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8 Gauge Symmetries & Interactionsl 3

Gauge field
interacting with
matter fields

—

gauge-fermion int.

Invariance under

local gauge transformation
of matter fields

(z) = ¢ () = e "My (x)

Invariance under

+
non-abellap Interaction between
local gauge transformation, e.g. SU(n): gauge fields
themselves

p(x) = P (x); = (e T 0();
e.g.. QCD SU(3) — gluon self interactions:
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Gauge Self-Couplings in the EWK sectorl

p SU(2)xU(l) symmetry leads to several gauge bosons self-
interactions in the electroweak sector of the SM, following from

the Gauge coupling interaction term in the EWK lagrangian:
Lac = 592 (0,W) =0, ”;‘)C ijk W - 1(135 ijkEimn W W ol L
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(not seen yet)
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NO NEUTRAL GAUGE COUPLINGS IN THE SM!




Gauge Self-Couplings @ LHC: [JEE

Dibosons
p Diboson production sensitive t-channel s-channel
to TGC in s-channel q Vi q V1

p Neutral TGCs not allowed in -

— TGC
SM q B
q V2
O Wy,WW and WZ g V2
production get contribution
from TGCs
O Zyand ZZ:noTGC THE science news of the ye?r 2012:
contribution in the SM s gelgi'nlgfson resonance.
> [ ' _
p Diboson processes allow to O30 (1P ey SIITvL eib o
- Zy*,Z2Z
probe one of the least well 2 =
measured sectors of the SM &

O Also background for many
searches




Gauge Self-Couplings @ LHC:
VBF Production

p Single or multiple boson
production in VBF directly
sensitive to TGCs and QGCs

p Potentially the first way to
see QGCs

O QGCs not observed yet

p Very relevant for studying
boson-boson scattering

O Of key importance in the
future study of the newly
found boson
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Measurements of

diboson production
with CMS




Cut & Count in most cases

at

M Cross section measurementsiBE

Dominant contributions
always data-driven

a

Nselected‘ > ’Nbackground

0O —

[ NEAN

’A-e-f[,dt

X

efficiency differences

p Determined from MC wrt to target measurement
phase space (inclusive or reduced)

p Correction factor applied to account for data/MC




CMS Diboson Measurementsla

Int. luminosity
Cross section measurement phase space
@ 7TeV @ 8TeV
ARG 5.0 fb™ 5.3 fb* 60<M(Z, ,)<120 GeV pp—ZZ+X
(1= elp;I' = elplt) L2
Wy—-Ivy 5.0 fb? - E.">15/60/90 GeV & AR(l,y)>0.7 pp—=Wy—lvy+X
_ E. *>15/60/90GeV & AR(l,y)>0.7

Zy-ll 5.0 fb* - T —Zy—-llhy+X

= & M'>50GeV Lacnaly
ZYy—->VVvy 5.0 fb™ - E,>145 GeV & |n'|<1.4 PP—Zy—VVY+X
W'W-slviv 4.9 fb? 3.5 fb? full pp—=W'W+X
W'W+WZ—-Ivjj 5.0 fb* - full PPp—-WW+WZ+X
WZ-Ivll 1.0 fb* - full pp—WZ+X

full
Exclusive —p“wwp"”
Y WW 5.0 fb* - P (1,e)>20GeV & In(u.e)[<2.4 P _)zr)eup(*)p
& P_(ue)>100GeV

Also presenting: EWK Z+2jets measurement




BWyY—Ivy & Zy—>|ly (1=e,p) X

Measured cross sections:

O (pp = Wy +X = Ivy + X)
O (pp = Zy+X = lly + X)
in reduced phase space:
ETY >15/40/60 GeV;
AR(l,Y)>0.7)
M(I)>50 GeV for Zy

Wy—lvy: lepton+photon+MET Zy—lly: 2 leptons+photon

Isolated lepton with P>35 GeV p 2 lIsolated leptons with P:>20 GeV

4

P Isolated Photon with Er>15 GeV ) Isolated Photon with Er>15 GeV
p Large transverse mass M1"V>70 GeV  Dilepton mass > 50 GeV
4

Veto events with 2" lepton




p VHjets (fake photons), DOMINANT

VY: backgrounds

VY Backgrounds

p DY, Multibosons

P Zy (for WY), YHjets, ...

-
o
(=}
o

Number of events / 0.00075
g

CMS Preliminary, L = 5 fb™
=l T T T T T T T {

\s =7 TeV

T T

ECAL barrel

15 GeV < E <20 GeV
—e— Data

— Fitted

—— Background

0.02

PR |
0.03

inin

—>

Fake photon contribution estimated from
template fit to N shower width

E

» Data-driven estimate

MC estimate

CMS-PAS-EWK-11-009

Uncertainty on template yield dominant
source of systematic

Photon Mean Syst. from Syst. from Syst. from sampling | Syst. from Ft
Et, GeV yield signal shape | background shape | of the distribution correlation
Barrel + Endcap: evyy / pvy
15-20 1452.3 /27629 | 9.3/ 20.5 83.2 /594 19.2 / 35.6 129.1 / 251.7
20-25 648.4 / 1108.3 52/ 19.5 37.0/33.8 11.2 / 18.8 544 /942
25-30 365.3 / 521.6 37/94 21.0 / 20.7 94 /142 32.7 / 43.0
30-35 214.9 / 326.3 10.5/ 3.3 123 /16.9 7.5/ 11.1 19.0 /29.3
35-40 156.6 / 194.8 34/28 10.1/11.4 62/79 13.7 / 16.1
40-60 221.4 /2723 35/07 18.8 / 23.4 51/63 19.2 /24.0

60-90 77.2 / 100.5 1.4 /09 10.2 /13.3 3.0/38 6.6 /8.5

90-120 25.7 /214 20/23 53 /41 0.9/0.9 24/ 18

120-500 14.8 / 38.1 43/21 7.6 /259 1.1/07 1.0/3.9

Total 3176.5 / 5345.9 16.9 / 30.3 97.6 / 83-32%_2 . 482'256.7 / 454 277.8 / 472.1
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WY results

o(Wy—lvy, AR(l,y)>0.7) NLO (MCFM)
[pb] [pb]
ETY>I15 GeV 37.0+0.8(stat)+4.0(syst)+0.8(lumi) 31.81+1.80(syst)

ETY >60 GeV 0.76+0.05(stat)+0.08(syst)+0.02(lumi

0.58+0.08(syst)

ETY >90 GeV | 0.200+0.025(stat)+0.038(syst)+0.004(lumi)

0.173+0.026(syst)

p Systematics limited

CMS-PAS-EWK-11-009

S 1 04_CMS Prlelirrllinlarly,ll_fISfb” _Is=7TeV
. . o . E
O largest contribution from & &= v
. 2 10° \\Z H V - Data
fake photons from jets ? WGy
T jets — y bkg ]
. . § N\ e —y bLg
p MC signal modeled with 3 102 JOthers -
o B ]
MadGraph v5 scaled to 5 1 N
o 2 qo- O ~
NLO prediction from E T N\ g
pd : i
MCFM 1 77
s e -
20 3040 10° 2><1o2

P (GeV)




WY results K

CMS Preliminary, L=5fb"' \s=7TeV

p slight excess in data compared F B MCFM (nclusive)
to MCFM prediction (>1 sigma) 10%: —e— W(ev) (Inclusive)
- - . 8 —m— W(uv)y (Inclusive)
. . 0 | i i
O Similar excess seen by s +— Combined (inclusive)
ATLAS T
L
CMS Preliminary, L=5fb' \s=7TeV 5 s =
| E!>15GeV,AR>0.7 1071
2011: W(ev)y ..—.—.- 1.15 = 0.12,, = 0.06,,., E ‘
2011: W(uv)y .._._.. 1.18 = 0.12,,, = 0.06,,, 15—
| sE i 4
gL
BLUE Combination .._._u 1.16 = 011, = 0.06,,0, e
lumi. uncertainty 2.2% 0
L >15 > 60 > 90

E; (GeV)

0.5 s 2
Ratio (CMS/Theory) CMS-PAS-EWK-11-009




2 WYy Radiation Amplitude ZerolLE

p Interference of 3 amplitudes

Additional selection:

leads to vanishing amplitude Jet Veto:
o fecﬁg‘;d;:ﬂ; in the no jet with Er>30 GeV, |n|<3
p At the LHC expect dip at 0 in o«  (SMSPreliminary, L=51b" \s=7TeV
Qleptonﬂ< An(I,Y) distribution 3 500:— —e— Data (background subtracted) —:
» - Il W(vy :
p aTGCs would reduce the £ 400/ +
effect, as well as NLO o :
contributions O 300¢
o |
p CMS data: € 200
= B
: - Z I
O Dip clearly visible 100"
O In agreement with SM )

CMS-PAS-EWK-11-009




LY |ly Results

o(Zy—lly, AR(l,y)>0.7) NLO (MCFM)
[pb] [pb]
ExY>I15 GeV| 5.33 +0.08(stat) = 0.25(syst) = 0.12(lumi) 5.4 + 0.2(syst)
EtY >60 GeV |0.140 + 0.011(stat) £ 0.013(syst) £ 0.003(lumi) [0.124 + 0.009(syst)

EtY >90 GeV

0.046 + 0.007(stat) = 0.009(syst) + 0.001 (lumi)

0.040 = 0.004(syst)

p Systematics
limited

p MC signal
modeled with
MadGraph v5
scaled to
MCFM NLO
prediction

Number of events / 5 GeV

CMS-PAS-EWK-11-009

CMS Preliminary, L=5fb" \s=

7 TeV

10° T
—o— Data
Z(ee)y
3 Ml Z+Jets
10° ¢ [ Other

102

10

20 30 40 5060 _ 102

E} (GeV)

cMs Prellmlnary L=5 fb1 \E

7 TeV

150 _, SR
e .
100§§ TSR . - Z(ee)y Data |
CHETET e FOR Z(eey/ ISR |
A [Jz(eey FSR |
- L L ‘ ! | ! | | |
60 80 100 120
M. (GeV)
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Zy—Ily Results K

CMS Preliminary, L=5fb" \s=7TeV

- (b) I MCFM (Inclusive)
p Good agreement with i —*— Zley (nclusive)
- —a— Z(uu)y (Inclusive)
. . — [ ——
o) - —4— Combined (Inclusive)
MCFM NLO prediction § |
= IF
CMS Preliminary, L=5fb" \s=7 TeV rooF
\ I -
| E;>15GeV,AR>0.7, &10‘1;
| M,>50GeV T .
2011: Z(ee) el 0.95:0.06,,, = 0.05,,, !
\ 102%F
2011: Z(uuly H_H 1.00 = 0.06,,, = 0.05,,,, 2
1.5
i -—w
oo 1
BLUE Combination et 0.98 = 0.05,,, = 0.05,,., 0s
N 0.5~
lumi. uncertainty 2.2% 0
[ R A T R R [ R T T S T R N > 15 > 60 > 90
0.5 1 1.5 2 ' (GeV)
P,

Ratio (CMS/Theory)
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LY VVY

O (pp = Zy+X = VVY + X)

Measured cross sections:

in reduced phase space:

ErY >145 GeV, |nY|<|.4

Large gain in BR

q y
,
A
' Z 2, Zyy
A v v
Yoq

Forbidden in SM

large backgrounds:
Instrumental: jets, Y+jets,W—eV

wrt charged lepton channel!
| Signature: ~ No collision: beam halo, cosmic muons

iSOIated phOton + Iarge M ET 1. Beam Halo Muon Induced Showers

_ - - Mostly removed. Residual estimated.

: ] /
p Isolated photon with ET>140 GeV AL T - [R—
O Photon timing consistent with beam 9
p MET>130 GeV ‘
ECAL . ® L;';yr\
} Jet veto 2. Cosmic Muon Induc/eg ‘)y 3‘Réu’rr'on Induced Spurious
Showers Signals ("Spikes")
. Identified and removed Identified and removed
p Cosmic muon veto

16




Source Estimate

Misidentified jets 11.24+ 2.8

Beam-gas processes | 11.1 £5.6

Misidentified electrons | 3.5+ 1.5

Wry 3.3+1.0

Yy 0.6 £0.3

v+jet 0.5+0.2

Total 30.2 £6.5

Zvy — vvy (NLO) 45.3+6.9
data 73

p Statistical uncertainty still
significant

p Dominant systematics:
O beam halo uncertainty
O Track and Jet Veto

p Measurement in agreement
with NLO prediction

ZY—VVY Results

CMS Preliminary \s =7 TeV
T T I T T T T I T T T T

Total uncertainty on Bkg

Zy— vvy (NLO)

W—ev

B MisID-y (QCD)
v+jets, Wy

[ Beam Halo

107 —_ B cceconcsneiinin aTGC h; = 0.0025

Ldt=5.0 fb”

10

Events /GeV

R §
_3 nmimn
1() LHALHHANRR.SS =
RHAHARHRRRRR.SS
e,
i
NN
e,
Al NN

200 300 400 '500' - '600 =000
p. [GeV]

O (pp = ZY+X = vvy + X,
ErY >145 GeV, |nY|<1.4) @ TeV:

21.3 £ 4.2 (stat.) + 4.3 (syst.)
NLO prediction (Baur):21.9£1.1 fb

CMS-PAS-SMP-12-020

+ 0.5 (lumi.) fb




qq—WW (97%)

GeV

WW—=|viv

gg—>WW (3%)

w

*«\,\,\Jd/\/\

Closely tied
to H—=WWV analysis

- Signhature:
2 isolated OS leptons
-+

large MET

1

Cross section measured at 7 & 8 TeV

2 i1solated opposite charge leptons with Pt>20

“Projected MET” > (37 (20) + Nvtx/2) GeV for

ee/UH (eH)

Veto events in Z mass window for same flavour

final state

Veto events with high ET jets (ET(jet)>30 GeV)

Veto events with top-tagged jets

Veto events with third lepton

large backgrounds:

- ttbar, tW

- WHjets :

i ltifat estimated
muttl) from data

-Wy*

- DY

- Dibosons from MC

18




Sample Yield =+ stat. & syst.
gg — WHW- 46.0 £ 0.6 =14.2
qq - WW~ 7509 £4.1 £53.1

tt +tW 128.5£12.8 £19.6

Wjets 59.5+39+214

WZ+77 294+04£20

Z/y" 11.0£51+£26
W+y 18.8+28+47
Z/v* =TT 0.0+1.0+0.1
Total Background 247.1+£14.6 =29.5
Signal + Background | 1044.0 +=15.2+-62.4
| Data | 1134 |

p Largest systematics:

O JetVeto efficiency

O Background estimation
(top background, fake

rates)

p Measured cross section
above SM expectation

CMS-PAS-SMP-12-005

WW =iV Results @ 7 TeVIEE

CMS Preliminary ys =7 TeV, L=4.92 fo
III|III|III|III|IIIIIIIIII

1T I T I T
—e— Data
ww
M wz+zz
Top
0 Fakes
Bl Ztjets
o (stats.® syst.)

140

events/bin

120

100

80

' | | Iﬂ’-né4||||||||||“|

60

S =t '
}_ %ﬁ'@@%ﬂ%
sttt @%@@%

0 20 40 60 80 100 120 140 160 180 200
M, (GeV)

40

20

_III|III|III|II[|III|II[|III|II_I

Ratio
n O

-

0

T (pp 2 W*W- + X) @ 7 TeV:
52.4 + 2.0 (stat.) + 4.5 (syst.) £ 1.2 (lumi.) pb

SM NLO prediction (MCFM): 47.0+2.0 fb

19




Channel 202v
W-W~— 684 + 50
tt and tW 132 +23
W+ jets 60 + 22
WZ and ZZ 27 =3
Z /v +jets 43+ 12
Woyl*) 14+5

Total background 275 =35
Signal + background 959 £ 60
Data 1111

WW=Iviv Results @ 8 TeVIEE

o (pp ?W'W-+ X) @ 8TeV:
69.9 + 2.8 (stat.) £ 5.6 (syst.) £ 3.1 (lumi.) pb

SM NLO prediction (MCFM): 57.3*24 ¢ fb

p Measured cross section again
above SM expectation

\Fs 8TeV L= 35fb1

> I I
& I -e- DATA ]
o] - wWw .
—~ 150 B v n
% -
% i 3 . 5 fb I B Z+jets |
Lﬁ L W +jets
- top
100 - stat @ syst
50 |- +
O i 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 I 1 'I/ |
0 50 100 150 200

m, [GeV]
CMS-PAS-SMP-12-024

Not accounted for in SM prediction

new (Higgs) boson: 4%
Diffractive production
Double parton interaction | %

QED exclusive production

20




WV-'IV”

Signature:
isolated lepton | R i
+ MET | e
+ 2 jets q
— s-channel WW

W+ q

Gauge
couplings
to fermion

TGC
K, Az, g1%

Wi-

w

t-channel WW (similar
diagrams for WZ, Z2)

s-channel WZ

Backgrounds: W+jets, 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:
gives access to higher boson P

) S/B worse than in leptonic channel:
O tighter cuts

O Main challenge: background modeling
for signal extraction and control of
systematics

vV vV VvV VvV Vv

Selection

Only one isolated high Pt lepton: P#
(©>25 (30) GeV

Exactly 2 high Pt jets (PT>35 GeV)
MET>25 (30) GeV for H(e)
MTW=>30(50) GeV for H(e)
Veto events containing b-tagged jet

Additional cuts on dijet system:
Anij, Pr(ji)

21




WYV —|Vjj Results

p Signal and background yields obtained
from UML fit to M; distribution

Process

Muon channel Electron channel

o (pp PW'W-+WZ) @ 7 TeV:
68.918.7(stat.)£9.7(syst.) £ 1.5(lumi.) pb

SM NLO prediction (MCFM): 65.6+2.2 pb

Events / GeV

50

150

m; (GeV)

Diboson (WW+WZ) 1899 + 373 783 + 306

Wijets 67384 + 586 31644 + 850

tt 1662 + 117 946 + 67

Single top 650 + 33 308 + 17

Drell-Yan+jets 3609 4 155 1408 + 64

Multijet (QCD) 296 + 317 4195 + 867

Fit x*/dof (probability) 9.73/12 (0.64) 5.30/12 (0.95)

Total from fit 75420 39371

Data 75419 39365

Acceptance x efficiency (Ae) 5153 x 103  2.633 x 107>

Expected WW+WZ yield from simulation 1697 + 57 867 + 29
CMS [Ldt=5.0fb", (s =7TeV CMS [Ldt=5.0fb" (s =7TeV

I T T T T N T T T T I T T T N T T T T

B WwW/wZ b % i WW/WZ
- W+ets (a) m 100 (b) e data -
- Il top g L Uncertainty |

500 mm Qcb .
i Ztjets ..2 T
| * data o =
L > B Z

1000 L 50/ i =

Significance

of observation:

430

22




ZZ—2020 (I=e,y; '=e,p,T) BEE

Measured cross section:

Signature:
4 isolated

O (pp = ZZ + X; 60 GeV < Mzi,Mz < 120 GeV)]| | leptons

B Very low backgrounds

) Selection tuned to maximize efficiency,
especially at low lepton P

Backgrounds:
Zbb, tt, Z+jets,W.Z+jets
(estimated from data)

CMS \s =7 TeV, L =5.0 fb" CMS \s =7 TeV,L=5.0fb"
;\120 L L B L L B LR BN ;\90 L B B L L L L
: 8 : DATA Lz 1 & - ® DATA SZZoaz ]
SelectIOn 9110 C = 4e PP ] 9 80 .pp ]
= [ . [ od [
. T L A 4}.1, ° ~
p 4isolated leptons: P> | 8100 © o 2e2y 3 1 ed70f K E
E C E 2|2 [ J
20/10/7/5 GeV o0 |- o 1 el 22T 0 o
- o 7O o
) 2 same flavour 80 | = 1 s0f ) .
. N A L4
op.p05|te charge lepton| . E ]
- . -
Palrs 60:”‘\””\””\H‘\HH\HH: 30:HH\HH\HH\PH‘\HH\HH
60 70 80 90 100 110 120 60 70 80 90 100 110 120
< <
} 60 GeV MZI,Z |20 My (GeV) . Mz (GeV)
GeV Closely tied

to H—ZZ analysis 23




4
4

Cross section obtained from

simultaneous fit to event yields in

all studied decay channels

Result still statistics limited

In agreement with SM prediction

Final state channels de dp 2e2)1 40

Irreducible background (pp — Z~* — 44) 0.07 0.25 0.14 0.46 £ 0.05
Other (reducible) backgrounds 0.01 0.01 0.05 0.07£0.1
Expected signal (pp — Z — 4/) 3.8 13.6 12.0 29.4 + 2.6
Total expected (simulation) 3.9 13.9 12.2 30.0 £ 2.6
Observed events 2 14 12 28

Yield from fit to the observed mass distribution — 13.64+3.8 11.54+3.1 27.34+5.4

CMS-PAS-SMP-12-007

O (pp = ZZ + X;

60 GeV <Mz122 < 120 GeV) @ 7 TeV:
6.241086 o g(stat.) 04! o 3p(syst.)£0.14(lumi.) pb

SM NLO prediction (MCFM): 6.3+0.4 pb

—_

Events/20 GeV

Events/25 GeV

ZZ—4| Results @ 7 TeV Bt

200

300

\s = 7TeV L 5.0 fb!
I I
4l
o I
oL
g L
6
4l
o L
0
100 200 300 400 500 600
m,,,, (GeV)
CMS s =7TeV,L=5.0fb"
Sr | " e DATA
4l | ]zz i
T wWz/z + jets

(b)

400 500
Mz, (GeV)
24




p Same strategy as for 7 TeV

p Measurement agrees with SM

ZZ—4] Results @ 8 TeV Bt

Us=8TeV, L= 53fb‘

Events / 20 GeV

Channel 4e 41 2e2 L 20271
77 116+14 20.3+2.2 324435 6.5+0.8
Background 04+0.2 04+0.3 0.5+04 56t14

Signal + background 12014 20.7+2.2 329435 121+£1.6

Data 14 19 38 13

-o- DATA
zZ
W WZ/Z + jets

5.3 fb-! -

400 600 800

m,,,, [GeV]

\Vs=8TeV,L=5.31b"

CMS-PAS-SMP-12-024

O (pp ™ ZZ + X;
60 GeV < Mz1,22 < 120 GeV) @ 8TeV:
8.4+ 1.0(stat.)+0.7(syst.)£0.4(lumi.) pb

SM NLO prediction (MCFM): 7.7+0.4 pb

Events / 25 GeV

T T ‘ T T T T ‘ T T T T
-~ DATA

Y74 N

B WZ/Z + jets

mys, [GeV]
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CMS EWK Cross Sections Summaryl 3

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
Nov 2012 CMS

Q' = 5 : =
o E . W : $ 7 TeV CMS measurement (stat@syst)z
=1 05 | . _._ Z : E 8 TeV CMS measurement (stat@syst)_:
OQ = § ! —— 7 TeV Theory prediction =
— 4 : —— 3
- =] —0 ! —— 8 TeV Theory prediction i
o 4 0 A :
S 10 = ! ) §Z1J | —=
= SRR o . . 3
D s = =2 ! g ! o]
D 10°E ! 8 | = Wy | =
5 = 2l 23 o Zy 5 5 5 =
S 10k # = oz ww
= | : =4i! : — o & 3
cCD = = J: : =" WZ -
= - - | | | —o— ZZ | A
° | ES > 30 GeV | El>15GeV | : ; ]
5 10E . | | | - o E
o = In® <24 ' AR(y,))>0.7 : -
o ! : | : 3
£ L | ]
1TE . ! . 1 50f" 49fb! L 49f0" =
JHEP10(2011)132 CMS EWK-11-009 CMS-PAS-EWK-11-010 (W2)
JHEPO01(2012)010 CMS-PAS-SMP-12-005 (WW?7),
CMS-PAS-SMP-12-011 (W/Z 8 TeV) 007(ZZ7), 013(WW8), 014(ZZ8), 015(WV)

P SM seems overall to be in excellent shape at the TeV scale, good or bad news!?

P Some tensions in WW and WY: fluctuations or smoking gun?
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Searches for
anomalous
couplings




Anomalous couplings

A\Val
V3

V2

p Parameterization of
most general new VVV
interactions—anomal
ous triple gauge
couplings

p Reduce number of
aTGCs by requiring
some symmetries

Is New Physics hiding
in this vertex!?

Lwwv/owwv = lql (U T WHYY — I""zV,,lf’[-"W) + iky Iyl-jlrlf,,vi’"’

v | |
i W WAV — g Wi, (VY 4+ 8 VH)

m“ Aw Y

+ g5 N (WIAW, — L WIW,)V,

~

v
+ iy WIW, V4 u" WHYA
771“

28




aTGC parameterizations HEE

p Charged couplingssWWYV (V=2,Y)

Vv

P

‘ , ‘ AV
L/gwwy = ig) (W ,WHVY — W, WHVY) ik W W, VY + 2 Vo Wy'vYP

W

O 5 parameters: Agi%(=g1%-1),Akz(=kz-1), Aky(ZKy-1, Az,Ay

O Additional constraints may be imposed:

used in CMS measurements

LEP scenario

Akyz = Aglz — ARy - tan®6,, and Ay = Ay=2A

3 free parameters J

HISZ scenario

AK;=Ag(cos?8,— sin?0.),
Ak, = 2Ag+# cos? 0, and Az=\,

2 free parameters

Equal coupling
scenario

Agf =Ag{ =0
Akz = Aky and Az = A, = A

2 free parameters

p Neutral couplings: ZZV (V=1,Y)

e -
L= —W[fi’(auv“ﬁ)za(a"‘zﬁ) + f3 (0% Vou ) 2P Zp)
7

O 4 parameters: f4%, f4Y,fs%,f5Y
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alGCs & Diboson productionla

t-channel s-channel
q V1 q \%2! Coupling Parameters Channel
0
-, MTGC WWy AY, Aky WW, Wy
q
q \'%& WWZ | \Z Akz, AgiZ| WWWZ
a 2
q \Y ZZy h3Z, h4? Zy
) lec?s.on productloon vy bt oy 2y
sensitive to TGC in s-channel
777 f4Z, f5Z 77
O Neutral TGCs not
allowed in SM ZyZ £, fs ZZ

p aTGCs would modify both

Production | Ak, Ak, term | Ag,? term Ay A, term
total rate and kinematics _ _ _
WWwW grow as S grow as §”* | grow as $§
O Charged and Neutral Wz grow as §” grow as $§ grow as §
couplings probed b
. plings p Y Wy grow as §” grow as §
different channels
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aTGC Searches in CMS EEE

= All analyses use differential shape
= No form factors used (effective theory approach)

= All analyses based on 7 TeV data
Int.

S Measured Variable
"g';"%se'e’ vertex parameters for limit setting

ZZ-2121' 1 VA Z v Y

1= eyl = etk 5.0 fb 277, ZZy A A L i M(2121)
Wy—Ivy 5.0 fb* WWy A, AR E’
Zy->lly 5.0 fb* ZZy, Zyy h?,, h?, h', h', E’
Zy—>VVvy 5.0 fb™ ZZy, 7y h*, h?, h, h", E’
W'W S Iviv 4.9 fb* | WWy, WWZ A, AKT, Ag * P_(I)
W' W+WZ-> IVjj 5.0 fb* | WWy, WWZ LY, A P_())
Exclusive Yy->W'W | 5.0 fb? WWryy a" IA?, a" IN® P_(ep)

*
New!
Statistical treatment: CLs or profile likelihood
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Searches for charged aTGCs:
differential distributions

cMS [Ldt=5.0fb" (s=7TeV

CMS Preliminary, L=5fb" \s=7TeV
T T T T T ‘ T T T

10

-IUE) - b (0] 105

) 1000— L Data ] O m W+jets

> I E== Background 1 Te] 104 B top

o [ | Standard model ] Ry = Qco

's 800 —— Anomalous coupling; _| * 103 Z+Jets
. el .

qh, 1'=0.0, Ak'=0.4 GC.) > —— ) =0.05, Ak,=0

Qo S 10

[ LU

=]

<

WW=lviv )
Leading lepton Pr s -

0: | | e .| .:;*;:‘ | g
100 200 300 400 500
CMS Preliminary Vs =7 TeV, L = 4.92 fb” pj-{- (GeV)
Buo L WYV = |Vjj
T400F
P - —e— Data bl
Ph Oton ET §350:_ ....... — Best fit Dllet PT
e aTGC (1,=0.05)
soop- | L aTGC (,=0.20)
250;...%..._
200 -
1502— .........
1002_ 4=
502— ............
%726~ "50" &0 100 T w0 Te0 10 20 )
p.  (GeV)

Tmax




Charged aTGC searches: Resultsil

CMS Preliminary Vs =

CMS Preliminary, L = 5 fb”
LI

2 L L L L L L B

0-15__ — Observed \s=7TeV |

""" E’:Pected W(ev,uv)y Combined

+ 10

0.1 .20 95% CLs Limit on Ak’ and A" —
0_05:_ = WY _
o- .
-0.05- .
[ aTGC values outside contour excluded

- 11 I 11 | I 11 | I 11 1 I 11 1 I 11 1 I 11 1 I
0.1 -0.6 04 -02 0 0.2 04 0.6
Ax’

> L B A L L B
¢ - CMS 95% CL Limit on ) and Ak, -
< 0.4 — Observed —
...... Expected f Ldt=5.0fb", (s=7TeV _

L B = 1o
+ 20

0.2 n
(o] = _

%2 WV —yjj j

-0.1 -O 05 O 0 05

0.1

CMS Preliminary |s =

7 TeV,L=4.92fb"

7 TeV, L=4.92 fo'

o — 68% CL 3F — 68% CL
0.15F ~.95% CL 0,3; - 95% CL
0.13 T 0-23
0.05] / .\ o // \\
-0.05 E -0.1 f M ::
CWWoMY T wwe
VIV WWSviv
03 o5 o1 o050 008 0.4 016 xoz B R R T Yo YT T xoz
95% C.L. Ax? A Ag1z
Wy—Ivy [-0.38,0.29] | [0.05,0.037] i
WW = Iviv [-0.21,0.22] | [-0.048, 0.048] | [-0.095, 0.095]
W'W+WZ—lvijj | [-0.111, 0.142] | [-0.038, 0.030] i

Results agree with SM:
no sign of aTGCs
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Feb 2013 Feb 2013

L o T T ATLAS Limits! o T T rrr T T T T ATLAS Limits ] =
CMS Limits — CMS Limits —
DEP Umit o CEP it Fed
: | Wy -0.410 - 0.460 4.6 fbo' — ww -0.043 - 0.043 4.6 fb”’
A AK ;
S C Wy -0.380 - 0.290 5.0 b z . wv ©0.043-0.033 5.0 fb
WW -0.210-0.220 4.9 fb-1 —e— LEP Combination '007; -0.051 0.7 fb:1
— WV -0.110-0.140 5.0 fb" A, — m :8'828 ] g'giz 2'2 2_1
——o— DO Combination  -0.158 - 0.255 8.6 fb™ L Wz _0-046 ] 0-047 4.6 ot
e LEP Combination -0.099 - 0.066 0.7 fb™' - WV .0.038 - 0.030 5.0 fb"
. ) ) .
}\“Y — W'Y -0.065 - 0.061 4.6 fb-1 A DO Combination -0.036 - 0.044 8.6 fb-1
i Wy -0.050 - 0.037 5.0 fb Fo- LEP Combination -0.059 - 0.017 0.7 fb""
— WW -0.048 - 0.048 4.9 fb! Agz — WW -0.039-0.052 4.6 b
— WV -0.038 - 0.030 5.0 b’ 1 — WW -0.095 - 0.095 4.9 fb™’
FoH DO Combination  -0.036 - 0.044 8.6 fb™ — Wz -0.057 - 0.093 4.6 b’
e LEP Combination -0.059 - 0.017 0.7 fb™ Fo DO Combination -0.034-0.084 8.6 fb™
PR T N T TN SN TN SN S TN TN SN SN TN TN TN S NN TN TR S SN N S S S (=] LEP Combination -0.054 -0.021 0.7 fb’1
-0.5 0 0.5 1 1 .5 1 L | 1 L 1 1 | 1 L 1 L | 1 L L 1 1 L 1 1 1 L L 1
-0.5 0 0.5 1 1.5

aTGC Limits @95% C.L. o
aTGC Limits @95% C.L.

LHC measurements approaching LEP sensitivities
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>
)
Q
(2]
-—
c
(<))
>
L

yAY
Photon ET

lllllllllllllll

Total uncertainty on Bkg

a Ldt=5.0fb"\Ns =7TeV [ | Zy—vvy (NLO)

W—ev

B MisID-y (QCD)
y+jets, Wy

[ Beam Halo

107 I aTGC h! = 0.0025

200 300 400 500 600 700
p. [GeV]

D VVY final state has 6
times larger BR and
no FSR: much more
sensitive to aTGC

Neutral aTGC searches: ‘
Differential distributions

L
4 lepton mass

CMS \Vs=7TeV,L=5.0fb"
S F I ™
2 e DATA
c [ 1277
©10 ¢ I W2/Z + jets
L -

1F
10"
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Neutral aTGCs searches: Results l

\ CMS \s=7TeV,L=5.0fb" \s=7TeV,L=5.0fb"
x10° - < T T T T T > I I I
o U 7z 2121 - PP 1> 2Z = 2121
“S0.05F CMS Pretiminary  95% CLs Limit on b} and b}, 004 | —— Observed PP = | 004 | — Observed |
I —— Observe: ] . ' + o
0.04F ... g)l:pecte: f Ldi=501b"Ns=7TeV B Expected £ 10 g59, c1 55 Expected £16 g59, c1
E . lo A Expected+2¢ | | e Expected + 2¢
().035— B -2 Z(ee uu,vv)y Combmed—E 002 L | 0.02 b)
002} 3
001F E 0| . 0 s
0 -
00lE 3002 Z 4 002 F ZZ 8
-0.02;— Y—; No form factor assumed No form factor assumed
0 03:_ aTGC values outside contour excluded IATGC va‘lues OUtS‘ide COI’]tO‘UF eXCIUdled IATGC va‘lues OUtS‘ide cont?ur eXCIu?ed
: 1 1 Il | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 _0.04 _0-04
©0.006-0.004-0.002 0 0.002 0.004 0.906 -0.02 001 0 001 002 -0.02 -001 0 001 0.2
Z Z
3 s fa fs
N q,0.0S _—'l(l) I T T T | T T T [ T T T I T T T I T '—
= L CMS Preliminary  95% CLs Limit on hZ and h 4 x103 h? h? hY h?
0.04 :_ —— Observed ) —: 3 4 3 4
C bt JLassomN=TTV 3 [ zy gy [-8.6, 8.4] [-0.080, 0.079] [-10, 10] [-0.088, 0.088]
0.03- xlo N
A Z(ee ut,vv)y Combined Zy—vvy [-3.1, 3.1] [-0.014, 0.014] [-3.2, 3.2] [-0.016, 0.016]
0.02F E Zy->vvy,lly [-2.7,2.7] [-0.013, 0.013] [-2.9, 2.9] [-0.014, 0.015]
001 =
of = . .
ool : p All measurements consistent with
0.02f V. SM: no sign of neutral aTGCs
- aTGC values outside contour excluded 1
-0_03_| PR T W N N SN SN M AN S T S T Y ) MY N v

-0.004 -0002 O 0.002 0.004
h%
3
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Neutral TGCs: comparison with other results

Feb 2013 Feb 2013
T T l T T T I ] T T T I T i T I I I 1 I _l_ | T T T T 1 I I T I T I I I I 1 I I I I I 1 I I I I I I I I
ATLAS Limits — ATLAS Limits —
SHS Limits - CMS Limits —
W — Zy -0.015-0.016 4.6 o™ g
3 . zy 10.003 - 0.003 5.0 P — 77 -0.015-0.015 4.6 b
_ Zy -0.022-0.020 5.1 b 4 — Y4 -0.013-0.015 5.0 fb™
HZ — Zy -0.013-0.014 4.6 b’ ¢z — zZ -0.013-0.013 4.6 fb™
-1
3 H Zy -0.003 - 0.003 5.0 fb 4 S 77 -0.011-0.012 5.0fb™
S Zy -0.020 - 0.021 5.1 fb”’ 27 0.016-0.015 46 1"
y — zy -0.009 - 0.009 4.6 fb" £ ' S
h,x100 H zy -0.001 - 0.001 5.0 b ° — 2z 0.014-0.014 5.0
HZ100 — Zy -0.009 - 0.009 4.6 fb” iz — zz -0.013-0.013 4.6 fb™
4 H Zy -0.001 - 0.001 5.0 fb™' 5 — zz -0.012-0.012 5.0 fb™
1 I 1 1 1 1 I 1 L 1 1 I 1 1 1 1 I 1 Il 1 1 I 1 | 1 L
_1 1 | | 1 Il 1 Il I 1 I Il 1 I Il 1 1 1 I 1 1 1 1
0.5 0 05 GC1 i ! 5” . )((:1?_ 05 0 0.5 1 15 x10°
aTGC Limits @95% C.L. aTGC Limits @95% C.L.

LHC measurements already exceeded LEP sensitivities
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Gauge Self-Interactions
iIn VBF processes

v v v
v
v v Vv

T T




A Exclusive Yy —W*W- Production B

Process YY?W*W- i y W Y W+
= Never observed before %}C
) Sensitive to anomalous QGC y W- y -
“Exclusive” “Quasi-Exclusive”
( 4 {:_{;:_,:_\
3 0t -~.-22 + proton ,}_2{7 " L _
T 5( _ S[i reeTcr;nets K | Signature:
S ' S # detection & g 2 isolated
A ____-—---‘,""_______ - /Pr/(i&:s::\:__
\ I AN T _/ leptons (e+}) “
« . ~and no other
Untagged anal)’5|5 . visible track from
Signal: exclusive + quasi-exclusive their vertex
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pp— pOWW-p) = pOIvI'vp) Selection‘ 3

| Measurement strategy E Define 2 regions
— - . depending on measurement aim:
P  Use only el channel
O  Much larger background for ee/pp nr tracks Pt(eM)
p  Purely track-based analysis
O  reduced PU sensitivity “SM region” <| >30 GeV
P 2 discriminating variables used:
O  # tracks associated to el vertex “aQGC region” <l >100 GeV
O  Pr(ep)
Backgrounds:
p  Estimate backgrounds from sidebands of these .
variables WHjets,Yy— 1T, DY TT,
P Use YY— U to estimate quasi-exclusive fraction
> 10p Proimnary 20, (T Tov L0 ! . E
8 9 -Data. , -DreII-Yénr*t' 7 E ?'g el
g o ey Boweew 2| s | i
% Us M = Wajets é ww
% 6 1= WW (SM) E 3
57 -
4 E yy—TT Drell-Yan 7z
37 |
2 W\ E
b = IR Extra tracks
0" 50 100 150 200 250 300

m(eu) [GeV]




>

8 pp—pIWW-pO)—pOIvI'vpl) Cross Section l ;

p 2 events observed in SM signal region CMS-PAS-FSQ-12-010
p Expected:2.2+0.5 (signal) + 0.84+13 (background)
CMS Preliminary 2011, s=7 TeV, L=5.05 fb”' CMS Preliminary 2011, Vs=7 TeV, L=5.05 fb’
> 8:”‘\””\‘”w‘”w"”\””\””\””\””\”HA N 8:"”I""I'"'\""I‘"'I""\""I""I""\"":
8 7; -Data -DreII—Yanr*t' é % 7f_ -Data -DreII-Yanr*‘r' _f
o F —— Inclusive W'W" - Diffractive W'W~ "E - = Inclusive W*W - Diffractive W'W
g 6} — Elasticyy > vv B Inelastic yy — vt { g’ 5} Elastic yy — vr [ Inelastic yy — vt {
§2] W = Wijets . w - [ IS 5 Wajets
é 5; — 7 = W'W (SM) E 5;* Y > WW (SM) E
e 7 aF |
3 E 3 1
2 E 2 .
imrs E :
L 4 1_ —
K . ] - l—\_ ]
| gl gl gl gl gl g IS [
00 100200300400500600 7008009001000 0

0 0.102030405060.70809 1
1-1A o(ep)/n|

» Upper limit extrapolated to full phase space, assuming SM: <8.4 fb @ 95% C.L.
» Expressed as cross section (~ | sigma):

m(ew) [GeV]

; o(pp = pHIWrwpt IuFetp))y =213 m,

Theory {pp—}p”w+w p(*) —}p{*y eTp*)) =3.8+0.9 fb.
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Events/30 GeV

with “LEP-like” (Belanger & Boudjema) aQGC: 0

N N w
o
T

-
a
T T

No events observed in aQGC search region [VEIZEEECRPAND

CMS Preliminary 2011, Vs=7 TeV, L=5.05 fb™
\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
- Data - Drell-Yant*t"
= Inclusive w'w B Diffractive W'W" ]
— Elasticyy = 't - Inelastic yy — t*t ]
B«

— vy = W'W (SM)

[6)}
T T

—— Wijets

o
T T

sy = WW (a0W=2E-4, aCW=0, A=500GeV)

........ vy = W'W (a0W=-2E-4, aCW=-8E-4, A=500GeV)

| # extra tracks=0 |-

..............

Trannan 1: |

100
p(en) [GeV]

150 200 250 30C

Events

CMS Preliminary 2011, Vs=7 TeV, L=5.05 fb™'

201

257‘\\\

151

‘ T ‘ T ‘ T T ‘ T ‘ T ‘ T ‘
- Data - Drell-Yant*t’
= inclusive w'w B Diffractive WW"

—— Elasticyy = 't - Inelastic yy — t*t

M

— 1y = W'W (SM) i

—— Wijets

weeeiyy = W'W (QOW=2E-4, aCW=0, A=500GeV) |

......... vy = W'W (a0W=-2E-4, aCW=-8E-4, A=500GeV}|

Pe(ep)>100 GeV ) l :

O3 18 =8

N
10 12 14
N(extra tracks, eu vertex)

Can be interpreted as limit on aQGC

with form factor A=500 GeV
without form factor

—0.00017 < ay / A% < 0.00017 GeV 2 (al /A2 = 0, A = 500 GeV),
—0.0006 < af / A? < 0.0006 GeV~2 (a}' /A% =0, A =500 GeV),

=

Limit on

partial x-section™BF:

o(pp — pHIWTFWT ) = pByEeTpy < 1.9 b,

e Standard Model

—— CMS 95% C.L. (A =500 GeV)

x1 0'3 CMS preliminary 2011, {s =7 TeV, L = 5.05 fb"
I T T T T ‘ T T T T T T T T T T T T T T

0T T T T T

al/A? [GeV?]
§

=3
T

14

o

o
T

S

o 3]
0.04-0.02 0 002 004 |

OPAL 95% confidence region

al'/A? [GeV?] 1

x107°

—280x10°° < ay /A2 < 2.80 x 107 GeV 2 (al¥ / A% = 0, no form factor),
—1.02x107° < a /A? < 1.02 x 10° GeV~? (a}¥ /A% = 0,no form factor),

-0.5 0 0.5

—_

al/A? [GeV™?]

Sensitivity by far exceeds LEP!
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4

Central Z decay with energetic
forward-backward jets

Large n separation between
jets

Large invariant dijet mass

Pure EWK process: no color
exchange between tagging jets:

O — low hadronic activity in
central part of the detector

Signature:
2 isolated
leptons
+ 2 tagging jets

_

~ "'/ -

EWK Production of Z+2jetsIEE

Vector boson fusion:WW—=Z i

|di-Muot
di-Jet m

. |Muon2, pt: 87.6 GeV

\x

N
T —

n mass=90.2 GeV
ass = 1393 GeV

CMS Experiment at LHC, CERN

Data recorded: Sat Apr 30 19:57:22 2011 CEST
Run/Event: 163759 / 41507939

Lumi secf tion: 63

Orbit/Crossing: 16475899 / 109

— —
- e =
-
5 ¢ | Jet1, eta=2.8, pt=49.9 GeV
[} ST .
Jet2eta=36ptid5.2GeV| . ¢ —— Q| . ! V| %;
y e .‘ L3 '-
[ ///’,? / o = e
* //-// $
- '
£ s“‘$- -
7 Muon 1, pt: 33.9 GeV

VBF Z+jj candidate
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%J/ EWK Z+2jets: Measurement strategyl

Measurement goals l

} Establlsh pure EWK Z+jets
production

p Set benchmark for other VBF
processes (Higgs!)

p Study central activity in
rapidity gap

210° g J ‘ C
E © CMS preliminary puij

2“’104 \s=7TeV,L=5.11b"

10°
10% &

=

(@)}
<
Y
g
7
o
)
<
5
)
=
@)

Data/MC

200 300 400 500 10b0

025670 100
j1
Pr GeV

“EWK Z+2jets signal”

Several pure EWK processes lead
to Zjj final state

d u
w u-
Uy
W+ wr
u d

Very large backgrounds:
dominated by DY +jets

Specific optimized Selection

(1) Pdet!@ > 65 (40) GeV

Q) Iy'] = lyz -0.5(yii+yp)| < 1.2
(3) M(j1,j2) > 600 GeV
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EWK Z+2jets: si

.310°

p EWK Signal extracted in2
ways:

@)
@)

Fit to M;; distribution

MVA Analysis: fit to
BDT output trained to
give high output value
for signal-like events

p Present BDT result as it
provides smaller
uncertainty:

10*

Data/MC

10° £
10% &

10E

MU

E T oI
- CMS  ppjj

Ns=7TeV,L=5.1fb™"

ww 3
— EWKonly
Data

1.2 —.‘r—
1—~-~- e
8 —Te

JES Up

LI

®
1

30 40 50

100

200 300

1000 2000

m; GeV

210°
c
$
=z
10*
10°
102

10

1

Data/MC

OO0 =
rODaNDD®

gnal extra

BDT

ctionl :

- CMS preliminary upji
\s=7TeV,L=5.11b"

C=="JEsUp
| JES Down

el
I a1 g B PO B WA A
Tree Ll
K -

|_| y f i i

04 0.2 0 0.2 04 06

BDTD output

= 154 4 24 (stat.) &= 46 (exp. syst.) & 27 (th. syst.) = 3 (lum.) fb.

in agreement with NLO (VBFNLO) prediction: 166 fb

Measurement limited by large systematic uncertainties:
signal and background modeling, Jet energy scale and
resolution, MC statistics

CMS-PAS-FSQ-12-019
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Conclusions and Outlook IlE

P  CMS has measured all diboson processes @ 7 TeV and done first measurements at 8 TeV
O  All measurements consistent with SM expectations

O  Some tensions present however in some channels: WW,WY; Fluctuations or
disagreement!?

P  Anomalous coupling limits set in many channels:

O  Measured couplings agree with SM so far

O  Charged couplings approaching LEP sensitivity

O  Neutral coupling sensitivity already exceeded LEP
P  Much more to come

O  More final states being worked on

O  Full results on 8 TeV data; Larger luminosity opens the possibility of more detailed
studies, e.g. differential cross sections

O  Working on increasing sensitivity through combinations between channels and with
ATLAS

P  The study of Quartic Gauge Couplings has started!

Gateway to collection of all CMS Results:
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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CMS

Diboson

Results

WW- |Viv PLB 36 pb”' @ 7 TeV
Wy—=Ivy & Zy—lly PLB 36 pb' @ 7 TeV
WZ-= I CMS-PAS-EWK-11-010 I.1 fb!' @ 7 TeV
ZZ—4| JHEP 1301 (2013) 063 50! @ 7TeV
WW= [VIv CMS-PAS-SMP-12-005 50 fb-1 @ 7 TeV
WW+WZ - vijj EPJC 73 (2013) 2283 50fb-1 @ 7 TeV
WyY—lvy & Zy—lly CMS-PAS-EWK-11-009 50 fb-1 @ 7 TeV
Zy—Vvvy CMS-PAS-SMP-12-020 50 fb-1 @ 7 TeV
WW= IVIv & ZZ—4] arXiv:1301.4698 3.5 fb-1 (WW) & 5.3 fb-1 @ 8TeV
YY 2 W+HW- CMS-PAS-FSQ-12-010 50fb-1 @ 7 TeV
Z with 2 forward jets CMS-PAS-FSQ-12-019 5.0 fb-1 @ 7 TeV
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Exclusive YY > WTW- Productionl :

CalcHEP+Pythia -- CMS Simulation 2011, Vs=7 TeV

E — A =500 GeV; Ep =3.5TeV; p=2.0
— . AW -2, -2
0 3.5 L] SM: a;/A%=0.0 GeV™; al¥/A?=0.0 GeV
= - = =mmm- ay//A®=-0.0002 GeV?; a¥/A?=0.0 GeV™
(7)) —
?, 3— | | s ay//A*=+0.0002 GeV%; a¥/A?=0.0 GeV*
i i — — al/A%=-0.0003 GeV'?; aV/A%=0.0 GeV2
2.5 — al//A*=+0.0003 GeV?; a¥/A%=0.0 GeV?
21
1.5
: ' — -II =
1 _:; ! :
=
0.5 tm\\&i\\\
: \gg\w\n\l | e |:|-|-| 1 i
O W\Q\ + ] T“Ilh"“.‘”'l' |

0 50 100 150 200 250 300 350 400 450 500
P, (ew) [GeV]
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