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Abstract. A procedure is presented for evaluating the jet energy scale from direct photons in y+jet events.
The systematic shifts obtained on the jet energy scale with this technique are estimated. The range of appli-
cability of this channel to calibrate the data is also discussed. The study is conducted using fully simulated
events passed through the CMS detector including the effects of pile-up at an instantaneous luminosity of

L£=2x10% cm 2s7 L

1 Introduction

This note describes a procedure for setting the jet energy
scale using direct photons in the process v+jet. Assuming
negligible total transverse momentum in the initial state
of the scattering process, the direct photon produced in
v+jet events has a transverse momentum that is equal and
opposite to the recoiling jet. The high resolution (~ 1%)
of the electromagnetic calorimeter provides an accurate
measurement of the photons and through the direct kine-
matical relationship is the basis of the jet calibration pro-
cedure. Jet calibration using y+jet events is successfully
employed by D0 Collaboration who have demonstrated
better than 3% calibration accuracy for central jets with
20 GeV < E1 <500 GeV [1,2].

The primary complications of this analysis come from
radiative corrections to y+jet and the high background of
QCD di-jet events where one jet is misidentified as a photon
in the calorimeter. Previous studies were carried out both at
particle-level [3]. These analyses focused on the modelling
of detector effects, on suppressing background events and
sources of a systematic shift in the jet energy scale.

This note describes the procedure for deriving the jet
energy scale, with estimates of the background level and
calibration uncertainties in low luminosity operation (£ =
2x 103 cm~2s7!) of the LHC. The jet reconstruction al-
gorithms used in this study are the iterative cone algo-
rithm [4] and the cluster-based kr-algorithm [5]. The event
generation of the y+jet signal and background processes
was done with PYTHIA 6.214 [6]. The passage of particles
through the detector, showering and energy loss in the
calorimeters and reconstruction of the events are modelled
in the CMS simulation and reconstruction packages, OS-
CAR 365 [7] and ORCA 871 [8], respectively.

2 Calibration procedure

The jet energy scale is set using the kinematical relation-
ship of transverse momentum balancing between the direct
photon and the jet. The measured observable

jet

T meas (1>

ko = ——20cas
jet vy
PT

provides an approximate value for the true parton-level
calibration of the jet given by

jet
true — - T meas
jet = Pparton . (2>
T
Thus, the calibration constant given by k' is the inverse

of the correction factor needed to convert the measured

transverse momentum of the jet P"ertneas (or its energy) to

the transverse momentum of an initial parton P2**" (or
its energy).

The transverse momentum balance of the photon and
the parton is broken by radiative corrections resulting in
a two-dimensional distribution of PR*'*™ vs. PJ (shown
in Fig. 1a). The 2D correlation is symmetric along the line

PJ = PR¥'°" Thus the P — PR**°" balance is preserved
by statistically averaging over events with a fixed sum in
the transverse momentum of the photon and the parton.
Calibration coefficients are determined directly in bins
of P, however, the Pr balance of the y+parton system
is broken in this case. From Fig. 1b, projecting a slice of
the PR¥'°" distribution for PJ = constant shows a strongly
asymmetric distribution with (PR**") < P. Even for the
absolute measurement of the transverse momentum of the
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This error is significant (6.3% for Pl = 100 GeV). However,
the position of the maximum of the PR***" / P spectrum
peaks near unity. The difference between the peak position
and the P constitutes 4% for events with P} = 20 GeV
and becomes as small as 0.6% at 100 GeV. Therefore, the
error A can be reduced by defining the calibration coef-
ficients kje; to correspond to the peak of the PR* /P
spectrum. In this study the position of the peak is deter-
mined from the mean value of a Gaussian distribution with
an appropriate choice of fitting range in the vicinity of the

maximum of the P /P spectrum as shown in Fig. lc.

3 Events selection and systematic shifts

Events from QCD di-jet production where one jet is mis-
identified as photon are indistinguishable from the vy-+jet
calibration processes, namely, “Compton-like” qg — g+
and “annihilation” qg — g+ 7y processes.

The principal cuts to reduce the background have been
shown in [3]. In these studies an efficient background sup-
pression has been obtained using tight photon isolation
cuts, a cut on azimuthal angle between the photon and the
jet and a cut on the maximum transverse energy of addi-
tional jets. However, the detector effects were not included.
With these effects taken into account, background suppres-
sion is less efficient. The influence of background on the
calibration is investigated in this study.

Events are generated with PYTHIA 6.214 [6] specifying
processes with direct photons: ISUB=14, 29 (see Table 1)
for the vy+jet signal. The backgrounds were taken to be
QCD and standard model processes with sufficent cross-
sections to contribute to the event selection: ISUB= 11-13,
15-16, 18-20, 28, 30-31, 53, 68. In the event generation,
events are required at particle-level to have a energetic iso-
lated electromagnetic cluster:

processes for ~y+jet signal and

background

ISUB Subprocess

14 f+f—=g+~

29 ftg—=f+~

11 f+f = f+f (QCD)
12 f+f—=f+f
13 f+f—g+g

15 f+f—=g+~*/2°
16 f+f —=g+w*
18 f+f—=v+y

19 f+F—=y+r7)2°
20 f+f —=y+wE
28 f+9—f+g

30 f+g—f+~*/2°
31 frg—f+W*
53 g+g—f+f

68 g+g—g+g

o At least 20 GeV of transverse energy deposited in an
area corresponding to the size of a 2 x 2 array of crystals
of the electromagnetic calorimeter,

e Less than 15 GeV in the cone of radius R = 0.5 outside
of the central array.

Events which satisfy these criteria were passed through the
full detector simulation and reconstruction with the pro-
grams OSCAR 365 [7] and ORCA 871 [8]. Approximately
0.5 million events were simulated by the CMS Monte Carlo
production team for use in this analysis [9].

The selection of events at the detector level was done by
tightening the cuts on photon isolation, the angle between
the photon and the jet (A¢- je:) and on transverse energy

of additional jets in event (EJ*?). The last cut is applied
on raw (uncalibrated) jet energy. As a measure of the pho-
ton isolation, the value of Elﬁ?} is defined to be the scalar
sum of the transverse energy in the cells of the calorime-
ter within a cone of radius R = 0.7 in n-¢-space with repect
to the direction of the parton and ouside a central array
of 7x 7 crystals in the electromagnetic calorimeter. The
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Fig. 2. True (kjtg#e, dashed lines) and measured (kje¢, solid lines) values of the calibration coefficients in events with direct pho-
tons for various cuts on the event selection: a photon isolation (Elﬁ(;l), b the angle between the photon and the jet (A¢- jet) and

c the transverse energy of additional jets in the event (EjTetQ).In each case only one cut is applied (no cuts on other variables).
The jets are reconstructed with the iterative cone jet algorithm with a cone radius R = 0.5 and calorimeter cell thresholds of

EPVer > 0.5 GeV

sum was computed for crystals above a threshold of 0.18
and 0.9 GeV for the barrel and endcap of the electromag-
netic calorimeters, respectively, and for HCAL cells above
1 GeV threshold. A cut on Er‘fs‘;l defined in this way gave the
largest background suppression while keeping high signal
efficiency, resulting in approximately a factor of 2 loss in
signal efficiency.

In Fig. 2 the effect of the cuts is shown on the true
and measured values of the calibration coeflicients in sig-
nal events (events with direct photons and without back-
ground from QCD di-jet events).

The cut on photon isolation has a visible influence on
the calibrations, thereby affecting the systematic shift in
the jet energy scale. As some level of photon isolation cut
is required to suppress background, the cut is kept as loose
as possible. Cutting on the angle Ag, jct has a negligible
bias on the true values of the calibration coefficients and
at the same time reduces the systematic shifts in the meas-
ured calibration constants, bringing the measured values of
kjet closer to the true values. Cutting on the transverse en-
ergy of additional jets gives a similar effect at large values
of the photon transverse energy, but worsens the calibra-
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Fig. 3. a The ratio of signal to background after event selection and b the signal efficiency versus transverse energy in various
regions of pseudo-rapidity of the photon with event selection cuts (3). ¢ The relative systematic shift due to the presence of back-

ground events in the calibration 6kjl§t = Aij;t / kj%t and its contributions due to the photon isolation cut (5k}2€1), the momentum

imbalance from misidentified photons (5kj’§jet) and the effect of increased gluon jet backgrounds on the average jet response

((ng/g_jet

et ) for events selected with [nje¢| < 1.5
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tion in the range of PR***" < 40 GeV for cut values smaller

than 20 GeV.

In Fig. 3a-b, the ratio of signal to background in the
selected sample and the efficiency of the signal selection
are plotted as a function of photon transverse energy and
for several ranges of detector pseudo-rapidity of the pho-
ton.The data are selected with the following cuts:

ER <5GeV, Apyje>172°, EF? <20GeV. (3)

The jets are reconstructed with the iterative cone jet al-
gorithm for a cone radius of R = 0.5 and with cuts on the
transverse energy of the towers E{%e" > 0.5 GeV. For this
selection, the signal efficiency is about 25%. In the region
of E7. < 40 GeV the background dominates the signal and

at E7. > 150 GeV the background is suppressed well below
the signal level.
The systematic shift due to the presence of background
is given by the difference
AkE, =

J

R

jet?

where kje is the predicted value (1) calculated using all
selected events passing the cuts (3) and kjit is calculated
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from signal events after cuts are applied on the angle
Ag~ jer and on additional jets. For signal events, the pho-
ton isolation cut which is intended to reduce background is
not applied.

One contribution to this shift comes from the photon
isolation cut — the difference of the calibration coeflicients
with (kji’t‘SOI) and without (k) a cut on photon isolation
in signal events:

Akisol — S, isol 1S

jet jet jet:

As shown in Fig. 3c, the component Ak}i‘gl approximately

coincides with the total effect from background events in
the calibration sample Akjgt. Therefore, for these values
of the cuts, the calibration coefficients derived from sig-
nal and background events are expected to yield similar
values. However, the calibration from background events
has systematic biases not present in signal events. The
background “photon” carries only part of the energy of the
parton from the hard process. This breaks the Pr balance
between the leading jet and the background “photon” and
introduces a shift in the measured jet energy scale given by
the difference of the calibration coefficients (1), calculated
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Fig. 5. Relative systematic shifts,
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, on the calibration of quark (solid lines) and QCD jets (dashed lines) for the iterative

et
cone algorithm with cone radii of R = 0.5 (circles) and R = 0.7 (¢riangles) and for the kp-cluster algorithm using the Ep-scheme

(crosses) for the following thresholds on calorimeter cells: a B

with measured values of P} and the calibration coefficients
kjlt_)parton resulting from the replacement of P with the
transverse momentum of the parton which initiated the jet
misidentified as a photon:
Akj’};f]et _ kjet . kj’)é;)parton.

This shift reaches 10+ 30% at EJ =40+ 20 GeV. How-
ever, the background response partially compensates this
shift whereby unlike signal events gluon jets dominate over
quark jets. The ratio of the gluon to quark jet response
leads to a difference in true values of the calibration coeffi-

cients in selected events (k;:°) and signal events (k;;l °5);

a/g-jet _ 1t true,S

Akjet - kjétlzle - k;jeéle .
This difference depends on the choice of jet algorithm and
in cases where more energy is collected from the gluon
jets, there is a partial cancellation between this system-
atic shift and the shift Ak:jlfjet. This results in an overall

shift due to the presence of background in the calibration
that is smaller than each of these systematics evaluated
separately. The model-dependence of this cancellation as
a source of additional systematic shift is not evaluated
here.

In Fig. 4 the predicted values are presented for the cali-
bration coefficients and their true values for the quark,
gluon and any QCD-jet, for the iterative cone jet algo-
rithm with cone radii of R =0.5 and R = 0.7 and for the
kr-clustering algorithm using the Ep-scheme with various
cuts on the energy and transverse energy of the cells.

Depending on the algorithm, its parameters and calori-
meter cell thresholds, there is a corresponding steepness
of the Erp-dependence of the calibration coefficients and
a spread of their values for quark and gluon jets. A strong
Er-dependence and large spread in response contributes to
the shift in the calibration.

The calibration shifts computed as the differences be-
tween the predicted and true values are shown in Fig. 5.
The shifts for quark jets are less sensitive to the jet al-
gorithm compared to gluon jets and contribute approxi-

> 0.5 GeV, b E*"" ~ 1 GeV and ¢ E*V" > 1.5 GeV

mately 15+ 2% at PR**°" = 20+ 200 GeV. Approximately
the same range of systematic shifts for any QCD-jet is
expected in the case of the kp-clustering algorithm. At

PRAYO™ < 50 GeV these errors decrease due to the large col-
lection efficiency of the jet algorithm. The calibration shifts
for QCD jets depend on the algorithm and its parameters.
It should be noted that the range of shifts do not charac-
terize the quality of jet algorithm. Comparing the effect
of thresholds on the calorimeter cell readings, it is found
that the lowest thresholds Ef"°" > 0.5 GeV and the larg-
est effective number of calorimeter cells in the jet algorithm
(kr-algorithm) yield the most uniform calibration coeffi-
cents. Greater uniformity is expected with no thresholds
applied to the calorimeter cells.

4 Trigger issues and statistical uncertainties

In Fig. 6a the expected number of signal events is plotted
versus photon Er for integrated luminosity L = 10 f6— 1.

With specific triggers, a sufficient fraction of these sig-
nal events including the triggered background processes
can be kept for calibration purposes.

At first trigger level the calibration data can be selected
with the CMS standard single e/~ trigger. With 20 GeV
threshold this selection has better than 90% efficiency for
photons with Et > 22 GeV [10]. The standard high-level
trigger selection, however, envisages an 80 GeV Er thresh-
old in the single isolated photon stream to limit the final
event rate to permanent storage [11]. A dedicated HLT se-
lection is therefore needed for calibration events with lower
photon energies. One possibility is to extend the standard
HLT single photon selection to lower energies and prescale
the output rate to an acceptable value. It should be noted,
however, that the data sample in such a case would be still
dominated by QCD di-jet events and a great fraction of
events would be rejected by the offline selections, reducing
the effective statistics available for calibration. For larger
event statistics it is advantageous to move as many selec-
tions as possible (ideally all selections) to the HLT. On the
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Fig. 6. a The number of events with direct photons observable in the detector acceptance for three jet pseudo-rapidity regions for
integrated luminosity L = 10 fb_l, b the number of events selected for calibration for a combination of prescaled and unprescaled
triggers after event selections in the HLT and offline selection efficiencies and c statistical errors on the jet energy scale calibration
versus photon Ep. The bin width is 10% of the photon Er. The prescaled calibration trigger below 100 GeV and the single isolated

photon trigger above 100 GeV are used

other hand, the final offline selections will be the subject
of systematic studies with real data, therefore looser selec-
tions should be applied in the HLT.

Our choice for the HLT selections is to use the standard
isolated single photon stream with the photon Et thresh-
old of 20 GeV and apply to the photon candidates stronger
isolation cuts consistent with the offline selections. Other
selections, based on an azimuthal angle cut and veto on
additional jets, will be retained for offline systematic stud-
ies. The calibration event rate will be prescaled to a value
consistent with the overall resources for output to stor-
age. In Fig. 6b is shown the estimated number of calibra-
tion events versus the photon Et for integrated luminosity
L =10 fb~! assuming a 1 Hz trigger rate is available for
calibration. We also assumed here 50% efficiency of the
offline selections for events selected with the dedicated cal-
ibration trigger and 25% efficiency for events selected with
the standard photon trigger. The energy dependence of
the prescale factor was set so that the statistical error on
the calibration was epproximately constant over the range
20 GeV < Er(jet) < 100 GeV.

As shown in Fig. 6¢, the statistical error achieved with
the prescaled trigger will be less than 1%. For jets that
are calibrated with the unprescaled single photon trigger
the uncertainty will be smaller at Er(jet) = 100 GeV but
will grow rapidly with higher energies. The available statis-
tics will provide statistical errors on the calibration of the
order of 1% up to Eﬂf’t ~ 1000 GeV (in the central region
Mot < 1.5).

5 Particle-level jet energy scale

For comparison of experimental jet distributions with the-
oretical predictions, corrections relating reconstructed jet
energies to particle-level jet energies may be needed. Such

corrections can be obtained from the jet corrections to the
parton level by applying an additional correction factor
that relates parton energy to the particle jet energy. In the
CDF experiment, it has been shown that total energy of
particles in various cones in the vicinity of a parton is well
simulated by PYTHIA [12]. This would enable the parton
energy scale to be corrected to the particle-level jet energy
scale, via Monte Carlo derived correction factors:

jet
k PT ptcl

ptcl = W (4)
QCD processes with a wide range of transverse mo-
menta were generated using PYTHIA 6.214 (MSEL=1;
ISUB=11, 12, 13, 28, 53, 68). In Fig. 7 the values of these
corrections are shown for quark, gluon and any QCD-jet,
collected in cones of radii R = 0.5 and R = 0.7. These co-
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Fig. 7. Ratio of transverse momenta of particle-level jets to
the transverse momenta of the initial partons for QCD, quark
and gluon jets collected in cones of a R=0.5 and b R=0.7
at |mjet| < 1.5 as a function of transverse parton energy. These
corrections are computed with PYTHIA 6.214
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efficients (4) are characterized by a weak dependence on
pseudo-rapidity (their deviations from the mean value in
interval 0 < |njes| <4 at fixed transverse partons energy
lie within 1%) and for large transverse energies are close
to unity. For quark jets and a cone radius of R = 0.7, the
correction to parton energy is insignificant. The Er- and
n-dependences of the corrections are readily derived using
this technique.

6 Conclusion

Events with direct photons provide an estimate for the par-
ton energy scale. A major challenge in the application of
this technique is the imbalance imposed by radiative cor-
rections. The effects of this problem can be greatly reduced
by defining calibration coefficients in bins of photon energy
and using the peak of the Eﬂlf’fneas /E7 spectrum for events
passing the selection criteria.

The process y+jet can provide sufficient statistics for
the calibration of jets up to an EX* ~ 1000 GeV.

The main background comes from QCD di-jet events
where a jet is misidentified as a photon. For values of
the photon transverse energy 20+ 150 GeV the ratio of
the signal to background for selected calibration events
is expected to be at the level 0.3+ 7. Thus the back-
ground contributes to a corresponding shift in the meas-
ured jet energy scale of 12+1%. While it is expected
that a higher precision of calibration coefficients will ulti-
mately be derived from events with a direct Z boson re-
coiling off a jet with much lower backgrounds, the channel
v+ jet can be used in the specified region for initial cali-
brations while there is still insufficient statistics in Z+jet
events. In the region of EJ > 150 GeV the v+ jet chan-

nel is expected to have higher statistics than the Z+jet
channel.

Depending on the jet algorithm, algorithm parameters
and the calorimeter cell thresholds in energy and trans-
verse energy, there is a corresponding steepness of the cali-
bration coefficients in Er and a spread in the response for
quark and gluon jets. These dependences introduce shifts
in the calibration coefficients. The shifts are estimated
for quark and QCD-jets to be approximately 15+ 2% for
EJ =20-+200GeV.

Using a Monte Carlo simulation of the quark and gluon
fragmentation processes it is possible to estimate correc-
tions (4) for quark, gluon and any QCD-jet to convert be-
tween a parton energy scale to a particle-level jet energy
scale. The possibility of using such corrections have been
studied in previous hadron collider experiments. The cor-
rections are readily computed and have a weak dependence
on pseudo-rapidity and transverse energy of the parton, es-
pecially for quark jets.
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