604.05232

at 8 TeV

& Set aTGC limits on ZZy and Zyy using high Et photons

Process pp — "y and pp — vvy
AFF %)
Observed 95% C.L. Expected 95% C.L.
h [-9.5,99] x 10 [-1.8,1.8]x 107
s [-7.8,8.6]x 107 [-1.5,1.5]x 1073
) [-3.2,32]x10®  [-6.0,5.9]x 107°
A [-3.0,29]x 10 [-5.5,5.4] x 107°
AFF 4 TeV
Observed 95% C.L. Expected 95% C.L.
n, [-1.6,1.7]x 107 [-3.0,3.1] x 107
% [-1.3,1.4]x 107 [-2.5,2.6]x 107
h;, [-1.2,1.1]x 107 [-22,2.1]x 107
A [-1.0,1.0] x 10 [-1.9,1.9] x 107
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ATLAS, Ity and vvy, \s=7 TeV, 4.6 fb”'

ATLAS

L e

95% C.L., Agp = oo

P

-0.1

L L L | 1 1 L
-0.05 0

R B |
0.05 0.1
x 10 Coupling strength

Events

F e Daa ATLAS
[ ---- Z(vy h:=o.ooo1, App=co PR
E CJzwvysu \s=8 TeV, 20.3 fb’
W e
I EBw
E O Wev)
FE B Z(vv)jets
1T,

130 200 350

@ The best aTGC constraints to date on hY (i=3,4 V=y,Z2)

ZZy and Zyy TGC consistent with O

SM v
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* + 5 Eamas | o
p + p 9 W W + ... GT 8 Tev % 104;\4;?:2\/,20.%* ______ Sackground ]
arxiv:1603.01702 g b
103;1‘ e E
102é— '—H: —
@ Set aTGC limits on ZWW and YWW couplings using  f | ] =
The leading |ep1'on in The e/M final states. 1_ —T~
1% B
L= igwwy g (WJFVW_# W+”W )VV 4 kVW+WV_V'W 4 _ZWJ,,W;,)VS 00 200 300 400 500p6(2|(;a;(:1(; I:gg) n?([)g;\;)]oo
m T
w
, . AgY AkY Y
9 lelTS on glA 2 2 2 (v = Z, Y)
§ § §
(1 + F) (1 + F) (1 + F) ZWW and .YWW
aTGC consistent
Scenario Parameter Expected Observed Expected Observed WI Th O
A =00 A =7TeV SM v
Agf [-0.498, 0.524] [-0.215, 0.267] [-0.519, 0.563] [-0.226, 0.279]

- AK*

No constraints Y
nari

scenario Aky

@ Limits compar'able to or better than previous ATLAS measurements.

[-0.053, 0.059]
[-0.039, 0.038]
[-0.109, 0.124]
[-0.081, 0.082]

[-0.027, 0.042]
[-0.024, 0.024]
[-0.054, 0.092]
[-0.051, 0.052]

[-0.057, 0.064]
[-0.043, 0.042]
[-0.118, 0.136]
[-0.088, 0.089]

[-0.028, 0.045]
[-0.026, 0.025]
[-0.057, 0.099]
[-0.055, 0.055]
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p+p> W'+ Z+.. at8TeV

& Set aTGC limits on the ZWW coupling using 10
the transverse mass of the WZ pair. Same :
paramaterization as for WW on page 13.

arxiv:1603.02151

Aco Coupling Expected Observed

Ag? [-0.023 ; 0.055] [ -0.029 ; 0.05(

2TeV AkZ [-0.22; 0.36] [-0.23; 0.46]
A [-0.026 ; 0.026] [ —0.028 ; 0.02¢

AG? [-0.016 ; 0.033] [ -0.019 ; 0.02¢

15 TeV AZ [-0.17 ; 0.25] [ -0.19; 0.30]
A [-0.016;0.016] [-0.017:0.01"

v [-0.016 ;0.032] [-0.019 ; 0.02S

o0 N4 [-0.17 ; 0.25] [-0.19 ; 0.30]
A [-0.016 ; 0.016] [-0.016;0.01€

1
T — T
ATLAS
== ATLAS \s=8TeV
7 —
Ag1 R 203 b7, A=2TeV
TR e ATLAS Vs =7 TeV
[ 46fb", A=2TeV _
----- DO Vs =1.96 TeV
7 [
A Hr o 416", A=2TeV
T == CDF Vs=1.96TeV
- 7" A=2TeV |
e ————— .
Ax® CmnnTnnnnnnInn W*Z = VIl
R L L L L LT
| PR RS S T T S ST SO A NNRT WA S 1
-0.5 0 0.5 1 15

aTGC Limits at 95% CL

———
= ATLAS

— T T
® Data 2012

3 Cwz E
[ (s=8TeV,20.3 1" Misid. leptons -
i . 77 7

et SR
E . Il Others 3
£ (¢, c=eorp) —— Tot. unc. ]

I600I .

(o o]

mYZ [GeV]

ZWW

with O
SM v

aTGC consistent
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p+rp> Wi+ Wrs

at 8 TeV

arxiv:1603.01702

7 W q W g
J
Z/
q woq w g

® LT T T T I T
§12000~ ATLAS 4 D
4 L
o © \s-=8Tev, 203 10" ) o i
10000 e*v u'v channel I ODrell-Yan MC
C B W-+ets M
L Il other diboson MC
8000 %% stat unc.
6000
4000E
o - L
*—\_'_‘ ! L L -

0 1 2 3 4 5 6

Jet multiplici

@ Use W leptonic decays toev ,uv from 20.3 fb! of data.

& Accept events if no jets with E; > 25 GeV within |n| <4.5.

& Backgrounds from W+jets, Drell-Yan, top, multi-jets data-driven;
Diboson (WZ, ZZ W/Zy) from MC

& SM theory calculations at NNLO
arXiv:1408.5243 [hep-phl and arXiv:1307.1347 [hep-phl
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p+p> W'+ W' . at 8 TeV
arxiv:1603.01702

T I T T T T T T I T T T
ATLAS
\s=8TeV, 20.3 s’
—— Normalized Data
—— stat
stat+syst

approx. NNLO+NNLL
[arXiv:1410.4745]

approx. NNLO
[arXiv:1408.5243]

- NNLO P, -Resum
[aer 1407 4481]

1 I 1 1 1 | “

Total WW
Cross sections
WW s ey v compared to SM

WW S u*vuy

0.4

1

1 | 1 1 1 I 1
1.2 1.4

Ratio of predictions to measurement

Final state

Total Cross section pp — WW [pb]

dofd, / dp. [fo/GeV]

Pred. / Data

Unfolded

differential
spectra

16— g
- ATLAS —e— Data, stat. uncertainty |
14__ \s=8TeV, 20.3 fb" —e— Data, total uncertainty ]|
_ = s B Powh —

o e Pgwhzgmesumm —
1ol —— MC@NLO =
- ‘__+: .
87 =
6 —
4k =
o —
1.6p e amm——
1.4E =
1.2 | =
1 | =
0.8E —
0.6F E
0.4E— Lo o by b by by 1y L3

40 60 80 100 120 140 500

p, (leading lepton) [GeV]

SM at NNLO ~

20

e 70.5% 13 (stat) *28(syst) *3: ) (lumi)
ee 73. 5*4 7(stat) +71.5 S(syst) ¥ +2. 2(luml)
Jot; 73.9*3'0(stat) *7- o(syst) 3 +2.2 51 (lumi)
combined 71 0+l 1( stat) 72 3 (Syst) 2 (luml)
NNLO theory prediction 63,2f{:2( scale)i 1 .Z(PDF)




p+p> Z + L+. atl3TeV
arxiv:1512.05314

& Use Z decays to e* e and u* u” from 3.2 fb! of data.

& Require leptons P> 20 GeV and M(I+l-) 66-116 GeV.

& A total of 63 events are observed with a =180 TS
) S, 160 iVs=13TeV,3.2f0"
total background of 0.62:1% events. 10 -+ Dae
& SM predictions at NNLO :100
Phys. Lett. B750 (2015) 407-410 o :
are compared to the measurement. E N SOUVNNS ST CUINE 1O

i I . TR ) R R
60 80 100 120 140 160 180
Subleading-pT | Z candidate mass [GeV]
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— 4

Events / 20 GeV

—

arxiv:1512.05314 .
®  Measurement
8_| T T T T LA N B B B B B B T T T T ] 292}1 —— Tot. uncertainty
6 C ATLAS n Stat. uncertainty
- \s=13TeV, 3.2 fo' 7 4 o2 prediction
4 e Data - g - i;ﬁ
C ] t26
2 5 [ 1gg—ZZ— 4l ] Combined Hﬁl I:t_:_egrx‘:N FI’-IBB 750 (2015) 407
- - 1
— | it ity — M R PR P I i vl IR R
OF R Prediction uncertainty 04 06 08 1 12 14 16 18 2 22
= Expected background: 0.62" """ - Sdatel Stheory
6 =
4 E
C 7 . 24r
2 4 8 oo A g
0_ : L §N 20;_ ;F:\?n_D::zzzolsu(l:s(r=n1"35:-e1v1)5 GeV) 3.2 b — zze)
200 300 400 500 600 700 &) {18F LHCData 2012 (1s=8 TeV)
Mass of four-lepton system m,, [GeV] 1BE SoMszzm, 11 Gey) 195
[~ LHC Data 2011 (1s=7 TeV)
2 E E  eATLASZZ- Il(llivv) (m_66-116 GeV) 4.6 fb"
O(a's) Predlcuon 14 F ecMszz-m (m, 60-120 GeV) 5.0 fb™!
tot +2.2 +0.9 +1.0 : +0.4 12 I e e T o7 o
oy 16.7 *55(stat.) Tg5(syst.) ©y5(lumi.) pb 15.67; pb 10E- +D022.» (i) (m, 50120 Gov) 55
8F
6
4= .
SMat NNLO v
a 0 2 4 6 8 10 12 14
\s [TeV]




