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Diboson production at the LHC

Probing gauge-boson self-couplings & interference with increasing precision
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SM Forbidden

Measurements constrain modelling of backgrounds to Higgs measurements

Testing QCD calculations to increasing accuracy
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Diboson measurements at ATLAS

Standard Model Production Cross Section Measurements s:aws: March 2014
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Diboson measurement strategy

Measure cross section within a fiducial region

Org = Ndata — Npg C,:ratio of measured to produced
LCww WW events in fiducial region
Extrapolate to total cross section A - kitematic and
WWw
Ndata — Npe geometric acceptance
o(pp —> WW) = -
Aww Cww LB B: branching ratio

Study unfolded differential cross sections and probe high-Q* events for anomalous TGCs

Lwwv/Ewwy = fgf(WLuW“V” — WLVUWW)

_ % 1Ay .
FikyWLW, v+ Zw! whtyvh
2 AN SM:g "= K =1,

n‘!W 'gl v 7

A =0
v
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/7 Cross sections

Select events with four leptons with twom UOm,_
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SM total cross section prediction:
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| | 1
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Select events with lepton pairs with mass ~ m , an additional lepton, and large E_

WZ cross sections

miss
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Final State eee eef el Jrinm, Combined
Observed 192 270 208 334 1094 ATLAS-CONF-
77 10320.6 14708 128407  188+1.0  56.6=1.6 2013-021
Z + jets 37+3+11 33+4+10 57+4=+11 47+5+14 188+8+24
Top 6.3£0.5+£3.4 0.1£0.7+£4.9
W/Z + v 13+3 1.3+0.6 17+3 — 32+5 .
75% purity
Bkg (total) 60+4+11 55+4+10 87+£5+11 715514 277+9+24
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WZ cross sections

Channel Cross Section [fb]
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SM fiducial cross section predictions:

oz [pb)

24.8 + 0.9 fb per channel

99.2 + 3.6 fb sum over channels
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WW cross sections

. . miss C
Select dilepton events with m #m ,large E_ "™ and no jets
Re
> T I I B B B ) BN B * - | : | | | -
S - ATLAS —4— Data ] = 24005 A7y as —— Data 3
L 0t [Ldt= 4.6 [ Drell-Yan = o 2200E" C g L1 WW—evuy E
2 - [ top-quark ] 2000F- [ Drell-Yan =
= - \s =7 TeV . — - top- Kk -
g - Bl V+jets — 1800~ [ top quar =
LLI 10° . —= 1600 Bl \W-+jets =
3 non-WW diboson = = [ non-WW diboson 3
] WW—evpv ] 1400w/, m” (220 Cetatveyet E
102 - 1200;——¢—j ----- —
= 100077777 3
E 800 = J.Ldt =4.6fb" =
10 = 600 i_ Vs =7 TeV _E
E 400 =
1..\I‘..\...I\..I.\.I..\I...\. 208 . L T 1 L ‘ E
o 20 40 60 80 100 120 140 160 180 200 0] 1 2 3 4 5 6 7 8 9
E‘nrjiFShSel [GeV] Jet Multiplicity
lr.‘mi-"*-"* { E%“'\'\ ¥ 81N |ﬂﬂ., ] ]fﬂﬂ < JTE ee L L &g Combined
“T.Rel — | pmiss " ifA® > /2 Daa 174 330 821 1325
o if A =, 132
wWw wo=2+9 186 2% 15 538 =3+ 45 524 * 4 + 69 >8OO WW events
Top 22+ 12%3 J32+x14%5 87 x23x13 141 = 30 = 22
W + jets 21 =111 Tx1 %3 Tx=2+x 31 08 =2 + 43
PRD 87 112001 (2013) Drell-Yan 123 +3 MqEax10 5+2+1 517212
) Other dibosons 1321 %2 211 +2 44 +2+6 2210 .
Total background 68+ 1213  04= 15+ 13  206+24 +35 360+ 31 = 53 70% purlty
Total expected 169 = 12 = 16 280 = 16 = 20 744 + 24 + 57 1192 = 31 = 87
Measured ofid, (fb) Predicted ofid, (fb) Measured oy (pb) Predicted oryw (pb)
ee 564+ 6.8+ 0.8 + 22 54.6 + 3.7 469+57+82+ 18 44.7°2) 9% uncertainty on
i 73.0+59+69+29 58.9 + 4.0 567+ 45+ 5522 4.7 :
e 2623 123+ 20.7 = 10.2 2314 * 157 511+24+42+20 44.773 total cross section
Combined 'es “r s 519220239 % 20 44'."“’,
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WW differential cross section & aTGCs
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Measure unfolded differential cross
section of leading lepton p_

Set limits in three scenarios:
«“ 2] Z :
LEP (AKy UAg“-AK :3 parameters)

“Equal Couplings” (WWZ = WWY: 2 parameters)
“HISZ” (Ag "W AK & AK W AK ;2 parameters)
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Probe anomalous couplings at high p_
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ZY cross sections

Events with two leptons with high invariant mass, and a photon

Nie = 0 Ny =0

e'ey ppy e'ey ppy
Ngbs 1908 2756 1417 2032
N7y 311 £57£68  366+83+73 156 = 43 + 32 244 * 41 + 49
N7& 1600 * 71 =+ 68 2390 + 97 + 73 1260 + 56 + 32 1790 =+ 59 =+ 49

PRD 87,
112003
(2013)

4000 Zy events
85% purity

Events with no leptons, large E ™, and a photon ATLAS

L B e B .
—a— Data 2011

2 - _ [ Z(v¥)+y (SHERPA x 1.0)_|

¢ 10 JLat=sem’ Bm=7Tev g ysets E

iy iy :"5 N = 0, E] >100 GeV iir::_];jets. multi-jet :

f"h'ch[ =10 f"'-'TF[ =) E 10 | A _E

f‘u*‘.“zt__‘j 1094 662 L :

Wiewr) 171 £ 2+ 17 132 2+ 13 1 =

Z(vw) + jets, multijet 70*x13*+14 29*x5*3 B &

Wy 238 £ 12 + 37 104 +9+24 10 | | — | |

¥ + jets 168 £ 20 + 42 20711 s 1er -+— i

Z(tr T )y 1.7 0.7 *£0.9 6.5+ 0.6 *0.6 gg 1?‘“‘—#—' """"""""""""""""" + """"""""""" -]

tt 11 +1.2+1.0 0.9+ 0.6+ 0.1 al e A I T
N;&S 420 + IIE ’_5_'(;}[], 360 + 20 + 30 0 100 150 200 250 300 350 400 450 500
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ZY cross sections & aTGCs

ot xt=-fid [ph] ot xt=-fid [ph]
Measurement MCFM prediction
Nige =0
ete y 1.30 £ 0.03(stat) + 0.13(syst) = 0.05(lumi) 1.18 £ 0.05
w oy 1.32 + 0.03(stat) + 0.11(syst) = 0.05(lumi) .18 £ 0.05
€6y 1.31 i‘ 0.02(stat) = 0.11(syst) = 0.05(lumi) .18 + 0.05
vy 0.133 = 0.013(stat) + 0.020(syst) = 0.005(lumi) 0.156 + 0.012
Nige =0
etey 1.07 £ 0.03(stat) + 0.12(syst) = 0.04(lumi) 1.06 £ 0.05
whpy 1.04 £ 0.03(stat) + 0.10(syst) = 0.04(lumi) 1.06 + 0.05
€y 1.05 £ 0.02(stat) + 0.10(syst) = 0.04(lum) 1.06 + 0.05
vy 0.116 = 0.010(stat) + 0.013(syst) = 0.004(lumi) 0.115 = 0.009
PrObe aTGCS ATLAS wax ATLAS, yE =T TeV ===CDF, /5= 1.06 TaV ATLAS aean ATLAS, 5= 7 TeV mm=CDF, 5= 1.06 TeV
5 . pp— M y.pp— vy 46", A=m E1fb’, A=15TeVW pp— Ty, pp—vwy 467, A=w EAfb!, A=1.5TeV
uSIHg events Wlth 95% CL ATLAS, V3 =7 TeV == D0, {s=1.08 TeV 85% CL ATLAS, {5=7TeV == DO, {5=1.06 ToV
v 461", A=3Tev 721, A=1.5TeV 467, A=3TeV 72 A=15Tev
ET >1OO Gev LI L L T 1T I LI I T T I-lI-ILE:: LI I T T T T T T T T I T T T T I T T
| e——— ]
_____ . 1==eE
ZZYVErteX  M5| oocoeoeeeecmianen ot L ek R
Jumamama] ']
Jumug
T EEE——-- - ¥
ZW vertex h; L i i hel . Lintinisietisieiisieiisia e
I 11 1 1 I |11 1 I 11 1 | I 11 1 | I 11 1 | I 11 1 1 I 1 1 1 | I 1 1 | 1 I 1 1
3 June, 2014 02 -015 0.1  -0.05 0 0.05 -0.001 0 0.001
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Zy differential cross sections
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Select events with a lepton, photon, and large E_

WY cross sections

miss

= 10° - — . . -
8 105 ATLAS —e— Data 2011 Njet =0
} Wil ALPGEN x 1.5
= 10 J Ldt=461", ys=7 TeV CJ WE;;:};:S 18] evy Ly
v s - )
2 0 Ne: 20, E1>15 GeV B et Ny 7399 10914
:>J’ 102 W Other Backgrounds W(€r) + jets 1240 + 160 * 210 2560 =+ 270 + 580
10 ZETe )+ X 678 = 18 + 86 779 = 19 = 93
1 v + jets 625 = 80 * 86 184 =9 += 15
107 tf 320 = 8§ = 28 653 = 11 = 57
Jo? . — Other background 141 =16 = 13 291 £ 29 = 26
._21'2__ ] N:ﬁ, 4390 = 200 = 250 6440 = 300 = 590
©|® o] IOy e R NAkn Ak = = s = s s AEmaEma sk aEme .- —
oo . [ * ° ]
O @ 0.8~ . . . PP | . .v - ]
< 20 30 40 100 200 300 1000 >10000 Wy events, 60% purlty
L Y
E; [GeV]
- fid ext-fid
= —— T T T T a®® [pb] a [pb]
% 10° E@if*ﬂi:_(";lk‘ ————— Measurement MCFM prediction
S E B B N
=] ~  ATLAS TTexw N — Njer =0
= 1o ILdt P S P evy 2.74 * 0.05(stat) + 0.32(syst) = 0.14(lumi) 1.96 = 0.17
7]\ — = ““‘1‘@‘-“ Ly 2.80 = 0.05(stat) = 0.37(syst) = 0. 14(lumi) 1.96 = (.17
ols 1 g vs=rTev _ vy 2.77 + 0.03(stat) = 0.33(syst) = 0.14(lumi) 1.96 + 0.17
=2 E ] Data 2011 (Inclusive) [ Data 2011 (Exclusive)
-8 10_1 é—e— SHERPA x 1.0 (Inclusive) —&— SHERPA x 1.0 (Exclusive) N
E =——s#r— ALPGEN x 1.5 (Inclusive) —a#— ALPGEN x 1.5 (Exclusive) m 0 Q o
T s T A a2 Disagreement between fiducial measurement
102 : ; ; : ! . . . .
oz PE —— %5 %33 andNLO QCD due to missing photon radiation
=| o E =
S| © N =P R ¢4 & A A . 3 . .
Sk E v+ 3 from quarks produced at higher orders in QCD
o] 1 1 1 1 1
= 2 = T T T T T =
i o = - » h E Nigg =0
| @ F g-g-M____&_ & T ____ L I S B I B A '
Bl= ! E * .t ¥ + 3 1 evy 1.77 = 0.04(stat) = 0.24(syst) = 0.08(lumi) 1.39 = 0.13
°.5 20 30 20 G0 100 100 ~VY 1.74 = 0.04(stat) = 0.22(syst) = 0.08(lumi) 1.39 = 0.13
El [Gev] (7Y 1.76 = 0.03(stat) = 0.21(syst) = 0.08(lumi) 1.39 = 0.13
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Wy difterential cross sections
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Coupling Strength

Jet multiplicity distribution agrees with
Alpgen (Sherpa) generator producing
up to five (three) additional partons

Transverse mass of Wy system probes
for new resonances decaying to Wy
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Summary

Diboson cross sections measured in 7 & 8 TeV data sets

Many measurements include unfolded differential cross sections

Anomalous-coupling
limits set with 7 TeV data

Increasing sensitivity to
modelling of higher
orders in QCD

3 June, 2014

Diboson Cross Section Measurements
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Status: March 2014

44.0*32 pb (data), 2yNNLO (theory)

2.77 +0.03 + 0.36 pb (data), MCFM (theory)

1.76 + 0.03 + 0.22 pb (data), MCFM (theory)

1.31 + 0.02 + 0.12 pb (data), MCFM (theory)

1.05 + 0.02 + 0.11 pb (data), MCFM (theory)

o =51.9 2.0 + 4.4 pb (data), MCFM (theory)

o =56.4 + 6.8 + 10.0 fb (data), MCFM (theory)

o =739 +5.9 + 7.5 fb (data), MCFM (theory)

o =19.0 7} £ 1.0 pb (data), MCFM (theory)
r=203 pb (data), MCFM (theory)
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=254 33115 ib (data)
PowhegBox & gg2ZZ (theory)
0.7 1.0 fb (data), MCFM (theory)
=298 38121 ib (data)

PowhegBox & gg2ZZ (theory)

Run 1

ATLAS Preliminary
\Vs=7,8TeV

LHC pp Vs=7TeV

B theory
"o | data
stat only
stat+syst

LHC pp Vs =8TeV
theory

data
stat only

‘o

—0MZZ > L) | e,
00 02 04 06 08 10 12 14 16 18 20

data/theory

JLadt

("]

4.9
4.6
4.6
4.6
4.6
4.6
4.6

4.6

4.6
13.0

4.6
20.3
4.6
20.3

4.6

4.6

Reference

JHEP 01, 086 (2013)

PRD 87, 112003 (2013)

PRD 87, 112003 (2013)

PRD 87, 112003 (2013)

PRD 87, 112003 (2013)

PRD 87, 112001 (2013)

PRD 87, 112001 (2013)

PRD 87, 112001 (2013)

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

ATLAS-CONF-2013-021

JHEP 03, 128 (2013)
ATLAS-CONF-2013-020
JHEP 03, 128 (2013)
ATLAS-CONF-2013-020

JHEP 03, 128 (2013)

JHEP 03, 128 (2013)



3 June, 2014

Backup

C. Hays, Oxford University

16



[pb/GeV]
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Diphoton cross section
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Select photons
with ET > 25,22 GeV

Sherpa includes
QED radiation
from up to two

additional partons

Also compare to
fixed-order
calculations
DIPHOX and

2yNNLO
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