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Multi-boson Physics

Physics Processes: 1GC
» Diboson Wy, Zy, WW, WZ, ZZ

productions, probing aTGC NN
> EWK Vector Boson Fusion (VBF) and I EWSB

Vector Boson Scattering (VBS), Wyjj, N\ANN

Zvii, WWjj, WZjj — probing Higgs mech.
and aQGCs QGC
» Tri-boson productions, probing aQGCs

Motivations:

 EWK precision measurements with higher order corrections
* Explore new final states never observed before

* Searching for SM breakdown = new physics beyond SM



ZZ Production @13TeV
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WZ Production @13TeV
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SMYE Wz Measurements @ STeV
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WHW- Cross-section @ STeV

Theoretical calculation advancements:

* NNLL transverse momentum resummation, 3-7% (arxiv:1407.4537 [hep-ph], YITP-5B-14-22)
* NNLOgq+LO gg+ NNLO ggH~63.2+2.0pb vs NLO qq + LO gg + NNLO
ggH~58.7+3.0pb from MCFM, ~8% effect (phys. Rev. Lett. 113, 212001 (2014))

CMS new measurements:  ovsww->evev: Arxiv 1507.03268 submitted to EPIC
e Better background estimation from DY, top and Higgs;
* Improved MC modeling : NNLO calculation, WW P; resummation reweighting,

LO MADGRAPH = NLO POWHEG; _ s 1946 (8 Tew
= a0 'ﬁ'anfl? .w
cME 1040 Tew) ot mHggsboson mDY
= 1000 +Data = aon tejiets
3 i 'LI_TII.I'U'U' b Top quark %
g ok mHigas bason .'I?Irijeu 5 o " it
% [ {\{t w \N a'afpp i pept
= ool \ 0-jet 3 h
w - %“ 1\+ e fppie plept %
i It :

+
00 %\‘.\
- . 1 S e s

N T e al E Attt H+*++++++++++ *++ ++ o
= 05 -
B 1 ] 1] VT F-1 1T S R 1
= IPesssasigtataas®an +4 " T LY A i .
[} Mg 1G]

= 1] *

3 B0 @0 f0 10 140 160 180 Z00

] o (e ] oot = 00.1 4.8 pb
* Good agreement with NNLO (no Higgs>WW): ONNLO = 59. 8+1 3 pb
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e 8TeV W*W-=2lvlv Measurements

ATLAS: arXiv:1603.01702 submitted to JHEP
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i - ATLAS
g% - NNLO WW (MSTW PDF) (arXiv:1408.5243 [hep-ph])
o8 + NNLO H—-WW (MSTW PDF) (arXiv:1307.1347 [hep-ph])

— WW (pp)
—_ WW (pp)

(incl. H— WW above 7 TeV) LHC Data 2012 (/s=8 TeV)

® ATLAS WW (20.3 fo)

O CMS WW (19.4 fb™h
+ H— WW contribution
LHC Data 2011 (Vs=7 TeV)

O ATLAS WW (4.6 fb™)

B CMS WW (4.9 fb™)
Tevatron (Vs=1.96 TeV)

A CDF WW (3.6 fb

Y DOWW (9.7 rtﬂ% |

| | | | | |

| | | |
2 4 6 8 10 1 14
/s [TeV]

10



http://arxiv.org/abs/1603.01702

CMS: arXiv:1602.07152 YA, p[f’@@ﬂ[u]@‘{tﬁ@n @8TEV  tigh energy phys. 04 (2015) 164 (e

= Zy->vvySelection: ,CMS 19.5 b (8 TeV)
® 1central (/n/<1.44) high p{>145 GeV) photon
m FMiss>740 GeV

)

Y
T

E * Data combined: uuy, eey

- Do Unfolded p{y)

6 I MCFM (NLO)
- SHERPA (LO) up to 2 partons, stat. unc. only

—_
00

—_
03

14

= Large W(8vy) BKG from MC but checked in CR.

(
_ .
i ——

—
o

® Measurements found in good
agreement with NNLO predictions:

do,,/dp") / (Aol /dp

Ofia = 52.7+ 2.1(stat) £ 6.6(sys) tb 06
NNL 20 30 4050 102 2x10?
oY NEO — 50. 424 fb ! (GeV)
= Best 95% CL aTGC (CMS) limits. © Zy>E(=ep) By
H Zyhyavy TTeV) -2.96.03- 29608 5.0 b * Good agreement meas. to NNLO pred.
{ Z’Y(”Y) '469'03'46e‘03 19_5 fb-1 L LI ‘ LI LI | LI LI | LI ‘ T 17T | LI | LI
N Zy(vy) -1.1e-03-9.5e-04  19.61b” , N o ATLAS Preliminary
hZ ‘ ! Zy(ltyvvy 7TeV) -2.7e-03-2.7¢-03 5.0 b PP =21 Jets ™ is =8 TeV, 20.3 fb”
3 - Zy(y) -3.8e-03-37e-03 195" Measurement
. u
S Zy(vvy) -1.5e-03-1.6e-03  19.61fb" e'e’y —e— — Tot. uncertainty
v R Zy(lyvvy 7TeV) -1.56-05-1.56-05 50 fb” ' .
h4 i ) . Stat. uncertainty
(k) -3.6e-05-3.5e-05 19.51b TRt - MO
_ _ _ - -1
- Zy(vvy) 3.8e-06-4.3e-06  19.6 f? ) W
hz b Zy(lly,vvy 7TeV) -1.3e-05 - 1.3e-05 5.01fb [Ty —et \ 26
4 Zy(ly) -3.1e-05-3.0e-05  19.51fb"
— Zy(vvy) -4.0e-06 - 4.6e-06  19.6 b VY 4
I | I L1 | I | | [ ] | | ] [ | ] | | ] coa o by b b BB v b b L Ly a g
-0.5 0 0.5 1 1.5x10%(h)x10%h, 0 02 04 06 08 1 12 14 16 18 2
Gdata’,clheory

ATLAS Zy results see Evgeny Soldatov’s talk in Young Scientist Forum
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7, 8, and 13TeV Dibeseon Cross-section Results
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iZMS measurements
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Summary of aTGC Limits

September 2015
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Diboson Differential
Measurements

* Probe new physics
* Provide kinematic distributions for better MC modeling



i@?ﬂg Differential Measurements: W*W-=>lvlv, WZ=>[vl|

arXiv:1603.02151 submitted to Phys. Rev. D.

Ac™ [fb]

= 1
> r £ —
CMS WW->2vev: ArXiv 1507.03268 submitted to EPJC & ATLAS 1 s £ [ ATLAS
£ — \s=8TeV, 203 fb” 5 3 10 = 10
i 10 = WE 1s=8TeV,2031b" 3
CMS 19.4 fb™ (8 TeV) ”3" _______ WZ = vl ] L F — WZo rver
S T T T T T T T T = r ] = - ‘ 4
_g -e- Data Eg » - 1 3 1E : ..... 4 ‘ =1
:JT -2 -m- Madgraph 107 ] 5 _Og:la 2012 $ E
£ 10 & MC@NLO - I i e b 1
2 © ] I eData2012 [ e Powheg i B
oy -4~ Powheg i - = Powheg i Py 10t MC@NLO - 10"
+ 1 M MC@NLO | 1 [T I 8 -t-3)
; N o Sherpa : b i ]
; i 7] 1 1 1 = L L L
= i o 2r g L[
1 o r 0 N —
T 15[ 2 + $ i i
p N sy £ e 1
+= - + = L Lntmm 1
3 § et D i e
10° I ] = 1o 07 1 1 1 ! Nl
- 1 a 0 1 2 3 4 5 oo
- ! I 1 I I ] 1 ] 0 250 0O lets
s 5 . Pz [GeV]
g o m
[a] o — = o o
S S S, 7 ATLAS arXiv:1603.01702, submitted to JHEP
E : . = [ T T T T T T T T T T ]
[= 0.5 | Madgraph+Pythia normalized to o, ] 5 m_FTLAS . I xgﬁ:m ]
L -] & - s =2TaV¥, 20210 Fowhag N
= = £ - Powhah FesLTT - 1
. b 4 = F —wmem 1 | v WW: agree with
] - — —
a - N vl . ] .
2 1RO O O O QO e —— g & . NNLO eXpeCtatlon
5] - . 3 [ =
= - —
= 05 :_ MC@NLO+Herwig normalized to o, o _: A C ]
C ' ' ] - 9 0 .
g F 1 S = .  WZ:
e r _‘_7A ] 2= __ . °
I e : ] is higher than
2 L ] [ 1 1 1 e 1]
= I Powheg+Pythi lized t * 1.6 ° °
05 |- owl eg+Py . ia normla ize O. Tyt . . . . - E 1_4& T T T |§ N LO pred ICtIOﬂ
20 40 60 80 100 120 140 160 180 200 E ! '21.5 + =
I 08 - —
m.(GeV) T qg =
i Il L i PR
U.dn 20 40 60 =] &0

0 12
Pl [GeV]


http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-016/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-016/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-016/index.html
http://arxiv.org/abs/1603.01702

Lineshape: ZZ=>4] @ 8TeV

> i A'II'LAS Simuiatfon | o ]
[ . 4l =
S 107 _333 41 (total) 3 >
= e B gg—H—4 7 %
S, ol ; - "—-I_I----‘gg—>ZZ—>4I; =
§107e - e e aTey £
B = ._‘\S—BTGV 7 S
© 10%k - - =
E | ] 3
10 ir'rlJr ------- E
105 i p
E | E e L . o . b
90 200 300 400 1000 &
My, [GeV] \E
m,,unfolded measurement: °
— LO: non resonant gg—>4%.
— NLO QCD: qq—~>4%. %
— NNLO QCD+NLO EW:H—>4¢2 and on-shell 2
qq—>44. N
. Ext!‘act gg component 6(LO) in m,,>180 GeV *%
region. z

tgg = 2.4+ 1.0(stat) £ 0.5(sys) £ 0.8(theory)

qg—=EZ

qg—ZE
TL0O

(y7+H0.3
E::IH]I —.2 f't.’. NLO

arXiv:1509.06734

18102 fh

13

Physics Letter B753 (2016) 552-527

Consistent w}th H—>48¢ (u~1.4)
0.4— . —
0.35; ATLAS —4— Measurement _i
0.32_ — Prediction _i
0.25E \s = 8TeV, 20.3 fb ]
by
0.15F =
0.1E —- E
0.05[ T+ N
s — ]
0: ‘ : ‘ 3
151—_‘_ 4. -
050 v —
90 200 300 400 1000

m,. [GeVI]

80: T T T T T T
70% ATLAS E
60F + \s=8TeV,20.3fb" -
50— - D -
400 | e Fit 3
= —— Non-gg ZZ Signal
30F —_—— Background ]
20 e
101 —— :
()= ‘ , L * -

200 300 400 500 1000

m,, [GeV]


http://arxiv.org/abs/1509.06734

Vector-Boson Scattering Diboson Procduction

Sen5|t|ve to QGCs Phys. Rev. Lett. 113, 141803
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high momentum, forward jets =»

Violate unitarity without a SM Higgs  arxiv:0806.4145
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Summary ot aQGCs at LHC

CMS Phys. Rev. Lett. 114, 051801 (2015), Phys. Rev. D 90, 032008 (2014) , JHEP 1307 (2013) 116 , CMS-PAS-FSQ-13-008 , CMS-PAS-SMP-14-018, CMS-PAS-

SMP-14-011, ATLAS Phys.Rev.Lett. 115 (2015) 3, 031802 https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
Jan 2016 CMS —
ATLAS - — Channel Limits Jtat s
o /A S i Wyy [-1.6e+01, 1.6e+01] 20.3fb" 8TeV
S 1 WVy [-2.5e+01, 2.4e+01] 19.3fb"' 8TeV
— Zy [-3.8e+00, 3.4e+00] 19.7fb" 8TeV
—— Wy [-5.4e+00, 5.6e+00] 19.7fb" 8TeV
Limits on 8-D bommed ssWW  [4.26+00, 4.66+00] 194fb' 8TeV
Transv erse fr IA* — Zy [-4.4e+00, 4.4e+00] 19.7 fb:: 8 TeV
——A Wy [-3.7e+00, 4.0e+00] 19.7fb"' 8TeV
Parameters b= ssWW  [2.16+00, 2.4e+00] 19.4fb" 8TeV
fr, /A% — Zy [-9.9e+00, 9.0e+00] 19.7fb" 8TeV
_—_————— - Wy [-1.1e+01, 1.2e+01] 19.7fb" 8TeV
R 1 ss WW [-5.9e+00, 7.1e+00] 19.4fb" 8TeV
g /A* ——1 Wy [-3.8e+00, 3.8e+00] 19.7fb" 8TeV
frg /A® ——I Wy [-2.8e+00, 3.0e+00] 19.7fb" 8TeV
o IA* ———— Wy [7.3e+00, 7.76+00] 19.7fb"' 8TeV
frq /A® — Zy [-1.8e+00, 1.8e+00] 19.7fb" 8TeV
frg /A® |—|| Zy [—|4.0e+00, 4.0e+00] 19.7fb" 8 TeV|
| | | | | |
0 50 100

aQGC Limits @95% C.L. [TeV™]

e No deviation from SM so far;
* Probing the area never done before =»......
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Tri-boson Production



Evidence of Wyy Production

Final state: lepton + Etmiss + two photons ATLAS: Phys. Rev. Lett. 115, 031802 (2015)
L PeaREr Gl Gl
3 e Inclusive (Nje; > 0)
= I Wi + Wi ] :
§ ! By oot e uvyy 7.1 *13 (stat) +1.5 (syst.) 0.2 (lumi.)
= N e evyy 4.3 *13 (stat.) *12 (syst.) £0.2 (lumi.) | 2.90 = 0.16
A et L L Evyy 6.1 1 (stat.) 1.2 (syst.) £0.2 (lumi.)
Exclusive (Nje = 0)
' uvyy 3.5+ 0.9 (stat.) *1-] (syst.) £0.1 (lumi.)
_ evyy 1.9 fii (stat.) jié (syst.) £0.1 (lumi.) | 1.88 +0.20
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S\_ﬁl\/ﬁ:i ATLAS Zyy see Evgeny Soldatov’s talk in Young Scientist Forum .



Mz Wyy & Zyy Production Observation

CMS-PAS-SMP-15-008

19.4 0" (8 TeV)

> r 19.4 b (8 TeV)
s | CMS ¢ Data > 16 cMms ¢ Data
O 8 Preiiminary B Wyy Signal O Preliminary
. go . < JE O Zyy w0 14F Cdzry
* Donein fiducial e F [ Other Multiboson @ T . ] Other Multiboson
. § 6E- - J_;_ately fakes . g 12— I jet—v fakes
regions B wuon channet | @ 10F N Total uncertainty
= = Electron Channel
*  Wyy ponly, Zyy 4 8E
both pu & ee 3 6
* Jet BKG from data 2 N
1 2
%
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pj{ry [GeV] pyf [GeV]

Oiyeo, BR(W — fv) = 6.0 + 1.8 (stat) £ 2.3 (syst) £ 0.2 (lumi) b aMC@NLO :4.76 +0.53 fb, 2.40 significance

chd -BR(Z — ££) = 12.7 + 1.4(stat) + 1.8 (syst) £ 0.3 (lumi) b aMC@NLO :12.95 +1.47 fb, 5.9¢ significance

Obtained aQGC 95% CL limits

oS ety to4w' 5 Tey Expected Limits (TeV ™) Observed Limits (TeV ™)
3 —30.5 < ;Lf,’ <311 —37.5 < ;—T <38.1
—36.9 < ﬁ <375 —46.1 < f% < 46.9
i —83.2 < f—{; < 832 ~103 < F”?—; <103
. —623 < f—{iﬁ < 603 —751 < F’*ﬁf < 729
F NS S —1080 < 57 < 1110 —1290 < 47 < 1340
fro (TEV™)
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Sumrmary

Diboson

v' Most measured cross-sections agree with SM predictions
(compared to calculations with NNLO QCD corrections)

v’ Differential measurements consistent with SM prediction
v’ Explored aTGC with good sensitivities

NNLO QCD calculations (MC) are needed

Electroweak Vector Boson Scattering

v’ Evidence of VBS observed on (Wy, Zy, W*W*, WZ2)jj

v Cross-sections measured, consistent with SM

v’ Starting to probe aQGC

Starting probe triple boson physics including aQGC

Looking forward on LHC Run 2






ATLAS 13 TeV ZZ candidate

Inv. Masses of two Z candidates: 94 GeV, 86 GeV https://twiki.cern.ch/twiki/bin/view/Atl
’ asPublic/EventDisplayRun2Collisions
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CMS ZZ2=>4] @8TeV

m 77>288'2’ Selection:

m 4 8(e,u, £ from 1) consistent with
ZZ: (ie 2 pair SFOS).

= pT231>20 GeV, pTOther>1O GeV.
" 60 <My ,<120 GeV.

® Almost background free

® Measurements found in good
agreement with SM NLO gq and LO gg:

o' = 7.7 £0.5(stat) & 0.7(sys) pb
olheo = 7.7+ 0.6 pb

= Provide many differential measurements:

Mo, P, P%L, P24, AD(ZZ), and AR(ZZ)

) (1/GeV)

zZ

1/6,,d o, /d(m

Data/MC
/04, d c.‘ﬂd/d(Z1 pT) (1/GeV)

Data/MC

CMS 77-41: PLB 740 (2015) 250

is=8TeV, L=19.6 fb’
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[[] Total uncertainty
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-005/index.html

ZZ Cross-section Comparison at different Energy

Total cross section compared to measurements at lower center-of-mass energies by
ATLAS, CMS, CDF, and DO, and to a prediction from MCFM at O(a.!) accuracy for the
qg-initiated process and at O(a,?) accuracy for the loop-induced gg-initiated process.

— 24_
0 - MCFM, CT14 NLO
a 221 ATtAS L ZZ (pp)
—  LHC Data 2015 (15=13 TeV) —_— 7T
EH ED: ©ATLAS ZZ— llll (m_66-116 GeV) 32" ad
© 18F LHCData 2012 (15=8 TeV)
— LCMS ££— Il (m_66-116 GaV) 19.6 i’
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- @ COF ZZ— N{lvv) (on-shell) 8.7 fb
10 * DO ZZ— li{llivv) (m_60-120 GeV) 8.6 fb”
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%:I ""‘lﬂ‘r i I i I I i i i I 1 i ] i I
2 4 6 8 10 12 14
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Ewvents ! hin

107

ATLAS
(z=6Tey, 203 k!

8TeV W*W-=>lvlv aTGCs

arXiv:1603.01702, submitted to JHEP

—s— Dat
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—— AK =02
—_— =0z
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e = 0.2

AT BRI BT

10
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ol gkl
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Events ! hin

= ATLAS
f==8TeY, 203 !

—a— Data

[ Backgrond

A= 0.042

— A= 0.0

Ax' =002

— =02

100 200 300 400 500 600 700 200 900 1000

. (leading lepton) [GeW]

Scenario

Parameter

Expected

Observed

A=co

Expected

Observed

A=TTeV

No constraints
sCenario

Agy
AKZ
A%

ALY
AY

[—0.498. 0.524]
[—0.053, 0.059]
[—0.039, 0.038]
[—0.109, 0.124]
[—0.081, 0.082]

[=0.215. 0.267]
[—0.027. 0.042]
[—0.024, 0.024]
[—0.054, 0.092]
[—0.051, 0.052]

[=0.519. 0.563]
[—0.057. 0.064]
[—0.043, 0.042]
[—0.118, 0.136]
[—0.088. 0.089]

[-0.226. 0.279]
[—0.028, 0.045]
[—0.026, 0.025]
[—0.057, 0.099]
[—0.055, 0.055]

LEP

Ag?
A
A

[-0.033, 0.037]
[—0.037, 0.035]
[-0.031, 0.031]

[-0.016, 0.027]
[-0.025, 0.020]
[<0.019,0.019]

[-0.035, 0.041]
[—0.041, 0.038]
[-0.033, 0.033]

[-0.017, 0.029]
[-0.027, 0.021]
[—0.020, 0.020]

HISZ

AKZ

Az

[-0.026, 0.030]
[-0.031, 0.031]

[-0.012, 0.022]
[<0.019, 0.019]

[-0.028, 0.033]
[-0.033, 0.034]

[-0.013, 0.024]
[-0.020, 0.020]

Equal Couplings

AK?

A%

[=0.041, 0.048]
[—0.030, 0.030]

[-0.020, 0.035]
[-0.019, 0.019]

[-0.045, 0.052]
[-0.034, 0.033]

[-0.021, 0.037]
[—0.020, 0.020]
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http://arxiv.org/abs/1603.01702

CMS 8TeV: Observation of yy <> WHW-

CMS-PAS-FSQ-13-008

- _CMS preliminary 19.7 fb™' (8 TeV)
* Large P; OS ep from same vertex; g’ o S
* Very challenging from pile-ups: Use yy = |l as s - — s
control sample at pT (Il) ~ O to study charged track & - —WWqu%
veto and characterize to correct for non-elastic £l O e ston s
contributions £
* Significance over BKG only hypothesis 13 N
3.60(Exp:2.46), Good agreement with LO £ RN |
predictions SN
o = 12335 1
010 = 6.9+ 0.6 fb S 1
| e A s S
G000 156" 500 256 500 ¥ 355 400 * 456 400

M(ue) [GeV]
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FSQ-13-008/index.html
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LHIC VBS WEW]]

Very interesting channel since QCD (gg) production
is suppressed, and benefits from small background.
Very good signal (EWK W*W?*) over background

ratio.

Essential to probe EWSB mechanism (would violate

unitarity without a SM Higgs ).

Events selected by requiring a pair SS leptons & two
well separated jets with large jet invariant mass

Important BKG from fake and charge flip (e)
estimated from data.
Both analyses have sensitivity to first

evidence: ATLAS 3.66 (2.80), CMS 2.00 (3.10)
Measurements consistent with prediction:

o> = 4.0 £ 2.4(stat) + 1.1(sys) fb
oSMS — 58 +1.2fb

O'%-ld = 2.1+ 0.5(stat) + 0.3(sys) fb
ot =1.5240.11fb

o = 1.3+ 0.4(stat) = 0.2(sys) fb
oW E —0.95 £ 0.06 fb .

— ATLAS

8TeV, ATLAS: PRL. 113, (2014) 141803
CMS: PRL. 114 (2015) 051801

b~ LA LN L L B B N B BRI B =
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g
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-015/index.html

[a,, 0]

CMS observed/expected QGC limits (TeV4)

LHC VBS WEW=]j : aQGC Limnfits

q'

s Lerr=Lsm+ 24> %

W

!

q

Use measured “VBS” cross section to limit aQGCs:
F,, and Fg; non unitarized for CMS and unitarized

with Kmatrix formalism for ATLAS

Operator Exp. Exp. Obs. Ohbs. Unitarity
coefTicient lower upper  lower  upper limit
Fgo/A —42 43 —38 40 0.016
Fgy/A* —129 131 —118 120 0.050
Fuo/ A -35 35 -33 32 80
Fygy /A —49 51 —44 47 205
Frye/A* =70 69 —65 63 160
Figq/ A =76 73 =70 66 105
Fyof A -4.6 4.9 —4.2 4.6 0.027
Fr/A® -2.1 2.4 -1.9 2.2 0.022
Fpaf A -5.9 7.0 -5.2 6.4 0.08

-0.2— confidence intervals

ATLAS aQGC limits

0.6
0.4
0.2

IIIIII|ITI|IIIIIII—

- [68% CL
0.4 .
- []95% CL
-0.6— — expected 95% CL

b Standard Model

ATLAS
20.3fb",\s=8TeV
pp — W* W= jj
K-matrix unitarization
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CSM Wyy & Zyy Fiducial Definitions

CMS-PAS-SMP-15-008

Definition of W=+~ Fiducial Region

p% > 25GeV, || < 2.5
ps > 25GeV, [nf]| < 2.5
Exactly one candidate muon and two candidate photons
mt(l,v(s)) > 40GeV
AR(7y,7) > 0.4 and AR(7, /) > 04

Definition of Zvyy Fiducial Region

pl > 15GeV, [g7] < 2.5
pt > 10GeV, [7f| < 2.5
Exactly two candidate leptons and two candidate photons
lead p% > 20 GeV
Mgy > 40 GeV
AR(y,7r) > 0.4, AR(v,£) > 0.4, and AR((, () > 0.4
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