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Physics Motivation

‣ The photon does not hadronize 
- Unique probe to test perturbative QCD predictions 

‣ ɣ+b production 
- Sensitive to b quark content of the proton 
- Test modelling of b quarks in Monte Carlo generators 

‣ D0 and CDF at Tevatron have measured differential cross 
sections of ɣ+b as a function of photon  ET

ɣ 

- Tevatron is a pp̅ collider (valence antiquarks present) 
- Higher sensitivity to the b quark content of the proton at LHC
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Tevatron ɣ+b Measurements
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Both the NLO and kT-factorization predictions
are parton-level calculations without modeling of
underlying-event energy. We correct those two predictions
for the nonperturbative effects of parton-to-hadron frag-
mentation and for underlying-event energy, by multiplying
with a correction factor derived from a sample simulated
with SHERPA. The correction factors are shown in Table I.

The predictions of SHERPA [10] include all the tree-level
matrix-element diagrams with one photon and up to three
jets, with at least one b jet or c jet in the explored kinematic
region. This calculation features a parton-jet matching
procedure in order to avoid an overlap between the
phase-space descriptions given by the fixed-order matrix-
element subprocesses and the showering and hadronization
in the multijets simulation.

The predictions of PYTHIA [11] include the 2 ! 2
matrix-element subprocesses gb ! !b and q !q ! !g
with g ! b !b and g ! c !c splittings in the parton shower.
In the ratio plots, we multiply the PYTHIA calculations by

an empirical factor of 1.4 to improve the agreement of the
normalization. Previous studies [14] showed that the
contribution of gluon splitting to heavy flavor has to be
approximately doubled over expectations from the leading-
order PYTHIA generator to reproduce the data. Hence, we
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FIG. 3 (color online). The measured differential cross sections compared with theoretical predictions. The left panels show the
absolute comparisons and the right panels show the ratios of the data over the theoretical predictions. The PYTHIA predictions are
scaled by 1.4 in the ratio distributions. The comparisons are shown for !þ bþ X (top) and !þ cþ X (bottom) processes. The shaded
area around the data points indicates the total systematic uncertainty of the measurement. The scale uncertainties are shown for the
NLO and the kT-factorization predictions.

TABLE II. Systematic uncertainty on the integrated cross sec-
tions. Effects listed under ‘‘All Others’’ include photon energy
scale, jet energy scale, and b-tagging efficiency.

Systematic Effect
Uncertainty
!þ bþ X

Uncertainty
!þ cþ X

MSecVtx Template 23.2% 12.6%
Event Generator 9.4% 5.8%
ANN Template 8.9% 4.3%
Luminosity 6.0% 6.0%
All Others 4.5% 8.4%
Total Systematic 27.6% 17.8%
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FIG. 3 (color online). The measured differential cross sections compared with theoretical predictions. The left panels show the
absolute comparisons and the right panels show the ratios of the data over the theoretical predictions. The PYTHIA predictions are
scaled by 1.4 in the ratio distributions. The comparisons are shown for !þ bþ X (top) and !þ cþ X (bottom) processes. The shaded
area around the data points indicates the total systematic uncertainty of the measurement. The scale uncertainties are shown for the
NLO and the kT-factorization predictions.
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FIG. 3 (color online). The measured differential cross sections compared with theoretical predictions. The left panels show the
absolute comparisons and the right panels show the ratios of the data over the theoretical predictions. The PYTHIA predictions are
scaled by 1.4 in the ratio distributions. The comparisons are shown for !þ bþ X (top) and !þ cþ X (bottom) processes. The shaded
area around the data points indicates the total systematic uncertainty of the measurement. The scale uncertainties are shown for the
NLO and the kT-factorization predictions.
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FIG. 3 (color online). The measured differential cross sections compared with theoretical predictions. The left panels show the
absolute comparisons and the right panels show the ratios of the data over the theoretical predictions. The PYTHIA predictions are
scaled by 1.4 in the ratio distributions. The comparisons are shown for !þ bþ X (top) and !þ cþ X (bottom) processes. The shaded
area around the data points indicates the total systematic uncertainty of the measurement. The scale uncertainties are shown for the
NLO and the kT-factorization predictions.
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Phys. Rev. Lett. 111, 042003

Phys. Lett. B 714 (2012) 32

D0 CDF
‣ NLO predictions tend to underestimate data at high ET

ɣ 

- Data and NLO prediction uncertainties are ~20% 

‣ Level of agreement depends on the modelling of the b quark

https://doi.org/10.1103/PhysRevLett.111.042003
https://doi.org/10.1016/j.physletb.2012.06.056


Calculation Flavour Schemes
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ɣ

b

b̅ ɣ

b

ln(Q/mb)

mb≫ΛQCD 
⇒ can include mb in perturbative calculations

‣ 5-flavour scheme 
- mb=0 
- b quarks in the proton 
- Logarithms do not affect the matrix 

elements 
- A priori good for energies Q≫mb

‣ 4-flavour scheme 
- mb≠0 
- No b quarks in the proton 
- Logarithms included in the matrix elements 
- A priori good for energies Q≈mb

ln(Q/mb)

Diagrams 
at LO



ATLAS Measurement

‣ Dataset: 20.2 fb-1 of pp collisions at 8 TeV, 
collected in 2012 with ATLAS 

‣ Selection: events with at least one photon and 
one jet 
- ET

ɣ
 > 25 GeV and either |ηɣ|<1.37 or 1.56<|ηɣ|<2.37 

‣ Background subtraction: photon purity and b-
jet fraction 

‣ Unfold detector effects to obtain particle-level 
distribution to be compared to perturbative 
QCD predictions 
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Signal Photons

‣ Signal photons:  
- Identified photons 

• Nine variables quantifying the 
shower development 

- Isolated photons 
• Low amount of energy around 

the photon
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Figure 5.4: Sketch of a barrel module where the different layers are clearly visible with the ganging
of electrodes in f . The granularity in h and f of the cells of each of the three layers and of the
trigger towers is also shown.

5.2.2 Barrel geometry

The barrel electromagnetic calorimeter [107] is made of two half-barrels, centred around the z-
axis. One half-barrel covers the region with z > 0 (0 < h < 1.475) and the other one the region
with z < 0 (�1.475 < h < 0). The length of each half-barrel is 3.2 m, their inner and outer
diameters are 2.8 m and 4 m respectively, and each half-barrel weighs 57 tonnes. As mentioned
above, the barrel calorimeter is complemented with a liquid-argon presampler detector, placed in
front of its inner surface, over the full h-range.

A half-barrel is made of 1024 accordion-shaped absorbers, interleaved with readout elec-
trodes. The electrodes are positioned in the middle of the gap by honeycomb spacers. The size
of the drift gap on each side of the electrode is 2.1 mm, which corresponds to a total drift time
of about 450 ns for an operating voltage of 2000 V. Once assembled, a half-barrel presents no

– 114 –

d�

dE�
T

=

✓
C

unfold

�E�
T ✏

trig

L
int

◆
f b-jet

X

i2MV1c

p�-prompt

i N�+jet

i

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

Figure 1: Sketch illustrating the isolation computation. The grid represents the electromagnetic calorime-

ter middle-cell granularity. The egamma candidate energy is mostly contained in the central white

∆η × ∆φ = 5 × 7 rectangle. A yellow cone of size ∆R = 0.4 is drawn around the candidate. In

the EtconeXX variables (no noise suppression), all cells within this cone are used, whereas in the

topoPosEMEtconeXX variables (with a topological noise suppression), cells belonging to 420 topo-

logical clusters (orange) are used.

Process RunNumber tags comments

Single electron 7 < ET < 80 GeV 107030 r2973 no pile-up

Single electron 80 < ET < 500 GeV 107033 r2955 ”

Single photon 7 < ET < 80 GeV 107020 r2973 ”

Single photon 80 < ET < 500 GeV 107023 r2955 ”

Z→ e+e− Pythia 106046 e815, s1272

Z→ e+e− Powheg+Pythia 108303 e825, s1272

Z→ e+e− Sherpa 114609 e931

Photon + jets Pythia (DP17) 115802 e825, s1299, r3068 µ̄ = 20

Photon + jets Pythia 115802 ” , ” , r3069 µ̄ = 30

Photon + jets Pythia 115802 ” , ” , r3070 µ̄ = 40

Photon + jets Pythia (DP35) 115803 ” , ” , r3068 µ̄ = 20

Photon + jets Pythia 115803 ” , ” , r3069 µ̄ = 30

Photon + jets Pythia 115803 ” , ” , r3070 µ̄ = 40

Photon + jets Pythia (DP70) 115804 ” , ” , r3068 µ̄ = 20

Photon + jets Pythia 115804 ” , ” , r3069 µ̄ = 30

Photon + jets Pythia 115804 ” , ” , r3070 µ̄ = 40

Photon + jets Alpgen (1 parton) 116390 e825 2 jets (ET > 20 GeV)

Photon + jets Alpgen (2 partons) 116391 ” ”

Photon + jets Alpgen (3 partons) 116392 ” ”

Photon + jets Alpgen (4 partons) 116393 ” ”

Photon + jets Alpgen (5 partons) 116394 ” ”

Di-photon Sherpa (2DP20) 126389 e1028, r3108 2 γ, pT > 20 GeV/c

gg→H→ γγ, Pohweg+Pythia 116870 e873

Table 1: List of the various Monte Carlo samples considered in this note. The simulation and reconstruc-

tion tags are s1310 and r3043, unless otherwise specified. For the last sample mH = 125 GeV/c2.
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b-Tagging algorithms

b-Tagging algorithms

b-Tagging algorithms

1 lifetime-based
impact parameter-based: (JetProb), IP3(2)D
vertex-based: SV(0)1, JetFitter
! combinations: IP3D+SV1, IP3D+JetFitter,
MV1, MV2 (Run 2)

2 muon-based
3

b-jet trigger

PV

b� jet

SV

b

� h

a

d

r

o

n

IP

c� hadron

TV

µ, e

Key objects

1 (small-R) calorimeter jets
! jet axis used to define b-hadron flight path

2 tracks reconstructed in the Inner Detector
3 signal primary vertex (PV) of HS collision

(with � 2 tracks)

tracks-to-calo. jets association:

based on angular separation
�R(track, jet)

�R cut varies as a function of
the jet pT
(decreasing with increasing jet pT)

exclusive
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b-jet identification

‣ MV1c neural network trained 
to differentiate b-jets from  
c-jet and light jets 
- Takes as input three types of 

parameters 
• Impact parameter information 
• Secondary vertex information 
• Decay chain path information, up 

to tertiary vertex
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b-jet Fraction
‣ Maximum likelihood fit to MV1c efficiency 

- Shape of templates taken from MC 
- b-jet fraction is the relative normalization of the template
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Cross sections
‣NLO predictions describe data better than for Tevatron 
but still underestimate it at high ETɣ
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Conclusion

‣ First measurement ɣ+b 
differential cross sections 
in pp collisions 
- Provide a new test of 

perturbative QCD 

‣ Measurement can be 
used to perfect the 
modelling of b quarks in 
MC generators 
- Data available at HEPData 
- Rivet analysis available
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Important ɣ+b contributions
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vs

Compton contribution becomes 
negligible wrt gluon-splitting 

contribution at high ET
ɣ

Tevatron

LHC Absence of valence antiquarks keep 
the Compton contribution dominant 

at higher ET
ɣ

Compton Gluon splitting
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Unfolding Correction Factor
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