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Introduction to photon measuremer

- Photons are colourless probes, well suited to test QCD at hadron collisions
. Clean signature See also talk by Mark Stockton on y+jets
« Test resummation, pQCD and EW corrections, gluon PDF, ...

« Fixed-order calculations available up to NNLO for y+X and yy
- Background to Higgs boson studies and searches for new phenomena

- New resonances (scalar, graviton, Z’), SUSY, ...

- Measurements of isolated y (13 TeV, 3.2 fb-1), yy and yyy (8 TeV, 20 fb-1)

Direct
Fragmentation
(reduced by isolation cuts)
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- Main background from jets (with e.g. #9) rejected by ID cuts and isolation

*  Finely segmented EM calorimeter

(n| < 2.37, excluding 1.37 < |n| < 1.56) -

- |solation corrected by photon, UE and

pileup contributions

- Data-driven background subtraction using

ID and isolation (also e — vy, usually small)

]-[O

: : Z 11 1s-8Tev, 2031 E
- Correction for detector effects, unfolding SR ATLAS =
. . . “ > 4 ¥ #
to particle-level (bin-by-bin) i e . 0sml<06 3
. . . CE o Unconveriedy
dO'() NSlg(l)C(l) 0.7 T EX<4GeV S
—\0) = . 0.5Fp— —— Datz Hadiative Z ]
dA AA(Z) L 0_55_ —=— Corrected 7=l MIC _%
- Systematic uncertainties dominant in most 04k » Nominal Hiy Mo =
of the phase-space 2 M +—
s =
8 ™l . L
- Efficiencies measured in data. e.g. photon ID cooE s E s s BT e G
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ATLAS

EXPERIMENT

I [ Run Number: 279284, Event Number: 768612867

Date: 2015-09-14 11:28:05 UTC
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-08/

Inclusive isolated photons at 13°Te
: i > | R R
. 2015 dataset: 3.2 fb-1 at 13 TeV _% 0.0k ATLAS -
| | S [ s=13TeV,3.2fb" ]
- Selection (also at particle level): S [ <06
&) 01_ ]
- Er>125 GeV (trigger) [ I
O
- |solation: Etsc < 4.8 GeV + 4.2e-3 * Er % O_-_
o
=
- Jet background subtracted with SO0 i systemati ‘
2D sidebands methods (|D, iSO) B . ¥ energy scale and resolution
_(. o= v identification ]
+ Other sources (e.g. e = y) negligible [ =1 1D vs. ;" comelation in background
200 300 1000
* Inclusive cross-section and do/dEr in 4 n regions E [GeV]

Syst uncertainties dominant for Er < 600 GeV
- Energy scale and resolution: 2-5%, larger for 1.56 < |n| < 1.81

- Photon ID and background subtraction typically 1-2%
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Inclusive isolated photons at 1316V
—— . Phys. Lett. B 770 (2017) 473

Comparison with NLO JETPHOX and MC generators (Pythia, Sherpa)
Omeas = 399 + 13 (exp.) + 8 (lumi.) pb

ONLO = 35238 (scale) +3 (PDF) + 6 (as) =4 (non-perturb.) pb.

> ¢L ATLAS D :
. . o 10°s ata =
do/dEr over 5 orders of magnitude G | e=13TeV, 321" 4o x10) :
O E Y SNE
. o} = . 00.6<n’|<1.37 (x10™") 3
- Shape well described by MC, except a1 S " 1.56<i’l<1.81 (x107) 3
. . LLI —e— 01.81 2.37 (x107) =
for Er > 500 GeV in the regions || < 1.37 © w©F = - <Mi<e37 & )?
'8 102 —O—_O_"'_._ .
- Adequate description by NLO calculation i B B
 Differences up to 10-15%, covered by O o DO
theoretical uncertainties (scale) e o T 1
10°° L= - =
i i - — NLO QCD (JETPHOX) —o- —&- 3

- Calls for higher order calculation! 107 MMHT2014 PDF L+ 4
1OBE | | | | | | _II;I_I | a

200 300 400 500 1000
El [GeV]

Bruno Lenzi (CERN) Measurement of photon production cross sections with the ATLAS detector 17/04/2018 6


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-08/

‘\::t§>\$\\\

Inclusive isolated photons at 1316V
——. y Phys. Lett. B 770 (2017) 473

Comparison with NLO JETPHOX and MC generators (Pythia, Sherpa)
Omeas = 399 + 13 (exp.) + 8 (lumi.) pb

ONLO = 35238 (scale) +3 (PDF) + 6 (as) =4 (non-perturb.) pb.

4] T T o T T ——TT
: T | ATLAS 1} NLO QCD (JETPHOX): =
- do/dEt over 5 orders of magnitude S “Iis=13Tev, 321" - 1F == MMHT2014
S [ - Iluminosity uncertainty 1[ === CT14 ]
o wof JF - NNPDF3.0 .
= [ 1L ]

- Shape well described by MC, except
for ET > 500 GeV in the regions |n| < 1.37

[ eData (In?|<0.6) " 1[ oData (0.6<[n"|<1.37) ]

- Adequate description by NLO calculation -

. Differences up to 10-15%, covered by 14| =Data (1.56</n"|<1.81) [ oData (1.81<m7|<2.37)“ -

theoretical uncertainties (scale)

Theory/Data

- Calls for higher order calculation!

0.6 T 4L ]

! ! ! MR R ! ! ! M TR |
200 300 400 500 1000 200 300 400 500 1000

E) [GeV] E) [GeV]

Bruno Lenzi (CERN) Measurement of photon production cross sections with the ATLAS detector 17/04/2018 [


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-08/

Comparison with NNLO calculations

*  NNLO calculation: Campbell et al, PRL 118, 222001 (2017), 1802.03021

« Scale uncertainties halved

- Overall good agreement. Small discrepancies in the forward bin for 8 TeV,
cancel out when taking the ratio to 13 TeV data

ATLAS 8 TeV, |n7| < 0.6 ATLAS 13 TeV, 77| < 0.6
T T T T T T T T T T T T T T

g at 100.0 GeV
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Photon pair production at 8 TeV""~
o= \Phys. Rev. D 95 (2017) 112005

Integrated cross-section and differential as a function of 6 variables:

Moyys DTy DQyy, | COS 9;” aT,gb;';

- Larger dataset (20 fb-1), reduced uncertainties and new variables w.r.t. to
previous result at 7 TeV (better sensitivity to soft-gluon emission)

«  Er>40GeV, 30 GeV; AR > 0.4; Eyrartiso < 11 GeV

« Jet and electron backgrounds from T
. . . 0] - +4-Data ATLAS ]

template fit to calo isolation < 305 Fulmodel 58 TeV 2021
o 25F | Syst unc. E

D 3 & 205 —V =

L = Y] E
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\\

Photon pair production at 8 Te

_ \\Phys. Rev. D 95 (2017) 112005

- Syst. uncertainties dominated by photon ID (2.5%), isolation modelling (2%)
and efficiency (1.5%), background control region def. (+1:5%_1 7¢)

ofid = 16.8 £ 0.1 (stat) = 0.7 (syst) £ 0.3 (lumi) pb

- Compared to calculations up to NNLO or NLO + PS / gluon-resummation:

T T T T | T T T T |
----Data (16.8+ 0.8 pb) ATLAS
[ + 16 band \s =8 TeV, 20.2 fb’
[ ]+ 206 band

Sherpa 2.2.1 (ME+PS merged at NLO)
+3.1
16.47, pb
DIPHOX NL L
(qa/ag it.s 0O, gg at LO) o
10.77 7 pb
RESBOS (full NLO + NNLL)
12.1 pb

Name and type of computation

2yNNLO (NNLO)
14243 pb

L
0 5 10 15 20

Integrated fiducial cross section [pb]
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Photon pair production at 8 TeVo""~
i JPhys. Rev. D 95 (2017) 112005

« Uncertainties typically < 5% per bin, up to 25% in few bins with low stats
« Sherpa 2.2.1 with ME+PS at NLO describes the data well

well reproduced by gluon resummation

p —

- Impact of IR emissions (ar and ¢~

= ron; ]
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o 2yNNLO (NNLO) = S 10 %, | 2MNNLO (NNLO)
_— 0 +-0~o.. ~+ SHERPA 2.2.1 (ME+PS at NLO) _8 ..:|— SHERPA 2.2.1 (ME+PS at NLO)
<10 “o, E 1 02 ‘o
.g — = ."0* 3 e
B 10k *e, E =
o = g + : 1 x10° i
1e 200 \ + —— = 150 - -
_; C 1005_ +$, -0-_._ ]
1 O E 3 ’0.. =5
S e S .
o[ 0 100 200 ’ ] -
10 E I 1 1 1 1 1 I
] F T L = © [T 7]
= 1.5F | | = © E
()] C ] o
> >
o o)
o) o)
: : p—
l_ l_ Lol
S 1.5F 7 OPROL A ND a0 o T[T
© ~r ’ ] = N DIPHOX (gg/qg at NLO, gg at LO)
a f RESBOS(NLO. ML) e [ ] a . — RESBOS (NLO + NNLL) ]
. 1 _—Q—Q—H—Qm.muvsg @ _!_ T - C 1 1
- - T ] > | esnmmm— 41 ¢
8 0.5F g 3 i -
l'E | 1 1 1 1 Lo | - l—E T R | L ,,,,|_,T;T"| | R B
102 10° 102 10" 1 10 10° 10° 10* .
m,, [GeV] 9,

Bruno Lenzi (CERN) Measurement of photon production cross sections with the ATLAS detector 17/04/2018 11


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-15/

Production of three photons at 8T

arXiv:1712.07291

- Integrated cross-section and differential as a function of Et1,2,3, Adyy, and
Anyy, my and may

- Er>27, 25,15 GeV; ms, > 50 GeV; AR > 0.45; Erisopart > 10 GeV

- Jet background subtracted by 2D sideband method (ID and iso);
e — y from MC, checked with data around mz

> C ]
3 80 | aTLAs E
g 7 O— Is=8TeV, 20.2fb" _
3 f :
i) 60:_ ¢ Data -
L - etey,eteyy, e*vyy E
50; . YYY E
40F YY) -

10 -

0 100 200 300 400 500 600
m'"" [GeV]
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Production of three photons at 8"Te\

arXiv:1712.07291

- Stat uncertainty: ~9%. Syst: ~13%
- |D eff. (7.9%)

- Correlation between ID and iso (7.7 %)

» Iso modelling (5.8%) ATLAS
{s=8TeV, 20.2 fb™

« Compared to NLO (MCFM with BFG 1l frag.) PP — 1Y + X
and NLO+PS (MG5_aMC@NLO+Pythia)

O =73 = 1110

* Scale uncertainty: 10-12% MADGRAPH5_aMC@NLO —e—

Onosps = 4775 fo

- Underestimate the data by ~ factor 2

MCFM ——
Opno =32 =3 fb

« Would benefit from NNLO

0 10 20 30 40 50 60 70 80 90 100

Inclusive fiducial cross section [fb]
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Production of three photons at 8°Te

arXiv:1712.07291

- Differential cross-section as a function of Et1 2,3, A}y, and Anyy, myy and may
« Stat 20-50% in some bins. Dominates for Et12 > 50 GeV or Et3 > 30 GeV
« Syst: 15-10%

- Significant discrepancies between data and theory at low Er and low inv.
masses. Adequate description of Anyy, less so of Adyy

= g 70— 1S 10¢ —
8 - ATLAS o - ATLAS 8 - ATLAS
< - PR Gy 60 -1 < -1
o 10F 4 ls=8TeV,202f6" § "o [ \s=8TeV,20.21b S /s =8 TeV, 20.2 fb
;T_ - ¢ ¢ Data (sys., tot. unc.) ] g 50 ¢ Data(sys., tot. unc.) — ; 1 3 ¢ ¢ Data (sys., tot. unc.) 3
LU MG5_aMC+Py8 o) C MG5_aMC+Py8 >E - ¢ MG5_aMC+Py8 .
s 1E MCFM 4 © a0F MCFM 15 ; MCFM
© - $ - - 1310'F =
10'F E o - i
- 20; 10%F ¢ =
2L i | 108 t = :
10°E E ¢ 3
- Ot 10 :
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Summary

- Measurements of cross-sections of pp — up to 3 photons
 Reach ~1 TeV in Er and myy
- Differential measurements of several variables
*  Precision of few % in many cases, similar or better than theory errors
- Comparisons with calculations up to NNLO or NLO+PS

- Some discrepancies but overall agreement with data ok (less so for 3y)

» Looking forward to improved calculations and updated measurements
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Three photon production at 8 TeV

arXiv:1712.07291

N
';' E ] ] %‘ 10 E T T T T T E
8 B ATLAS i 0] C ATLAS ]
o 10F \s=8TeV,20.2fb" 73 g ’ B s=8TeV,20.2fb" 7

e - ¢ Data (sys., tot. unc.) 1 o = ¢ ¢ Data(sys., tot.unc) 3
R o T MG5_aMC+Py8 | e - 1 ¢ MG5_aMC+Py8 1
3 1F ¢ MCFM . K, i MCFM 1
° o + 5107 +

107 = i T

- E 102 ¢ t =

: LA : :

2L _ - i

) 107 | o 3 < 100 ! . | |

= 3 ' E w 1.5F =
§ 1ol R 1
s Tttt t R D AR !

® 0.5 E S 0.5k E

o F ] o O: ) ) ]

930 40 50 100 200 300 200 400 » 600

E! [GeV] m* [GeV]

s . ] ] = 10§ | T I

2 ATLAS . S F ATLAS ]

o 10g ls=8TeV,20.2fb" 3 8 [, ls=8TeV, 202" 7

;lv_,'_ - ¢ ¢ Data (sys., tot. unc.) . ;l’_' 1 3 ¢ Data (sys., tot. unc.) 3
L : ¢ MG5_aMC+Py8 A ;E . ¢ MG5_aMC+Py8 .
% 1E 4 MCFM . 5 ¢ . MCEM .
° o : 8 107g E

B ¢ ] c ]
- - : ]
10 E E 102F f 5
3 o : :
10-2 3 | E 3 I | | | ]
e . t 10°¢ . :
5 15 £ T 1.5F E
S e e L S %
2 05F ; 2 05F E
N , ] ook , , , ]
30 40 50 100 200 100 200 300 400
Y.Y
E; [GeV] m "* [GeV]

Bruno Lenzi (CERN) Measurement of photon production cross sections with the ATLAS detector 17/04/2018 18


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-06/

