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Diboson Physics at the LHC

Diboson final states: yy,(WY, Zy, WW,Wz,ZZ ) cvered in
All observable at the LHC

p Diboson measurements
represent valuable SM test

O Probe of perturbative QCD

O Sensitive to triple and quartic
gauge couplings

p Neutral TGCs not allowed in SM

O Only Wy,WW and WZ
production get contribution
from TGCs

p Diboson processes often
represent background in BSM or
Higgs searches or new physics
sighatures are diboson final
states

this talk

Production mechanisms
t-channel s-channel
q \'& q \'A
q
q \'&
q V2 SM: only charged TGCs
VIV2Z=Wy, WW,WZ
4 p J )
Vector Boson vV
Scattering v
\_ P J y

VBS (VVijj) and QGC
covered by Zhijun Liang’s talk
2 /24




Measurement Procedure

Mostly data-dri '
Cut&Count for dominanc bed __EACh measurement defines

or ML A. Cross section region: phase space for
which a cross section will be quoted (CR),
% not always full phase space

B. Measurement fiducial region: more
A X C X f »C dt restricted phase space closer to analysis
cuts for which a cross section will be
determined (FR) (Not quoted in all

ner-=»

p A:fraction of events in the

measurements)
CR which fall in FR
Ngen FR
A= affected only NLO Calculation
Nire by theor '
by Y (not necessarily full MC)
p C:reconstruction and
selection efficiency wrt to the NLO or ME MC
FR ccl affected by (powheg, MC@NLOG,
O — Ny « €data theory Madgraph, Alpgen,Sherpa)
Nge’n FR €MC and detector whatever is used for signal MC
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Overview of Results

p ATLAS and CMS both measured cross sections for all diboson
processes

N»>r-p»

p Mostly using leptonic decay channels

O hadronic (jj) or invisible (VV) channels also used in several
measurements: give complementary sensitivity

p Differential cross sections also presented for several channels
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All results at: http://cern.ch/go/pNj7 Th. Agyin exp. Ao R — yet-0

4 /24




CMS
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¢{ Summary of LHC Run | Results

= 4 ates "‘\‘
Recent " 20\43 )

Channel ATLAS | = cMs
(final state) | 7 Tev 8 TeV 7 TeV 8 TeV
WY (évy) xs,dx,ac XS,ac
Zy(eey) xs,dx,ac XS,ac xs,dx,ac
ZY(VVY) Xs,ac Xs,ac
WW(Eviv) xs,dx,ac XS XS,ac xs,dx,ac
WZ(3¢v) xs,dx,ac XS XS XS
£Z(4¢) xs,dx,ac XS XS,ac xs,dx,ac
LZ(202V) xs,dx,ac XS,ac Xs,ac
WV (evijj) XS,ac XS,ac

XS: cross section, ac: limits on aT GCs, dx: differential cross sections
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Published and Preliminary Public Results

Reference numbers [x] in the next slides refer to this list

Ref. Nr. Title Refe_te_n_cg sqrt(s) L
| ATLAS Wy and Zy Phys. Rev. D 87, 112003 (2013) 7TeV 4.9 fb-!
pl CMSWY and Zy at 7 TeV Phys. Rev. D 89, 092005 7 TeV 49 fb!
3 CMS Wy and Zy at 8 TeV 8 TeV 19.5 fb!
4 CMS WW Eur.Phys.J. C73 (2013) 2610 7TeV 49 fb!
5 ATLAS WW Phys. Rev. D 87, 112001 (2013) 7TeV 4.6 fb-!
6 ATLAS WW ATLAS-CONF-2014-033 8 TeV 20.3 fb"!
7 WW cross section and anomalous gauge couplings at 8 TeV CMS-PAS-SMP-14-016 8TeV 19.4 fb!
8 ATLAS ZZ—4l @ 7 TeV JHEP03(2013)128 7TeV 4.6 fb-!
9 ATLAS ZZ—4l @ 8 TeV ATLAS-CONF-2013-020 8 TeV 20.3 fb"!
|10 CMS ZZ differential cross section and aTGC in the 41 channel at 7 TeV |J. High Energy Phys. 01 (2013) 063| 7TeV 49 fb-!
| | CMS ZZ differential cross section and aTGCs in the 4l channel at 8 TeV | Phys. Lett. B 740 (2015) 250
|2 CMS ZZ cross section and aTGCs in the 2I12nu channel at 7 and 8 TeV |arXiv.1503.05467 7+8TeV [5.1+19.6 fb-
|3 ATLAS WZ @ 8 TeV ATLAS-CONF-2013-021 8 TeV 13 fb-!
| 4 CMSWZ@ 7 &8 TeV CMS-PAS-SMP-12-006 7+8TeV | 4.9+19.6 fb’!
|5 ATLAS WV—lvjj@ 7 TeV JHEPO01(2015)049 7TeV 4.6 fb"!
|16 CMS WV—lvjj@ 7 TeV Eur.Phys.J. C73 (2013) 22 7 TeV 49 fb’!
|7 VZ cross sections in the bb channel at 8 TeV EPJC 74 (2014) 2973 8 TeV 18.9 fb-!
|8 ATLASWZ @ 7 TeV 7 TeV 4.6 fb-1

superseeded results are not listed
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http://prd.aps.org/abstract/PRD/v87/i11/e112003
http://prd.aps.org/abstract/PRD/v87/i11/e112003
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.092005
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.092005
http://dx.doi.org/10.1140/epjc/s10052-013-2610-8
http://dx.doi.org/10.1140/epjc/s10052-013-2610-8
http://prd.aps.org/abstract/PRD/v87/i11/e112001
http://prd.aps.org/abstract/PRD/v87/i11/e112001
http://cds.cern.ch/record/2002016?ln=en
http://cds.cern.ch/record/2002016?ln=en
http://link.springer.com/article/10.1007/JHEP03(2013)128
http://link.springer.com/article/10.1007/JHEP03(2013)128
http://dx.doi.org/10.1007/JHEP01(2013)063
http://dx.doi.org/10.1007/JHEP01(2013)063
http://dx.doi.org/10.1016/j.physletb.2014.11.059
http://dx.doi.org/10.1016/j.physletb.2014.11.059
http://arxiv.org/abs/1503.05467
http://arxiv.org/abs/1503.05467
http://cds.cern.ch/record/1564318?ln=en
http://cds.cern.ch/record/1564318?ln=en
http://link.springer.com/article/10.1007/JHEP01(2015)049
http://link.springer.com/article/10.1007/JHEP01(2015)049
http://dx.doi.org/10.1140/epjc/s10052-013-2283-3
http://dx.doi.org/10.1140/epjc/s10052-013-2283-3
http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-2973-5
http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-2973-5

WY & Ly

ISR FSR

N»>r-p»

Combine W and Z in leptonic
decays with isolated photon

Dominant background: “
fake photons from V+jets

Wy-—-lvy: Zy—lly: Zy—-Vvy:
lepton+photon+MET 2 leptons+photon photon+MET
No FSR Contribution

CMS,L=5fb!
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WY and Zy Cross Section Results

CMS -

Channel o(Measurement phase space) [pb] NLO[(pl\g?FM)
Wy—lvy 37.0+0.8(stat)+4.0(syst)+0.8(lumi) 31.81+1.80
CMS .
T Tev 21| Zv-ly 5.33 + 0.08(stat) + 0.25(syst) + 0.12(lumi) 5.4 + 0.2
Zy—vvy 21.1 + 4.2 (stat.) + 4.3 (syst.) £ 0.5 (lum.) fb 24.6 + 2.5 b
Wy—lvy 2.77 + 0.03 (stat) + 0.33 (syst) % 0.14 (lumi) 1.96 + 0.17
‘°;T_'|::VS ] zy-ny 1.31 + 0.02 (stat) = 0.11 (syst) + 0.05 (lumi) 1.18 + 0.05
Zy—vvy | 0.133 +£0.013 (stat) = 0.020 (syst) = 0.005 (lumi) | 0.156 + 0.012
cMs8TeV|[3] zy-ly 2.063+0.019(stat)£0.098(syst)+0.054(lumi) 2.1000.120

p All measurements done for specific phase space definitions

O ATLAS & CMS Measurements not directly comparable

p  Overall agreement with NLO predictions
O  Small excess in WY seen by both ATLAS and CMS

p Large NNLO corrections for WY: better agreement with NNLO prediction
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WY Differential Distributions (7 TeV)

AT

b ceyy NP =P

1 c Unfolded EtY distribution
10;_ ATLAS ' ‘"‘%".-o-‘.b.i].
= E [Laeson’ R — -
The o I e ey p Excess wrt MCFM (NLO) prediction
@ © E_|:-| Data 2011 (Inclusive) [ Data 2011 (Exclusive .
B| . —o— SHERPAx10 ncksive) —o— SHERPA x1.0 Excusve p  Shape better described by Alpgen &
10 E —a— ALPGEN x 1.5 (Inclusive) ——a— ALPGEN x 1.5 (Exclusive) " D :
- —5— MCFM (Inclusive) —&— MCFM (Exclusive) Yy Sherpa
10? : : '
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Er [GeV) ;t 600:
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> B
: L D 400
p Interference of 3 amplitudes leads to vanishing :
amplitude at some defined angle in the 300
qq’ WY CoM system ook
p At the LHC expect dip at 0 in Qiepton™ AN(L,Y) L00
distribution S s
Ot b b b TS
p aTGCs would reduce the effect, as well as NLO sS4 S 2 b0 3Q4A .
-> W . . Ox
contribution Additional selection: XAN

Jet Veto:
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CMS 19.5 b (8 TeV)
= ——
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LY Differential Distributions (8 TeV)

Differential cross sections vs EtY |__

p First comparison with NNLO prediction

3]

O Grazzini, Rahlev et al, hep-ph:1309.7000

p Inclusive cross section: excess over NLO

but good agreement with NNLO prediction

p Exclusive cross section (0-jet): good
agreement also with NLO
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W W=+ vV

qq—WW (97%) gg—=>WW (3%) o Slgnatur'e

N»>r-p»

W 4’ 2 |solated oS Ieptons Iarge MET k'
) 2 |solated opposite charge Ieptons
s W ee,el,MH
>“/ ” Closely tied P Veto Z mass window for ee/U events
ra \ - toH—=WWanalysis

Require large amount of MET

large backgrounds: )

Jet Veto (suppress top background)
ttbar, tW,W+jets, Wy* , DY, Dibosons

CMS Vs=7TeV, L=4.92fb"
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(O] [ —e— Data __
o M0F - : > 45T T —3
"g 120 | B Dreli-van - 8 - ATLAS 5 Data E
Q n epton mis- _ S 400 ' WW-alviv B
i 100 = ;Et ; S E Ja-aen ] Drell-Yan 3 BOth AT LAS & CMS
- n - 1s=7Te . rk 3
i —p \ g 3s0f -;- v E ::,p-qua :
— N o (stat® syst. — - +lels -
i el T N B onwwaesn 3 ODSErVE more events
. 2 ‘ n E
o -t {*‘@i [ H 77 1 than expected
a0 |- The t&* i o N : P
20 # t\*# N“#ﬁ ot ) f 100f Y :
% | § 4 t*t#f * f% Q + OES'O 100 150 200 250 300 35;
©
3 1% Sy % A # %‘ m:(IIE]™) [GeV]
ol

20 40 60 80 100 120 140 160 180 200
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1 .
5 do(WW + 0 jets)/dp

Theory / Data

Theory / Data

Theory / Data

102

108

10

15

0.5
1.5

0.5

Updated 8 TeV results from both CMS and £

ATLAS presented in the last year

modeling

19.4 o™ (8 TeV)

15F

05|

CMS Preliminary
T T T T
o -e- Data
| -®- Madgraph 4
- {®¢ MC@NLO 7
B —&- Powheg
= . = SIS, /- g liliiis
> Ll co I A
[ Madgraph+Pythia normalized to o, 1
as sy P Y, 0000000000000
.00 Ll dd Az g
: 4444444444444444444 O 4444444444444444444 :
[ MC@NLO+Herwig normalized oo, o O]
[ o 1
_A—
- AT A A .
Powheg+Pythia normalized to o, _:
40 60 80 100 120 140

pl! (GeV)

Both using powheg NLO MC for signal

Also differential cross sections presented for
several variables (CMYS)

See A. Calderon’s

talk for

more details on

CMS Result

12000~ ATLAS Pr'eliminary‘ —$=— Deia
[ \s=8 TeV, 'l Ldt =203 10" P WW )
10000; e'v u‘v channel i ;‘ :'
: —— B Viets MC
8000: - other ¢Gib A\
0000, Jet Muiltiplicity -
4000 before Jet Veto -
2000 SR ;
...
obeseent o 1 4 4 & L EEL—‘_—

Jet multiplicity

IIII|IIII|IIII|IIII|II
ATLAS Preliminary

f Ldt = 20.3 fb”

I{s=8TeV
WW

SM Prediction

qg/qg — WW: MCFM NLO CT10
gg — WW: MCFM LO CT10
gg—H —|> WW: NNLO MSTV|V2008

Measured
cross sections

e'e

ww
—tAd— e*u=*
W Combined

Oy [PDP]
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WW-—=¢+0- vV Cross Section Results

Nner=>»

Measured cross section (pb) | Theory (pb)
ATLAS 51.9 + 2.0 (stat) = 3.9 (syst) 2.0 (lumi) 44.7+2149 |[5
7/ TeV
CMS 52.4 + 2.0 (stat.) £ 4.5 (syst.) £ 1.2 (lumi.) 47.0£2.0 (/4]
1.2 +5.0 2.2 : +3.0 |z
8 TaV ATLAS 71.47 5 (stat) T3 (syst) 757 (lumi) 58,7_2.7 6]
CMS 60.1 4 0.9 (stat.) &= 3.2 (exp.) = 3.1 (th.) £ 1.6 (lum.) 5981“}? 7]

p All but the CMS 8 TeV measurements show an excess wrt prediction
p Some tension between CMS and ATLAS 8 TeV results

O but beware of differences, which acccount for at least part of the difference

Higgs treatment Theory Resummation correction
CMS subtracted from inclusive pp—= WW Applied in signal acceptance
measurement (NNLO) determination
- cluded qq—>WW (NLO MCFM)
ATLAS| . + gg=>WW (LO MCFM) Not applied
in measurement
+gg—=>H—=>WW (NNLO) ,
13 /24
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| it p 4 channels
U
A I+ g W * < O
g — - wE N eee,ee, e, HUH
o N . z
' \ . p Measurement phase space
— W | '/ | defined by Z window
[ —- . A
! |~ O Mgz +/-25(20) GeV for
5 3500 Eld;ta'l' o o 3 = ‘ ey ATLAS (CMS)
- Owz mil
E 300F- =5VZ/Z [ I 3] = Slgnatureo CMS Preliminary Charge ratio
= - + . I S S e S S S S S S S S S S S S S —
5 osof. @WHjet E 3 |solated Ieptons + MET v ! ! ‘ ,
E E DZ+]et E iiiiii i @ 7TeV L=49fb
200 B3P ~ o
- ATLAS Preliminary . 1770
150 8 TeV, [Ldt=13 b | E Excess : M §
- \Ns=8TeV [Ldt= - . 1.94 +0.25 (stat.) + 0.04 (syst.)
1001 E in 3 out of 4
" : measurements 3= 8Tol. L= 1968
Q0 70 80 90 100 H10 120 -
~ | 1.724 +0.003 + 0.003
M, [GeV] ( I 2 O-) —e—i
1.81+0.12 (stat.) £ 0.03 (syst.) ® CMS
- ® MCFM
Experiment Vs Measured cross section Theory T T e
N 1. . FIQ1 15 2 25 3
ATLAS [ TeV 19.0713(stat.) 4+ 0.9(syst.) £+ 0.4(lumi.) pb 176715 pb 8_ Oored Gyre
CMS 7 TeV | 20.76 + 1.32(stat.) + 1.13(syst.) £ 0.46(lumi.) pb | 17.8701 pb 4
ATLAS |8 TeV |  20.3%03(stat.) "1 —1.1(syst.) 5 (lumi.) pb | 203+ 0.8 pb |[ | 3]
CMS 8 TeV | 24.61 + 0.76(stat.) + 1.13(syst.) £ 1.08(lumi.) pb | 21917530 pb | | 4_



LLD2 (L=e,l; C=e,U,T,V)

q 7 g Z Low rate

Closely tied to low backgrounds

H—ZZ analysis
T Y, g T Challenge:

CMS Vs=8TeV,L=19.6fb" Optimize EfﬁCienC)’

— 120 B T T T T ‘ T 1T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T 1T
= - pp — ZZ — I""

ZZ— 0000 A ZZ—UVV:
4 isolated leptons 100 - ; 2 isolated leptons + MET

& C
90 —
. ] ] Larger BR
Channels: . i much Iarger backgslf’bogel;\d
i S T —— :
eeee,ee U, MUHH B0 o b e § ) ijeﬁvéata) oms?
CMS: + eeTTHUUTT m;, . (GeV) = UE [z E
2 10° B vz - sy ?;
> Frrrryrrrrprrrr T T T T T T T T T T T T T T T T (O] =
3 :EATLAS Preliminary —+ Data E TR ‘ [ |z~ .
Importance of & % o= 20" Bz ot - ) | . Data :
M . ‘UE) = Is =8 TeV B89 Total Uncertainty 3
high lepton efficiency & o« 4 il : 1

up to low P

obs/pred

=400
Reduced ET*° [GeV]
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Z/Z Results

1>r=p»

Experiment | /s Channel Measured cross section Theory

ATLAS 7 TeV | 4¢ and 202v 6.7 + ().7(81‘.(11‘.)*‘8:;.1(.9,1/.5-75.) + 0.3 (lumi.) pb 5.89*8:?3 pb [8]
CMS 7 TeV A/ 6.247 %0 (stat.) o35 (sys.) £ 0.14(lumi.) pb 6.3+04 []0]
CMS 7 TeV 202v 5.27 10 (stat.) " 11 (syst.)0.2(lumi.) pb ()1()117;:;: pb [l 2]

ATLAS 8 TeV | 4 and 202v T.If:::i’(sz‘at) + 0.3(syst.) £ 0.2(lumi.) pb 721“83 pb [9]
CMS 8 TeV 44 7.7 x ().S(Sfut.)"fng?(sys.) + 0.4(theory) £ 0.2(lumi.) pb | 7.7 £ 0.6 pb [ | | ]
CMS 8 TeV 202y (3..‘):8:2(81‘.(11‘..)f}:?(syst.) + 0.3 (lumi.) pb TQQf:(-’;jZ pb [ | 2]

Cross section phase space defined CMS  ls=BTeVL-195f"

- —e— Unfolded data =
0.4 - (] Total uncertainty
= Lz =
E O s 3

—— MCFM NLO

only by Z mass window:
ATLAS: 66 GeV < Mz<I| 16 GeV

CMS: 60 GeV <Mz<120 GeV

p All results are in good
agreement with NLO
predictions

1/0,4d 0, /d(Z p.) (1/GeV)

p Differential cross sections also
available at 8 TeV

Data/MC
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Slgnatur'e°
isolated lepton
+ MET |

+ 2 jets |

s-channel WW

o

ner-»
)
Q,
3
D
o,
H
O
=,
N
al
(D
0
.
m
<
7
=<

q W+ q W
1GC
K., Az, O1 couplings
W+ to fermion
q 7 q W

s-channel WZ t-channel WW (similar

diagrams for WZ, ZZ)

Backgrounds:W+ijets, dibosons, tt, t, DY +jets, multijets

B |et resolution does not allow to
separate W and Z: get admixture of

the two
@)

B 6*larger BR than in leptonic channel: o

gives access to higher boson P

=) S/B worse than in leptonic channel:

O
O tighter cuts

O
O Main challenge: background o

modeling for signal extraction
and control of systematics

Considered final states
b WWHWZ-Ivjj

Isolated lepton + large MET
2 high Pt jets (b-veto)

) WZ+ZZ—-Ivbb+llbb+vvbb (CMS)

|dentify leptonic W/Z decay
2 b-tagged jets

Use BDT discriminant to discriminate signal
from background
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VV—=1I’jj Results

WYV = vjj: | VZ—¢’bb:
Signal and background
3 2O Arids T : Evidence for
S 200005 [ g1 a6 - yields obtained from UML
g 0 et e fit to M distribution Z peak in Mpb
o 16000}~ I (o0 quarks - o . .
5 rao00f — distribution
120001 ' -
10000L- d Wolvs 2jets - . A
o § T R V7 S
ool 2 S Fio st SRR,
40001 % - 7 14 Inclusive cross sections for 60 <m, <120 GeV | WW and WZ
£ 600 — W2 ot P : 12; : .
E e g WHN T prsmssa sy ol . Cross sections
50 200 250 Q 40 . :
= 9 extracted
s + ” imul |
< Ww f?mﬂ#i* ﬁ" [ ﬂ « simultaneously
04 2
. | o
Duet Mass [GeV] 20050 100 1% 20 2%
Dijet Mass [GeV)]
Experiment Vs Channel Measured cross section Theory
ATLAS 7 TeV | WWH+WZ— (v 72 + 9(stat.) £ 15(syst.) £ 13(MC stat) pb 63.4 + 2.6 pb ]

5
CMS 7 TeV | WWH+WZ — (v 68.9 £+ 8.7(stat.) £ 9.7(syst.) £ 1.5(lum.) pb 65.6 £+ 2.2 pb 6
CMS |8 TeV WZ—s (ubb 30.7 + 9.3(stat.) + 7.1(syst.) = 4.1(th.) + L.O(lum.) pb | 30.7+9.3 | [|7]
CMS 8 TeV | ZZ £6bb + vvbb 6.5 + 1.7(stat.) £ 1.0(syst.) = 0.9(th.) £ 0.2(lum.) pb | 7.7+ 0.4 pb 7/
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p  All diboson final states seen and
measured by both ATLAS & CMS

O  Still waiting for Wy @ 8 TeV

p Differential cross sections also
available for several channels, allow
for more detailed data/theory
comparisons

p Agreement with SM expectations
seen in all channels

P Some excess seen in charged
channels:WY,WW and WZ

O  Nothing dramatic, up to 20, but
worth following up

O Excess of events in the bulk, not

at high Pt: does not point to
aTGCs

p NNLO contribution accounts for at
least part of the excesses

O  WY:NNLO agrees with data

Summary on Cross Section Measurements

Multiboson Cross Section Measurements

™ (yy)[8R,, > 0.4] mom ATLAS Preliminary
™ (Wy = tvy) = om _ &8
— (e = 0] == Run1 s5=7,8TeV P
a™(Zy - ty) * 45
~ [y = 0] =0z .
o™ (Wyy — Ivyy) m . EEeC—
~ [0 = 0] [ eoce—
™ (pp—+WV-{vqq) C oo an
a™(WW*j) EWK ——
" pp-+WW) =t —y
- ™ (WW-see) [y, =0] S &5
- ™ (WW s pipt) [0 %0] . &6
o™ (WWsep) [ 20) h - Otiparved 48
oo -+WZ) 'Q-- - — I <8
~ ™(WZ — Il e-2
rpp+22) o et
~ "N pp s ZZ-40) —C— 45
- ™(ZZ - 4&1) E-—o— a as
- ™(ZZ" - &) | —— &6
- o™(ZZ" s ttw) L R e
02 04 06 08 10 12 14 16 18 20 22 24 26
observed/theory
Mar. 2015 CMS Preliminary
I I I I I I I I | I I I I
CMS measurements 7 TeV CMS measurement (stat,stat+sys)
vs. NLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys) +——+—e—+—
Y, (NNLO th.) ——tor———— 1.06 +0.01+0.12 5.0fb"
Wy 1.16 £0.03+0.13 5.0fb™"
Zy o 0.98 +0.01+0.05 5.0fb™
Zy —io—i 0.98 +0.01+0.05 19.5fb™
WW+WZ 1.05+0.13+0.15 4.91fb"’
WW ———o—+—— 1.11+0.04 £+ 0.10 4.9fb™
WW, (NNLO th.) R 1.01+0.02 +0.08 19.4fb™"
Wz S — 1.17 £ 0.07 £+ 0.07 4.9 fb™’
wz —_ 1.12+0.03+0.07 19.61b™
Y4 0.99 +0.14 +0.07 4.91b
Y4 —_ = 1.00 + 0.06 + 0.08 19.6fb™
[l [l [l [l | [l [l [l [l | [l [l [l [l
0.5 _ 1 1.5 2
All results at: Production Cross Section Ratio: o /o

http://cern.ch/go/pNj7
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:}WWW Is New Physics hiding
. in this vertex!?
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e
/.,//:_- — - Ty 4 )
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21 28

Parameterization of most

general new VVV interactions

Anomalous Couplings (Vertex approach)
p Charged couplings:WWYV (V=4Y)

V
L/g“/“/\/ — [g] (W‘u\ W‘UV‘ W'u \/W*‘UV‘ ) + IK W W\ V,U\

O 5 parameters:

O Agi“(=gi*

o
W

O Additional constraints may be imposed to
further reduce the number of parameters

p Neutral couplings: ZZV (V=1Y)
O ZZV vertices: 4 parameters: f47, f4Y,fs2,fsY

O ZyV vertices: 4 parameters: h3%, h3Y, h4?, hsY

1),Akz(=Kz-1), Aky(=Ky-1), Az,Ay

>

LEP scenario: 3 free parameters

y VP

Aky = Agiz — Ak, tan?6, and Ay = Ay = A

HISZ scenario: 2 free parameters

AK.= Ag:z(cos? 0. — sin26y),
Ak, = 2Ag+4 cos20, and Az= Ay

Equal coupling scenario: 2 free pars.

-

i Approach used in most

Ag{ = Ag] =0
Aky = Ar and \Z = ,\~ = A

analyses SO far

—— e

Effective Field Theory approach

A: new physics scale

-

ﬁeff = ﬁSM‘FS‘S‘

Add higher order
operators to £sm

Ad

(d)

Dominant contribution

from dim. 6 operators
20/ 24
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o TAsr->

al GCs & Diboson production

-channel s-channel
V1 q V1 Coupling Parameters Channel
0
m >“X’W'{TGC WWy AY, AKY WW, Wy
q V2 WWZ | AZ Akz, AgiZ| WWWZ
a 2
1 v ZZY h3?, h4? Zy
) D|bc?s.on productl.on vy o bt 2y
sensitive to TGC in s-channel
ZZ7Z f4Z, fsZ ZZ
O Neutral TGCs not
allowed in SM ZyZ ARA Y4
} aTGCs would mOdIf)' both Production | Ak, Ak term | Ag,* term Ay A, term
total rate and kinematics _ - _
WWwW grow as $ grow as S | grow as $
O Charged and Neutral WZ grow as §* grow as § grow as §
lin robed
C?UP & P obe b)’ Wy grow as §” grow as $
different channels
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Results on charged aTGCs:
WWLZ and WWY couplings

p  Limits obtained from:
Limits on EFT parameters

O  WY:Photon Et spectrum
fromWW @ 8TeV

O WZ:total cross section (ATLAS)

Coupling constant This result This result 95% interval

O WW:leading lepton Pt (CMS@7 TeV) (TeV~2) (TeV~?)
3 32 —
p  Reaching LEP sensitivit e/ Ol 32, 750
& Y cw/ A ~3.6132 [~11.4,54]
: - cp/ A2 —3.211>0 ~29.2,23.9
p  Tables below do not include limits from CMS 8 TeV 8/ =14.2 [ 23]
WW measurements: formulated in EFT approach
Oct 2014 Qct 2014
ATLAS Limits - | | AT. §r'6'lr.hL'lusms
CMS Prel. Limits ?P mit
DO Limit =F Umit e
LEP Limi . e WW -0.043 - 0.043 4.6 fb"
X ' - Wy -0.410- 0.460 4.6 b’ z wv -0.090 - 0.105 4.6 fb"’
& Wy -0.380 - 0.290 5.0 fb" wv -0.043-0.033 5.0 fb"
WW -0.210-0.220 49 fb e LEP Combination -0.074 - 0.051 0.7 fb’
= Z WW -0.048 - 0.048 4.9 fb"
DO Combination  -0.158 - 0.255 8.6 fb" i WV -0.039 - 0.040 4.6 fb"
. LEP Combination -0.099 - 0.066 0.7 fb'' wv -0.038 - 0.030 5.0 fb"
2 — Wy -0.065 - 0.061 4.6 fo" DO Combination  -0.036 - 0.044 8.6 fb"
;| Wy -0.050 - 0.037 5.0 fb"! . LEP Combination -0.059 - 0.017 0.7 fb’
) Agf WW -0.095 - 0.095 4.9 fb”
WV -0.039 - 0.040 4.6 fb A
. Wz -0.057 - 0.093 4.6 fb
WV -0.038 - 0.030 5.0 fb WV -0.055 - 0.071 4.6 fb"
DO Combination  -0.036 - 0.044 8.6 fb" DO Combination  -0.034 - 0.084 8.6 fb
LEP Combination -0.059 - 0.017 0.7 b’ | LEP Combination -0.054 - 0.021 0.7 fb"
05 TR 11 ' e 05 0 05

1 1.5
aTGC Limits @95% C.L.
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Results on neutrals aT GCs:
L/, /7Y and LYY couplings

P In each case, 4 parameters, 2 CP conserving and 2 CP violating
p  Limits obtained fitting CP conserving parameters
p  Observable used for the measurement:

O Zy:Photon Et

O ZZ:4 lepton invariant mass (4l final state) or dilepton Pt (2I12v)

p LHC now setting most stringent constraints

Mar 2015 Feb 2015
T 5 5 | | ATLAS Limits '
AR, CMS Prel. Limis
f - 2z -0.015-0.015 4.6 fb" H . ' Zy -0.015-0.016 4.6 fb"
4 2z -0.005 - 0.005 19.6 fb" 3 Zy -0.003 - 0.003 5.0 fb"
2Z (212v) -0.004 - 0.003 24.7 fb" Zy -0.005 - 0.005 19.5 fb
ZZ (comb) -0.003 - 0.003 24.7 fb" : : ]
f2 2z -0.013-0.013 4.6 fb" £t fce sl deb Sl
4 ZZ _0004 N 0'004 19.6 fb1 hZ ’ ' ZY ‘0.013 3 0.014 4.6 fb‘
ZZ (212v) .0.003 - 0.003 24.7 b’ 3 Zy -0.003 - 0.003 5.0 fb"
2Z (comb) -0.002 - 0.003 24.7 b Zy -0.004 - 0.004 19.5 fb"
f; - gg -g.gag-g.gég 461" Zy -0.020 - 0.021 5.1 fb"
-0.005 - 0.005 19.6 fb : — 7 . : X
Zz(2l2v) -0.003 - 0.004 24.7 fb’ h;x100 z; _8'83? : g'gg? g'g :2.1
ZZ(comb) -0.003 - 0.003 24.7 fb" ; : : 1
fZ 74 -0.013-0.013 46 fb" <Y 0004 - 9.904 195 i1
5 2z 10.004 - 0.004 19.6 fb" hx100 ‘ 2y 0.009 - 0.009 4.6 fb’
ZZ (212v) -0.003 - 0.003 24.7 fb" 4 2y -0.001 - 0.001 5.0 b’
4 2Z (comb) -0.002 - 0.002 24.7 b Zy -0.003 - 0.003 19.5 fb
05 0 0.5 1 15 x10 05 0 05 i 15 x10°
aTGC Limits @95% C.L. aTGC Limits @95% C.L.
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Summary on Diboson Physics from LHC Run]|

nxr-=>»

p Both ATLAS and CMS have presented measurements of all diboson final states

O Mostly using leptonic W and Z channels, but also several measurements
with hadronic channels or invisible (VV) Z decays

O Several measurements still coming, notably @ 8 TeV
p All measurements are in agreement with SM expectations
O Some excess seen in charged channels

O Differential cross sections allow for better comparison with QCD
prediction: NNLO predictions become testable

p Searches for anomalous couplings show no sign of new physics

O LHC measurements now provide the tightest constraints in several
couplinngs

p Many measurements now dominated by systematic uncertainties: important to
reduce theoretical uncertainties

Thanks to ATLAS & CMS for producing these many results
and to the LHC for making it possible!
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