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A great success!
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❖ Differential jet cross section predicted 
over many orders of magnitude

✦ NLO fixed-order calculation 

+ NP and EW corrections

❖ Jet energy scale is the main 
experimental uncertainty 
(10-30% of the cross section)


❖ Theory: main uncertainties PDF / scale
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Non-perturbative frontier
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❖ Non-perturbative corrections: 
from fixed-order parton-level 
to particle-level predictions
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PDF sensitivity
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❖ High-pT cross section sensitive to PDFs

❖ Probing gluon content at high x


✦ uncertainties reduced including LHC data

✦ data favour larger contribution

Th
eo

ry
/d

at
a

1

1.5

2 * < 0.5y
 = 0.276MSTW

obsP  = 0.189NNPDF2.1
obsP

 < 0.001ABM
obsP

1

1.5

2 * < 1.0y ≤0.5 
 = 0.930MSTW

obsP  = 0.873NNPDF2.1
obsP

 < 0.001ABM
obsP

 [TeV]12m
-110×3 1 2 3 4

1

1.5

2 * < 1.5y ≤1.0 
 = 0.066MSTW

obsP  = 0.068NNPDF2.1
obsP

 < 0.001ABM
obsP

Th
eo

ry
/d

at
a

1

2

3 * < 2.0y ≤1.5 
 = 0.307MSTW

obsP  = 0.383NNPDF2.1
obsP

 = 0.169ABM
obsP

1

2

3 * < 2.5y ≤2.0 
 = 0.656MSTW

obsP  = 0.640NNPDF2.1
obsP

 = 0.009ABM
obsP

 [TeV]12m
-110×8 1 2 3 4 5

1

2

3 * < 3.0y ≤2.5 
 = 0.965MSTW

obsP  = 0.964NNPDF2.1
obsP

 = 0.909ABM
obsP

NLOJET++
)y* exp(0.3 

T
p=µ

Non-pert. & EW corr.

MSTW 2008

NNPDF2.3

ABM11

uncertainty
Statistical

uncertainties
Systematic

ATLAS         
-1 dt = 4.5 fbL∫

 = 7 TeVs
 = 0.4R  jets, tkanti-

 (GeV)
T

Jet p
80 100 200 300 400 1000

R
at

io
 T

o 
C

T1
0

0

0.5

1

1.5

2

2.5

3

3.5

4

Exp. Uncertainty
Data
HERA1.5
MSTW2008
NNPDF2.1
ABM11

  1.5 <|y|< 2.0

 -1 R=0.7  L = 10.71fbT = 8TeV   anti-ks

CMS Preliminary 

CMS-PAS-SMP-12-012

JHEP 05 (2014) 059

CMS-PAS-SMP-12-028



Marco Peruzzi Jet and photon physics - LHCP 2014

Strong coupling constant
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❖ R3/2 and three-jet mass constrain 𝛼S  
up to the TeV scale


❖ Energy scale dependence nicely in 
agreement with RGE evolution
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Event shapes

6

❖ Multi-jet events: more than a 2 -> 2 process!

❖ Topological variables sensitive to 

approximate treatment of higher-order effects

❖ Madgraph describes well event shapes 

(ME includes multi-parton final states)

)  ,C τln (
-10 -8 -6 -4 -2

)
  ,

C
 

τ
1/

N
 d

N
/d

ln
 (

0

0.1

0.2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

(a)  < 170 GeV/c
T,1

110 < p

)  ,C τln (
-10 -8 -6 -4 -2

M
C

 / 
D

at
a

0.8

1

1.2

1.4
(b)

 = 7 TeVsCMS Preliminary

)
 T,C

ln (B
-3 -2.5 -2 -1.5 -1 -0.5

)
 T

,C
1/

N
 d

N
/d

ln
 (B

0

0.2

0.4

0.6

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

(c)  < 170 GeV/c
T,1

110 < p

)
 T,C

ln (B
-3 -2.5 -2 -1.5 -1 -0.5

M
C

 / 
D

at
a

0.5

1

1.5

2 (d)

 = 7 TeVsCMS Preliminary

)
Tot,C
ρln (

-6 -5 -4 -3 -2 -1

)
To

t,C
ρ

1/
N

 d
N

/d
ln

 (

0

0.1

0.2

0.3

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

(e)  < 170 GeV/c
T,1

110 < p

)
Tot,C
ρln (

-6 -5 -4 -3 -2 -1

M
C

 / 
D

at
a

0.5

1

1.5

2 (f)

 = 7 TeVsCMS Preliminary

)
Tot,C
Tρln (

-5 -4 -3 -2 -1

)
To

t,C
T ρ

1/
N

 d
N

/d
ln

 (

0

0.2

0.4

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

)-1Data (5 fb
Pythia6 Z2
Pythia6 Perugia-P0
Pythia6 D6T
Pythia8 4C
Herwig++ 23
Madgraph+Pythia6-Z2

(g)  < 170 GeV/c
T,1

110 < p

)
Tot,C
Tρln (

-5 -4 -3 -2 -1

M
C

 / 
D

at
a

0.8

1

1.2

1.4
(h)

 = 7 TeVsCMS Preliminary

|<2.5
max

0<|y : 190-300 GeV
T

Leading Jet p

0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

3
dxdN .

N1

5

10

15

20
CMS Preliminary 7 TeVHerwig++Tune23

Madgraph+Pythia6 TuneZ2
Pythia8Tune4C
Pythia6TuneZ2
CMS

3
x0.7 0.8 0.9 1

D
at

a
Py

th
ia

6

0.5
1.0
1.5

3
x0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

D
at

a
Py

th
ia

8

0.5
1.0
1.5

3
x0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

D
at

a
M

ad
gr

ap
h

0.5
1.0
1.5

3
x

0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

D
at

a
H

er
w

ig
++

0.5
1.0
1.5

(a)

Jet broadening = spread of jets 
around transverse thrust axis 
Insensitive to hadronization

pT of leading jet 
normalized to √ŝ

CMS-PAS-SMP-12-022

CMS-PAS-QCD-11-006



Marco Peruzzi Jet and photon physics - LHCP 2014

Event shapes
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❖ Soft jets from 
parton splitting


❖ Angular distributions 
probe parton shower

arXiv:1311.5815
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= Δφ / Δη between 
third and second jet

θNR = angle between 
(p1-p2) and (p3-p4)



Marco Peruzzi Jet and photon physics - LHCP 2014

Jet size
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❖ Jet measurements with 
different size parameters


❖ AK5/AK7 ratio sensitive to 
collinear radiation

✦ PYTHIA does well in 

low-pT region (NP effects)

✦ HERWIG describes 

high-pT substructure

❖ Jet size choice is a trade-off:

✦ collinear radiation losses

✦ non-perturbative effects

✦ pileup and UE energy
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tematic uncertainty. The NLO calculation was provided by G. Soyez [26].
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Pileup effect on jets

9

❖ Pileup energy contribution to jets 
subtracted using jet area methods


❖ Intense research activity on 
substructure quantities: e.g. mass
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❖ Solution: apply cleaning 
on jet constituents


❖ Pileup dependency 
strongly reducedJHEP 05 (2013) 090

JHEP 09 (2013) 076
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Jet grooming techniques

10

❖ Trimming:

✦ remove soft sub-jets
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‣ Separation of hard-core jets 
from symmetric gluon splittings

❖ Pruning:

✦ reject soft and wide-angle 

radiation at each clustering step

❖ Filtering:

✦ keep only the 3 leading sub-jets

JHEP 05 (2013) 090

JHEP 09 (2013) 076
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Tagging boosted decays
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❖ Shower deconstruction method

✦ probability-weighting shower histories 

compatible with reconstructed sub-jets

❖ Pruned mass used for 
tagging boosted W/top

✦ more sub-jet and 

clustering-history 
variables improve 
discrimination

ATLAS-CONF-2014-003CMS-PAS-JME-13-006
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Photon production
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March 30, 2012 Philippe Gras CEA/IRFU 26

NNLO prediction: azimuthal angle between the two 
photons 

 Prediction uses Frixione isolation -> no fragmentation 
contribution. 

 Measurement: cone isolation.

D. de Florian, L. Cieri et al D. de Florian, L. Cieri et al 

arXiv:1110.2375 arXiv:1110.2375 

(JHEP 01 (2012) 133) (JHEP 01 (2012) 133) 

LHC-Higgs XS WG  YR2 LHC-Higgs XS WG  YR2 arXiv 1201.3084v1arXiv 1201.3084v1

❖ Photon production tests directly 
the hard scattering in pQCD


❖ 𝑞𝑔 channel dominates at the LHC

❖ Parton fragmentation to photon 

contributes in some regions

❖ Strong sensitivity to NNLO phenomenology 

from diphoton differential cross section

❖ Background in searches for new physics
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Photon reconstruction
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Chapter 4

Electromagnetic Calorimeter

4.1 Description of the ECAL
In this section, the layout, the crystals and the photodetectors of the Electromagnetic Calor-
imeter (ECAL) are described. The section ends with a description of the preshower detector
which sits in front of the endcap crystals. Two important changes have occurred to the ge-
ometry and configuration since the ECAL TDR [5]. In the endcap the basic mechanical unit,
the “supercrystal,” which was originally envisaged to hold 6×6 crystals, is now a 5×5 unit.
The lateral dimensions of the endcap crystals have been increased such that the supercrystal
remains little changed in size. This choice took advantage of the crystal producer’s abil-
ity to produce larger crystals, to reduce the channel count. Secondly, the option of a barrel
preshower detector, envisaged for high-luminosity running only, has been dropped. This
simplification allows more space to the tracker, but requires that the longitudinal vertices of
H → γγ events be found with the reconstructed charged particle tracks in the event.

4.1.1 The ECAL layout and geometry

The nominal geometry of the ECAL (the engineering specification) is simulated in detail in
the GEANT4/OSCAR model. There are 36 identical supermodules, 18 in each half barrel, each
covering 20◦ in φ. The barrel is closed at each end by an endcap. In front of most of the
fiducial region of each endcap is a preshower device. Figure 4.1 shows a transverse section
through ECAL.

y

z

Preshower (ES)

Barrel ECAL (EB)

Endcap

= 1.653

= 1.479

= 2.6
= 3.0

ECAL (EE)

Figure 4.1: Transverse section through the ECAL, showing geometrical configuration.

146γ π0

❖ Electromagnetic shower

❖ High-granularity calorimeter cells 

clustered to reconstruct energy deposit

❖ Background from boosted neutral 

mesons collimated diphoton decays, 
reconstructed as single photon
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Background subtraction
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❖ Key concepts:

✦ shape of em shower 
✦ isolation energy 

❖ Variables de-correlated 
  ➠ sideband methods


❖ Background subtracted 
on statistical basis
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Photon identification :
- Electron rejection : the supercluster should not be matched to 

a hit in the pixel detector (not applied for conversion method)
- Selection on the transverse shape of the energy deposit in 

ECAL, required to be compatible with a single photon shower
- Isolation : in a cone ΔR<0.4 around the photon, use ∑ET of 

energy deposits in ECAL, HCAL and ∑pT of the charged 
particles measured in the tracker

Converted photons :
- Start from energy deposits in ECAL
- Track finding proceeds inward and outwards, taking 
into account electron energy loss by bremsstrahlung

- Select the e+/e- pair with the best vertex fit χ2

Reconstructing conversions
Here we use the ECAL-seeded conversion 
reconstruction.

• ECAL information can be used to seed a 
track-finding designed specifically to 
reconstruct conversion tracks.

• In the first step, we look for hits in the 
outer tracker layers which are consistent 
with an ECAL supercluster.  Tracks are built 
by looking inward and collecting hits.

• In the second step, we assume the 
innermost hit of the first track is the 
conversion vertex, and look outwards for 
hits from the second track.

• Track pairs are fitted to a common vertex 
imposing the constraint that they are 
parallel at the vertex, and the tracks are 
refit with the vertex constraint.

4

Monday, May 23, 2011

- Huge background of boosted neutral mesons decaying to two photons, reconstructed 
as a single one

- After identification, need to statistically subtract the background component
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

Photon selection

!"#$#%%&'()*+',-./0123'4'!"5+#6+'*7'89,':;<< =

!"#$%&"'"()

! !"#$%&'
! ()*+*$,-"+),⇤.

/,
*0,+)1,(%2+"3&14,4522*5$6"$#,"+,-"+)"$,%,3*$1,

78⌥⇥⇧2+⇥⌅2 = 9:;<,4=%&&12,+)%$,>,?1@:
! A%3B#2*5$6

! C%"$&D,(%"24,*0,3*&&"$1%2,()*+*$4,02*=,⌃0,%$6,⌅,613%D4<,
213*$4+253+16,%4,%,4"$#&1,()*+*$

! 21E13+"*$,F%416,*$,"4*&%+"*$,%$6,*$,.GHI,4)*-12,
+2%$4J1241,4)%(1:

! 21=$%$+,4+%+"4+"3%&&D,45F4+2%3+16

! C1%4521=1$+,(120*2=16,"$,;,⌅�F"$4,%$6,K>,.
/
,F"$4:

! G*=F"$14,)*+,'")-+.$
! G*$J124"*$,=1+)*6<,1L(&*"+"$#,3*$J12+16,()*+*$<,3*=(1+"+"J1,%+,&*-,.

/
,2%$#1

! M4*&%+"*$,=1+)*6<,54"$#,%&&,()*+*$4<,3*=(1+"+"J1,%+,)"#)12,.
/
,2%$#1

Photon identification :
- Electron rejection : the supercluster should not be matched to 

a hit in the pixel detector (not applied for conversion method)
- Selection on the transverse shape of the energy deposit in 

ECAL, required to be compatible with a single photon shower
- Isolation : in a cone ΔR<0.4 around the photon, use ∑ET of 

energy deposits in ECAL, HCAL and ∑pT of the charged 
particles measured in the tracker

Converted photons :
- Start from energy deposits in ECAL
- Track finding proceeds inward and outwards, taking 
into account electron energy loss by bremsstrahlung

- Select the e+/e- pair with the best vertex fit χ2

Reconstructing conversions
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- Huge background of boosted neutral mesons decaying to two photons, reconstructed 
as a single one

- After identification, need to statistically subtract the background component
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PDF sensitivity
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❖ Inclusive photon cross section in 
agreement with NLO prediction


❖ Sensitivity to PDF investigated, 
limited by scale uncertainty
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Photon + jet production

16

❖ Isolation template fit to extract signal

❖ Purity is increasing with pT


❖ Very good agreement with NLO calculation
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❖ Angular distributions probe pQCD production diagrams

❖ Relative enhancement of fragmentation in corners of the phase space

❖ Small uncertainties, very good agreement with NLO theory

Nucl. Phys. B 875 (2013) 483
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Diphoton measurement
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❖ Separate prompt diphoton component from photon+jet, di-jet

❖ Two-dimensional template fit: isolation as discriminating variable

❖ Robust data-driven template building methods

❖ Correlation between isolation sums taken into account
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Isolation templates in data
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❖ Isolation templates built from data:

✦ random-cone technique for signal 

(isolated photons)

✦ shower shape sideband for background


❖ Very successful closure of the method, 
leading to small uncertainties
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NNLO pQCD sensitivity
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❖ NNLO calculation is needed to describe low-𝑚𝛾𝛾, low-𝛥𝜑𝛾𝛾 region 
❖ SHERPA also in good agreement with the data

arXiv:1405.7225JHEP 01 (2013) 086
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Conclusions
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❖ Jet production is predicted very successfully in QCD 

❖ ATLAS and CMS achieve strong performance in jet and photon 
reconstruction, even in challenging pileup conditions 

❖ Valuable physics input to 𝛼S and PDF fits 

❖ Multi-jet observables probe various aspects of QCD radiation 

❖ Jet substructure methods useful to withstand pileup 
and tag boosted heavy object decays 

❖ Diphoton measurements stringently test NNLO phenomenology
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Splitting scales
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❖ Measurement of kT splitting scales

✦ value of kT metric at k-th last clustering

✦ hard tail described by ME generators

✦ soft region sensitive to hadronization and MPI

✦ ratio ~ 1 = subsequent emissions at the same scale
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EPJC, 73 5 (2013) 2432
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Random cone method
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Prompt 
photon

Photon footprint 
excluded from isolation 

sum

❖ Procedure (event-by-event):

✦ rotate the isolation cone 

in 𝜑 by a random angle

✦ check that no other 

photon or jet is nearby

✦ underlying activity does 

not change (same η)

✦ build the template from 

this isolation sum away 
from the photon candidate


