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A recently identified ZZ— 4f event in Run 2

Run 251244 Event 204117665 4
\‘\ Vs =13 TeV e /
~ .

pl s 5Y . S
T | 5 G v ~ e

n=1.2
n=18

pp — ZZ — 2e2p
m,, = 91.1 GeV
m,, = 88.2 GeV

my, = 208.9 GeV

= 36.1 GeV
PT: e = pr=25.5 GeV
Ip=Hk ' N =0.20

B Collected 62/pb of luminosity at 3.8 T so far
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Channel Overview

T

WW — ivlv | Zy — vvy 2y + jets

Coordinates | CMS-PAS-SMP- CMS-PAS-SMP- | CMS-PAS-SMP-
14-016 14-019 14-021

Related Previous 8TeV Monophoton search | [Inclusive diphoton
Analyses measurement (3.5/fb) | for ADD “branons” measurement

CMS-PAS-SMP-12-013 [PAS]farxiv] [pAS][Paper]

Higgs search
(4.9+19.4/fb) [PAS]
[PAPER]

Release Date March 17, 2015 July 23, 2015 July 21, 2015
Journal Submitted to EPJC planned planned
submission [arxiv]
JLdt, Vs 19.4 fbl (8 TeV) 19.6 fbl (8 TeV) 5.0 fbl (7 TeV)
Anomalous aTGC for aTGC for ZyylZZy N/A
Coupling* HWW/ZWW/[yWW

* See Senka’s talk for details
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TGC vertex

WW — 2(2v
(CMS-PAS-SMP-14-016)
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WW — 2€2v Overview

Signature
,],[ u—,. or e~u+0.1jets+MET
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WW — 2€2v Overview

Signature
ete , ;Ll+;bl_, or eipﬁ +0,1 jets + MET

Previous Measurements
CMS-PAS-SMP-12-013

- 8 TeV, 3.5 b1, found c(WW — 2£2v) = (22113)%
higher than NLO prediction
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WW — 2(2v Overview

Signature
ete”, uTu", or etuT +01jets+MET

Previous Measurements
CMS-PAS-SMP-12-013

 8TeV, 3.5fb?, found o(WW — 202v) = (22+13)% higher than NLO prediction

1 1 1 l { 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1
— 7 5 CMS, 8 TeV, L=3.5 fb"
C 7 & ATLAS, 8 TeV, L=20.3 fb”
— 777N CMS, 7 TeV, L=4.9 fb"
+2 1%
Z oML = 49,04°21% ppy
+2
Cgrev = 99-847 0. pb 1
. 7 arXiv:1408.5243 ATLAS, 7 TeV, L=4.9 b
1 1 1 ll 1 1 1 1 i 1 L 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1
40 50 60 70 80 90 100

o (pb)
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WW — 2€2v Overview 5@?

Signature
ete , ,‘WL,‘H_, or eipﬁ +0,1 jets + MET

Previous Measurements
CMS-PAS-SMP-12-013

 8TeV, 3.5fb?, found o(WW — 202v) = (22+13)% higher than NLO prediction

W’""“\B!
Improvements é‘W

« NNLO calculation is ~7% higher [1408.5243]

« Switched from LO MC (Madgraph) to NLO MC
(Powheq)

 Employed WW pT resummation reweighting
[1407.4481]

* Included H(125) —- WW in background

EPS-HEP, Jul. 24, 2015 Phil Dudero (TTU), Multiboson @ CMS
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WW — 2(2v Selection

/ Selection \

Variable Different-flavor = Same-flavor
Opposite-sign charge requirement Applied Applied
pL [GeV] > 20 > 20
min(proj. B, proj. trackEx) | GeVv] > 20 > 20

> (0.88 in O-jet
DY MVA i (> 0.84in 1-}et)
|mgg — mz| [ GeV] - > 15
pt [GeV] > 30 > 45
myp [ GeV] > 12 > 12
Additional leptons (p7 > 10 GeV) veto veto

Top-quark veto applied applied
Number of reconstructed jets <2 <2
/ Backgrounds \

» Zly*IDY/resonances (same flavor category)
o /7—2 82v (me2 is resonant)

o J
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WW — 2(2v Selection

/ Selection

~

Variable Different-flavor = Same-flavor
Opposite-sign charge requirement Applied Applied
pL [GeV] > 20 > 20
min(proj. EXS, proj. track E™ss) [ GeV] > 20 > 20
> 0.88 in O-jet
DY MVA i (> 0.84in 1-}et)
|mgg — mz| [ GeV] - > 15
pt [GeV] > 30 > 45
myy [ GeV] > 12 > 12
I édditional lePtonS (pi% > 10 GeV) veto veto
Top-quark veto applied applied
Number of reconstructed jets <2 <2 /
/ Backgrounds \
« ZIy*IDY (same flavor category)
« 222 12v (m{f is resonant)

-

 WZ—38v (one € escapes, peaking and nonpeaking)

J
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WW — 2(2v Selection

H
b
H
H
F
gl
&

Selection \

Variable Different-flavor Same-flavor
Opposite-sign charge requirement Applied Applied
pL [GeV] > 20 > 20
min(proj. EXS, proj. track E™ss) [ GeV] > 20 > 20

> (0.88 in O-jet
DY MVA i (> 0.84in 1-}et)
|mgg — mz| [ GeV] - > 15
pt [GeV] > 30 > 45
myp [ GeV] > 12 > 12
Additional leptons (p% > 10 GeV) veto veto

Top-quark veto applied applied
Number of reconstructed jets < 2 < 2

/

« ZIy*IDY
o 772 {2v
e WZ—-3lv

-

 ttbar—2I2v2b, tW—282vib (m4#fis non-resonant)

Backgrounds \
(same flavor category)
(m# is resonant)
(one { escapes, peaking and non-peaking)

J

EPS-HEP, Jul. 24, 2015

Phil Dudero (TTU), Multiboson @




WW — 2L2v Selection

Selection

Variable Different-flavor = Same-flavor

Opposite-sign charge requirement Applied Applied

pL [GeV] > 20 > 20

min(proj. XS, proj. trackEXis) [ GeV] > 20 > 20

> 0.88 in O-jet

DY MVA i (> 0.84in 1-}et)

\myp — mz| [ GeV] - > 15

pﬁf [ GeV] > 30 > 45

mye [ GeV] > 12 > 12

Additional leptons (pfl- > 10 GeV) veto veto

Top-quark veto applied applied

Number of reconstructed jets <2 <2

Backgrounds

« ZIy*IDY (same flavor category)
« ZZ—2 12v (m# is resonant)
« WZ—38v (one { escapes, peaking and non-peaking)
* ttbar—212v2b, tW—-2{2vi1b (mff is non-resonant)
» WH+jets, dijets (nonprompt leptons)

« Higgs (125) — WW — 2£2v
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WW — 2L2v Selection

e {tbat

Selection
Variable Different-flavor = Same-flavor
Opposite-sign charge requirement Applied Applied
pL [GeV] > 20 > 20
min(proj. XS, proj. trackEXis) [ GeV] > 20 > 20
> 0.88 in O-jet
DY MVA i (> 0.84in 1-}et)
\myp — mz| [ GeV] - > 15
pﬁf [ GeV] > 30 > 45
mye [ GeV] > 12 > 12
Additional leptons (pfl- > 10 GeV) veto veto
Top-quark veto applied applied
Number of reconstructed jets <2 <2
Backgrounds
* ZIy*IDY . ary jory)
« 7272 2v ma’[\On Summ nant)

e WZ- B ackgrouﬂd eS:[A\CKU —peaking)

(mf£ is non-resonant)

o WH+j (nonprompt leptons)
e Higto(125) > WW — 2{2v

EPS-HEP, Jul. 24, 2015 Phil Dudero (TTU), Multiboson @ CMS




WW — 2(2v Cross Sections 5@?

Ndata — kag
L-e-(3-B(W = m))°

* Ngata — Npkg (Yi€lds in backup)
* L =luminosity, 19.4 fb-1
€ = acceptance x efficiency (in backup)

B (W— {v)= branching ratio to leptons,
10.80 + 0.09%

OW+W— —

EPS-HEP, Jul. 24, 2015 Phil Dudero (TTU), Multiboson @ CMS



Ndata — N bkg

WW — 2(2v Cross Sections

* Nyata — Npig (Yields in backup)
L = luminosity, 19.4 fb-!

OW+W—- —

€ = acceptance x efficiency (in backup)

—\\ 2
L-e€- (3 ' B(W — EV)) * B (W— {v)= branching ratio to leptons,

10.80 £ 0.09%

Per-channel cross sections

Event category

WTW™ production cross section (pb.)

Different-flavor 59.7 £ 1.1 (stat.) £ 3.3 (exp.) £ 3.5 (th.) £ 1.6 (lum.)

0-jet category Same-flavor

64.3 + 2.1 (stat.) = 4.6 (exp.) £ 4.3 (th.) = 1.7 (lum.)

Different-flavor 59.1 + 2.8 (stat.) £ 6.0 (exp.) £ 6.2 (th.) £ 1.6 (lum.)

1-jet category Same-flavor

65.1 - 5.5 (stat.) & 8.3 (exp.) & 8.0 (th.) £ 1.7 (lum.)

EPS-HEP, Jul. 24, 2015
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WW — 2(2v Cross Sections

* Nyata — Npig (Yields in backup)
Ndata — Npkg * L = luminosity, 19.4 b~
— 5 | * &=acceptance x efficiency (in backup)
L-e- (3 ' B(W — EV)) * B (W— {&v)= branching ratio to leptons,
10.80 = 0.09%

OW+W—- —

Per-channel cross sections

Event category WTW™ production cross section (pb.)
P Tp—— Different-flavor 59.7 1.1 (stat.) £ 3.3 (exp.) £ 3.5(th.) £ 1.6 (lum.)
) 89TY  game-flavor 64.3 £ 2.1 (stat.) + 4.6 (exp.) + 4.3 (th.) £ 1.7 (lum.)
l-iet cateo Different-flavor 59.1 4 2.8 (stat.) £ 6.0 (exp.) & 6.2 (th.) = 1.6 (lum.)
JEL CAtCEOTY  game-flavor 65.1 + 5.5 (stat.) + 8.3 (exp.) + 8.0 (th.) £ 1.7 (lum.)

Inclusive cross section, channels combined :
o(pp — WW)
ow+w- = 60.1 £0.9 (stat.) = 3.2 (exp.) 3.1 (th.) = 1.6 (lum.) pb = 60.1 £ 4.8 pb.
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WW — 2(2v Cross Sections

* Nyata — Npig (Yields in backup)

L = luminosity, 19.4 fb-!

) € = acceptance x efficiency (in backup)

L-e-(3:-B(W—(v)) « B (W— £v)= branching ratio to leptons,
10.80 + 0.09%

Ndata — N bkg

OW+W—- —

Per-channel cross sections

Event category WTW™ production cross section (pb.)
P Tp—— Different-flavor 59.7 1.1 (stat.) £ 3.3 (exp.) £ 3.5(th.) £ 1.6 (lum.)
JELCATEBOLY Same-flavor 64.3 £ 2.1 (stat.) + 4.6 (exp.) + 4.3 (th.) £ 1.7 (lum.)
l-iet cateo Different-flavor 59.1 4 2.8 (stat.) £ 6.0 (exp.) & 6.2 (th.) = 1.6 (lum.)
JEL CAtCEOTY  game-flavor 65.1 + 5.5 (stat.) + 8.3 (exp.) + 8.0 (th.) £ 1.7 (lum.)

Inclusive cross section, channels combined :

o(pp — WW)
ow+w- = 60.1 £0.9 (stat.) = 3.2 (exp.) 3.1 (th.) = 1.6 (lum.) pb = 60.1 £ 4.8 pb.

The result is well within one standard deviation of the 9.8+13 5
SM NNLO theoretical prediction of: ~11P
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WW — 2(2v Cross Sections

K- Ngata — Npig (YiE€lds in backup)
Ngata — kag * L =luminosity, 19.4 fb_'l |
— 5 | * &=acceptance x efficiency (in backup)
L-e- (3 ' B(W — Ey)) * B (W— {&v)= branching ratio to leptons,
_ 10.80 + 0.09%

Per-channel cross sections \ )

Event category WTW™ production cross section (pb.)
bict catenopy  Different-flavor 507 £ 1.1 (stat) £33 (exp.) £ 3.5 (th) + 1.6 (flum.)
J 89TY  Same-flavor 64.3 £ 2.1 (stat.) + 4.6 (exp.) + 4.3 (th.) £ 1.7 (lum.)
l-iet cat Different-flavor 59.1 4 2.8 (stat.) £ 6.0 (exp.) & 6.2 (th.) = 1.6 (lum.)
Jet calegory  game-flavor 65.1 4+ 5.5 (stat.) = 8.3 (exp.) & 8.0 (th.) & 1.7 (lum.)

OW+W- —

Inclusive cross section, channels combined : a(pp — WW)
ow+w- = 60.1 0.9 (stat.) == 3.2 (exp.) £ 3.1 (th.) = 1.6 (lum.) pb = 60.1 £ 4.8 pb.

The result is well within one standard deviation of the g g+13_;,
SM NNLO theoretical prediction of: ~ ! P

Measurement is dominated by the DF 0-jet category,
which has the most events and the best S/B. Precision Is
dominated by the jet counting uncertainty
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WW — 2(2v Fiducial Cross Sections 5@?

: N — N , _
gi’j' = data - bkg. , « Fiducial volumes close to
T ey L(3-BW = &))" (1 + fuon—fid./ fid.) the default
¥ * Reduces the theoretical
. egz.’g‘ = acceptance x efficiency uncertainties

* Leptonic t decays

. fnon—fid./fid. = fraction of events reco’ed inside excluded from signal

fid. volume that were generated outside (s/b <<1)

EPS-HEP, Jul. 24, 2015
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WW — 2(2v Fiducial Cross Sections

: N — N
gji?' = data - bkg. _ « Fiducial volumes close to
es_jg'ﬁ (3-B(W —v))" (1+ fnon—fid./fid.) the default
¥ * Reduces the theoretical
. ef ' = acceptance x efficiency
SIg

uncertainties
* Leptonic t decays

. fnon—fid./fid. = fraction of events reco’ed inside excluded from signal

fid. volume that were generated outside (s/b <<1)

~ Fiducial volume: 0 jets at particle level within |7|<4.7, and...

p];t threshold (GeV) 0Oojet measured (pb) 0ojet predicted (pb)
20 36.2 £ 0.6 (stat.) £ 2.1 (exp.) £ 1.1 (th.) = 0.9 (lum.) 36.7 + 0.1 (stat.)
25 40.8 £ 0.7 (stat.) £ 2.3 (exp.) £ 1.3 (th.) = 1.1 (lum.) 40.9 + 0.1 (stat.)
30 44.0 £ 0.7 (stat.) £ 2.5 (exp.) £ 1.4 (th.) £ 1.1 (lum.) 43.9 1+ 0.1 (stat.)

EPS-HEP, Jul. 24, 2015

Phil Dudero (TTU), Multiboson @



WW — 2(2v Fiducial Cross Sections

/ Njio — N
gji?' = data - bkg- _ « Fiducial volumes close to
€10 £ (3-BW = &v))" (1 + fuon—fid./ fid.) tlgeddefau'th e
. « Reduces the theoretica
- /@ = acceptance x efficiency
Slg

uncertainties
* Leptonic t decays

. fnon—fid./fid. = fraction of events reco’ed inside excluded from signal

fid. volume that were generated outside (s/b <<1)

Fiducial volume: O jets at particle level within |n|<4.7, and...

p’{ft threshold (GeV) 0Oojet measured (pb) 0ojet predicted (pb)
20 36.2 £ 0.6 (stat.) £ 2.1 (exp.) £ 1.1 (th.) = 0.9 (lum.) 36.7 + 0.1 (stat.)
25 40.8 £ 0.7 (stat.) £ 2.3 (exp.) £ 1.3 (th.) = 1.1 (lum.) 40.9 + 0.1 (stat.)
30 44.0 £ 0.7 (stat.) £ 2.5 (exp.) £ 1.4 (th.) £ 1.1 (lum.) 43.9 1+ 0.1 (stat.)

Fiducial volume: O jets + DF prompt leptons (1e, 1u) at particle level
with pT >20 GeV before FSR , |n|<2.5

p?t threshold (GeV)

O0jet, W—fv measured (pb) O0jet W— by predicted (pb)

20 0.223 & 0.004 (stat.) =+ 0.013 (exp.) =+ 0.007 (th.) = 0.006 (lum.) 0.228 + 0.001 (stat.)
25 0.253 4 0.005 (stat.) + 0.014 (exp.) = 0.008 (th.) + 0.007 (lum.) 0.254 + 0.001 (stat.)
30 0.273 + 0.005 (stat.) + 0.015 (exp.) = 0.009 (th.) + 0.007 (lum.) 0.274 + 0.001 (stat.)

EPS-HEP, Jul. 24, 2015

Phil Dudero (TTU), Multiboson @



WW — 2€2v Differential Cross Sections

« Comparisons with Madgraph+Pythia, Powheg+Pythia, & MC@NLO+Herwig provided
 All normalized to NNLO prediction , Statistical and systematic uncertainties included

CMS priminay 19417 (8 TeV) CMS prtminery 1941 (8 TeV) CMS peiniay 194 1" (8 TeV) CMS protminary 19417 (8 TeV)
= i T T T T ] 500 T T T T ] E:: T T T T 3 T \ \ \
E - ¥ Da ] “n.i I - Data T + Dala 2 Fg g -4 Data
.'3 | -8 Madgraph - T 2=I= 8- Madgraph ) ’ & Madgraph 2902 =$= -8 Madgraph -
&1 mwcgno a0 3 10°F — muceno {9 10F =% smano | L & MC@NLO
; - & Powheg 1+ . v f & Powheg o [ = & Powheg ] f i <& Powheg
L | o - . + L i L 4
2 *= + 1 2z [ == 1 2 | 1
s | LR : I
: :F:F ST {1 5§ f* { 30°F E
ka[¢] L == 4 C ] Ay r ]
! .- A ] —y= b F ]
B 1 I i i ]
10" 7] :j:
I ] 10°F ’ 10°F S 104
: I I : i I L I I I : : | | | | | | : E -
] ] ] 1 —] 15 — 15 —
I . g r L L I 1 ¢ °r .
S I g ° r ..y ] o T —f—} - I i
d g TR 7 ¢ Cgome 7 R | 2 TP P s 2 1P L o
i 1 It 1 ¢ 1 2 [ .
- 05 |- Madraph+Pyhia normaizedtog,, 1 " 0.5 | Medgraph+Pythia normaized o, , . " 0.5 |- Medgraph+Pytia nomaiized 105, 1 " 0.5 |- Madgraph+Pythia nomalized toc,,, ]
. BE 1 . sF . 15| 4 . uF .
R o] I or 1 = r 1 & [ ]
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" g5 MC@NLOHemig nomalizedtog . " 5 [ MC@NLO+Hervig nomaized 05, ] . 05 [ MC@NLO+Henvg nomalzed o, , h T 05 [ MC@NLO+Hervig nomaized o, ==
5 M 5 . [ — 5 Cuf — 5 b - ; ‘ 5
3 . & F ——— | g ] g0 ]
- F - - F ——T 1 2 F e ]
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MET = 716 GeV

CMS Experiment at LHC, CERN

Data recorded: Sat Nov 17 17:23:56 2012 |IST
Run/Event: 207454 / 1095163126

Lumi section: 771

| Photon = 653 GeV

Ly — vvy
(CMS-PAS-SMP-14-019)

EPS-HEP, Jul. 24, 2015 Phil Dudero (TTU), Multiboson @


http://cds.cern.ch/record/2036878?ln=en
http://cds.cern.ch/record/2036878?ln=en
http://cds.cern.ch/record/2036878?ln=en
http://cds.cern.ch/record/2036878?ln=en
http://cds.cern.ch/record/2036878?ln=en
http://cds.cern.ch/record/2036878?ln=en
http://cds.cern.ch/record/2036878?ln=en
http://cds.cern.ch/record/2036878?ln=en
http://cds.cern.ch/record/2036878?ln=en

Zy — vvy Overview
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Zy — vvy Overview

MET = CMS Experiment at LHC, CERN
- Data recorded: Sat Nov 17 17:23:56 2012 |ST
716 GeV Run/Event: 207454 / 1095163126

Lumi section: 771

Photon =
653 GeV

Signature
Monophoton (from ISR) + large MET
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Zy — vvy Overview

CMS Experiment at LHC, CERN
Data recorded: Sat Nov 17 17:23:56 2012 |IST

q MET = Run/Event: 207454 / 1095163126
Lumi section: 771
7 716 GeV
== "-;-'—\1"1-‘ -
2y >
Z '- I‘ m ]
-‘;'é Photon
= e-‘ H‘ ) =
-

q v ,,':; =2 653 GeV

Signature
Monophoton (from ISR) + large MET

Irreducible Background to BSM searches

(EX0-12-047, 1410.8812 )
Search for Large Extra dimensions

(Z — vv becomes Graviton/branon production
and Search for Dark Matter

(Z — vv becomes X — %Y%)
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Zy — vvy Overview

CMS Experiment at LHC, CERN
Data recorded: Sat Nov 17 17:23:56 2012 |IST

Run/Event: 207454 / 1095163126
Lumi section: 771

q MET =
716 GeV

Photon =
653 GeV

Signature
Monophoton (from ISR) + large MET

Irreducible Background to BSM searches (EX0-12-047, 1410.8812 )

Large Extra dimensions (Z — vv becomes Graviton/branon production
and dark matter (Z — vv becomes X — xy%)

Uses the same HL triggers, datasets,
analysis strategies
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Zy — vvy Selection & Backgrounds

Selection
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Zy — vvy Selection & Backgrounds 5@?

Selection
* High-pT photon trigger (>150 GeV)
* Low pT Photon (70)-MET (100) trigger
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Zy — vvy Selection & Backgrounds 5@?

Selection

» High-pT photon trigger (>150 GeV)
* Low pT Photon (70)-MET (100) trigger

- Photon E;>145, |n| < 1.44, pass “medium” ID, isolation
(reduces et fakes)
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Zy — vvy Selection & Backgrounds 5@?

Selection

» High-pT photon trigger (>150 GeV)
* Low pT Photon (70)-MET (100) trigger
* Photon E;>145, |n| < 1.44, pass “medium” ID, isolation (reduces jet fakes)

-non-overlapping lepton veto pT > 10GeV
(kill leptonic processes)
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Zy — vvy Selection & Backgrounds 5@?

Selection

» High-pT photon trigger (>150 GeV)

* Low pT Photon (70)-MET (100) trigger

* Photon E;>145, |n| < 1.44, pass “medium” ID, isolation (reduces jet fakes)
* non-overlapping lepton veto pT > 10GeV (kill leptonic processes)

-non-overlapping jet, Nj<=1, jet pT>30 GeV
(reduce MET from mismeas. jets)
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Zy — vvy Selection & Backgrounds 5@?

Selection

» High-pT photon trigger (>150 GeV)

* Low pT Photon (70)-MET (100) trigger

* Photon E;>145, |n| < 1.44, pass “medium” ID, isolation (reduces jet fakes)
* non-overlapping lepton veto pT > 10GeV (kill leptonic processes)
» non-overlapping jet, Nj<=1, jet pT>30 GeV (reduce MET from mismeas. jets)

-MET > 140, Ap(MET,y) > 2
(reduce y + jet, mismeasured photon)
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Zy — vvy Selection & Backgrounds

Selection
* High-pT photon trigger (>150 GeV)
* Low pT Photon (70)-MET (100) trigger
* Photon E;>145, |n| < 1.44, pass “medium” ID, isolation (reduces jet fakes)
* non-overlapping lepton veto pT > 10GeV (kill leptonic processes)
*Njet<=1, jet pT > 30 GeV, dR>0.5 (reduce MET from mismeasured jets)
* MET > 140, A¢p(MET,y) > 2 (reduce y + jet, mismeasured photon)

Non-collision MET backgrounds
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Zy — vvy Selection & Backgrounds 5@?

Selection
* High-pT photon trigger (>150 GeV)
* Low pT Photon (70)-MET (100) trigger
* Photon E;>145, |n| < 1.44, pass “medium” ID, isolation (reduces jet fakes)
* non-overlapping lepton veto pT > 10GeV (kill leptonic processes)
*Njet<=1, jet pT > 30 GeV, dR>0.5 (reduce MET from mismeasured jets)
* MET > 140, A¢p(MET,y) > 2 (reduce y + jet, mismeasured photon)

Non-collision MET backgrounds

» Detector noise filters
(mis-timed lasers, HCAL HPD discharges, etc.)
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Zy — vvy Selection & Backgrounds 5@?

Selection
* High-pT photon trigger (>150 GeV)
* Low pT Photon (70)-MET (100) trigger
* Photon E;>145, |n| < 1.44, pass “medium” ID, isolation (reduces jet fakes)
* non-overlapping lepton veto pT > 10GeV (kill leptonic processes)
*Njet<=1, jet pT > 30 GeV, dR>0.5 (reduce MET from mismeasured jets)
* MET > 140, A¢p(MET,y) > 2 (reduce y + jet, mismeasured photon)
Non-collision MET backgrounds
 Detector noise filters (mis-timed lasers, HCAL HPD discharges, etc.)

.Intra-cluster time difference < 5ns
(ECAL APD spikes)
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Zy — vvy Selection & Backgrounds 5@?

Selection
* High-pT photon trigger (>150 GeV)
* Low pT Photon (70)-MET (100) trigger
* Photon E;>145, |n| < 1.44, pass “medium” ID, isolation (reduces jet fakes)
* non-overlapping lepton veto pT > 10GeV (kill leptonic processes)
*Njet<=1, jet pT > 30 GeV, dR>0.5 (reduce MET from mismeasured jets)
* MET > 140, A¢p(MET,y) > 2 (reduce y + jet, mismeasured photon)
 Detector noise filters (mis-timed lasers, HCAL HPD discharges, etc.)
* intra-cluster time difference < 5ns (ECAL APD spikes)

» collision timing 3ns window cut
(Bremming cosmic and halo muons)
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Zy — vvy Selection & Backgrounds 5@?

Selection
* High-pT photon trigger (>150 GeV)
* Low pT Photon (70)-MET (100) trigger
* Photon E;>145, |n| < 1.44, pass “medium” ID, isolation (reduces jet fakes)
* non-overlapping lepton veto pT > 10GeV (kill leptonic processes)
*Njet<=1, jet pT > 30 GeV, dR>0.5 (reduce MET from mismeasured jets)
* MET > 140, A¢p(MET,y) > 2 (reduce y + jet, mismeasured photon)
* Detector noise filters (mis-timed lasers, HCAL HPD discharges, etc.)
* intra-cluster time difference < 5ns (ECAL APD spikes)
» collision timing 3ns window cut (Bremming cosmic and halo muons)

* halo MIP event tagging veto
(Bremming halo muons)
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Zy — vvy Selection & Backgrounds

Selection

* High-pT photon trigger (>150 GeV)

* Low pT Photon (70)-MET (100) trigger

* Photon E;>145, |n| < 1.44, pass “medium” ID, isolation (reduces jet fakes)
* non-overlapping lepton veto pT > 10GeV (kill leptonic processes)
*Njet<=1, jet pT > 30 GeV, dR>0.5 (reduce MET from mismeasured jets)
* MET > 140, A¢p(MET,y) > 2 (reduce y + jet, mismeasured photon)

Non-collision MET backgrounds

* Detector noise filters (mis-timed lasers, HCAL HPD discharges, etc.)
* intra-cluster time difference < 5ns (ECAL APD spikes)
» collision timing 3ns window cut (Bremming cosmic and halo muons)
* halo MIP event tagging veto (Bremming halo muons)

Mismeasured objects: MHT Minimization
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Zy — vvy Selection & Backgrounds 5@?

Selection

* High-pT photon trigger (>150 GeV)

* Low pT Photon (70)-MET (100) trigger

* Photon E;>145, |n| < 1.44, pass “medium” ID, isolation (reduces jet fakes)
* non-overlapping lepton veto pT > 10GeV (kill leptonic processes)
*Njet<=1, jet pT > 30 GeV, dR>0.5 (reduce MET from mismeasured jets)
* MET > 140, A¢p(MET,y) > 2 (reduce y + jet, mismeasured photon)

Non-collision MET backgrounds

* Detector noise filters (mis-timed lasers, HCAL HPD discharges, etc.)
* intra-cluster time difference < 5ns (ECAL APD spikes)
» collision timing 3ns window cut (Bremming cosmic and halo muons)
* halo MIP event tagging veto (Bremming halo muons)

Mismeasured objects: MHT Minimization

Try to redistribute the MET back to the visible
objects and balance. Use the minimized MET and
the 2 to discriminate real from fake ME"
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Zy — vvy Selection & Backgrounds 5@?

Selection

* High-pT photon trigger (>150 GeV)

* Low pT Photon (70)-MET (100) trigger

* Photon E;>145, |n| < 1.44, pass “medium” ID, isolation (reduces jet fakes)
* non-overlapping lepton veto pT > 10GeV (kill leptonic processes)
* Njet <=1, jet pT > 30 GeV, dR>0.5 (reduce MET from mismeasured jets)
* MET > 140, Ap(MET,y) > 2 (reduce y + jet, mismeasured photon)

Non-collision MET backgrounds

* Detector noise filters (mis-timed lasers, HCAL HPD discharges, etc.)
« intra-cluster time difference < 5ns (ECAL APD spikes)
» collision timing 3ns window cut (Bremming cosmic and halo muons)
* halo MIP event tagging veto (Bremming halo muons)

Mismeasured objects: MHT Minimization

Try to redistribute the MET back to the visible objects and balance. Use the minimized
MET and the y? to discriminate real from fake MET

reco =~ 2 I 2 7 2 =~ ~
RS ((pT )i—)(pﬂi) +(Ex) +(E}/) Ery = B2+ Y (00)i —(Pry):

i=objects (UPT i UE, O.E/ i=objects

Ex
~ (. /

Ex - Z (pvt/)i ;6

i=objects

ET—\/E +E
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Zy — vvy Selection & Backgrounds 5@?

Selection

* High-pT photon trigger (>150 GeV)

* Low pT Photon (70)-MET (100) trigger

* Photon E;>145, |n| < 1.44, pass “medium” ID, isolation (reduces jet fakes)
* non-overlapping lepton veto pT > 10GeV (kill leptonic processes)
* Njet <=1, jet pT > 30 GeV, dR>0.5 (reduce MET from mismeasured jets)
* MET > 140, Ap(MET,y) > 2 (reduce y + jet, mismeasured photon)

Non-collision MET backgrounds

* Detector noise filters (mis-timed lasers, HCAL HPD discharges, etc.)
« intra-cluster time difference < 5ns (ECAL APD spikes)
» collision timing 3ns window cut (Bremming cosmic and halo muons)
* halo MIP event tagging veto (Bremming halo muons)

Mismeasured objects: MHT Minimization

Try to redistribute the MET back to the visible objects and balance. Use the minimized
MET and the y? to discriminate real from fake MET

reco =~ 2 I 2 7 2 =~ ~
RS ((pT )i—)(pﬂi) +(Ex) +(E}/) Ery = B2+ Y (00)i —(Pry):

i=objects (UPT i U, O.E/ i=objects

Ex,y - Z (ﬁx,y)i ;6

i=objects

Fr = \/Ei +E, Fr > 120 GeV reduces y + jets
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Zy — vvy Background Estimation 5@?

Remaining Backgrounds

In decreasing order of Estimation method
Importance
Wy — fvy (£ escapes) From LO Madgraph, norm to NLO & from
MCFM (validated in data control region)
W — ev (e fakes y, missing estimate fake rate from tag/probe of
pixel match) Z—ee in data and MC
jets—y+ MET (jet fakes v, estimate fake rate from data sample with
mismeasured) jets, small MET
Showering halo muons Estimated fraction of halo in signal timing
window from ECAL timing distribution
v + jet (mismeasured jet) From Pythia MC (with k=1.3)
Yy (mismeasured vy) From Pythia MC

Zy signal simulated at LO with Madgraph and normed to NNLO &
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Zy — vvy Fiducial Cross Section
o x B — Ndata _ Nbg,

A XeXL
AXe=(AXE)sgm X P
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Zy — vvy Fiducial Cross Section

Ndata _ Nbg * Nyaa — Npy (€€ below)
o X B = /|« L= luminosity, 19.6 fb-2
AxXexXL = luminosity, 19.
* A X £ = acceptance x efficiency
A X €= (A X e)sim X P * p = MC/data correction factor
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Zy — vvy Fiducial Cross Section 5@?

B — Ndata — Nbg * Nyaa — Npy (€€ below)
o X o AxXexXL / * L = luminosity, 19.6 fb-!
* A X £ = acceptance x efficiency
A X € = (A X €)sim X p » p = MC/data correction factor

=> A X e denominator iIs
# of events passing PT >145GeV, |n| <14
=>» Scale factor (p) = 0.94 £ 0.06
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Zy — vvy Fiducial Cross Section

B Ndata _ Nbg * Nyaa — Npy (€€ below)
o X o AxXexXL / * L = luminosity, 19.6 fb-!
* A X £ = acceptance x efficiency
A X € = (A X e)sim X p » p = MC/data correction factor

| | Process Estimate
> AXe denomlnaFor IS W(—> EV) T v 103 &+ 21
# of events passing PT > 145 GeV, |n
—=> Scale factor (p) = 0.94 + 0.06 W —ev 60 = 6
jet — v MislD 45 + 14
Beam halo 25+ 6
Others 36 £ 3
Total background | 268 =+ 26
Z(—vo) + 1 345 + 43
Data 630
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Zy — vvy Fiducial Cross Section 5@?

B Ndata _ Nbg * Nyaa — Npy (€€ below)
o X o AxXexXL / * L = luminosity, 19.6 fb-!
* A X £ = acceptance x efficiency
A X € = (A X €)sim X p » p = MC/data correction factor

Process Estimate
- A x £ denominator is W(—ftv)+y | 103+21
_ W — ev 60 4+ 6
# of events passing PT > 145 GeV, [n| < 1.4 et —» 7 MisID 45 + 14
—=> Scale factor (p) = 0.94 + 0.06 Beam halo 25+ 6
i — 3
=> Measured cross section for PT > 145 GeV, In|<1.4is 26 |
: 13
52.7 £ 2.1 (stat) * 6.4(syst) * 1.4(lumi) fb —

=> NNLO theory cross section from Grazzini et.al
50.0+2.4-2.2fb
where uncertainty is the scale uncertainty
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g Y

vy +jets @ 7 TeV
(CMS-PAS-SMP-14-021)
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vy + jets Overview
Extension of the previous analysis
(SMP-13-001, EPJC, OCD@LHC 2013)
Inclusive measurement
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vy + jets Overview
Extension of the previous analysis (SMP-13-001, EPJC, QCD@LHC 2013)

Signhature
Two prompt isolated photons + jets
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| vy + jets Overview b
Extension of the previous analysis (SMP-13-001, EPJC, QCD@LHC 2013)

Signature
Two prompt isolated photons + jets

Motivation

Background to VBF Higgs — vy,
Probe of QCD
Sensitive to new physics (GMSB)
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| vy + jets Overview b
Extension of the previous analysis (SMP-13-001, EPJC, QCD@LHC 2013)

Signature Motivation
Two prompt isolated photons + jets Background to VBF Higgs — vy,
Probe of QCD
Sensitive to new physics (GMSB)

Primary Background
Two NON-prompt merged
photons from neutral meson
decay In jets
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| vy + jets Overview b
Extension of the previous analysis (SMP-13-001, EPJC, OCD@LHC 2013)

Signature Motivation
Two prompt isolated photons + jets Background to VBF Higgs — vy,
: Probe of QCD
Primary Background Sensitive to new physics (GMSB)

Two NON-prompt merged photons from
neutral meson decay in jets

— —

Strategy

Same data, y selection (see backup),
template methods as before
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| vy + jets Overview _
Extension of the previous analysis (SMP-13-001, EPJC, OCD@LHC 2013)

Signature Motivation
Two prompt isolated photons + jets Background to VBF Higgs — vy,
: Probe of QCD
Primary Background Sensitive to new physics (GMSB)

Two NON-prompt merged photons from
neutral meson decay in jets

-

Strategy
« Same data, y selection,template methods as before

-Jets pT>25 GeV, |n[<4.7, AR, > 1.0, Y

—
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| vy + jets Overview _
Extension of the previous analysis (SMP-13-001, EPJC, QCD@LHC 2013)

Signature Motivation
Two prompt isolated photons + jets Background to VBF Higgs — vy,
: Probe of QCD
Primary Background Sensitive to new physics (GMSB)

Two NON-prompt merged photons from
neutral meson decay in jets

-

Strategy
« Same data, y selection,template methods as before
. Jets pT>25 GeV, |n|<4.7, AR, > 1.0,y

photon Isolation Is the discriminator

—
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| vy + jets Overview |
Extension of the previous analysis (SMP-13-001, EPJC, QCD@LHC 2013)

Signature Motivation
Two prompt isolated photons + jets Background to VBF Higgs — vy,
: Probe of QCD
Primary Background Sensitive to new physics (GMSB)

Two NON-prompt merged photons from
neutral meson decay in jets

-

Strategy
« Same data, y selection,template methods as before
.+ Jets pT>25 GeV, |n|<4.7, AR > 1.0,Y
* photon isolation is the discriminator

Build data-driven templates for sig,bkg

—
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vy + jets Overview |
Extension of the previous analysis (SMP-13-001, EPJC, QCD@LHC 2013)

Signature Motivation
Two prompt isolated photons + jets Background to VBF Higgs — vy,
: Probe of QCD
Primary Background Sensitive to new physics (GMSB)

Two NON-prompt merged photons from
neutral meson decay in jets

_

-

Strategy
« Same data, y selection,template methods as before
.+ Jets pT>25 GeV, |n|<4.7, AR > 1.0,Y
* photon isolation is the discriminator
 Build data-driven templates for sig,bkg

*Fit Isolation distribution in data,
extracting prompt di-y purity

EPS-HEP, Jul. 24, 2015 Phil Dudero (TTU), Multiboson @


http://cds.cern.ch/record/1704545?ln=en
http://cds.cern.ch/record/1704545?ln=en
http://cds.cern.ch/record/1704545?ln=en
http://cds.cern.ch/record/1704545?ln=en
http://cds.cern.ch/record/1704545?ln=en
http://dx.doi.org/10.1140/epjc/s10052-014-3129-3
https://indico.desy.de/getFile.py/access?contribId=104&sessionId=28&resId=0&materialId=slides&confId=6889
https://indico.desy.de/getFile.py/access?contribId=104&sessionId=28&resId=0&materialId=slides&confId=6889
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.012003

vy + jets Overview |
Extension of the previous analysis (SMP-13-001, EPJC, QCD@LHC 2013)

Signature Motivation
Two prompt isolated photons + jets Background to VBF Higgs — vy,
: Probe of QCD
Primary Background Sensitive to new physics (GMSB)

Two NON-prompt merged photons from
neutral meson decay in jets

_

-

Strategy
« Same data, y selection,template methods as before
.+ Jets pT>25 GeV, |n|<4.7, AR > 1.0,Y
* photon isolation is the discriminator
 Build data-driven templates for sig,bkg
* Fit isolation distribution in data, extracting prompt di-y purity

*Unfold to gen-level quantities correcting for
selection efficiency

EPS-HEP, Jul. 24, 2015 Phil Dudero (TTU), Multiboson @


http://cds.cern.ch/record/1704545?ln=en
http://cds.cern.ch/record/1704545?ln=en
http://cds.cern.ch/record/1704545?ln=en
http://cds.cern.ch/record/1704545?ln=en
http://cds.cern.ch/record/1704545?ln=en
http://dx.doi.org/10.1140/epjc/s10052-014-3129-3
https://indico.desy.de/getFile.py/access?contribId=104&sessionId=28&resId=0&materialId=slides&confId=6889
https://indico.desy.de/getFile.py/access?contribId=104&sessionId=28&resId=0&materialId=slides&confId=6889
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.012003

vy + jets Overview |
Extension of the previous analysis (SMP-13-001, EPJC, QCD@LHC 2013)

Signature Motivation
Two prompt isolated photons + jets Background to VBF Higgs — vy,
Probe of QCD

Primary Background Sensitive to new physics (GMSB)

Two NON-prompt merged photons from
neutral meson decay in jets

-

Strategy
« Same data, y selection,template methods as before
.+ Jets pT>25 GeV, |n|<4.7, AR > 1.0, Y
* photon isolation is the discriminator
 Build data-driven templates for sig,bkg
* Fit isolation distribution in data, extracting prompt di-y purity
« Unfold to gen-level quantities correcting for selection efficiency

Compare the results to theory

—_—
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vy + jets Overview
Extension of the previous analysis (SMP-13-001, EPJC, QCD@LHC 2013)

Signature Motivation
Two prompt isolated photons + jets Background to VBF Higgs — vy,
Probe of QCD

Primary Background Sensitive to new physics (GMSB)

Two NON-prompt merged photons from

neutral meson decay in jets 11 Differential variables

4+ inclusive 1-jet bin:

Strategy » Jet pT

« Same data,y selection,template methads ’ Jet;%stag:;garaﬂg?;; o)
* Jets pT>25 GeV, |n|<4.7, AR, > 10,@ » AR (trailinggpphoton,’j]et)
« photon isolation is the discriminator » AR (closer photon, jet)
+ Build data-driven templates for sig,bkg | * AR (far photon, jet)
 Fit the isolation distribution in data, ¢ |n?{]uest|v$ 2-jet bin:

extracting prompt diphoton purity , Jet geparation
« Unfold to gen-level quantities correcting » Di-jet invariant mass

for selection efficiency » AQ VY / j
« Compare the results to theory » Zeppenfeld variable

4 number of jets
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vy + Jets Construction of templates
of photon isolation

v

Selection
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Selection

/ Diphcﬂ'ar; events /
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vy + Jets Construction of templates
of photon isolation

v

Selection

Random cone

/ Prompt template / / Diphoton events /
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Rotate cone wit
footprint removed to
a random ¢ angle

(same n), compute isolation

Photon footprint
excluded from
isolation sum
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vy + Jets Construction of templates

5.0 fb™ (7 TeV)

- )
S 0121 ¥ signal template EB -
> L a —e— Data 1
E 0.1 % ? —=— Prompt photon in MC
< i —— Rand. cone in MC i
0.08 % ~
oo ® CMS -
| ; Preliminary

004 5 8 -
0.02 u E ﬁn —:

i * Ei'i i

B | | ] | | | ] ] | | 4

—2 0 2 4 6 8

Iso (GeV)

T
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Random cone

v

/ Prompt ;empla’re /

v 5.0 fb" (7 TeV)
@ “*“._‘H._lew‘
S o121 h Signal template EB N
2 i —+— Data
% 01— % ? —&— Prompt photon in MC —|
< C —— Rand. cone in MC
0.08~ §+ .
0.061 LI CMS
L i Preliminary
004 § ¥ .
0.02} E ﬁw —
.
___g\g L M— |
-2 0 2 4 6 8
Iso (GeV)
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Selection

/ Diphcﬂ'ar; events /
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Random cone

v

Shower shape sideband

/ Prompt ;empla’re /

v 5.0 fb" (7 TeV)
@ “*“._‘H._lew‘
S o121 h Signal template EB N
2 i —+— Data
% 01— % ? —&— Prompt photon in MC —|
< C —— Rand. cone in MC
0.08~ §+ .
0.061 LI CMS
L i Preliminary
004 § ¥ .
0.02} E ﬁw —
.
___g\g L M— |
-2 0 2 4 6 8
Iso (GeV)
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Selection

/ Diphoton events / / Fakes template /
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b

Shower width
Find events with “sideband photons” using this cut
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vy + Jets Construction of templates

-

5.0 fb™ (7 TeV)
E B I T I ILJI:| | T I I | T I I | T I I | T I I | I ]
= B Background template EB -
5 0.05F v —
) L sowgTew E" B i —— Data |
Sorz- ¥  Sionaltemplate EB S — i i —&— Non-prompt photon in MC |
% s —+— Data ] fe) D 04 | ]
E 0.1 % ? —=— Prompt photon in MC — E ) L —=— Sideband photon in MC -
< L —— Rand. cone in MC — -]
0.08— §+ - L ? -
0.06 LA CMS 0.03 B ’ ]
r i Preliminary I ]
004 § @ - L + [:t%z CMS _
- % . = .. .
ooz~ ¥ . - § P Preliminary -
S I : 0.02 ¢ —
__ﬁq Ll LT L [:] _

-2 0 2 4 6 8 [:”
Iso (GeV) B ! 1
i ? :ﬁ% ]
0.01— —
_ ¥ _

i "
L1 1 | L1 1 | L1 1 | L1 1 | L1 1

—2 0 2 4 6 8
Iso (GeV)

Endcap templates are in the backup
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A

no

+ B Shower width
Shower shape sideband

Random cone

Selection

/ Prompt template / / Diphoton events / / Fakes template /
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Random cone

A

* —

J‘O

Shower width

Shower shape sideband

/ Prompt ;empla’re /

v 5.0 fb" (7 TeV)
2 ‘4_._‘”.‘”%”‘_
S o121 h Signal template EB N
2 i —+— Data
% 01— % ? —&— Prompt photon in MC —|
< C —— Rand. cone in MC
0.08~ §+ .
0.06/— $ s CmMs -
L i Preliminary
004 § ¥ .
0.02} E ﬁw —
[ ]
___g\g Ll M— | ed
-2 0 2 4 8 8
Iso (GeV)
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Selection

/ Diphcﬂ'ar; events /

Arbitrary units

/ Fakes ’r:amplnfe /

0.05

0.03

0.02

4 5.0 fb” (7 TeV)
T T T T T T
‘:] Background template EB

—&— Data ]
L) 4
—&— Non-prompt photon in MC

—=— Sideband photon in MC

’

b K cMS

4 %pz Preliminary
i
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Random cone

Prompt
photon

a.u.

Photon footprint
excluded from
isolation sum

v

/ Prompt :emplu’re /

Arbitrary units

o
o

o

0.08f
0.061
0.041

0.021-

¥ 507 TeV)

B 2

i Preliminary

T
Signal template EB _

—+— Data
—&— Prompt photon in MC —|

—=— Rand. cone in MC

CMS

% _

2 4 8 8
Iso (GeV)

Selection

Shower width
Shower shape sideband

/ Diphoton events / / Fakes ’r::mplni'e /

) 4 5.0 fb" (7 TeV)
I

0 T T
g 005 E ‘1’ 4] Background template EB 7
> rﬁ& —+— Data ]
© L . 4
= = —&— Non-prompt photon in MC
2 004 ) ] —
< C S —=— Sideband photon in MC
r i/
0.03— %% -
g 5 CMS
r Preliminar
0.02—- i [:E;i” y
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cMs,/|

A

-, T
Ran BUT! and
The isolation sums of the
: two photons are not
uncorrelated!

Y
.es template /

y 50 i (7 Tev)
g IIIIIIII ‘ T T T ‘ T T . . ] — T
S 012 ? Signal template EB . S 005 und .
E‘ [:]:] Data E\ ﬁ —#— Data
S ] o
s 01 —&— Prompt photon in MG —| el r
s E 2 004
< % ? —=— Rand. cone in MC < [
0.08— %ﬁ N
0.03— N
oos- & ¢ CmMS - CMS
[ i Preliminary ] 0.02 Preliminary
004 § ¥ . 6 1
% * Qgﬁg‘ ]
002 : % 7 . M
L % ]
___93 \‘.M— , R \ P IR N
2 0 2 4 3 8 -2 0 2 4 6 8
Iso (GeV) Iso (GeV)
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vy + jets Switch to 2D! 5‘?‘—@‘%

*|solation sums for the two photons are not
factorizable

 PU correlates them, even after area subtraction
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vy + jets Switch to 2D! 5‘?‘—@‘%

* Isolation sums for the two photons are not factorizable
* PU correlates them, even after area subtraction

*Build separate 2D templates according to
combinations

pp = prompt-prompt, pf = prompt-fake,
fp = fake-prompt, ff = fake-fake
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Yy + jets Switch to 2D! %
Lop(Isoq,Is0y) =

= pp - Typp(Iso1, Iso2) + pf - Tye(Iso1,Isoz) + fp - Trp(Isor, Isoz) + ff - Trf(Iso1, Isoz)

* Isolation sums for the two photons are not factorizable
* PU correlates them, even after area subtraction

*Build separate 2D templates according to
combinations

pp = prompt-prompt, pf = prompt-fake,
fp = fake-prompt, ff = fake-fake
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Yy + jets Switch to 2D! %
Lop(Isoq,Is0y) =

= pp - Typp(Iso1, Iso2) + pf - Tye(Iso1,Isoz) + fp - Trp(Isor, Isoz) + ff - Trf(Iso1, Isoz)

* Isolation sums for the two photons are not factorizable
* PU correlates them, even after area subtraction
 Build separate 2D templates according to combinations
pp = prompt-prompt, pf = prompt-fake,
fp = fake-prompt, ff = fake-fake

*ppP: use two random cones in the same event

pf, fp: use one random cone Iin event with
sideband photon

*ff . merge two events containing a sideband
photon each
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vy + jets Switch to 2D!
ﬁZD(IS(Jl, ISOz) =

= pp - Typp(Iso1, Iso2) + pf - Tye(Iso1,Isoz) + fp - Trp(Isor, Isoz) + ff - Trf(Iso1, Isoz)

Isolation sums for the two photons are not factorizable

PU correlates them, even after area subtraction

Build separate 2D templates according to combinations
pp = prompt-prompt, pf = prompt-fake,
fp = fake-prompt, ff = fake-fake

pp: use two random cones in the same event
 pf, fp: use one random cone in event with sideband photon
 ff : merge two events containing a sideband photon each

Extract raw signal (pp) event yield from a four-
component likelihood fit
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CMS \{; =7TeV L=5.01fb - EB-EE, 90 GeV <m < 95 GeV

a3

; 500 _I | 1T | T 1 | T T T | L | L I_ ; T | T 7T | T T | I — | T T | —TT | -
[h] - i _ > = I 4
o - —* Daa § O] - —e— Data -
1@ B Fit | @ 1200 __ Fit __
— pp ! g 400+ ] |----- Prompt - Prompt — S : ----- Prompt - Prompt : IS 02)
‘(.";‘:) - ) Prompt - Non-prompt | f'é" 1000 |- Prompt - Non-prompt —
L% - Non-prompt - Prompt — Ij:j L Non-prompt - Prompt -
) ISOl 300 __ S Non-prompt - Non-prompt __ 800 __ [ Non-prompt - Non-prompt _—
L ) _ L _
e PU i SMP-13-001 i i i
- - 600 - —
* Bul 200~ ] [ :
i ] 400 |- 3 _
100 |- - I il
: ] 200 - _
* pp: — | - —
0 L . 0 L L _|-h"‘|-—~|-_J_ R LRy .
* pf, 2 4 6 8 2 0 o 4 6 8
Iso_(GeV) Iso_(GeV)
o ff: ‘ 2

Extract raw signal (pp) event yield from a four-
component likelihood fit
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CMS \{; =7TeV L=50ftb - EB-EE, 90 GeV <m <95 GeV

a3

; 500 _I | 1T | T 1 | T T T | L | L I_ ; T | T 7T | T T | I — | T T | —TT | -
[h] - i _ > = I 4
o - —* Daa § O] - —e— Data -
1@ B Fit | @ 1200 __ Fit __
— pp ! g 400+ ] |----- Prompt - Prompt — S : ----- Prompt - Prompt : IS 02)
‘(.";‘:) - ) Prompt - Non-prompt | f'é" 1000 |- Prompt - Non-prompt —
L% - Non-prompt - Prompt — Ij:j L Non-prompt - Prompt -
) ISOl 300 __ S Non-prompt - Non-prompt __ 800 __ [ Non-prompt - Non-prompt _—
L ) _ L _
e PU i SMP-13-001 i i i
- - 600 - —
* Bul 200~ ] [ :
i ] 400 |- 3 _
100 |- - I il
: ] 200 - _
* pp: — | - —
0 L . 0 L L _|-h"‘|-—~|-_J_ R LRy .
* pf, 2 4 6 8 2 0 o 4 6 8
Iso_(GeV) Iso_(GeV)
o ff: ‘ 2

Extract raw signal (pp) event yield from a four-
component likelthood fit in each bin
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CMS \{; =7TeV L=50ftb - EB-EE, 90 GeV <m <95 GeV

a3

; 500 _I | 1T | T 1 | T T T | L | L I_ ; T | T 7T | T T | I — | T T | —TT | -
D - _ D - I -
o - —* Daa § O] - —e— Data -
1@ B Fit | @ 1200 __ Fit __
— pp ! g 400+ ] |----- Prompt - Prompt — S : ----- Prompt - Prompt : IS 02)
‘(.";‘:) - ) Prompt - Non-prompt | f'é" 1000 |- Prompt - Non-prompt —
L% - Non-prompt - Prompt — Ij:j L Non-prompt - Prompt -
) ISOl 300 __ S Non-prompt - Non-prompt __ 800 __ [ Non-prompt - Non-prompt _—
L ) _ L _
e PU i SMP-13-001 i i i
- - 600 - —
* Bul 200~ ] [ :
i ] 400 |- 3 _
100 |- - I il
: ] 200 - _
* pp: — | - —
0 L . 0 L L _|-h"‘|-—~|-_J_ R LRy .
* pf, 2 4 6 8 2 0 o 4 6 8
Iso_(GeV) Iso_(GeV)
o ff: ‘ 2

Extract raw signal (pp) event yield from a four-
component likelthood fit in each bin of each
variable
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CMS V; —7TeV L=50fb EB-EE, 90 GeV<m <95 GeV
T T T

— _I|III|II|III|II|II| ] —_ _|||||||||||||||||||||||_
500
T | 3 0 : 1
(0] —#— Data (O] —&— Data
& Fit & 12001~ Fit B
— pp ! E-‘_ 400 — ! ----- Prompt - Prompt — S --- Prompt - Prompt : Iqoz)
“",; B Prompt - Non-prompt g 1000 — Prompt - Non-prompt =
L% Non-prompt - Prompt I.%JI Non-prompt - Prompt
° ISOl 300 __ . =w== Non-prompt - Non-prompt __ 800 __ === Non-prompt - Non-prompt
L ) . =
e PU i SMP-13-001 i
L 600
 Bul 200_ i
400
100 i
- 200
0 s _— 0
* pf, 2 4 6 8 6 8
Iso (GeV) Iso (GeV)
o ff: ‘ °

Extract raw signal (pp) event yield from a four-
component likelthood fit in each bin of each
variable separately for barrel-barrel, barrel-endcap
and endcap-endcap combinations
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i
CMS V; —7TeV L=50fb EB-EE, 50 GeV<m  <95GeY )
500 LN L L L L B B T rprrryrrrpr T T T T \

> | 13 : i
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pp: _ :
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* pf, |
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ot

Extract raw sV A | /m a four-
componen’ \NO\N’ O{ filS" _f of each
variable \O"- ~varrel, barrel-endcap
and endt ~aipinations
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vy + Jets Results
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vy + jets Results 5@?

Compare xsec results to
— Sherpa (LO) scaled to the inclusive NNLO calculation (k=1.17)
— aMC@NLO rescaled to inclusive NNLO (k=0.88)
— GOSAM NLO parton-level calculation, not scaled to NNLO
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vy + jets Results

Compare xsec results to
— Sherpa (LO) scaled to the inclusive NNLO calculation (k=1.17)
— aMC@NLO rescaled to inclusive NNLO (k=0.88)
— GOSAM NLO parton-level calculation, not scaled to NNLO

o) % = 74402 (stat.) = 1.0 (syst.) = 0.2 (lumi) pb

07 ) =234 0.1 (stat.) £ 0.4 (syst.) = 0.1 (lumi) pb
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vy + jets Results

Compare xsec results to
— Sherpa (LO) scaled to the inclusive NNLO calculation (k=1.17)
— aMC@NLO rescaled to inclusive NNLO (k=0.88)
— GOSAM NLO parton-level calculation, not scaled to NNLO

1—jet :
o, ) =7440.2 (stat.) & 1.0 (syst.) £ 0.2 (lumi) pb
2—jet :
oy ) =2340.1 (stat.) £ 0.4 (syst.) £ 0.1 (lumi) pb
aggggﬁ)A — 5.9ﬂ:§ (scale+stat.) pb Ungj;tPA = 1.7f8:§ (scale+stat.) pb
Coonio = 83712 (scale+pdftstat) pb - o> /¢ = 25704 (scale+pdf+stat.) pb
Tiosan = 58703 (scale+stat.) pb aé;ée;M = 1.919 (scale+stat.) pb

EPS-HEP, Jul. 24, 2015 Phil Dudero (TTU), Multiboson @



vy + jets Results

Compare xsec results to
— Sherpa (LO) scaled to the inclusive NNLO calculation (k=1.17)
— aMC@NLO rescaled to inclusive NNLO (k=0.88)
— GOSAM NLO parton-level calculation, not scaled to NNLO

1—jet :
o, ) =7440.2 (stat.) & 1.0 (syst.) £ 0.2 (lumi) pb
2—jet :
oy ) =2340.1 (stat.) £ 0.4 (syst.) £ 0.1 (lumi) pb
aggggﬁ)A — 5.9ﬂ:§ (scale+stat.) pb Ungj;tPA = 1.7f8:§ (scale+stat.) pb
Coonio = 83712 (scale+pdftstat) pb - o> /¢ = 25704 (scale+pdf+stat.) pb
Tiosan = 58703 (scale+stat.) pb aé;ée;M = 1.919 (scale+stat.) pb

Good data/theory agreement for Sherpa and aMC@NLO
All differential cross sections are in the backup
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Conclusions

» Results of 3 recently released analyses studying multiboson
production at the CMS detector at 8 TeV have been presented
— Comparisons with several MC generators are provided

All results are consistent with the Standard Model

« Keep your eyes peeled for more results in the weeks and months
to come

— New multiboson events are already identified in Run 2

» More talks at EPS from CMS (and Theory) about the topic:

— Exclusive W+W- production measured with the CMS experiment and
constraints on Anomalous Quartic Gauge Couplings (Manfred Jietler)

— Measurement of anomalous triple and quartic gauge couplings at CMS (Senka
Duric)

— Di-vector Boson Production in Association with Multiple Jets at the LHC
(QCD & Hadronic physics — presenting NLO QCD corrections of pp—W*W-+jets)

EPS-HEP, Jul. 24, 2015 Phil Dudero (TTU), Multiboson @
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WW — 2(2v Background Estimation

Top: estimate from data by counting Ny, 154eq €VENtS and
applying corresponding efficiency &, ,q4eq Measured
separately

W+Jets: estimate from a “tight-loose” (1.e., “real-fake™)
dilepton control sample in data, and apply efficiency g,
measured separately

Z+Jets: estimate by measuring N, 1n tight window around
the Z pole from data, and extrapolating out using simulation

Wy*: estimate from simulation, but normalized to data sample
with three reconstructed leptons (one lepton from y* decay
escapes)

Other backgrounds from simulation.
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WW — 2(2v O-jet distributions
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Figure 1: The data and MC distributions for the O-jet category of the leading lepton pr, p4

T max’
the pr of the dilepton system, p%; the dilepton invariant mass, n1y; and the azimuthal angle

between the two leptons, A¢y,. The hatched areas represent the total systematic uncertainty
in each bin. The error bars in the ratio plots are calculated considering both the statistical
uncertainty from the limited size of the data sample as well as the systematic uncertainties in
the background estimation and signal efficiency. The last bin includes the overflow.

EPS-HEP, Jul. 24, 2015 Phil Dudero (TTU), Multiboson @ CMS



WW — 2(2v 1-jet distributions
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Figure 2: The data and MC distributions for the 1-jet category of the leading lepton pr, p% s
the pr of the dilepton system, p%; the dilepton invariant mass, n; and the azimuthal angle
between the two leptons, A¢y. The hatched areas represent the total systematic uncertainty
in each bin. The error bars in the ratio plots are calculated considering both the statistical
uncertainty from the limited size of the data sample as well as the systematic uncertainties in

the background estimation and signal efficiency. The last bin includes the overflow.
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WW — 2(2v Systematic Uncertainties

Table 1: Relative systematic uncertainties on the WW cross section measurement, in units of
percent.

Source Uncertainty (%
Statistical uncertainty 1.5
Luminosity 2.6
Lepton efficiency 3.8
Lepton momentum scale 0.5
ET"* resolution 0.7
Jet energy scale 1.7
tt+tW normalization 2.2
W + jets normalization 1.3
Z/y*— £T{~ normalization 0.6
Z/v* — T7 T normalization 0.2
W+ normalization 0.3
W+* normalization 0.4
VV normalization 3.0
H — WW normalization 0.8
Jet counting theory model 4.3
PDFs 1.2
MC statistics 0.9
Total uncertainty 7.9
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WW — 2€2v Signal Efficiencies & Event Yields

Event category Signal efficiency (%)

Different-flavor 3.02 4-0.02 (stat.) 4= 0.22 (syst.)
Same-flavor 1.21 £ 0.01 (stat.) £ 0.09 (syst.)
Different-flavor 0.96 £ 0.01 (stat.) £ 0.11 (syst.)
Same-flavor 0.34 £ 0.01 (stat.) £ 0.04 (syst.)

O-jet category

1-jet category

Process | O-jet category . 1-jet category
Different-flavor Same-flavor Different-flavor Same-flavor
qq — WTW- 3516 + 271 1390 + 109 1113 +£ 137 386 + 49
g8 — WTW— 162 4+ 50 91 + 28 62 + 19 27 +9
WTW— 3678 & 276 1481 + 113 1174 + 139 413 + 50
7 +WZ 84 + 10 89 + 11 86 +4 42 + 2
VvV 33+ 17 17 +9 28 + 14 14+7
Top-quark 522 + 83 248 + 26 1398 + 156 562 4+ 128
Z/y*— (T~ 38+ 4 141 + 63 136 + 14 65 + 33
Wo* 54 + 22 12+5 18 + 8 3+2
Wry 54 + 20 20+ 8 36 + 14 9+6
W +jets(e) 189 + 68 46 + 17 114 4+ 41 16 =6
W +jets(p) 81 + 40 19 +9 63 + 30 17 = 8
Higgs 125 + 25 53+ 11 75 + 22 22+ 7
Total bkg. 1179 + 123 643 +£ 73 1954 + 168 749 + 133
WTW~ + Total bkg. 4857 + 302 2124 + 134 3128 + 217 1162 + 142
Data 4847 2233 3114 1198
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Zy — vvy Systematic Uncertainties

Source Z(vv)y [%]
Photon and Ft Energy Scale | +3.43, -5.01
jet and Et energy scale +2.30,-2.36
Jet energy resolution +1.20,-1.38
Unclustered ES +1.9, -0.6
Pileup 0.3
Lumi +2.6 %
PDFs 4«4 (for k-factor) ~10
Scale factor 6.4
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CMS

vy + jets Photon Selection

Variable Requirement

Photon cluster + preshower energy | Esc + E > 20 GeV

H/E if (Ro> 0.9): H/E < 0.082 (EB), 0.075 (EE)
if (Rg< 0.9): H/E < 0.075

0.001 < o3y < 0.014 (EB), 0.034 (EE)

Uiy
ECAL isolation in a AR=0.3 cone I';oE,fL AL < 4GeV (only if Rg<< 0.9)

HCAL isolation in a AR=0.3 cone I%OHQ A1 < 4GeV (only if Rg< 0.9)

TRK isolation in a AR=0.3 cone I‘%OTRK < 4 GeV (only if Rg<< 0.9)

Variable Requirement

Matched pixel measurements | False
H/E H/E < 0.05
Ty < 0.011 (EB), 0.030 (EE)

T

Event selection: pT(y;) 2 40GeV, pT(y,) 2 25GeV, AR(y,,7y,) > 0.45
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vy + jets EE templates

5.0 fb"' (7 TeV
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vy + Jets Purity Fractions
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vy + jets Systematic Uncertainties

Source of uncertainty

Prompt template shape (EB) 3%
Prompt template shape (EE) 4%
Non-prompt template shape (EB) 6%
Non-prompt template shape (EE) 9%
Effect of fragmentation component | 1.5%
Template statistical fluctuation 3%
Jet energy scale and resolution 3-15%
Pileup description 1.5%
Unfolding response model 5%
Integrated luminosity 2.2%

EPS-HEP, Jul. 24, 2015 Phil Dudero (TTU), Multiboson @ CMS
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vy + jets Differential Cross Sections
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