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1. y-tagged jet measurements at the LHC

Hard scatterings that produce a parton recoiling from an electroweak (EW) boson are precise
probes for studying the modifications of partons in a hot QCD medium. As EW bosons do not
undergo strong interaction with the QCD matter, the kinematics of a parton before interacting with
the medium can be controlled by tagging jets with photons or Z bosons. The CMS and ATLAS ex-
periments at the LHC have performed several y-tagged and Z-tagged jet measurements to quantify
the modification of hard partons inside the hot QCD medium by comparing the results from PbPb
collisions to the reference from pp collisions. Comparisons of the y+jet transverse momentum (pr)
imbalance, xj;, = p'Tet / p%, suggest that jets with pJTet ~ 60GeV /c lose ~ 10% of their energy in PbPb
collisions, as reported in Refs. [1, 2, 3]. On the other hand, no significant modification has been
observed in distributions of azimuthal angle difference, A¢;y = |pit — ¢7|, between the photon and
jets. Studies of Z-tagged jets yielded the same conclusions [4]. These measurements correlate the
photon and jet kinematics using “bulk” observables which do not consider the jet internal structure.
Later measurements analyzed the y-tagged jet substructure. Fragmentation functions results [5, 6]
unambiguously showed that parton showers are modified such that there are more low-pr particles
and less high-pr particles inside the jet cone. The jet radial momentum density profile (the jet
shape) is distorted such that a larger fraction of jet energy is carried at large distance from the jet
axis [7], consistent with the dijet and inclusive jet results [8, 9, 10, 11].

One feature of bulk observables is that the distributions of momentum (xj,) and azimuthal
angle (A@jy) correlations are fairly wide already in pp collisions where the medium effects are
negligible. Two hard scatterers recoiling off of each other are tightly correlated in momentum and
azimuthal angle because of momentum conservation. However, correlations of photons and jets are
smeared into wide distributions and this widening is so large that it cannot be explained solely by
the resolution of the experimental apparatus.

Jet measurements in heavy-ion collisions can be significantly distorted by uncorrelated par-
ticles from the underlying event (UE). Effects of the UE can be removed if the magnitude and
direction of the effects on the measured quantity can be estimated. Techniques are established to
remove the UE for scalar quantities for which the direction of effects are known a priori. For ex-
ample, the UE increases the energy density, therefore its effects can be removed by subtracting the
estimated energy density originating only from the UE. Another example is particle yield where
the UE increases the number of particles; hence, the direction of the effects is known and the mag-
nitude of the increase can be estimated using event-mixing techniques [5]. However, removing the
effects of UE on vector quantities, such as position in 11 — ¢ plane, is more challenging, as the
direction of the effect is not known a priori. For example, UE particles can distort the pointing an-
gle of a reconstructed jet, but the direction of this distortion cannot be inferred without identifying
the particles from the UE. This effect is crucial for observables that are sensitive to the jet (17,¢)
coordinate, e.g. jet shapes.

This document presents results from event generator studies that address the items raised in the
above two paragraphs. First, the physics processes that cause the widening of y+jet correlations are
investigated using PYTHIA 8 [12] events. Second, the UE sensitivity of jet fragmentation functions
and jet shapes are studied by embedding the PYTHIA 8 events into toy heavy-ion events.
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2. y+jet events in PYTHIA 8

PYTHIA 8 is chosen to generate the y+jet events, since it implements full event evolution from
hard scattering to hadronization and provides a reasonably well description of the y-tagged jet
results in pp collisions [2, 3, 5, 7]. Events are generated by activating the PromptPhoton:all
process (all prompt photon processes). The ¢(g) + g — Y+ ¢(g) subprocess, known as the QCD
Compton scattering, gives the dominant contribution to quark-jet events (events where the parton
recoiling from the photon is a quark), and the ¢ +¢q — Y- g subprocess, namely the gg annihilation,
is the dominant process for gluon-jet production. Fig. 1 shows the fraction of quark and gluon-jet
events as a function of p% for a center-of-mass energy at the LHC (pp, /s = 5.02 TeV). The events
are mostly quark-jet events with a fraction of about 90% for pgf ~ 50GeV /c which decreases to
about 80% for p% ~ 1TeV /c. The evolution of the event fractions can be understood by examining
the densities probed for the partons that initiate the scattering (incoming partons).
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Figure 1: Prompt y+jet events are generated using PYTHIA 8 for pp collisions at /s = 5.02 TeV. The
fraction of events for which the recoiling parton is a gluon, a light quark (u,d, s), or a heavy quark (c,b,?) is
indicated with blue, gray, and red areas, respectively.

Fig. 2 shows the parton density x - f(x, Q%) versus momentum fraction x of incoming partons
contributing to prompt photon processes in PYTHIA 8. Contributions to processes with large mo-
mentum transfer Q are from partons with large x. In addition, gluon densities decrease faster with
x than quark densities. Therefore, relative contribution of gluon initiated processes decrease with
increasing Q. Since quark-jets are initiated dominantly by gluons, their event fraction decreases
with increasing Q or equivalently with increasing pr.

Parton densities can also help to understand how the y+jet events differ for different collision
energies. The left panel of Fig. 3 shows the y+jet event fractions for a center-of-mass energy at the
RHIC (pp, /s = 200 GeV). The quark-jet fraction decreases dramatically after p% ~ 50GeV /c.
Almost all y+jet production at RHIC energies is originating from the region with high x, in par-
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Figure 2: Parton density x - f(x, Q%) versus momentum fraction x of incoming partons weighted by their
contribution to prompt photon processes in PYTHIA 8. Processes with momentum transfer Q > 30 GeV and
Q > 300 GeV are on the left and right, respectively. Red labels mark the parton flavor contributing to a
region. The x- f(x, Q%) values are divided by 20 for gluons and s-quarks.

ticular x > 0.1. Gluon densities vanish rapidly at even higher x, causing the dramatic decrease of
quark-jet events.
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Figure 3: Left : Fig. 1 remade for pp collisions at /s = 200 GeV and displaying a smaller p% range. Right
: Fig. 2 remade for /s =200 GeV.

3. Momentum and angle correlations

Effects of parton level processes in PYTHIA 8 on the y+jet observables are studied by compar-
ing four scenarios. The first scenario is to switch off Multiparton interactions (MPI), the second is
to switch off initial-state radiation (ISR), the third is to switch off final-state radiation (FSR). The
fourth scenario is to switch on all of MPI, ISR, and FSR, which is the default setting in PYTHIA 8.
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Events are generated separately for each of the four scenarios. The left and right panel of Fig. 4
show the distributions of azimuthal angle difference, A¢;,, and momentum imbalance, xjy, respec-
tively, for the four scenarios. The sharpest A¢;, and xj, distributions happen when ISR is switched
off indicating that ISR is the dominant source of wide y+jet correlations.
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Figure 4: Top : Distributions of the azimuthal angle difference A¢j;, between the photon and the jet (left),
and of the transverse momentum ratio xj, between the jet and the photon with A¢;, > 77/8 (right) for pp
collisions at y/s = 5.02 TeV. PYTHIA 8 events are generated separately by switching off the MPI (blue), ISR
(green), FSR (violet), and by switching on all of MPI, ISR, and FSR (black). Bottom : Ratio of distributions
from events with MPI (blue), ISR (green), FSR (violet) off to the distributions from events where all of MPI,
ISR, and FSR are on.

The left panel of Fig. 5 shows the A¢;, distributions from the four scenarios at RHIC energies.
ISR is the dominant source for the widening of A¢;y at RHIC energies as well. Bottom-left panels
of Fig. 4 and Fig. 5 show ratios of the A¢;, from the first three scenarios to the one from the default
setting, namely the fourth scenario. At LHC (RHIC) energies, the “ISR-off” and default settings
differ by ~ 100% (~ 20%) at A¢;, ~ . Hence, ISR effects at RHIC energies are smaller than at
LHC energies. This can be explained with the fact that a smaller phase space for ISR is available
at RHIC because of the lower +/s. The right panel of Fig. 5 compares the A¢jy for /s = 5.02 TeV
and /s = 200 GeV. The distribution for RHIC is much sharper because of smaller ISR effects.

4. Angular resolution driven by the Underlying Event

As briefly mentioned in Sec. 1, effects of the heavy-ion UE on a measurement can be reverted
if the magnitude and direction of the effects are known. On the other hand, it is non-trivial to
predict the direction if the measured quantity is vectorial. The UE effects on jet observables are
studied via a toy UE. “Toy UE” particles are sampled randomly from HYDJET [13] events for the
10% most central PbPb collisions at /s = 5.02 TeV and added to PYTHIA 8 y+jet events.



Kaya Tatar

pp, Vs = 200 GeV
R

e e B s B e Ll el O o i e
1oL Pythia 8.2 = MPI off 7, N | = (s =200 Gev i
E oy +iet *'FSSF;Oﬁﬁ + £ = (s=5.02Tev -
C v e of | C . |
P P> 40GeVIE |\ ipliiSR+FSR on [ Pythiag.2 -
1= p’T >20 GeVic - 1Ly +iet |
~ F anti-k; jet R=0.3 - _ % pY>40 GeVic {{} %
2810k T As® [ pM>306evic - ]
2 |<Q107; . b 3 .
© £ 3 ﬁ)]_O'l; |l']| <0.8 - =
I 2 F <05 - E
102 E [ anti-k jetR=03 4% ** ]
E e 102 + f**f E
10° | T 1 E b f f f ]
F I ] 10° + E
10—4\\\\\\\\\\\\\\Hw\mm\um\w Evv b b by by by 14
o 05 1 15 2 25 3 o o5 1 15 2 25 3
e e
Ao =19% - ¢ b =l - 9
2 = E
3 f 1.85
1 + - lee
g 13 RS
g od e Bl
0.6 - I 8?1;:
94 ‘ ‘ Rt 02 ‘ .
0o 05 1 15 2 25 3 0 05 1 15 2

Figure 5: Top left : Distributions of the azimuthal angle difference A¢;, between the photon and and the
jet for pp collisions at /s = 200 GeV. PYTHIA 8 events are generated separately by switching off the
MPI (blue), ISR (green), FSR (violet), and by switching on all of MPI, ISR, and FSR (black). Top right :
Comparison of Agj, for center-of-mass energies of /s = 5.02 TeV (black) and /s = 200 GeV (red) where
same kinematic selections are used for both distributions. Bottom left : Ratio of distributions from events
with MPI (blue), ISR (green), FSR (violet) off to the distributions from events where all of MPI, ISR, and
FSR are on. Bottom right : Ratio of the distribution for /s = 200 GeV to the one for /s = 5.02 TeV

Particles are clustered into jets using the anti-kt algorithm in the FastJet framework [14, 15]
with a distance parameter of R = 0.3. The clustering is run separately for two cases, the first one
uses only PYTHIA 8 particles (labelled as “Pythia”), the second one uses both toy UE particles
and PYTHIA 8 particles (labelled as “Pythia+toy”). For the second case, the jet energy is corrected
by subtracting the energy of the toy UE particles. Afterwards, the jet observables obtained from
the two cases are compared. The left and right panels of Fig. 6 show this comparison for the
jet fragmentation function observable £i¢, defined in Ref. [5], and the jet shape observable p(r),
defined in Ref. [7], respectively. Eit distributions are compatible for the two cases. In contrast, jet
shapes for the “Pythia+toy” case are significantly wider than the “Pythia” case.

The sensitivity of the jet shapes to the inclusion of UE particles can be understood by studying
how the observable is correlated with UE particles. Left (right) panel of Fig. 7 shows the jet
shapes constructed using UE particles with pr > 1 (pr > 3) GeV/c, for two different cases of
particle selections. The first case (green) uses UE particles in the same event as the jet. The second
case (red) uses UE particles from a randomly selected event (mixed event). The distributions
increase monotonically with r. This is expected because the angular space increases with » and
for UE particles, any (1, ¢) coordinate with respect to a jet is equally likely since jets and UE
particles are intrinsically uncorrelated. The picture changes for particles with pr > 3 GeV /c where
the distributions for the first case present a bias towards smaller r, and are even peaking in the
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Figure 6: &° distribution (left) and the differential jet shape p(r) for jets associated with a photon in
PYTHIA 8 y+jet events where jets are clustered with the anti-kt algorithm for R = 0.3 using PYTHIA 8
particles (black), and using both PYTHIA 8 particles and toy UE particles (blue). Distributions are filled
using charged PYTHIA 8 particles with pp > 1 GeV/c.

0.2 < r < 0.25 bin. The shift towards smaller r indicates that UE particles effect jet clustering in
a way that the (1,¢) coordinate of the jet (jet axis) tends to be closer to that of the UE particles.
The effect becomes larger with increasing energy of the UE particles and can be described as UE
particles “pulling” the jet axis to themselves. The effected quantity is the jet (1,¢) coordinate, a
vector quantity, whose direction of change is ambiguous, but correlated with the position of UE
particles. A finely binned correction procedure is needed to revert the effects. An approach to
overcome this effect without applying dedicated corrections would be to redefine the jet axis so
that it becomes less sensitive to UE particles.

5. Switch to Winner-take-all recombination scheme

The standard jet axis is obtained from the E-scheme recombination scheme where two com-
ponents are combined by adding up their 4-momenta [15]. Hence, the direction of the combined
object is the momentum weighted average of the two components. Note that UE particles have
relatively lower energy compared to particles from hard scattering. This implies that the sensitivity
of the jet axis to UE can be reduced by using a recombination scheme that increases the weights
of higher energy particles. The “winner-take-all” (WTA) recombination scheme [16, 17] takes the
weight increase to an extreme such that the combined object is assigned the (1, ¢) coordinate of
the component with highest pr.

The jet fragmentation function and jet shape observables in Fig. 6 were constructed using jets
whose constituents are recombined using the E-scheme. The same observables are extracted using
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Figure 7: The differential jet shape p(r) constructed using charged UE particles in the same event as the jet
(green) and using charged UE particles from a randomly selected event (red). Particles on the left and right
panels satisfy pr > 1 GeV/c and pr > 3 GeV /c, respectively.

jets recombined with the WTA scheme and shown in Fig. 8. The &°t distributions for the “Pythia”
and “Pythia+toy” cases are similar as in the E-scheme case. This time, jet shapes are also in good
agreement for the two cases and this is where the WTA scheme becomes favorable. The jet axis
determined using the WTA scheme is more robust against the heavy-ion UE as it is reducing the
UE sensitivity of substructure observables that are based on jet angle.

The WTA scheme can promise benefits not only for jet substructure studies, but also for angu-
lar correlations. It is hypothesized that the medium-induced pt broadening of partons [18] would
widen the azimuthal correlations between the two hard scatterers [19, 20]. Jet quenching has been
observed at the LHC, but no significant medium effect was seen in azimuthal angle correlations
[21, 22, 23, 1, 2, 24, 25]. It is possible that the medium-induced widening of angular correlations
are undermined by the large widening caused by vacuum radiation processes [20]. The widening
from vaccum processes is smaller at lower collisions energies, as was shown in the right panel of
Fig. 5. Therefore, the medium-induced pt broadening is expected to reveal itself at RHIC energies
in a relatively stronger way than at LHC energies. However, the effect on azimuthal correlations
can still be small, implying that a good experimental control of the jet angle will be vital for pr
broadening studies.

The exercise with toy UE particles, explained in Sec. 4, has been repeated for RHIC energies.
Jet clustering is run for the “Pythia” and “Pythia+toy” cases. Fig. 9 shows the distributions of az-
imuthal angle difference, Agjy, for the two cases. For each case, jet clustering is run separately with
the E-scheme (left panel) and the WTA recombination schemes (right panel). For jets recombined
with the E-scheme, the toy UE causes a roughly 5% deviation at A¢j, ~ 7, whereas for jets with
the WTA scheme the deviation at the same A@jy is smaller than 1%. The ratios between the Ag;,
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Figure 8: Fig. 6 remade using jets whose constituents are recombined with WTA scheme.

distributions from “Pythia” and “Pythia+toy” cases are shown for the 37/4 < A¢;, < 7 range. Dis-
tributions are much more consistent when using the WTA scheme. Apparently, the WTA scheme
reduces distortions of the jet angle caused by the UE.

6. Summary

The lack of strong interaction between electroweak bosons and the QCD matter make y+jet
events precise probes to study parton modifications in medium. Measurements from the LHC
experiments showed that the momentum and angle correlations between y+jet pairs are wide even
in pp collisions where no large medium is expected to form. Simulation of PYTHIA 8 events
showed that the widening of correlations is caused by parton level processes in vacuum, ISR being
the dominant source of widening. The phase space for ISR shrinks with decreasing collision energy
making the widening effects smaller.

Reverting the effects of heavy-ion UE on a vector quantity is challenging due to a lack of
knowledge about the direction of the effects. When jets are clustered using the standard recombi-
nation scheme (E-scheme), the UE particles can distort the jet (17, ¢) coordinate in a way correlated
with their kinematics, making the jet angle determination sensitive to the UE. The sensitivity can
be significantly reduced if jets are clustered using the WTA recombination scheme. Simulation of
PYTHIA 8 and toy UE events suggest that the WTA scheme can be particularly advantageous for
angle dependent jet substructure measurements and for studies of medium-induced pt broadening
via azimuthal correlations.
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Figure 9: Distributions of the azimuthal angle difference A¢;, between the photon and the jet in PYTHIA
8 y+jet events for pp collisions at /s = 200 GeV. Jets are clustered using PYTHIA 8 particles (black),
and using both PYTHIA 8 particles and toy UE particles (blue) (See Sec. 4). Jets are recombined using the
E-scheme (left) and the WTA scheme (right).
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