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ATLAS measurements of
photons, jets and subjets

Outline

Motivation:

®* Hard processes and precision tests of QCD
Photons

®* Reconstruction and isolation

* Prompt photons, diphotons and photon + jets.
Jets

® Clustering, cleaning and energy calibration

* Inclusive and dijet cross sections
Subjets

® Jet mass and substructure

* Tagging heavy boosted topologies

Conclusion
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ATLAS measurements of
photons, jets and subjets

Motivation

£ Why measure prompt photons and jets at the LHC?
7 @ Precision tests of perturbative QCD in a new

| Atlas and CMS

Q2 / GeV?>

| Atlas and CMS rapidity plateau klnematlc reglme.
10 7 "] DO Central+Fwd. Jets
F E=J CDF/D0 Central Jets . . e R
L. . ' ® Help constrain the parton densities in the proton
(PDFs).
IO.E,
0% Photon + jet is particularly sensitive to gluon content
10| and photon fragmentation function.
" Important backgrounds for NNBE .,
10 .\1’ °® ‘1. '@/ .1 ® l‘..:
:: . ° 0 e :“0 ."‘ 1179 7 o
ik Higgs (yy) and BSM. o T oWl LS
.IF ‘ i 11 . . . o;.‘.o‘o: .3 ’ " ’ \ / \ ,‘:;('.,5. -
o ... % vljet calibration. - SSo%Z, A BE I I8 Ny
07 10 107 10t 107 10 ! e Vgl S8 ) 9% =%
arXiv:0811.1544v]| : 0o
.00 1., | ‘@,
. ) " ? - :' o & o - .'.*0".,; .
Why measure subjets! T . & ot =
% e- - i, o
* Jet shape is sensitive to non-perturbative 'éi;. oo, 'e = i
fragmentation and underlying event. e 0T
* Jet substructure provides an extra handle to identify .o\~ e
. o . P g = @ »o‘.
boosted heavy particles in searches for new physics. v AT Tae™
¥ : .' \
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ATLAS measurements of
photons, jets and subjets

|dentifying isolated photons

Towers in Sampling 3
ApxAn =0.0245-0.05

n° candidat v candidate e,
| | S3 “Back” —
n=0

S2 “Middle” i
| $§ 4.3Xg ////////////4

T

Presampler e S ININ/N/ D
P g IZ/,’Q‘/’VN' N Sampling 2

%0024
~ =

(R — M= 0055 ,

¢
Reconstruct photon clusters using finely segmented L‘"w&?}“““
liquid argon-lead sampling calorimeter "

~

* Lateral and longitudinal shower shapes used to =

suppress hadronic background. st S
* 9 discriminating variables with different cuts for g [ < | L iese
1 5 6000F a-77ov | P =
converted (e*e’) and unconverted photons. A <060 ]
LIL: 5000 A 45 GeV < E; < 55 GeV -
® Isolation requirement, E;*°< 3GeV 40007 o Date, tight E
. . . 30003_ e * A Data, non-tight _f
* Select prompt photons which deposit energy in : l ATLAS ;
. . . 2000 —
small radius; unlike ISR, FSR, light neutral mesons. g .. ]
1000F- oo™ te, =
;mﬁ.ﬁ...l...ﬁf%. E
QSH 0 5 10 15 20 25 30 35
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ATLAS measurements of
photons, jets and subjets

Prompt photons

Two papers, using 0.88 pb-' and 35 pb!, focus on different Phys.Rev.D 83, 052005 (2011)
photon E; regions: [15-100] and [45 — 400] GeV. Phys.Lett.B706 150 (2011)
Measurements consistent in overlap bins. ySE

ATL-PHYS-PUB-2011-013

NLO pQCD, JETPHOX using CTEQ 6.6 PDFs Tyl "7 7777 70 7T n
@ ¥ p+poY+X 4 Data 2010 | Ldt=35pb™" :
,‘:__| — 1 1 1 I 1 1 1 I | 1 1 |l 1 | 1 T T 1 I 1 1 T 1 I T T 1 1 | 1 1 1 1 | T 1 1 I :l (D :v J -1 :
— . 3L = ]
% 10° R X JETPHOX CTEQ 6.6 3 ﬁ- 10 : v - Data 2010 | Ldt = 0.88 pb
© 1 08 - Er°(AR<0.4) <4 GeV - LIJ}_ L. . JETPHOX NLO (w.o. scale unc.) A
8 B , 3 T 10°F e E*°(AR=0.4)<4GeV E
A ] R e Data 2010 j Ldt=35pb" - g v T ' :
w1055 - f- g f = B crEQes
~ 10°5 s e v Data 2010 j Ldt=0.88 pb" — 10F “‘* B MSTW 2008 E
O = R 3 5
e 5[ Ty e —— ] - —o— NNPDF 2.0
10 ;g Ty S 1.81<n|<2.37 (x10%) 3 1F —.— o E
10* & -'-0_'-_.- —o—_._ . = PN—
= - 1 0 T |n|<06 =
. e — =
, E Yy -.-_._ 1.52<n|<1.81 (x10%) 3 - ATLAS °
_— Ui o=
10 ? *q,__._ —0—_._ : 102k \‘s] 7TeV 7
10 —-ﬁ: 0.60<n|<1.37 (x10°) > :
- —.— . = 2
1 E —o— = £
[ ATLAS . = )
10 I%r\"5=7TeV ° e 3 §
10-2 E 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 I_; -
50 100 150 200 250 300 350 400 >
E; [GeV] §

Comparing different PDF sets:

50 100 150 200 250 300 350 400
E; [GeV]

* Disagreement below 25 GeV for central photons, |n|<I.7, good agreement above.

* Results helped to constrain the gluon PDF and reduce uncertainty by up to 20%:
Nucl. Phys. B 3 311-338 (2012)
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http://prd.aps.org/abstract/PRD/v83/i5/e052005
http://www.sciencedirect.com/science/article/pii/S0370269311013633
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ATLAS measurements of
photons, jets and subjets

Diphotons

. . . . . -1.
Diphoton differential cross-sections, with 37 pb-': Phys.Rev. D85, 012003 (2012)
do/dm,, do/dpr,, do/dAd,
— I B B B B L B BLELELNS RLELELES IR B [N R e N
> - _ -1 : = = I | | |
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— iso pal — —
3 i @7 pTY>16 GeV £, <4 eV, AR">0.4 1 2 - & p/>16 GeV, E""" < 4 GeV, AR"'>0.4 18 p'>16 GeV, E*" <4 GeV, AR"'>0.4 ) +
- % & 'I<2.37 excluding 1.37<ln'l<1.52 . 1 % In'1<2.37 excluding 1.37<IyI<1.52 = = ,|  M'<2.37 excluding 1.37<h'l<1.52 %
g 1 i measureg (Sia:) t _8.'; E 3 _}_ -+ measured (stat) ; % 10 - -+ measured (stat) ]
s - o rglelzaa:gr; (stat@sysh | 2 - ei% + measured (stat ® syst) | -+ measured (stat @ syst) Z7 -
- 1 7 o R s DIPHOX | | s DIPHOX S i
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10" N\ SIS — 107 3 10— ) \ —
;\M l E g S 3 - : - -
7 ] . . - 1 3 N i
_ _ B _ N |
1 IAjITILIAﬁ 111 I 111 I 111 I 111 I 111 I 11 AAAAAA:“AAAAAA 111 1 0 § ATLAS § \ ATLAS ]
O 1 T T T _I 1 I I 11 I 111 I 111 111 11 I_ 2 { v s YA YIATA v/Jl 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
= - Q0 Q E ' ' ' '
S " D'PHO* s 2 + DIPHOX £ 1=_ ! 4 DIPHOX_
V\%@ o T
i 0§%\\\\\\\\+\\\ NN NN\ W (§J 0 e t\\\H\_\\*\' \\\\;;%M\\\ A R % o k\\ A I I I BB
Lo - e B .
- S b z g
= C
2
s I ResBos Q R — 12 7
s 0.5// 7} ] = oF _+_ ResBos - % \E ResBos
= of 27, e, oz i it g —+— 1 3 : —p— ]
8 3 . -M‘«Q“’*" ///-444+<444/ A/ 4 < 0 5///////////////////////////////////////}//////////// B 2 E
5  osf ++ _+_ 1 £ 0_ #% 1 g B 3
r ] Lo] e} F
| S - - - - - - - 3 = 2r g : , , , , ,
0 20 40 60 8 100 120 140 160 a0 m20[OGe\2/]20 0 20 40 60 80 100 120 140 160 180 200 220 % 0.5 1 1.5 2 2.5 Zq) rrad]
1,y [GEV] , [ra

Generally good agreement; discrepancy with NLO at low A¢ (low m,.) and A¢p ~ =
®* Measurements comparable with those from CMS and Tevatron.

* Recent yYYNNLO calculations improve the agreement. arXiv:1110.2375v| [hep-ex]
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http://prd.aps.org/abstract/PRD/v85/i1/e012003
http://arxiv.org/abs/1110.2375

ATLAS measurements of
photons, jets and subjets

Isolated photon with jets

New analysis with 37 pb-! recently published (23 May): Phys.Rev. D85, 092014 (2012)

* Prompt photon with jet provides test of large hard-scattering scales (Q?)
over a wide range of parton momentum fractions (x).

* X 20.001 and 625 GeV?2 < Q2 < |.6x10° GeV?2 extends to kinematic
regions previously unexplored with this final state.

Calculate cross-section separately in 6 angular configurations of jet and
photon rapidity, to access regions of differing fragmentation contributions and

parton momentum fractions.
Transverse energy of photon candidates,

1 1 l 1 1
30 40 50 60 100 200 300 400
E! [GeV]

* Jet rapidity: before background subtraction.
s U S |
* Central: In| < 1.2 %27 g ATLAS 3
< 73 8 g T Data 2010 §
® . = S — — 7]
Forward: 1.2<|n| <2.8 2 T e = =
Z - o= =
®* Very forward: |n| 2 2.8 % c ot e .
— - o e .
. . e = 101!5— —— - = =
®* Photon and jet rapidity: ¢ = o = == _ §
. § 102 —= " |T12|ny“<o == i
® Same sign: 20 SR /2 r—=
&1l 75 0% s, = ]
° . . . sk < - —5— 2.8<|y*|<4.4, 'y <0 S
Opposite sign:m, *y; < 0.
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ATLAS measurements of
photons, jets and subjets

Same sign

ite sign

Oppos

do/dE! [pb/GeV]

Data/Theory
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©
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Data/Theory
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ATLAS

Data 2010, \s= 7 TeV,I Ldt = 37 pb”
v, jet
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I
T
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Y
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Data/Theory
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forward jet

l
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= JeTPHOX CTEQ 10
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= JeTPHOX CTEQ 10

—&— Data
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30 400
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Data/Theory

do/dE] [pb/GeV]

Data/Theory

Photon + jet cross section

very forward jet
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ATLAS

Data 2010,\'s= 7 TeV,j Ldt = 37 pb”
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"I_Hl T IIHIHI
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Y
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ATLAS

Data 2010, \s= 7 TeV,J Ldt = 37 pb”

2.8<y™|<4.4,0"y® < 0
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—&— Data
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760 180 200
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At low E;" < 45 GeV, NLO pQCD over-estimates measurement, as observed for prompt photon.
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ATLAS measurements of
photons, jets and subjets

Run Niamaoer: 181520, =vent Number: 18445417
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ATLAS measurements of
photons, jets and subjets

Jet reconstruction and calibration

Jets are reconstructed as 4-vector summations of noise-
suppressed 3D clusters, grouped by a clustering algorithm:

* Anti-k4, hardest constituent first; circular jet resilient to soft
radiation. [standard in ATLAS, typically, R=0.4 or R=0.6]

* Cambridge-Aachen, closest constituents first. [used in jet
substructure and boosted object studies, R=1.2]

® Jet calibration restores the jet energy scale (JES)

Cacciari, Salam, Soyez
JHEP 0804:063,2008

®* Correct for non-compensating calorimeters, dead material, out-
of-cone effects, pile-up.

®* <5% JES uncertainty, validated in situ with Z+jet p balance:

0_1 2 T T T T T T T T T T T T T T T T T T T T T T T T T —
= B , ' ] S1-39 ATLAS Preliminary E
= L Anti-k, R=0.6, EM+JES, 0.3<|n | < 0.8, Data 2010 + Monte Carlo QCD jets - o A 3 " e
¢ 0.1+ ALPGEN+Herwig+dJimmy v Noise Thresholds ~ — “a1.255 anti-k, R=0.6, LCW+JES =
2 X JES calibration non-closure +  PYTHIA Perugia2010 7 V. 4 oE L =
(3) L o Single particle (calorimeter) =  Additional dead material 11 55_ —a— Z/y*(— e’e) (PYTHIA) k=
= 0.08 T ] Total JES uncertainty ] '1 1§ E
= - . E E
S o6k - 1.056- — =
(4 . B . o] = —15—:#_’__3_‘_‘_—3:_& =
> N ATLAS Preliminary ] 1E n ole = =
9] - 0.95 4= =
W 0.04- = 0.9E . B —=
e - — ,—D_@—DJ—DJ_DJ—DIEJ_E;
'9 002 _* * O g o 0o —]
I3 -0 g ¢ I -
© L X o, ]
= - X x 4 |
30 40 102 2x10° 10°  2x10° oZ [GeV
jet T [ ]
P [GeV]

@ ATLAS-CONF-2011-032
Stephen Gibson [PLHC June 7,2012 ATLAS-CONF-201 |-159
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ATLAS measurements of
photons, jets and subjets

Inclusive jet and dijets, 37 pb"'

® Measure inclusive jet cross section for jet

. 1 = " Inclusive Jet cross section kinematic reach -
rapidity, |y|< 4.4 and 20 <pT<I1500 GeV. &, s e G cmerant,[ccte -
Ql— 1 03 - This analysis JL dt =37 pb" B
* Data agrees well with NLO pQCD g — Kinemaec i :
o . 2 anti-k, jets, R = 0.6 |
prediction over many orders of >x10 e
,, Magnitude. 2x102 ]
% 10215 anti-k, jets, R=0.6 | o 1y<03(10? :E 10° =
¢ 10 :det =37 pb”, \'s=7 TeV . 8_:;{i:j?_2§x10; = 50 :
Fe) 1 P O 1.2<ly<2.1(x10%) -
Q.10 - - A 2.1S|y||<2.8((><10°g)—: T T T T
00— —— 28<|y|<36{x107) = 0O 05 1 15 2 25 3 35 4 45 5
>\ 1 015 :: S _e__e_ ++ ¥V 36<|y|<4.4(x 10'6) :: jet rapidity |y|
|— 192 e s "'—o—_._ e
10 - . - —o =4 ®  Final 2010 arXiv: 1 112.6297
5 e i e . 2 ina ) paper 2.
b 100 —==_ = G PN extends kinematic reach of first
© 10—, T, e, T = publication (EPJC 71.1512):
3 == e T - = | I
10°E  =—__ —a—_ -, T * |7nb'— 37 pb
1 ;—E *—* +** %ﬁ :: .
e = - = | S * Max jet p1: 600 GeV — |.5TeV
10-3 :: Systematic - = S ::
10°E uncertanties ey | B <4 ¢ LowpT:60 GeV — 20 GeV
= (CT10, p=p™®) x ATL A S - .o
100 £ Nonpert cor. WILAS | 3 ¢ Max dijet mass, m;,: |.8 = 4.8 TeV
20 30 107 2x102 103

Stephen Gibson

p; [GeV]

* Forward rapidity: |y| < 2.8 — 4.4
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ATLAS measurements of
photons, jets and subjets

Inclusive jets 37pb-!
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Comparison with NLO pQCD (including non-pQCD corrections)
®* Measured cross-section in agreement with NLO pQCD predictions

* Data at edge of phase space promises to further constrain gluon PDFs
(in p7 limited region, where no new physics is expected).

y Stephen Gibson [PLHC June 7,2012



ATLAS measurements of
photons, jets and subjets

d’s/dm_ dy* [pb/TeV]
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http://arxiv.org/abs/1112.6297

ATLAS measurements of . -
photons, jets and subjets H |gh Mass dll etS 4.8 fb- |

Dijet mass: 260 GeV <m, < 4.6 TeV,y* < 2.5 ATLAS-CONF-2012-021
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ATLAS measurements of
photons, jets and subjets

Jet mass and substructure

® Jets are composite objects:

* Jets formed from two- and three- body decays have different
internal structure to quark / gluon initiated jets.

* Boosted objects can be identified by jet substructure and
suppress background QCD.

q

* Studies of jet substructure motivated by boosted H(bb):

* Also a test of non-perturbative effects like fragmentation
and hadronisation.

<
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- Data -
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* Jet shapes: Phys. Rev. D83 (201 1) 052003 100 T de,ﬂ.e”b_,—i

—
N

Several ATLAS publications to date:

Jets/ 10 GeV

* Jet fragmentation: Eur. Phys.].C 71 (2011) 1795

® Jet mass and substructure variables: JHEP 05 (2012) 128

50 100 150 200

® Jets properties for boosted objects: ATLAS-CONF-2012-044 Jet Mass [GeV]
ATLAS-CONF-201 |-103
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ATLAS measurements of
photons, jets and subjets

Jet mass and substructure

Measure mass of jets, clustered by anti-kT R=1.0 and
Cambridge-Aachen R=1.2. JHEP 05 (2012) 128

* Jet p;200 - 600 GeV, |y|<2

NLO predictions generally agree with overall shape:

R

* Pythia tends to be too soft. N ;

d filt
° mass arop lner
* Herwig++ tends to be too hard.
Applying splitting and filtering improves the agreement. PRL 100, 242001 (2008)
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ATLAS measurements of
photons, jets and subjets

Properties of boosted jets

® Variables designed for new physics searches are generally well modelled by
Pythia, while Herwig++ 2.4.2 predicts a more isotropic energy flow.

ATLAS- CONF 20I2 044 JHEP 05 (.ZO.I.Z.) I.2.8
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ATLAS measurements of
photons, jets and subjets

Pile-up corretions

Correct overlap from multiple proton- ATLAS-CONF-2012-044
proton interactions:
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ATLAS measurements of
photons, jets and subjets

Summary and outlook

Comprehensive measurements of photons, jets and subjets provide precision
tests of perturbative QCD in a new kinematic regime.

Photon and diphoton cross-sections highlight regions where modelling can be
improved, e.g. low E{'< 45 GeV region.

* Inputs helped to constrain gluon PDFs and reduce uncertainty by up to 20%.
* Diphoton: yyNNLO needed for best agreement.

® Extended range of inclusive and dijet cross-sections measurements with 2010
and 201 | data:

* Good agreement with NLO pQCD over many orders of magnitude.
* Parton shower tunes constrained for high mass dijets.

Many jet substructure observables have been measured in 2010 data:
* Great progress in understanding jet substructure techniques.

* Useful for identifying boosted hadronic topologies in searches for new
physics in 2011 and 2012 data.
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ATLAS measurements of
photons, jets and subjets

Further studies

® Jets with flavour:
* Measurements of D**-meson production in jets: Phys. Rev. D85 (2012) 052005

» see poster by Andrea Ferretto Parodi: “Measuring the b-jet tagging
efficiency on c-jets containing D* mesons with ATLAS data”

®* b-jet inclusive and dijet cross-sections: Eur.Phys).C 71 (2011) 1846

> see Peter Krieger’s talk: “Inclusive jet and multijet physics”
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