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Introduction

Early measurements of prompt photon production were carried out
at the ISR (Intersecting Storage Rings) hadron collider at CERN

Later studies established prompt photons as a powerful probe of the
dynamics of hard QCD interactions

More recent prompt photon studies from CMS [6] and ATLAS

More recent photon and associated jet cross-section measurements
are from D@ and ATLAS

Measurement of triple differential cross-section for photon+jet
production from 7 TeV proton-proton collisions with 2.14 fb-]
data in the CMS experiment at the LHC will be presented here

Public results can be found at:

Many thanks to CMS collaborators and CMS photon+jet cross-
section measurement team who marked these results in history.
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Photon Physics @ LHC

Kinematical region probed by existing prompt photon measurements at fixed-target (Fermilab)

and collider (ISR, RHIC, SppS, Tevatron) energies, and expected range probed at the LHC at
central (y=0) and forward (y=2-5) rapidities.

More than 30 years of experimental data varying from 20 GeV to 7 TeV energies

PP,PP— v+X,\s = 20-14000 GeV
Il LHC (y=0, E;=5-1000 GeV)
[ LHC (y=2-5, E¥=5-20 GeV)
Tevatron (y=0, E';=20-400 GeV)
I spPS (y=0, E;=15-80 GeV)
RHIC (y=0, E[=5-20 GeV)
ISR (y=0, Ei:s-zo GeV)

Fixed-target (y=0, E¥=5-10 GeV)
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Prompt Photons

Prompt photons: high-p; photons from the hard subprocess and from
the collinear fragmentation of partons with large p;

Prompt photons do not come from hadron (1, n, k?, ®, p, ...) decays
Direct (or pointlike) photon: most probably separated from hadronic environment
Fragmentation (or bremsstrahlung) photon: most probably accompanied by hadrons

Compton-like gluon scattering (dominates at LHC) and quark-antiquark annihilation
mechanisms yield direct photon

sooooooo -4

Compton Scattering Annihilation Fragmentation

Provides means for testing pQCD predictions
Sensitive to gluon PDF in proton

Background to searches for Higgs boson and new physics signatures
(H—yy, graviton, SUSY, excited fermions)

Valuable for jet energy calibration and modeling of missing energy
Reference for similar measurements in heavy ion collisions

Kadir Ocalan - Photon 2013, 20-24 May 2013, LPNHE, Paris, France 4



I
'S

o N
T { B B i

>
4
o
Q
£
3
©
o
[}
c
[*]
=
[5]
Q
()
[}
n
o
=
(3}
Y
o
o
=
@
o

- O

—
»
T

More Recent Photon-Jet Resulis (I)

Central photons (|y¥|<1.0) with p,¥: 30-400 GeV & central (]|yi¢|<0.8) and forward
(1.5<|yl¢t| <2.5) jets with p{¢>15 GeV @ 1 fb-! data

Comparisons between data-theory and PDF sets in different rapidity orientations

Theoretical description of photon-jet production needs to be improved in terms of
parameterizations of PDFs and theoretical scale variations

o - == -
© i N & =)
LI e |

o
2
L R |

y*1<08, y -y >0

T —T
<25, yly®s0

1.5<ly

-
N
T T TT

[ 7.8% is overall normalization uncertainty
L " L " 1 L L

—*— ratio of data to theory (JETPHOX)
i theor. scale uncertainty
CTEQ6.5M PDF uncertainty
ratio of MRST04 to CTEQ6.5M
i ratio of Alekhin02 to CTEQ6.5M
I s ratio of ZEUSO05 to CTI:TQG.SM

30 100 200

Kadir Ocalan - Photon 2013

30

, 20-24 May 2013, LPNHE, Paris, France

0 ¥
py (GeV)

Ratio of differential cross sections

DO D(Y*'1 <058, y'y"'<0)

Y el ' D(y*'1 < 0.8, y'y*>0)
nt —

S

.

E_ FFevevev® ﬁ.’.i%?‘{ = {

Iyi<1

> 15 Gev

D5 <y <25 yiy"'<0)
D(15<ly™ <25, yiy*">0)

DYl <0.8, vy > 0)
D(1.5<ly™ <25, y'y*>0)

;
’.}
e
e

DIY*'I <08, y'V*"'<0)
D(15<ly® <25, y'y">0)

D(y™' < 0.8, y'y*' > 0)
D5<ly® <25, yiy* <0)

J
ol
R
72

e
R, o
e i
XA p=—do _
ddy af

...__‘;'-.'»6

D(Y*'1 < 0.8, y' V"' <0)
D(1.5<ly® <25, yiy" <0)

7%
4%
i
ireg | ® data i
Z —-— theory, u= 0.5y, |
- theory, u=y,
—--- theory, u=2.0,

200

P (GeV)



http://www.sciencedirect.com/science/article/pii/S0370269308007831
http://www.sciencedirect.com/science/article/pii/S0370269308007831
http://www.sciencedirect.com/science/article/pii/S0370269308007831
http://www.sciencedirect.com/science/article/pii/S0370269308007831
http://www.sciencedirect.com/science/article/pii/S0370269308007831
http://www.sciencedirect.com/science/article/pii/S0370269308007831
http://www.sciencedirect.com/science/article/pii/S0370269308007831
http://www.sciencedirect.com/science/article/pii/S0370269308007831
http://www.sciencedirect.com/science/article/pii/S0370269308007831

More Recent Photon-Jet Resulis (ll)

Photons (| n¥|<1.37) with p;¥: 25-400 GeV & jets (| yict| <4.4) with p;€*>20 GeV @ 37 pb"!
data

Cross section vs. photon E; and data-theory ratios in 3 jet rapidity regions and with 2
photon-jet orientations

Fair agreement of data-theory, except for E;¥<45 GeV where JETPHOX overestimates
data

ATLAS ATLAS

Data 2010, {s= 7 TeV, _f Ldt =37 pb"

Iy l<1.2, 0y <0

Data 2010, V5= 7 Tev,j Ldt = 37 pb”

Iy"™l<1.2,n'y™ =0
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ATLAS

Data 2010, {s= 7 TeV, _f Ldt =37 pb"
1.2<y™|<2.8, Wy <0

Data 2010.Ns= 7 Tev_j Ldt = 37 pb™
1.2<y"|<2.8, Wy = 0

ATLAS Preliminary
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CMS Detector

CMS DETECTOR T —— HCAL |n| <5

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS ECAL | n | <3.0

Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels Tquker | n | < 2.5
Overall length .28.7 m Microstrips (80x180 um) ~200m? ~9.6M channels MUOhS | n | < 2 4

Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

)
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Triple Cross-section Ingredients

dBG 1 Nzignal' U

dEXdn'dn'® AEXAn'An® L-¢

E.¥: Transverse energy of photon

&: Signal efficiency of photon
U: Unfolding factor

Rr: 40:300Cek Barrel region: | n| < 1.4442

Endcap region: 1.566 < |n| <2.5
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Signal Selection Efficiency (l)

Total efficiency of photon selection is factorized into four items

ETotal = STrigger X ©rRECO X €1D X EpMyV

High Level Trigger (HLT) efficiency (&ygq4e). from data by Tag&Probe
technique * on /—e*e"

Reconstruction efficiency (&gco). from Pythia MC samples

Identification efficiency (gp). from Pythia MC samples and also from data
T&P technique on 7/—e*e-

Pixel Match Veto (electron rejection) efficiency, (gppny). from data by T&P on
[—UTUy events

Photon HLT paths are fully efficient (100%) 10 GeV above their online E; (such
as after 85 GeV for HLT_Photon75_CaloldVL)

Photon reconstruction is 98-99%, while photon identification is ~93-99%
efficient in the acceptance

PMV efficiency changes in the band of 77-97%, decreases from inner to
outer pseudorapidity regions of the eleciromagnetic calorimeter
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Signal Selection Efficiency (ll)

HLT and ID efficiencies are observed not to be sitrongly affected by pile-up

Total efficiency of photon selection is ~72-92%, lowest in the outer endcap
ECAL

\s=7TeV

>

Qo

c
2
=
=
w

o In’|<0.9

= 0.9 < |n'|<1.4442
+ 1.566<n'|<2.1

v 2.1<n’|<2.5

Errors include both statistical and systematical contributions added in
quadrature, systematical uncertainties are dominant
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Signal Purity Calculation (I)

Jet background (1% n—yy) needs to be suppressed by limiting the energy of other
particles surrounding photon in different sub-systems.

Isolation = Tracker Iso + HCAL Iso + ECAL Iso

Trigger: HLT_Photon*_CaloldVL
H/E <0.05

No pixel match

< 0.01 for barrel

< 0.028 for endcap

"1“1
|r||r|

Trigger: HLT_Photon*_CaloldVL

H/E < 0.05 [Jincluded in isolation sum
NO p|xel match [Jexcluded from isolation sum
0.011 < 0y, < 0.015 for barrel

0.035 < 0;,;, < 0.040 for endcap

H/E

H = X(HCAL tower energies within AR < 0.15 centred on SC)
E = SC energy
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Signal Purity Calculation (ll)

Signal template from MC, background template from data with
sideband selection

Both templates are fitted to data to obtain fitling results
See details in

CMS Preliminary, L=2.14fb™" \s =7 TeV

50 GeV < E] < 60 GeV
0<mM<0.9
0<* <15

Events/0.5GeV

® Data
Signal Component
Background Component

— Fitting Result

20 25 30
Isolation (GeV)
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Signal Purity Calculation (lll)

CMS, L=2.14fb" s =7 TeV CMS, L=2.14fb" \s =7 TeV
b)
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Unfolding Correction

Used RooUnfold software package

3D unfolding iterative (Bayesian) approach*® and a simple bin-by-bin
correction

In the first (fraining) part. established relation between train-measured and
train-true distributions

In the second (testing) part. performed closure test of how well corrected
test-measured distribution reproduce test-true

n,1<1.5, n,|<0.9 M [<1.5, n |<0.9

= Bayesian, 3 iterations

= Bayesian, 3 iterations

= bin-by-bin

2x10? 3><10|§_r [GeV]
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Theory Predictions

NLO calculation for the processes: hadron hadron - gamma/hadron + jet+X

PDF: CT10 for NLO
40 < p,;Y <300 GeV, |nY|<2.5
Iso cone size AR < 0.4, Iso energy < 5 GeV

Hr=Hr=H=pP1Y/2

Leading order 2—n hard process generator

Inbuilt matrix-element generator: Comix

Provides completely unweighted, inclusive and fully hadronized final states
Better description of multi-jet processes

PDF. CTEQ&6M
40 < p;Y < 300 GeV, |nY|<2.5
Iso energy < 5 GeV

HR=H=H=PrY

Kadir Ocalan - Photon 2013, 20-24 May 2013, LPNHE, Paris, France 15



Systematic Uncertainties

Difference in MC/data photon ID efficiencies

Signal Template: shifting parameter of lifetime function 5%
Background Template: difference between signal region and sideband region and

shifting parameter of p4 by *p4_error
Difference in shape between data and MC distributions and energy

resolution

PDF Variation: CT10 (CTEQé6M) has 52 (40) variation of PDF
Scale Variation: By changing factor of 2 for Scale Factor

efficiency (%) unfolding (%) purity (%)  total (%)
40-45
45-50
50-60
60-70
70-85
85-100
100-145
145-300

i U101 O

O oMK
]

a1 01 G N

IV, N

efficiency (%) unfolding (%) purity (%) total (%)
. 6.9-99 7.8-10.5
8.6-375 9.6-37.7

40-45
45-50

50-60

&60-70

70-85
8B5-100
100-145
145-300
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7.2-245
70-12.4

10.0 -13.3

28-406
2.8-6.3
29-51

Paris, France

9.1-25.1
9.0-13.5

11.3 -15.1

59-80
59-82
6.1-7.3
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Results (I)

CMS Prellmlnary 2.14 fb? s =7 TeV CMS Prellmlnary 2.14 fb? \s =7 TeV
T T

JETPHOX

SHERPA

'] < 0.9 (X8000)

0.9 < '] < 1.4442 (X400)
1.566 < '] < 2.1 (X20)
21<m]=<25

JETPHOX

SHERPA

'] < 0.9 (X8000)

0.9 < '] < 1.4442 (X400)
1.566 < '] < 2.1 (X20)
21<p]<25

T I\IIIII| T TTTTHY

T

1

10" 10

"
| IIIIIII‘ L1 IHI| | IIIIILLI.I | I\IILIJ.| | IIIIIII| | I\IIHI| | IIIHII| | I\IIIII| L1l

Total uncertainty Total uncertainty

1072 1072

0—3 | | | 10-3 | |
40 50 60 7080 10? ’ 40 50 60 7080 10?

LI \| IIIIIIII‘ | \IIHI| IIIIIII| \IHIEIJ IIIIIIII| IIHIHI| IIIIHII| \I\IIIII| L1l

| <1.5 1.5< | <2.5
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Results (ll)

1566 < n | < 2.1

—_
»
T T

T — 1 LA | U
0<m|<09 0<pn|<09
0<ml<15 % 1.5<n <25

—
~
T

—_
N
T TT

=y
TT TT

—e— ratio of data to JETPHOX ]
- JETPHOX scale uncertainty |
CT10 PDF uncertainty ]

I ratio of SHERPA to JETPHOX] L I

—— — _
0.9 < | | < 1.4442 0.9 < [n | < 1.4442 21<ml<25 1 21<n|<23
Y T 1.5< |11jet| <25

15<n | <25

Ratio of cross section: Data/Theory

FEErE BTN BAT A A

F 1 N T | 1 T L 1 P T | N ]
40 50 6070  10° 2x10% 40 50 6070  10° 2x10?
Pl (GeV)

' FER AN T A RN A AR A
Pl PRI BT RN S AT AT

Kadir Ocalan - Photon 2013, 20-24 May 2013, LPNHE, Paris, France




Results (lil)

m’l < 0.9

eV 1-<1.5, n'm'*' >0
b-1

M1 <1.5, 1 <0

+

m'l<o0.9

Y < 1.5, "' >0

mn

—l'é'!—lﬁf_
1.5 <n v

|<25, n

el

'l < 0.9

Wl < 1.5, n'.W"*' <0
M 1=15nn =<0 =5

1.5 < W < 2.5, n'n

F S
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m'l < 0.9
I <1.5, 0"
1.5 < [ < 2.5,

‘235

—@—- DATA
—&— SHERPA
—v— JETPHOX

Iﬂl‘:c'9
M1 <1.5 n"n'" <0

T E <1 ) = 5 & .7 T8 _
1.6<n

|<2.85, n'm =0

srpd 1

Jjet

m'l <0.9
1.5 < W°| < 2.5, n""/'*'>0
1.5 < W'l < 2.5, n'm
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Conclusions

N\

N
O Phofon efficiency measurement is performed with data-driven

technique where ever possible

Photon purity measurement is performed using the isolation tfemplate

O Unfolding corrections are determined by using 3D unfolding iterative
(Bayesian) approach

O The cross secfion as a function of p;Y is measured for 8 different
orientations between the leading photon and the leading jet

O We present ratios of the triple differential cross section for the
different orientations, which compares results over a wide range of
parton momentum fraction x

O Comparison of results from data with theoretical predictions from

SHERPA and JETPHOX are presentec /

While JETPHOX is generally in fair agreement with e
calculations from SHERPA are found to be systematically
underestimating the data within total uncertainty

U
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CMS Photon Reconsiruction

Energy deposits in the ECAL crystals are collected as “superclusters™
Photons are reconstructed from superclusters:

use 5 crystal window in n-direction around
the most energetic crystals and a variable window in e-direction (designed to
recover bremsstrahlung photons and photon conversions)

merge contiguous 5x5-crystal
maftrices around the most energetic crystals. Preshower energy is included.

Hybrid (in Barrel) and MultiSx5 (in Endcap) clustering algorithms are used

Energy is corrected for better resolution due to lateral leakage, ET - dependence of
bremsstrahlung and conversion processes, material budget in front of the ECAL

Endcap:

merge 5x5s

Barrel:
variable o,
narrow n
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Obiject Selection Criteria

(Reconstructed photons

| n¥|<2.5 (excluding transition gap 1.4442<|n¥|<1.566)
py¥: 40-300 GeV

(Trigger: HLT_Photon*_CaloldVL

JH/E < 0.05

No pixel maich

do:... <0.01 for barrel

inin
do;... <0.028 for endcap

inin

JParticle flow jets

Lanti-k;,05 clustering algorithm

| niet| <2.5

Opdet>30 GeV

IResidual jet energy corrections applied
JAR(photon,jet) > 0.5

Kadir Ocalan - Photon 2013, 20-24 May 2013, LPNHE, Paris, France / 24



Signal Template from MC

Gaussian convoluted with exponential function to fit signal template from
Gamma + Jet MC (Binned Maximum likelihood)

Three parameters are used to describe the density function, mean (pl),
sigma(p2) , exponent variable (q)

Mean (p1) and sigma (p2) are used to describe the peak of signal template,
allowed to vary in fitting

Exponent variable (a) is used to describe the right-side tail, fixed in fitting

-. ! /

Isol(p,a) = exp(ax) @ Gaussian(x, py, p2)
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Background Template from Data

Inverse Argus function used to fit background template from side-band
selected data (Binned Extended Maximum likelihood)

Four parameters are used to describe the density function, p3, p4, PS5, Pé

gl is the function turning-on point, fixed by sideband z mainly influences the
background under the signal peak, constrained by sideband fit

g2 and g3 mainly influence the background pure region, allowed to vary in
fitting

B
T

Evavavis o 0.5 ]

sog(z,q) = [1—L. ¥ ‘”} 11— qa(x —qu)]®
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Template Fitting to Data

The template is the sum of signal template + background template, with
seven parameters.

Mean (pl), sigma (p2), g3, g4 are floating, z are constrained, gl and a is
fixed.

Fitting utility function is defined by chi-square function + constrained terms
forz

. ON. 0~
i=1 N; =

Evaavis § | 0.8 ]

Set Yinlog scale
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