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Introduction

e After protons collide at the LHC, their constituent quarks can
interact and produce new particles

* These new particles are often unstable

— They can decay and produce even more particles, like photons (the
particles of light)
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« We are searching for events where these interactions
produce pairs of very energetic photons

 The Standard Model predicts many processes that can
produce photon pairs

- By 'rediscovering' these processes, we can confirm
the physics we think we already understand
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The Higgs

* The Higgs boson is the only
particle predicted by the SM
that has not been discovered
yet

- We believe it is responsible for
giving mass to the other
elementary particles

* And the Higgs should decay to
two photons, H = yy

- So if we observe a diphoton
resonance near the probable
Higgs mass, it would give
strong evidence for the Higgs!
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» Despite its great success, the Standard Model is an
incomplete theory

- It leaves many questions unanswered

* Theorists have suggested wild ideas to explain what
the SM cannot

- String theory, gravitons, extra dimensions, vanishing
dimensions...

5
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~ The Hierarchy Problem

 For example, the SM
does not explain the
hierarchy problem

e Of the four
fundamental forces,
gravity is weaker by
over 25 orders of
magnitude

 And we do not know why

STRONG

WEAK
(To scale)

gravity
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Randall-Sundrum Model

Randall, Sundrum, PRL 83, 3370 (1999)

/ you are
here
Planck brane I /
Gravit iS anti - de Sitter
Strongyhere > = ~F—TeV/SM brane
‘; o o
5® dim n‘m _Gravity is
1mensio weak here

 L.. Randall and R. Sundrum suggest a solution

* They imagine a warped extra dimension of space

- Only gravitons can move in the new dimension

- But it becomes exponentially harder for gravitons to
propagate as they approach our brane

» Gravity is 'diluted' in the bulk and appears weaker

7
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Gravitons

* The hypothesized Randall-Sundrum graviton
would decay to two photons, G = yy

* The graviton mass would be near 1 TeV

- So if we observed a resonance in the diphoton
invariant mass spectrum near 1 TeV, it would offer
evidence for the graviton and an extra dimension!

* Aside from gravitons, we are looking for anything
unexpected

 The SM does not predict a diphoton resonance
above the Higgs mass

- So if we observed a resonance above ~175 GeV, it
would likley point to new physics




The Detector

om m

Key:

Muen

Electron

Charged Hadron (e.g. Pion)

— = — - Neutral Hadron (e.g. Neutron)
=== Photon

« How do we actually detect these photons?

* Our detector is called the Compact Muon
Solenoid (CMS)

* The Electromagnetic CALorimeter (ECAL) detects
photons and electrons
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Backgrounds

r - e
E L%
7 %
« Many other SM processes produce photons

 Irreducible backgrounds like gg = vy, gg — vy
produce true photon pairs

* Reducible backgrounds produce jets: high energy
hadrons that 'look like' photons in the ECAL

- e.g. 'Brem' y+jet events, QCD di-jet events

 We apply isolations to eliminate jet fakes and
select real photons

10
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Monte Carlo

« To estimate how effective
our selection is at removing
jets and preserving
photons, we produce

simulated data based on
the SM

* By comparing the real data
with the simulated data, we
also verity our detector is
working as expected

« And we can compare the
diphoton continuum
expected from the SM with
the real data

11
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Invariant Mass

Z-ee
EB/EB: Invariant Mass
:; En—_'l' IIIII"'I"'I"'I"'I"'I"'""":
o C s =7 NV ] .
u N..:68.00 ]

E 25 4+ Data T Data i
I N,,: 7.17 = 0.04 -
£ 200 Miet + jet N, .o 11.73£0.74 — The Higgs?
: 15;5::_ oo _} Npjjet- 6.18 + 0.46 _i (p;:gll:))ably not

10F- N:4292+044 17

3 /

M,, (GeV)

» After applying our selection, we get the invariant
mass distribution for photon pairs

e Here, our isolation also selects electrons
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M,, > 150 GeV

1\/IYY =194.7 GeV
(Run: 140382, Event: 159943472)

13
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Pixel Seeds

| EB/EB: Invariant Mass |

= ] —T T " " T " T T
: & BENEETTeV N,..:68.00
No pixel cut S ® 4 oots Nows: 0800
F'.i 1B DT*JEt YY- w —= M
g E et N, , o 11.73 £ 0.74
g EET Npyjet: 6.18 = 0.46

N,: 42,921+ 0.44

Require pixel seeds
1 b «  Veto pixel seeds

| EB/EB: Invariant Mass | | EB/EB: Invariant Mass |

> e e e > SEr T o T =]

8 *L\s=7Tev N,.: 46.00 E § ¢ N,..: 15.00 .

& b E bata N,,:0.01£0.00 3 g N,:470+0.03

- [ vtie . . S ] ]

g E ietset N ojoi 0:20£042 g 4 Ny 7104049 °

£ “C O Npje: 000 0.00 = F Npijet 3-20+0.28 ]

wp (12— ee N,:45.80 £ 0.48 - 2f# N,: 0.00 + 0.01 =

: :
&% %0 80 B 7T a—T @ 60 80 100 120 T

M., (GeV) M,, (GeV)
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Summary & Outlook

 We have developed and implemented isolations to
select energetic photon pairs

» So far, not very much data is available
- More coming fast!

* This is an ongoing project, and we will continue to
update our results as more data becomes available

» As additional high-invariant-mass events appear,
they must be investigated individually

 We may find the Higgs, the graviton, or some other
particle no one has imagined yet!
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Data Sets

Data Set JL (nb~T)
/MinimumBias/Commissioningl1 0-SD_EG-Jun14thSkim _v1/RECOQO | 7.99
JEG /Run2010A-Junld4thReReco vl /RECO 4.92
JEG /Run2010A-PromptReco-v4 /[RECO 123.36
JEG /Run2010A-Jull6thReReco-v2 /RECO 118 88
Total 255.15
Monte Carlo o (pb) | N Events
/PhotonJet_Pt15-30 192200 | 6.1 x 10°
/PhotonJet_Pt30-80 20070 | 1.0 x 108
/PhotonJet_Pt80-170 556 1.3 x 10°
/PhotonJet_Pt170-250 24 1.2 x 108
/Box_Pt10-25 358.2 | 550 x 10°
/Box_Pt25-250 12.37 | 540 x 103
/Born_Pt10-25 236.4 | 536 x 10°
/Born_Pt25-250 2237 747 x 10°
[Zee /Summer10-START36 | 970 1.0 x 10°
Monte Carlo o (pb) N Events | Filter Eff.
/QCD_EMEnriched Pt20-30 | 235.5 x 10° | 30 x 10° | 0.0073
/QCD_EMEnriched Pt30-80 | 59.3 x 10° | 40 x 10° | 0.059
/QCD_EMEnriched Pt80-170 | 906000 5 x 108 (.148
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Pre-Selection

* JSON good runs and LS certified
« HLT Photon15 L1R || HLT Photon15 Cleaned L1R
[P, > 22 GeV, ||n| < 2.5 (excluding EB/EE gap)

* H/E < 0.05
* Spike rejection:
- eMax / e3x3 < .95

- seedRecoFlag = seedSeverity = 0
* Beam halo: reject TTBits 36, 37, 38, 39 (data only)

 nHfTowersP > 0, nHfTowersN > 0O
o IlvtxIsFake, vtxNTrkWeight05 > 3, |vtxZ| < 18 cm

19
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Isolation

o/ECAL Iso < 4.2 + 0.003 P

- ECAL Iso = 3 E_of ECAL rechits in hollow cone of outer radius AR =
0.4

o/HCAL Iso < 2.2 + 0.001 P

- HCAL Iso = 3 E_of HCAL towers in hollow cone of outer radius AR
=04

o/ Tracker Iso < 2.0 + 0.001 P

- Trk Iso = > P_of tracks in hollow cone of outer radius AR = 0.4

0., < 0.0105 (EB), 0., < 0.03 (EE)

(QCD-10-019)
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Events / 0.333 GeV

ECAL Isolation (N-1 Cuts)

e Cut on all quantities
except ECAL isolation

« Normalized to N_

|EB/EB: Leading Photon ECAL Iso |

1 S I B B SR B B
10 s=7TeV ;:
10 —%— Data 3
3 I y+jet =
1 [ jet +jet ]
S [ vy s
0 e [ 1Z—see I
102 - =
10° E
we W T
1] 2 10 12 14
ECAL Iso {GeV)

Events / 0.333 GeV

Npaia: 74.00
N,.: 7.36 + 0.04
N, , o 14.04 £ 0.81
Npijot: 7-75 £ 0.52

N,: 44.85* 0.46

| EB/EB: 2nd Photon ECAL Iso |

T I T I T T T I I T T I T T T I T T T I
107 \E=?T\EV
—4— Data
10 [ v + jet
[ jet + jet
1 Oy
10
102
107
10
g a4 — 10 12

ECAL Iso (GeV)
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= "Tracker Isolation (N-1 Cuts)

N,,.,: 116.00

 Cut on all quantities N,.: 7.02+ 0.04

except tracker

. . .. 34.76+1.22
isolation Ny + et
Npjjee: 31.91+ 1.00
- Normalized to N_ N,: 42.30 + 0.40

| EB/EB: Leading Photon Pt Track | [ EBI/EB: 2nd Photon Pt Track |

10% 102

> ] | —r T T T T - T T ' | ]

8 s=7Tev | & s=7TeV

E —+— Data E w —4— Data

S 10 -:}r-l-]e.t . S 10 [ y + jet

3 [ jet + jet :!_; IO jet + jet =

g 1 vy = § 1 vy E‘

w [ 1Z—ee - @ C]zoee 3
1 10 —;I

10

1"

Pt Track [(Ge\V) Pt Track (GeV)

22



CMS

HCAL Isolation (N-1 Cuts)

e Cut on all quantities
except HCAL isolation

« Normalized to N_

EB/EB: Leading Photon HCAL Iso |

Events / 0.333 GeV

VS=7TeVv |
—4— Data
[ v + jet
[ jet + jet
vy

[ 1Z—ee

i

HCAL Iso (GeV}

Events / 0.333 GeV

wnwE

1?

1w

102

10

10

N,..: 69.00
N,.: 7.04 + 0.04

N, , o 12.57 +0.76
Npije;: 6.97 + 0.48

N,: 42.42 + 0.43

| EB/EB: 2nd Photon HCAL Iso |
| | | VS =7 TeV
—4— Data
[y + jet
[ jet + jet

HCAL lso (GeV}
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Onin (N-1 Cuts)

N, , ot 16.72+0.86

- Normalized to N __ Nojjer: 11.87 063

N,: 40.68 + 0.41
|_EBTEB:_Luading Photong, | | “7n ofono,

E : T T T T |\I|§|=?T;V ] E ”;—IIIIIE;TTE!V_;
;!_f a0~ % —— Data — “gj B/E —4— Data 3
s L [y +jet 3 s - vy +jet 3
i I jet + jet W e [ jet + jet -
- vy 3 2F v 2
20 JZ—ee - o I:IZ—}ee_g
tof- IL=254.G nb'1_; w;— qum%h‘é
T T TR T I ST TR R o 04 "'"uE G005 081 D015 60z 00z5 605 003 i:fu
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| EBJ/EB: Pt Pair |

= 25__ T T

g - N,,..: 68.00 :}7 TeV 1

.« e 20— i ata

e Cut on all quantities : N, 7474004 Tl S

hd 15:— N‘{ +jEt: 11 .73 i 0.74 .jgt +jat—:

except pixel seed § " N 618046 Dw

10 —

- N,: 42.92 + 0.44 [1Z - ee

- Normalize to N__ 2 ]

= ]
3 20 40 60 T

Pt Palr (GeV)

[ EBIEB: Leading Photon Pt | | EB/EB: 2nd Photon Pt |

= e L I I B BN B > e B B L
g “F Np,.,: 68.00 Ns=7TeV ] g w3 N,,.,: 68.00 S=7TeV 2
S = N,.: 7.17 + 0.04 Enjtf’at = < :i: N, :7.17 £ 0.04 Enft?et E
g r N, e 11.73 £ 0.74 yre . 2 LE N, , o 11.73£0.74 ! T
5 U Np...: 6.18 + 0.46 Ejﬂﬂﬂi : b N Hers 1:.3 {_14;5 EM "
w - Dijet* 219 = Y- Y x i w0 Dijet- O- + 0. Ty E
‘lﬂ:— N.Z: 4292 + 0.44 |:|Z—>EB —: B;— NZ: 42.92iu-44 I:lZ—}EQ- _;

ER

: ] - :
1] 20 40 &0 80 100 120 140 160 180 200 u_ 20 40 &0 80 100 120 140 160 1BD E_l.'ll.'l

Pt {GeV) Pt {GeV)
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P Higgs

* Veto pixel seed match for each candidate

- = eliminates electrons

Barrel Only Barrel + Endcaps
| EB/EB: Pt Pair | | EB/EB: Pt Pair |

> C — T 1 - T T T ] R L e e e e
¢ Npata: 15.00 Vs =7TeV & [ N,...: 30.00 Ns=7TeV
2 - . 4 Data - o - a +Data _
:S:. A N,.: 4.70 £ 0.03 B + jot = :Sr_. g N,.: T:4164i t:.fs By +jet
g | N 7102049 iy o] g A N, ,jort 14.51£0.69 pmiot + jet
g 3 Npjjet: 3.20 £ 0.28 O g ijet: 8.01+ 0.44 vy -
! N,: 0.00 + 0.01 [0z > ee] v N;: 0.02 + 0.01 Flz - ee -

2 _

R

) 20 40 60 T T 120 0 20 40 0 R T —
Pt Palr (GeV) Pt Palr (GeV
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M,, > 150 GeV

Mvv =186.0 GeV
(Run: 140124, Event: 333470596)
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M,, > 150 GeV

Mvv =172.0 GeV
(Run: 138746, Event: 41064896)
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M,, > 150 GeV

MYY =161.3 GeV
(Run: 139100, Event: 163166643)
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/. Peak

 Fit with Gaussian convolved with Breit-Wigner, plus
exponential

- Fix the BW width to the PDG value, 2.45 GeV
- Free BW mean and Gaussian width

| EB/EB: Data | | EB/EB: MC
22_ T 1 T 1 71 T T T T T T T T T T T T T T 1 71 T T T T T T T T T = 16—'— T T T T | L T I T L I T T T T | T T T T I T T T T T T T T | T T T T 1—
:; ;I' l I l l l I I 'l; ?' a -
g 20— — (L]
Q = N,: 58.66 = 3.90 = o MW N,: 44.71+ 5.65
o 18 Ng: 5.34 = 3.90 = hid C N,: 21.56 £ 5.65 ]
m 16 e M, : 89.16 = 0.78 3 o 12 M, : 90.73+ 0.60 =
S 14 [': 2.45 £ 0.00 = S - [: 2.45+0.00 =
S Gauss Mean: 0.00 + 0.00 3 a °F Gauss Mean: 0.00 £ 0.00 m
12— Gauss Sigma: 4.07 + 0.85 — C Gauss Sigma: 2.20+ 0.69
= 3 B —
10— 1 — -
= L=254 nb E &l IL=254nh'1
= = C
= = ar
4— — -
2 = 2
0 n ...Bn gn 10“ 1 1 n 3 1 = u 1 1 11 11 | 1 1 1 .I.T.-I
y 60 70 80 20 100 110 120 130 140
M., (GeV) M,, (GeV)

* The data peak is shifted below the MC
- Am = -1.57 + 0.98 GeV
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Z Peak (2)

e Fix BW width AND BW mean to PDG values

- Free Gaussian parameters

EB/EB: Data |

EB/EB: MC

Events / 3.0 GeV
®

| I|III|III|III|III|III|III|III|III|III|III_I_

N_: 44.71+ 5.65

Ng: 21.96 £ 5.65
MZ.,: 91.19 0.00

[:2.45+0.00

IL= 254 nb™'

| T T T T | T 1 T T T LI | T T T T 1: 1& _r T T I T
1 3 °F
— Qo -
N,: 58.66 = 3.91 = o M-
Ng: 5.34 + 3.91 = i B
M, : 91.19+ 0.00 = o 12
0 — e N
I': 2.45+ 0.00 3 5 -
Gauss Mean: -2.02 £ 0.79 - a "°F
Gauss Sigma: 4.07 + 0.85 = sF
-1 = -
I L =254 nb E Al
E -
= 29
E ﬂ :l 1 1 I 11 | |
100 1 120 60 70 &0

3 1
M., (GeV)

-Am = -1.56 =+ 1.12 GeV (Gauss mean)

Gauss Mean: -0.46 = 0.61
Gauss Sigma: 2,20+ 0.69

III|III|III|III|III|III|III|III—I
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QCD Monte Carlo

 Previous slides show EM Enriched QCD MC

- Generator Filter: E. > 20 GeV, H/E < 0.5, Trk Iso < 5 GeV, Calo Iso
< 10 GeV

— Filter cuts need to be tuned

 Also considered unfiltered QCD

— Poor statistics = scaling issues

| Invariant Mass |

= gg— ~ * T T T T T [ T T T [ T T T T [ T T T T
8 pNs=7Tev Np,,: 68.00 E
2 - tﬂ 3
§' st_ET?-jet N,,:7.20+0.04 E
g = Hiet+ jet N, , o 11.78£0.75 ]
- vy _ -

E 15:—|:|z — pg NDijEt' 5-92 i 5.35 _:
- N,: 43.09 + 0.44 ]

10 -

s E

s BT ¥ X ) T

0 50 100 150 o0 =i

M., (GeV)
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'EM Enriched vs Normal QCD -

« After pixel seed veto (barrel and endcaps):

.| __EM Ennch&d QcD |. - . | _Normal QCD |
§ o ] Ny,.:30.00 E 8§ &£ 1 mN,:3000 3
g N,,:7.46+0.03 - g N, 845+0.04 2
g F T Ny 14511 0.69 E . : NY : 16.44+0.78 =
E 52_ ND‘]E'I:' 8.01+ 0.44 = LE SE- Nojer: 51U+411 3
:: ; : :: N 002£00T
d o = - M., {Ge‘i]m L o = > M., {G::.;
Raw Counts Raw Counts
QCD 20-30: 91 QCD 15-30: 0
QCD 30-80: 198 QCD 30-80: 1
QCD 80-170: 95 QCD 80-170: 9

QCD 170-250: 22
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Events / 0.333 GeV

Events [ 0.333 GeV
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EB/EE || EE/EE

| Leading Photon ECALIso |

10 rr~*+*7 - +~+7r 17Tyt
¢ N,,..: 64.00 \E =7 TeV
‘ Data —8— Data
w’ N,.: 4.21+ 0.67 I v + jet
i [ jet + jet
- N, , o 13.44£1.78
W Npjo: 12382 0.27 12 ee
10 N,: 33.97 + 0.04
1 +
1
102
10° H H
0 o 1z 14
ECAL Iso (GeV)
| Leading Photon HCAL Iso |
T T T 1 L I B
0 ND’I‘H: ﬁdﬂﬂ \E= 7T TeV
” N, :415+0.65 —%— Data
1 .
N, 4o 13.7121.69 v+ et
10 Nojor: 12654026 1 Jot et
1 N,: 33.50 + 0.04 1z ee
1
10
10
104 . . L
0 10 12 14
HCAL lso (GeV}

Events / 0.333 GeV

Events / 1.000 GeV

| 2nd Photon ECAL Iso |

10* L L [ R B A B L
’ Np,,,: 64.00 V& =7 TeV
‘:‘ Data 4 Data
! N,.: 4.21+ 0.67 [y + jet
10° [ jet + jet
- N,, o 13442178
1w Nojo: 12382027 EHZ e
10°
w0 N,: 33.97 + 0.04
1
1!
102
1w
10 12 14
ECAL Iso (GeV)
| 2nd Photon HCAL Iso |
[ L L A L B B BN DL
- Npatq: 64.00 5 =7 Tev
N, .:4.15%0.65 —8— Data
1o N, +jor 13.711 1.69 = T:JE*t
jot + je
10 Npijer: 1265 + 0.26 :{H .
. N,: 33.50 + 0.04
10
102
10
w2 4 6 12 14 16 18 20

HCAL Iso (GeV}
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Events / 0.500 GeV

Events / 4.000 GeV

" Compact Muon Solenoid

EB/EE || EE/EE

| Leading Photon Pt Track |

o No,: 136.00
w N, : 4.27 + 0.56
1w N, , o 37.10:£1.27
1 Np,.: 60.50  0.12
10 N,: 34.12 + 0.03
1
o
102
10°
104
20 25
Pt Track iGeV
| Leading Photon Pt |
R e e e e e e
" N,,,: 61.00 Vs=7Tev
2 * N,:417:086 0%
= v +jet -
10 N,yji 12722180 Elietejot
sf- Npjo: 10.67£0.29 [y e
oF N,:33.43:004 L1273
4 =
2 =
u_ -

200
Pt (GeV)

Events / 0.500 GeV

Events / 4.000 GeV

| 2nd Photon Pt Track |
T 7T
» Np,.,: 136.00
N, .: 4.27 + 0.56

10?

N, , jort 37.10 + 1.27
w Npjjer: 60.50 + 0.12
10

N,: 34.1210.03

1
10
10°
10°
O . 15 20 25
Pt Track (GeV)
2nd Photon Pt |
_ N LI U A DA BN LN N
na _ =7TeV
- N,..: 61.00 ""j_ o B
r_ ? E
1-1E L N, ,: 417 £ 0.66 [ + jet ]
2f- N,oji 12725180 Ejetsjet 3
10f- Npyo: 10.67020  [w =
= N,: 33.43+ 0.04 [z >ee S
6 E
4 E
2 E
u_ 20 40 &0 _

80 100 120 140 160 180 200
Pt (GeV)
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EB/EE || EE/EE

[ Leading Photonc, | (EB)
L B I B B B
10 Vs =7 TeV
- —4+-Data
© [y + jet
. [ jet + jet
vy
10
[[]z - ee
102
10°
PP i A A P A R PR R
0 0005 001 0015 002 0025 003 0035 004
Gl'nln
[ Leading Phofono,  (EE] |
g e  Npg,91.00
s N, : 4.82 +0.74
2 N, , jor: 20.19 % 1.92
g w Npjjoc: 27.18 + 0.24
. N,: 38.81+ 0.04
10
102
0 H
—Y T
Gl'nl'n

Events / 0.001

Events / 0.002

| Znd Photonc, | (EB) |

wE

Vs =7 TeV
0
' -4 Data
® [y +jet
1 [ljet + jet
10 vy
102 |:|Z — ee
102
104
o 0005 001 0015 002 S0z o053 003 bo4
Gl'nl'n
[ 2nd Photonc,, , (EE) |
10 T N 91.00
- N, : 4.82+ 0.74
i N, , ot 20.19 +1.92
Noger: 27.18 + 0.24
10 Nz: 38.81+ 0.04
1
10
102
107
— T 007

Gl'nln
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Compact Muon Solenoid

Events / 4.000 GeV

EB/EE || EE/EE

Invariant Mass

0= T T T T 1=
18E NS =7 TeV Npata: 61.00 =
16+ Data N,:417+0.66 3
E O et N, 12.721.80
“E Mjet + jet rejors 12.7221.80 3
IEZ—DW NDUG‘[: 10.67 £ 0.29 _;
05[]z 5 ee N,: 33.43 1 0.04 =
8 —
(= —
= —
2 3
0 00 150 200 250
M, (GeV)

Events / 4.000 GeV

14

Pt Pair |
= —T T T T —T
i~ . \E =7 TeV
3 m?f*lilf [-lrnu 66 4 Data
LA [y + jet
N, 4 jet: 12.72 1 1.80 [ jet + jet
Npjjer: 10.67 + 0.29 D
[]Z—ee

N,: 33.4310.04

T —
Pt Palr (GeV)
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