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Next topics

» 5.12 - Higgs (part I)
» 12.12 - Higgs (part )
» 19.12 - SUSY
» 9.1 - other searches for New Physics
» 16.1 - B-physics programme
» 23.1 - heavy ion programme
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Latest news
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Dibosons at LHC

Motivation

e Test of the Electroweak Sector at the TeV energy regime

* Probe to new physics through deviations of Triple Gauge Couplings from SM predictions

* Sensitive to new phenomena beyond the SM

* Irreducible background in the studies of the Higgs boson (H—ZZ®/WW()

Production mechanisms @ LHC

I :M MC o

"
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Y

: . , arXiv:1211.1913
* Probe QCD perturbation and framentation

» Two major Leading Order production mechanisms

——M g D-\J\M!W

e
T MM RGEORD . e <

e —
Direct (point-like) Single and double resolved (collinear fragmentation)
» Sizeable Higher Order Correction
BN e oy e
e, e M
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Yy cross-section

e Selection
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* Background estimate B
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Yy cross-section
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vy differential cross-section

e LO prediction 1s

scaled

by 1.2
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vy differential cross-section
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vy differential cross-section

Understanding Higher-Order QCD/fragmentation
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Dibosons

pi—

1.0fb1lat7 TeV
Datasets : -

5.8fb1lat8TeV

S

Charged VV Neutral VV

(ol fww | wz [[wy || [ 2z [ 2

decay 4 N
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Strategy for cross-section measurement

|. Select candidate events
2. Background estimation

3. Correct for selection efficiencies C vV
12

4. Calculate fiducial cross section

N — N,
o(pp = V}V;)x BR=—=—=

CVan x L

5. Correct for branching fraction (BR ) for each of the decay modes

Wy = bvy,Zy - Uy WW > (viv,WZ — (vil,ZZ — (lvv,ZZ — (0L = e,u)

6. Correct for the acceptance of the fiducial volume (kinematic and geometric cuts) AV v
1¥2

7. Measure total cross section

Nd'am - Nb.kg

Cyy, X Lx BRx Ay,

o(pp > VV,)=
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Zy/Wy production

(ST

<
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Zy/Wy production

Background Contamination
o Z/W + jets (dominant)
ett W — v, WW

Selection requirements ¢
Photon (Y) R o
e Er> |5 GeV,|n| <24 q 1: (f&(f;)

® Calorimetric isolated

* AR(?,y) > 0.7 (suppress FSR)

Z boson

e m, > 40 GeV

W boson

e mt > 40 GeV

Exclusive WY and Zy measurements
e Jet veto (pt > 30 GeV)
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Zy/Wy production
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higher order QCD
Wy — lvy Z')’ —> ffj/ contributions in MCFM (W/
o¥”=0.15+0.01+0.02 pb o7 =0.047 £0.007 £ 0.004 pb Zy + 0,1,2,3,4... partons)
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WW/WZ production

q W q__ . Z
‘_? = LT T P W (-? W
q \"A" q F
GC vertex GC vertex
ZlY \'A%
J \"A" q W
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WW->Ilvlv analysis

Selection requirements Fiducial cross section

o —374.5+14.9(stat) £ 28.1(syst) £ 14.6(lumi) fbo
e exactly 2 isolated leptons with pt > 15 Gev "' ™" (stat) (syst) (lumi)

. E,'f'";; > 25,50, 55 (ey, ee, pp) NLO Fiducial cross section
e One OS-SF lepton pair G;?‘Nm =13203+262 fb

* Jet veto (pt > 25 GeV)

Total cross section
» Zveto (Im,, —m, [ < 15 GeV) o = 534+ 2.1(stat) i 2.1(lumi) pb

NLO SM prediction (MC@NLO
oM =45.1+2.8 pb

E miss, miss
E. . :
L T .Rel Dominant uncertainty:
() Systematic due to background estimation
Nearest lepton Z  4B0CT T T
direction 8 400 ATLAS Preliminary : g:ata
& [ Ldt = 4.70m" boson
>~ 350 I W-jetidiet
£ 5 =7Tev top
Background Contamination 2 300 4 A [ Drell-Yan

C ] wW—shkvh

e Drell-Yan (removed from Z veto and E;"y, ) 200
o 1t ,Wt (removed by jet veto) 150
*W + jets 100
*WZ, zz,wy(*)(lepton veto if >3 leptons / event)

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII—[

m(IET=)GeV]
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WZ->Ivll analysis

Selection requirements

e 3 isolated leptons with pt > |5 GeV
e JetVeto (pr > 20 GeV)

«Z— Im‘v—mz 10 Gev

*W— M, >20GeV

Background Contamination

® Drell-Yan
* It
«7Z.Zy
- T EESEEGEEaSRE AR eRes SR PR AT R e
[3] i —+-Data
o) - ATLAS CIWZ
& sof [Ldt-46m" Ve=7Tev AT ]
pi2} |
o
2
w

M"Y [GeV]

Fiducial cross section
Lo = 92" (stat) + 4(syst) + 2(lumi) fb

O-WZ—MVN

NLO Fiducial cross section
SM - +5.3

o-ﬁd.Nm — 82.5_4.3 fb

Total cross section
Owz = 19. 0.9(syst) £ 0.4(lumi) pb

NLO SM prediction (MCFM)

oo = 176113 P . .
' Dominant uncertamty:

Statistical

&: ATLAS — Monte Cario [MCEBINLDY |
1 ® Dam —]

SE Data 2011 ({5 = 7 TeV) Total Urcamairsy ]
08 ij=4sm‘ {
06 ‘ ]
(:-.4;" —E

i — 3
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— _._

270-405

405-2500
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ZZ production

Standard Model Production
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ZZ->llvv analysis

Fiducial cross section
ol =12.2"31(stat) = 1.9(syst) = 0.5(lumi) fb

= ivy

NLO Fiducial cross section

Selection requirements

* 2 isolated leptons with pr > 20 GeV and|p| < 2.5

e One OS-SF lepton pair

e Axial E;"™ > 80 GeV Ono =14.7135 b Comparable statistical and

e Jet veto if pr > 25 GeV systematic uncertainties

e 37 |epton veto (pT > 10 GeV) o = 5.4

Ilm,—m, k15 GeV z ==
“ D,,--z--.---.---.---.---.---.---.- NLO SM prediction

10°F ATLAS Prefiminary “Daa  HEww

10°E JLot=47m? Eﬁ‘ﬁ . =%j:!\r U;TD = 6.5jg Pb

E=7Tev Top

Total cross sectio
13 (stat)" 4 (syst )t 0.2(lumi) pb
CFM)

Events / 5GeV
3,

E_ > : T T T LI T LI T | T LI | T LI T | T T I:

E © 35 ATLAS Preliminary ~#Daa Wz ]

£ - E77—+hv EWW -

= g 30— [ Ldt=4.71" Oz EZZ-

= % F  \s=7Tev W W ]

= 25— O Top -

5 C -

o 205 =

20 40 60 80 100 120 140 155_ _E

Background Contamination 105 .

® Drell-Yan (suppressed by the axial E,’f'j”cut) 55_ E

e {1t (suppressed by the jet veto) - ]
* WW,WZ (dominant), WY 250 300 350 400

m(I+EI") [GeV]
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ZZ production

Selection requirements

. Iﬂ,|<.' 2.7

* 4 isolated leptons with pt > 7 GeV

* leading lepton pt > 20 (25) GeV (e,n)
e Two SF-OS isolated lepton pairs

* 66<m, <116 GeV

Background Contamination

eZ + jets (dominant)
eBackground contamination (< 2%)

gzm_lll II T Ll |||||||||||||| J
EupumdBankgrmmd in signal region: u?_“l‘;<m #
(3 180[-To mapmdmagmmlzstasmtasw -
ﬁ 1801 [ ATLAS F’rellmlnan,' s Data E
E 1402 ' ' S |:|2!, Zfy* Simulati
g f .
... .~ Ldt=47 i
S 120 . il
8 R E=7 Te¥
D100, . - * -’ 3
AR A T e E
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e®. L . .. 1
E 60[=: = - - TR T L i
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ln =« = ®, .. P
40 : 4
AL SN A
20}...*......'...,.. E T
i B e el bl Lo b

20 40 60 80 100 120 140 100 180 ZII:I
Subleading lepton pair mass [GoV]

Fiducial cross section
ol . =21272(stat)’) s (syst) £ 0.8(lumi) fb
NLO Fiducial cross section

O o =19 0357

Total cross section Statistical

oy =12, va (syst) £ 0.3(lumi) pb
NLO SM prediction (MCFM)

Oro = 6573 pb

> 24r SRR AR R AR R
3 2oF ATLAS Preliminary _,  p, E
% 20 del:d_?m'1 ;Hﬁ“'""“““ =
F Total Uncertainty J
8 18 5 7Tev E
E 16 Estimated Bal:lgruund
= 0.7 133 (stab 33 systy 3
w g a7 =
12 =
-Iu__ 3

11

i00 200 300 400 500 600 70O
Four-lepton mass [GeV]

Dominant uncertainty:
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ZZ production

Fiducial cross section
ol o =21.0723(stat) S (syst) + 0.8(lumi) fb

NLO Fiducial cross section

Selection requirements

e 4 jsolated leptons with pt > |5 GeV
* leading lepton pT > 25 GeV

* Two SF-OS isolated lepton pairs

e Mass cut: 66 < M; < | 16 GeV

SM _ +05
Cjianio = 16825 b Dominant uncertainty:

Total cross section Statistical
Oy = 9.3; (syst) £ 0.3(lumi) pb

NLO SM prediction (MCFM)
Ono=714+104 pb

10

0O ZZ— Ik {on-shell) L=4.7 fb™
Tevatron ({2=1.96 TeV)
® CDF ZZ— v} (on-shell) L=6.0 ib™*
® DO ZZ— NiIlvv) (60<m, <120 GeV) L=B.6 fb”

> [rrr T =y = . NLO QCD (MCFM, CT10.0}
© 401" ATLAS Preliminary ~- Data i 8 [ AmaSPreliminay U0 22 o
% C JLdi=581b" L zz—m ] N | — zZop
E 0 T \JS=8Tev [] Background(d.d.) ©
s I Oy ] B
> - i e
" b ZZ—I'TTT b i

o i B ATLAS Data 2012 ({5=8 Te\

B i - & ZZ— Il (66<m <116 GeV) L-5.8 fb"

B 7 ATLAS Data 2011 (fs=7 TeV}

- ] 1 © ZZ— llll {on-shell) L=4.7 fb"

100 150 200 250

8 10 12 14

o
M_
h:
=]

Leading lepton pair P; [GeV]

Vs [TeV]
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First observation of the Z2->4lI

CMS Preliminary js=7TeV.L=47f"
= = .
3 12— Dz.rz-r » 4l
] i 244
i o
: 2 ¢ 10
L
FSR ©
P -8 g__ -
Y v »
3 E_—
g { i
4—
ISR--- 2_—
gl

60 80 100 120 140 160
M, (GeV)
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thtal [pb]
2,

10*

10°

10°

10

I ATLAS Prellmlnary
= 35pb7 | i
— —— LHC pp Vs \f_ 1 TeV
B . 35ppt | wem Theory
= | = Data 2010 (L = 35 pb™)
— © Data2011 (L=1.0-4.7fb7)
- LHC pp Vs = 8 TeV
% mm Theory
— e Data 2012 (L=581tbh"
w oz wz w7z
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Gauge couplings

= In Standard Model (SM) non-abelian nature of SU(2), x
U(1),allow gauge bosons to interact with one another

9 Coupling between 3 gauge bosons=> triple Gauge-Boson
Coupling (TGC)
" SM only allows charged coupling (WWZ, WWYy), does not
allow pure neutral coupling (ZZZ,ZZy,Zyy,yyy) since Z/y
has no charge nor weak isospin.

" Physics beyond SM can introduce anomalous TGCs
which may allow neutral couplings or increase the
charged TGCs couplings strenght.
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Limits

Z7Z/ZZy/Zyy aTGC

It It
> % V4 Y
q z () ! ()] !

WWZ/WWy aTGC

GC vertex GC vertex
WEZ)‘

(1)
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Anomalous Triple Gauge Couplings

q Vs
increase of cross section

. TGC vertex aTGC e at high invariant mass
’ and high transverse momentum

a "
Effective Lagrangian

WWV(V=Zp): 2 IWJPWFV‘* — W WY)W WV ®W* W*‘V"’}

VW =zt Lo A ) o242

Standard Model couplings: Set limits on
v
5 ‘1: v v v Agl =g/ —LAK, =k, — LA, f) . fs b3 .k
Ay=fl=f=h=h =0
a
(1+5/A%)

Introduce Form Factors to preserve unitarity at high \/§ . a(s)=
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Characteristic of the TGC

" Sensitivity to TGCs comes from four different types of
iInformation

2 Cross section: parabolic increase of cross-section with TGC
due to the linear Lagrangian: c~(TGC)

9 Energy behaviour: TGC lead to a broad increase in the
differential cross-section at large invariant mass M, .,

(V=2Z,y) and transverse momentum P (V) (V=W,Z,y)

9 Production angle: angular information of the bosons

A Polarisation: different TGCs contribute to different boson
helicity states. Decay angular information enhance
sensitivity to individual TGCs.
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Effect of anomalous coupling

" Any non-zero coupling result in crease of the cross-
section and harder p. spectrum of the outgoing

boson.

9 Can be simulated by a number of generators, such as
Sherpa, MCFM, Baur, etc.

a(vvy), pb

0.10- Standard model

Events/10 GeV

0.08-

- Standard model
Anomalous TGC

0.06|-

D.04|

| L . | . A 1
-0.1 0.0 0.1

Anomalous coupling
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Anomalous gauge couplings

® The s-channel diagram contains a t-channel s-channel
triple gauge coupling vertex ¢ v g v
® Neutral TGC are not allowed in the SM
% GC vertex
® Observation of either neutral TGC or
deviations from the SM charged TGC . -
. ; q Vi q W
would be evidence of new physics :
® aTGC modify both production rate Coupling | Parameters Channel
and event kinematics
WWy Ay, Aky WW, Wy
® Use measured cross section or event
. ) . WWwW 21 WW,W
kinematics to constrain aTGC . AZ, Akz, Bg .
i h3Z, he?
® Neutral and charged couplings probed £zY P Y
by different channels Zvy haY. he Zy
e To stop cross-set?tlons violating unitarity, 277 (2 5.2 77
aTGC is proportional to |/(1+s//\)?
where A is the scale of the new physics ZvZ ARA 77
that creates the anomalous couplings
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Charged aTGC results

WW result : WZ result : WY result :

= ATLAS, L= = 7 Ta¥
95% CL imtervals

A58 Aee
e ATLAS (45 1b7 A= Te) —

ATLAS (45107 fem] = ATLAG, 15 = 7 TaV

ved GMS (36 P, Ames] A A -2 Tl
LEP 26 b}

-l COF (36 &7, A2 Tav)

ATLAS(1L.02f0 ", A=2 TaV] |
ATLAS (1.02 fo', A=)

==+ GOF, y& = 195 Ta¥
Fh A2 TeV
— DOE= 13T
418 Ae2Ted

Do (4.2 1b7, A2 TeV)
CMS (36 ply!| A=)

WZ It

Lo b b bawa baeal g
06 04 02 0 02 04 06 08

WWZvertex : (Ag,%=g,%1, Ax,~x,1, A,=0)

WWy vertex : (AK?=KY_1, 7\\{= 0)
for WW, asumption that A,=A, and Ax,=Ax, (LEP scenario)
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Neutral aTGC results

Zy result :

L laAanas D

85% CL infervals from 2y

- ATLAS(.02 ", A==)

— DoyT.2 b A=1.5 TeV)
E GOF5.1 107, A=1.5 TeV)
— CIS(EE pb A

Zyy vertex : (hy¥=0, h,Y=0)
2Zy vertex : (h;2=0, h,2=0)

—_— ATLAS{102 ", A=1.5TeV) -

ATLAS(1.02 b ', A=1.5 T
ATLAS{1.02 b7, A=sa]
D0(7.2 i, A=1.5 TaV)
COF(5.1 o, A=1.5 TaV)
CMS(38 ph, A==

ZZy vertex
ZZZ vertex

ZZ result :

ATLAS Preliminary
ZZ — T F)¥E=T Tew 95% L

—— ATLAS, 5 = TTeV —=— DI, 5 = 7 56TeV
4B A= TeY 10, A=12Tey
— ATLAS. 5 = TTel ====- LEP 18 = 130-208 GeV

A5, A= DM A==

: (f,Y=0, f.Y=0)
: (f,2=0, f.Z= 0)
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® Diboson measurements have formed a diverse and successful
experimental programme at the LHC and Tevatron

® Cross section measurements have been performed in WW,WZ WY, Zy and ZZ channels
- Results typically in agreement with standard model predictions
-  Typical precision comparable to or better than size of NLO corrections
® Events selected in these channels have been used to impose constraints on new physics
- Limits on aTGC set using high pt events to increase sensitivity
- LHC measurements now most sensitive in most channels

- Channel combinations emerging from both Tevatron and LHC tend to significantly
increase sensitivity to alTGC

® Standard model processes holding up to scrutiny from +/s = 1.96 - 8 TeV
over several orders of magnitude in production cross sections
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