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Prompt photons in pp collisions at LHC

e Measurements of the production of high p prompt photons (in association with
jets) and pairs of photons in hadron colliders provide

—> tests of pQCD predictions in a cleaner reaction than jet production
— constraints on the proton PDFs (especially gluon PDF: gg — g dominant)

— input to understand QCD background to Higgs production and BSM searches
(tuning of Monte Carlo models)

e Prompt photons in pp collisions are produced via two mechanisms:
— direct-photon (DP) and fragmentation (F) processes

Prompt photon (plus jet) production Diphoton production
pp — v(+jet) + X pp — vy +X
October 4-9, 2015
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Prompt photons in pp collisions: isolation

ISMD2015

e In addition to prompt photons, photons are produced copiously inside jets
(eg, w0 decays)
= it is essential to require isolation to study prompt photons in hadron colliders

e This is achieved by requiring, eg
E° =Y, B < Bl
with the sum over the particles (except the ®

photon!) inside a cone of radius R centered
on the photon in the n — ¢ plane

ISOLATION CONE

PHOTON

e The isolation requirement suppresses mostly the contribution of photons inside
jets (from 79’s and other neutral mesons decays) and the fragmentation
contribution

October 4-9, 2015 Claudia Glasman (Universidad Autonoma de Madrid)



Photons with the ATLAS detector




ISMD2015 Photon and photon+jet production with the ATLAS detector 3

The ATLAS detector

e Inner detector (ID): tracking and Pl in || < 2.5 (silicon pixels and strips, TRT)

e Calorimeters:
electromagnetic (LAr) — barrel: || <1.475, endcap: 1.375 < |n| < 3.2
(and forward: 3.1 < |n| < 4.9); three longitudinal layers
hadronic (scintillator/steel, LAr/Cu, LAr/W) — barrel: |n| < 0.7, extended barrel:
0.8<|n| < 1.7, endcap: 1.5 < |n| < 3.2 and forward: 3.1 < |n|<4.9

are the main components for photon reconstruction and identification in ATLAS

October 4-9, 2015 Claudia Glasman (Universidad Autonoma de Madrid)
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Photon reconstruction and identification in ATLAS LAr Calorimeter

e Reconstruction:
— First layer: high granularity in 7 direction
— Second layer: collects most of the energy
— Third layer: used to correct for leakage

e Cluster of EM cells without matching track:
“unconverted” photon candidate

e Cluster of EM cells matched to pairs of tracks:
“converted” photon candidate

e Identification:
— To discriminate signal vs background: shape variables from the lateral and
longitudinal energy profiles of the shower
in the calorimeters; “loose” (including
leakage in hadronic calorimeter and width
of shower) and “tight” (to discriminate
single-photon showers from overlapping
nearby showers) identification criteria are

defined (ATLAS Collab, PRD 83 (2011) 052005)

e Efficiency: 97 (85)% for loose (tight) photons with E% > 20 GeV = vy
October 4-9, 2015 Claudia Glasman (Universidad Autonoma de Madrid)
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Photon isolation and background subtraction in ATLAS

O EiTSO Is computed using calorimeter cells (EM and HAD) in a cone of R=0.4,

excluding the contribution from the photon

e The leakage of the photon energy is subtracted (few %)g j:z vt s
e The underlying event and pileup contribute to E*-°! 8 b | sy
— correction computed using the jet-area method Tl Sy
(M. Cacciari et al, JHEP 0804 (2008) 005) Wb [Lassn E
e After these corrections, the (EL°)°T distribution is R i
centered at zero of .t
e A photon candidate is considered isolated if T, S |
(EiSO)COI' < (EiSO)cut E* [GeV]
e However, residual background still expected even after tight identification and
isolation requirements R M M A
e A data-driven method used to avoid relying on detailed “=| ¢ D
simulations of the background processes:
— two-dimensional sideband method based on | & ;
YID VS EISO plane and corrected for signal leakage

0 5 10 15 20 25 30 35

-5
e Purity: > 90% for E% > 40 GeV (ATLAS Collab, PRD 83 (2011) 052005) 5 (Gev]
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Inclusive isolated photons: testing pQCD

pp — v + X: inclusive isolated-photon cross sections L —4.6fb 1

e Photon selection: EJ >100 GeV and || < 2.37
excluding the region 1.37 < |n7| < 1.52

e Photon isolation: E5°(R = 0.4) < 7 GeV = 400 N —
2 v —e— Data 2011 {s=7 TeV .
— E;>100 GeV —— PYTHIA (MRST 2007 LO*)
s = HERWIG (MRST 2007 LO*)
° 300 NLO (Jetphox) CT10 ]

IL dt= 4.6 fb'1 E== Total uncertainty

—— Scale uncertainty

e Experimental uncertainties:
— == 6 (7)% for 07| <1.37 (1.52< 07| <1.52) 200

----- NLO (Jetphox) MSTW2008nlo

— dominated by photon energy scale ;—Wﬁi.z:g.'..:..:.¢:.:.:;;::'1 b‘i**—— .

(2 (6)% at low (high) EJ) b :

- ATLAS ]

e Comparison to LO MC predictions p oEEsRIE LTt

— good description of data by PYTHIA F 080“"““‘“051 ---------- ownsn.__ullE

— HERWIG describes shape but underestimates '
normalisation

ATLAS Collab, PRD 89 (2014) 052004
October 4-9, 2015 Claudia Glasman (Universidad Autonoma de Madrid)
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NLO QCD calculations for inclusive photon production
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1 1
Opp—vy+X — Z /O dx fi/p(wla IJJ%‘)/O dx2 fj/p(w% H%‘) &ij—>'ya+
1,7,Q
1 5 1 5 1 5
> dz DZ(Z,Mf)/O dzq fi/p(wlaup)/o dx2 fj/p(T2, KF) Gij—sab

St e

e The calculations include NLO corrections for direct-photon and fragmentation
and implement the photon isolation requirement at “parton” level

e Corrections for hadronisation and underlying event needed (E,if0 calculation)

e Theoretical uncertainties: higher orders, PDF-induced uncertainty, uncertainty
on s and on non-perturbative corrections

JETPHOX (S. Catani et al, JHEP 0205 (2002) 028)
October 4-9, 2015 Claudia Glasman (Universidad Autonoma de Madrid)
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Inclusive isolated photons: testing pQCD

pp — v + X: inclusive isolated-photon cross sections L —4.6fb 1

e Photon selection: EJ >100 GeV and || < 2.37
excluding the region 1.37 < |n7| < 1.52

e Photon isolation: EX°(R = 0.4) < 7 GeV & 400~
— - Er>100 GeV - E?(?Hzlgl(}wgg zTgc\)/7 LO% -

o - HERWIG (MRST 2007 LO*) ]

o 300 NLO (Jetphox) CT10 ]

© - ILdtz 4.6 fb'1 E== Total uncertainty -

H H 1 . = —— Scale uncertaint -

e Theoretical uncertainties: - T S ——
— terms beyond NLO: 12 — 20% 200/ .
WH 7

— PDFs: 5 (15)% at E. ~ 100 (900) GeV ST — :
— value of as: 4.5% in average ook -
— NP corrections: negligible - ATLAS -

o 12:""':

- . 4 = D G GG S U W W S — E

e Comparison to NLO predictions (JETPHOX) O S _+_‘i+f‘i—‘+ :
2 o8 e T —|

—> pr=pr=ps=E]; PDFs: CT10, MSTW2008NLO; =~ '} . . . ; ]
FF: BFG set Il; a,(mz) =0.118 Il

— consistent with data within uncertainties

ATLAS Collab, PRD 89 (2014) 052004
October 4-9, 2015 Claudia Glasman (Universidad Autonoma de Madrid)
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Inclusive isolated photons: sensitivity to proton PDFs
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- n ] n m . —_— 1
pp — v + X: inclusive isolated-photon cross sections L =4.61b

% 10'"'I""I""I""I""I""I""I""I""_EI %‘ 10""I""I'"'I""I""I""I""I""I""I"'él
©) —8— Data 2011 {s=7 TeV 3 (O] —e— Data 2011 {s=7 TeV 3
g IL dt= 4.6fb"  —— PYTHIA (MRST2007LO*) S J’ Ldt= 4.6fb"  —— PYTHIA (MRST2007LO¥* ]
i_ 1l 4 e HERWIG (MRST 2007 LO¥)  — ﬁ'_ 1 J HERWIG (MRST 2007 LO¥) —|
— = NLO (Jetphox) CT10 = — = NLO (Jetphox) CT10 =
B 10_1;_ . E== Total uncertainty _;I B 10_1;_ E== Total uncertainty _;I
- = —— Scale uncertainty E k= E T — Scale uncertainty 3
I i T NLO (Jetphox) MSTW2008nlo - N NLO (Jetphox) MSTW2008nI0 ]
102 b = 102 =
10_3 :? ,,,,,,,,,,,, ?: 10-3 :? """""""" ?:
= ATLAS s 2 ATLAS s
10.4 ;? ] 10-4 ;? -

u In'l<1.37 - 1.52<||<2.37

Theory/Data
Theory/Data

100 200 300 400 500 600 700 800 _ 900 _ 1000 100 150 200 250 300 350 400 450 500 550 600
E! [GeV] E! [GeV]

e The NLO calculations agree with the data up to the highest E7 measured (1 TeV)
e Sensitivity to proton PDFs:
— NLO calculation based on MSTW2008NLO higher than CT10 and closer
to data at low E7.
— theoretical uncertalntles due to PDF become significant at high E’Y

—> these measurements have the potential to constrain further the pPDFs
ATLAS Collab, PRD 89 (2014) 052004

October 4-9, 2015 Claudia Glasman (Universidad Autonoma de Madrid)
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Impact of inclusive isolated photon measurements at LHC on PDFs

| NNPDF2.1 dataset + Isolated-photon world data |

10%E
10°E
—_ I~ m Deep Inelastic Scattering
o 10*E
% E = Drell-Yan (FT), W, Z (Tevatron)
2 [ = Inclusive jets (Tevatron)
E— 10 E @ Isolated photons (s=2.76,7 TeV)
o o
s - v lIsolated photons (s=1.8,1.96)
= L
“‘0 102 4 Isolated photons (Vs=200-630 GeV)
- i . |
- Lk
L -I“ - ]
10¢ RETERTEITE
F AL
1 IR L L LIL 1 IIIIIIII I L LI I LI 1 IIIIIIII L L
107 10°® 10° 10* N 10° 102 10" 1

e Study of the impact on the gluon density of
existing isolated-photon measurements from a
variety of experiments, from /s = 200 GeV up
to 7 TeV

— those at LHC are the most constraining
datasets
— reduction of gluon uncertainty up to 20%
localised in the range x =~ 0.002 to 0.05
— improved predictions for low mass Higgs
production in gluon fusion:
PDF-induced uncertainty decreased by 20%

| LHC 7 TeV isolated-y data |

-
w
T

NNPDF2.1 NLO + IsoPhotons (Q% = 10 GeV?)

LHC 7 TeV isolated-y data |
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5
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(See Peter Bussey'’s talk) X

ATLAS Collab, ATL-PHYS-PUB-2013-018

D d’Enterria and J Rojo (NPB 860 (2012) 311)
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Isolated photons in association with jets: testing colour dynamics

e Photon selection: E] > 45 GeV and |n7| < 2.37 —— §
excluding the region 1.37 < |n7| < 1.52 and EX° < 4 GeV U L rnrgnsas
e Additional requirements for do /dm’: : ;
| cos 67| < 0.83 and | + y'°t| < 2.37

pp — 7 + jet + X: isolated-photon plus jet cross sections L =37pb~1!
e Jet identification: anti-k; algorithm with R = 0.6 3 10tk O stEeTTe T

' (see Nuno Anjos’s talk) E e —orcitoes
e At least one jet with pJTet > 40 GeV and |y'°t| < 2.37 % b e roRCT

107g R L
14F © theoretical uncertain
1.2

NLO QCD/Data

0.8
0.6

e Experimental uncertainties ~ 10% (dominated by jet |
energy scale) P [Gev]

H H H H 2 10°E :ATLAS‘ s=‘7TeV‘, 37 ;)b'£ 3
e Theoretical uncertainties =~ 10% (dominated by terms ¢ © e (T
beyond NLO) ;_E ) e EEgE Eﬂis?gv%égosmo
e Comparison to NLO predictions (JETPHOX) -

— pp=pr=ps=FE}; PDFs: CTEQ6.6, CT10, MSTW2008NLO; il P> d0 G B> s ey
FF: BFG set ll; a,(mz) =0.118; 10.33603 8" <083, In + y*| < 2.37 ;
corrected for non-perturbative effects I = o moerany |

— good description of data 2 3

200 300 400 500 600 7rc:,?yj [Ge \:I/.:(l)OO

ATLAS Collab, NPB 875 (2013) 483
October 4-9, 2015 Claudia Glasman (Universidad Autonoma de Madrid)
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pp — v + jet + X: isolated-photon plus jet cross sections

w
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Photon and photon+jet production with the ATLAS detector@‘;
Isolated photons in association with jets: testing colour dynamics

12

L =37pb 1
e Additional requirements for do /d| cos 6%|: m? > 161 GeV and | + y'°t| < 2.37

15000

10000[—

5000

T I T T T
ATLAS (Vs =7 TeV,37pb™) -

® Data

LO QCD (Jetphox) O NP:
— Direct photon (x1.7)
--- Fragmentation (x80)

---=--:/ —> gluon exchange
i x (1 — | cos 6*|) 2

. .| —3 quark exchange
x (1 — |cos@*|)~!

0
0

e Good description of data by NLO pQC

e Sensitivity to QCD dynamics:

— shape of data much closer to DP than to F processes — consistent with
dominance of processes in which a quark is being exchanged
—> validity of the description of the dynamics of isolated-photon plus jet

production in pp collisions at O (aa?)

ATLAS Collab, NPB 875 (2013) 483

October 4-9, 2015

Claudia Glasman (Universidad Autonoma de Madrid)



pp — v + jet + X: isolated-photon plus jet cross sections

e Without additional requirements .,

N
a1
o
o

Events /0.1
N
o
o
o

1500

1000(-

500

e v + jet production is the 2nd largest source of
background to I — ~~; cos 6™ distribution used
to determine the spin of the Higgs

e Measurement of do /d| cos 87| without additional requwementsT
e Good description of data by LO and NLO pQCD

ISMD2015

ATLAS Simulation

e e e B S .
Nominal analysis |

—J2K2K

(1/N) dN/d]cos(!

T pP<125 GeVv
r T

do/d|cos 8" [pb]

[ ATLAS Preliminary
- Data2012, [Ldt=207fb" Vs=8Tev —e—
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Photon and photon+jet production with the ATLAS detector@

photon+jet: understanding the background to H — ~~

L =37pb 1
10000 I |

[ eDaa ATLAS (Vs =7TeV,37pb™) |

| —— PYTHIA (x0.93) HERWIG (x1.13 i
8000—"""" PYTHIA (Direct photon) _ x _' ) —

L PYTHIA (Fragmentation) HERWIG (Direct photc?n)

- _sHERPA (x100) HERWIG (Fragmentation)_|
6000 [— I
wo T

p¥>40Gev o i_ -

2000~ Ey>45Gev 7
T — =4

. T I

0 0.5 1
|cos 0"

A
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L
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S

13

e Understanding the photon+jet background in terms of pQCD:
— precise understanding of this background both in normalisation and shape

—- useful for tuning the Monte Carlo models

ATLAS Collab, NPB 875 (2013) 483
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Isolated photon pairs: understanding the QCD background

pp — v+ + X: isolated photon-pair cross sections L =49fb 1!
H H n SR L LA B B AL LR ILELL B 10
e Photon-pair selection: ;g y e 3 R E
E]>25, 22 GeVand |n7| < 2.37 £ N A s E
s 10t N —e— Data 2011, [Ldt=4.9fb" e o —e— Data 2011, [Ldt=4.9fb" 3
i ’Y % _ !!:. W PYTHIAMC11c x 1.2 (MRST2007, §- -1 --':_ N PYTHIAMC11c x 1.2 (MRST2007
eXCIUdIng 1.37 < |77 | < 1.52 and © , - "!t %SHERPAMCJ_’LC><1.2((CTEQ6L1)) 3 1 fE '2::. %SHERPAMC:Llc><1.2((CTEQ6L1)) E
EX° <4 GeV 10 ey S .
o AR > 0.4 10° :f 109k :zqz
Myy == = PT,yy 3
e Main irreducible background e _
to H — ~~ . S — L
o 3 o 3
_ o data/SHERPA é data/SHERPA
e Comparison to LO predictions z 1,21 e + L 1_'51 s
— PYTHIA: LO ME plus parton shower = o o 7% o S
— SHERPA: also includes diphoton L 1T s E
| s ap £ st data/lPYTHIA  § § = data/PYTHIA 3
higher-order real-emission ME T 15E E- T N PR 3
8 1E_,,.?,,WM-&WMTW.,,,,,,,,,,,,,,,,,,,,,W,Wmi 3 1% Ofm#ftm,}%—b—%- 4 4 3
(two additional partons) osg T T T
OO 100 200 300 400 500 600 700 80 00 50 100 150 200 250 300 350 400 450 500

P, [GeV]

— both models underestimate normalisation of data du@W{GSV]missing higher-order
contributions
— PYTHIA describes m~-~, except at low values, better than SHERPA
— good description at low pr . thanks to soft-gluon resummation
— SHERPA describes pr - overall thanks to additional tree-level higher orders
ATLAS Collab, JHEP 01 (2013) 086
October 4-9, 2015 Claudia Glasman (Universidad Autonoma de Madrid)
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Isolated photon pairs: understanding the QCD background

pp — v~ + X: isolated photon-pair cross sections L =49fb !

e Photon-pair selection: g 1 s g """%

EY>25, 22 GeV and |i77] < 2.37 £ e 2L,

) £ 10? —e— Data 2011, [Ldt =49 fi* 3 S e b 2011 (gt 0 15" ¥
excluding 1.37 <[n7| <1.52and § . %, & ceovcumacen B E oo ier of

Eiso < 4 G ev 102 ‘sgi::/// Y L %% 2yNNLO (MSTW2008) ++_/,//_2§§

T “'I:z; 10E A¢ _,_j//<%§ =

e AR >0.4 10° : - YY N ]

mvv R : ? /1777777, A//////§\ % -

e Comparison to pQCD predictions:* 1§§§§§\§§&§%\ -

_s DIPHOX: NLO DP and F contributions _ e +++
(@) 3 (@) 3

— 2yNNLO: NNLO DP £ 2 daia/DIPHOX g 25 T cT:IataT/DIPHO;( "

¢ 4 )

—» DIPHOX: fails to describe the® ' Llstbade e I R
data for Ay ~mand low , °pormee | e
m~~ due to importance of % 25 data/2~yNNLO : % 22: data/2~yl\il:lLO 3
soft-gluon resummation in = PO st vy ; El: 1'515?////////////7////// //////////_’_;}/;///////%?}2}’/»;_

0.5 E 0.5 K
this region and underestimates % 10 20 300 400 500 600 700 80 % 05 1 15 2 25 3
GeV] A(pw[rad]

the data everywhere else due to missing higher orderd
— 2vNNLO: is closest to data, but still below in regions where the fragmentation
contribution is more significant
e Sensitivity to higher orders:

=> improved calculations are needed to understand fully diphoton production
ATLAS Collab, JHEP 01 (2013) 086
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Preview: inclusive isolated photon production @ 13 TeV
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pp — < + X: inclusive isolated-photon distributions L =6.4pb~1

e Photon selection: EJ > 125 GeV and |n7| < 2.37
excluding the region 1.37 < |n7| < 1.56
e Photon isolation: EX°(R = 0.4) < 4.8 GeV +4.2-1073 x EJ.

0  [rrrrgprro [Trrr[rrrr[rrrr rrr oot < T ] = (A A I L B R B L B R
=600+ ATLAS Prellmlnary— ?5' oL ATLAS Preliminary | 31500_ ® Data ATLAS Preliminary

o + 1 = 10°E Vs =13TeV, 6.4 pb* 3 L — SHERPA(norm.)  y5=13TeV, 6.4 pb™
LI>J L {s =13 TeV, 6.4 pb’ g F e Data 3 I L El>125Gev -
ET>125 GeV g ~—— SHERPA (norm.) ] o L + i
+ « Data tight w In'] <1.37 & 1.56 < |n'| < 2.37 1000 _-_{’}—'_'TL'_rl_r b
o Data non-tight i 10F 3 i t “—h_*_l_{;
400 (normalised to m C ] - ]
} + 10<E{*<25GeV) i ]

[
+ background in E 0 < E b 1e s 3 500 B ]
N amounts to (4.8 Lo 3) / i E =
t
200 — .
I ; S L - — o (O L L
' : normalisation range % 14 =2 systematic uncertainty E % 14 =2 systematic uncertainty I E
¢ ¢, 4% o § g 12 E 8 12b =
LM gggs 8 e ————————] = 8 S S P S S — I—-I—'
ol°00 #°%40 o 1F E o 1F i I E
. b0’ ” R 0.8F : i I I 3 0.8F i : 3
O | Lot m|O|O|O|O|O| Do b b Py 0.6 = 0.6 ) ) ) ) —
—10 —5 0 5 10 15 20 25 200 300 0 0.5 1 15 2

Er [GeV] In'l

E° (R=0.4) [GeV]

e Clear observation of isolated photon signal at 13 TeV

e Comparison to normalised LO MC predictions

— good description of data by SHERPA 2.1 (see Nicola Orlando’s talk)
ATLAS Collab, ATL-PHYS-PUB-2015-016
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Preview: photon pair production @ 13 TeV

pp — v~ + X: isolated photon-pair distributions

e Photon-pair selection:

< 2000F N L R IR
~ S - . E
ET >15 GeV and |n’7| < 2.37 3 1300~ ++ ATLAS Prellmlna}y ;
— C Data 2015 (ys=13TeV, | Ldt=6.4 pb
m 2 1600 -
excludlng 1.37< |"’]7| <1.52 and - 1400F In'l < 237 (1.37 < |n'| < 1.52 excluded) ]
. > = E; > 15 GeV, AR, > 0.4 =
E%[‘SO < 4 Gev T 1200F Tight subleading y, E*° (R=0.4) < 4 GeV
1000 ® Tight leading y candidate -
. AR77 > 0.4 800i - O Non-tight leading y candidate =
= (normalized at EiTSﬁ > 10 GeV) 3
600? -O-o-_._ E
400 - =
= -z ]
200 = - =
ot = R dn.cn et S PPN
=5 0 5 10 15 2
EX (R=0.4) [GeV]
T 10tE T L e - o L B L B
P E ATLAS Preliminary E P . ATLAS Preliminary -
;9' Loy Data 2015 (V§=13TeV,ILdt=6.4 pb?) ] ;2- 102? ’ﬂ” Data 2015 (15 = 13 TeV,ILdt:6.4 oY) 3
"'!5‘_ 10° 3 o e | < 2.37 (1.37 < || < 1.52 excluded) E .g-'_ - - N < 2.37 (1.37 < |7"] < 1.52 excluded) .
E —— . = =
% . o Er>15GeV, E° (R=0.4) <4 GeV, AR, > 0.4 7 % B -  E“>15Gev, E% (R=0.4) <4 GeV, AR,, > 0.4]
o —_— == —
10 -+ ® leading y candidate = 102 . 3
E O subleading y candidate B C ]
o — B B 7
N ] —
: —— : : :
107 _+_ E i _+_’
I background not subtracted B 10 ? background not subtracted é
[N A B B B SN BN B R S R BN RN BN B RTETEN B A B
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Y vy
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[GeVY
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T

dN/dE
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L =6.4pb—1

O I s e o e e o R e ey
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e Clear observation of isolated photon-pair signal at 13 TeV
ATLAS Collab, ATL-PHYS-PUB-2015-020
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(see Nicola Orlando’s talk)
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Photon and photon+jet production with the ATLAS detector@
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e Exploration of isolated photon production in pp collisions up to E7 ~ 1 TeV
= additional experimental information on the gluon density in the proton

e Measurements of photon+jet and diphoton production
=> test of colour dynamics and understanding of background to H — ~~ In

terms of pQCD

e Overall, perturbative QCD succeeds in describing the data!
... new results at 8 and 13 TeV forthcoming...
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Photon and photon+jet production with the ATLAS detector@
Isolated photons in association with jets

ISMD2015

pp — v + jet + X: isolated-photon plus jet cross sections L =37pb1

e Selection of unbiased region to measure the m and | cos 9’73| cross sections:
— |777 + 9yt < 2.37, | cos 0V < 0.83 and mY) > 161 GeV
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— The first two requirements avoid the bias induced by cuts on 1 and yJ¢t
— slices of cos 07 have the same length along the 17 + yJ¢t axis

— The third requirement avoids the bias due to E. > 45 GeV in the
(| cos 87|, m) plane
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