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w Overview

® Why direct (di)photons?
® What are the experimental challenges?

® Photon identification techniques used in the
analyses.

® Single and diphoton differential cross section
measurements, and comparison of LHC
measurements with theoretical predictions.

® Conclusion and outlook.
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W Why (di)photons?

® LHC Ecm and CMS/ATLAS detectors allow us to
probe new regimes of Er/x/rapidity when compared
with previous generation of experiments. Single 106

NNPDF2.1 dataset + Isolated-photon world data

photon x/Qr reach for LHC on right. E d'Enterria, Rojb 2012, Nuc Phys 8860§
® Higgs decay to two photons is a hot topic: direct o ' x
measurements of photon and diphoton processes can 107 o f
reduce uncertainties on the rate of reducible (photon e PR O g 8 DX
+jet) and irreducible (QCD diphoton) background — 104; = Deep Inelastic Scattering IR 3 Ly f
processes. In addition 3 E  Drell-Yan (FT), W, Z (Tevatron) o 50,6 6076 6
: oy
® Study of QCD photon processes at the LHC provides it L # Inclusive jets (Tevatron) S8 -..'{" y
o a
a large cross-section standard candle for “&" 10°E o Isolated photons (/E=276.7TeV) o it b v8:
o o . . o . o I oo o Vol
understandnTg photon |s?lat|on and !dentlﬁc.aho.n in & M i '.'ﬁi
the challenging LHC environment, with applications -~ - Rt
. . . . N - = - PRI, Lo He e
for studying BSM signatures which contain photons o 10°E + eC R (\:]_3_200 e S .T
in the final state. F | = |:_| Wi
. . i skl Alie:
® Photon cross section measurements are a classic 10 . .‘1!‘;!.3’! .2
probe. of the S|'I:L.JC|'UI'e of the proton, photon+X is : I TR
especially sensitive to the gluon PDFs. At LHC, B _ : ; ; :
”Compton" process dominates over annihilation and 1 EETITY B SR RTTIT B AW RTTTT B S W R TTTT M SN RTTTT M ST WA TTTT SN AR A TITY
N : 7 6 5 -4 3 2 1
fragmentation diagrams (next slide). Photon 10 10 10 10 & 10 10 10 1

measurements can reduce gluon PDF uncertainties
for gluon fusion H production significantly.
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w Single photon diagrams
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w Diphoton diagrams
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w |dentifying photons
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Primary challenge in these measurements is
separating the real photon signal from the dominant
background, jets with a high EM fraction faking
photons.

® Jets typically have higher isolation sums than
true photons.

® Shape of the photon candidate in EM
calorimeter is broader for jets than for photons.

® Photon conversions can be exploited for
photon ID.

In addition, where possible, find techniques to extract
distributions for the above variables from data in
order to reduce the dependence of these
measurements on fine details of the event generator
and detector simulation.
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w Identifying the photon signal (1)

x1 x1
8 [ (a) CMS Vs = 7TeV ] 8 (b) CMS \/s = 7TeV . " h h h . | .
S | (=%poimos | @ L, = 36 pb”, 0.9<ki<1.44 Jets typically have higher isolation
o ) 5-_ 80 <E,<100 GeV ] o ; 80 <E,<100 GeV fh t h ¢
= Y ] & A - sums than true photons.
5 | — Signal 5 — Signal : el e
3 2 Background 3 (2 Background ® Isolation distributions can be
' used to fit the contribution
0.5 -
- from isolated photons after
: selecting on the shower
ol i 0' iy shqpe of the candidate.
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1SO [GeV] SO [GeV] : ] ol e
i ® Photon isolation distribution
oy e s s MG ro O .
2 | © oMS 5 = 7TeV 2 [ @ oMS \ = TTeV . can be checked against
8 L. =36 pb”, 1.57dnj<2.1 8 800 L, =36pb’, 2125
s T 80 <€,<100 GeV 1 o | 80 <£,<100 GeV - electrons from Z decay.
% F —e— Data =R i —e— Data ]
3 —— Fi = ~ Fi -
5 — Signal & 600 — Signal ® Background shape can be
u>.| Background U?J | 777 Background

extracted from data by
looking at a background-
dominated sideband of the
shower shape.
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w Identifying the photon signal (2)

Jets typically have higher isolation sums
than true photons.

CMS diPhOtOHS JHEP Ol 2012 133 ® |Isolation distributions can be

OMS Vou 7ToV, L= 36 - OMS = 7 TeV, L= 38 b used to fit the contribution from
Inl < 1.44, 100 GeV < m_< 140 GeV In| < 1.44, 100 GeV <m_< 140 GeV isolated photons after selecting

> TTTT"'(T"I"T17]7“[1]"[7‘[7‘-~nl' > IUIUIIYTTTYT1111]T1‘I‘TTI T 1 1 1

B 102k « Data 1 8yl * Data i on the shower shape of the

10° 10°

- B mu Signal 1 « B mw Signal ] .

8 F " Background 94 B " Background ] candidate.

= Signal and Background > o Signal and Background

8 & ® Photon isolation distribution can

w w
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o
Ty
.
o
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be checked against electrons
from Z decay.

® Background shape can be
_ extracted from data by looking
10} 1 at a background-dominated

e e sideband of the shower shape.
7, (GeV)

DY contribution can be estimated
from simulation and cross-
checked with measurements of

ECAL iso the DY differential XS.
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w Identifying the photon signal (3)

Matching of conversion track pr Ssoof- cmgrw ] %: ® et
with photon candidate Er can ol r w1 g “ il
provide additional handle to . J| g : Mrwis
discriminate photon signal from E o | ﬁl - '
jet background. o { L

® Allows us to select on both : j

the isolation energy and

the cluster shape-do not Sroof- g ok gusT
need a sideband in either Jie o WS ] Rt mamezs
120 3 1
to perform the background 100 o0}
subtraction. 2 o0l
60 s
e
® Signal templates come from N 0
MC, background templates g o

from data sidebands.
CMS photon+X PRD 84, 05201 |
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w Identitying the photon signal (4)

ATLAS photon+X PLB 706 2011 150

a

ATLAS usesa 2D ¢ C D
background -

subtraction & A R
technique (ABCD)

using both photon iso non-iso

ID selection (shape  ysis_ v, _ (v  cpneie) Mo —ceNa®)

. . | NSig
in calorimeter) and (Np — epNy®)

: : : where cks are signal leakage
isolation selection.

fractions from A to K (from
MC)

UNIVERSITY OF

MARYLAND



w Identifying the photon signal (5)

ATLAS dlphotons PRD 85 20|2 O|2003
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The ditterence 1n 1solation
distribution for the ID vs.
non-ID samples can also be
used to determine a signal
shape.
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w Extracting diphoton yields

L'L' sample, leading candidate

In the diphoton measurements, determining the number of signal events
| FRRSESES requires us to consider both photon candidates.
XI
% C D ® CMS: 2D ML fit over the isolation distributions for each photon
3 candidate passing the ID requirement.
3 — ki ® ATLAS: three techniques are used.
5 r0G01
) ™ - ® Event weighting: for each event where both candidates
g pass the ID requirement, each candidate is classified by
whether they pass the isolation requirement, resulting in PP,
A R 10 18 YRl 25 B0 188 PF, FP, and FF categories. Each type is then weighted by its
E*[GeV] probability to be a diphoton event. Used in final reported
XS.
. . : ® 2D fit: 2D ML fit over the isolation distributions for each
sample, sub-leading candidate . . .
2 O N .. photon candidate passing the ID requirement.
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w Results: inclusive photon XS

.......... D e R e A Y

> 10 ‘;. Yata 2010 > 'C“!»' L R ¢ Data 201 Lat=35pb" 3
CMS photon+X PRD 84, 05201 | el B ¢ Duazoro[Lan-ospe’ 1 B | 2010 :
R 10 ' f}_ l[, i
— T T | T ] T 1 ] T ! E— " PHC iy 4 - f; TPHOX 'r )
> 4Pl CMS (s=7TeV  P+P—1+X - L EF R0 o s X a3
" < R “ Bl crEceE 8 | e B i
8 107 L'n‘=36 Pb"' E!I"°<sGev B— JETPHOX 10 = O STW 20 ”Jt I I T e ‘!
; g £ 5 n f ma NNODE 2 0 ]
B ~6-21<hl<25(X10%) : o B NNPDF 20 ¢ . NNPDF 2.0 1
o —o-157<hi<2.1(X10% o S " £ e ]
& : S 10 ni<0.6 107} ).k <13 4
. - 10+ \ TTaV . 102 I Va=TToV 4
{10"’ = k<09 E e bR AR PR R Sovnbad e By |
Y kel els 1 mw P P a ;\P_ 1| reiitigng PR —8— .
m N BRI e e e e 1 : U5 ettt L e L L o e e B B S S S o frrr e "
-Q - | eee—o—e——e— . L .
o C 3 ot 1 L e S ' %‘ l‘-” ......... L I T SPNDAPD P ‘
N 1 0 - = T e ee e e . - :’L:. M P S "
© - ifs ]
G ) X { ) 400 1 1‘ 0 400
i) gl V|
) G . — e pyep———————————————————————
10-2 gﬁ > ¥ p+p X ¢ Data :m::J L po 2 10l PporeX . Dm:c-oj’lm «35pb’
& ) i3 | O o JETPHOX NLO (wo. scabe uc
A= i - Y ! ﬁ: [ ET(ARD.4)<4GeV
NLO pQCD JETPHOX ot JETPHOX NLO twe scaeunc) | - 10f = W creQse
O i VR0 G | =) f - "
- RERER - . : B MsTW 2008
S[ CTIO/BRON, o E, - ] E | - mE creacs 8 |~ —Jndnbng
10 | MPI and hadronization corrected = 55 : - Bl msTW 2000 | : —-
: ' : o+ B NNPOF 20 , : 1.81¢n|<2.37

! , il |
1 02 2)(1 02 10 . —— 1.52<ni<1.81 | g
ET [GeV] 10°F \_"'.T'."t" e .o. S— , 10-‘; \s=TTeV .

30 40 50

{8 e ee—e—e * 7 R PO D— s
: L I N S S TP SO S | ?“08.
Bl " e 1.2}
o gz 1mwecge—e—t—o— N 2s 12| .
Good agreement with pQCD over .77 ot R e————
(E e e e o . * E‘é’i' s .

d Wlde range Of ET and rapidity B T 3500 ~0815.c““166“]éo”“:rr‘)({'“:’?,a.”“mf-n‘”'3.';5“1:50
ATLAS photon+X PLB 706 2011 150 '

UNIVERSITY OF

MARYLAND



W Photon+X ratio to theory

Data/Theory
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WATLAS photon+|et
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WSingle photons for PDFs?
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w Diphotons: invariant mass
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w Diphotons: angular separation
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w Diphotons: pr
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w Conclusions and outlook.

® Single photon measurements at CMS and ATLAS show
impressive agreement with pQCD over a wide range of
momenta and rapidities. Could be used to further
constrain gluon PDFs.

® Diphoton measurements show necessity to include higher-
order effects to complete the picture.

® lLarge 7 TeV dataset would allow extension to higher
photon momentum, and 8 TeV measurements need to be
done...

® .. .pileup and trigger thresholds make these measurements
increasingly challenging as LHC performance improves.
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