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partons are at least two orders of magnitude lower. In
e+e− annihilation there are, of course, no soft partons at
all.
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FIG. 4: Distributions of π+ in pT arising from thermal-
shower recombination (solid line) and shower-shower recom-
bination, i.e. fragmentation (dash-dot line).

We now calculate the production of π+ from the as-
semblage of u and d̄ partons. The thermal-shower (T S)
recombination gives rise to

dNT S
π+

pTdpT
=

1

p3T

∫ pT

0
dkTK(kT /k

max
T )T (pT − kT ), (17)

where Eq. (10) has been used in an equation such as Eq.
(1) for xdNπ/dx, but expressed for dNπ/pTdpT . Using
Eqs. (3), (15) and the parametrizations given in Table
II, the integral in Eq. (17) can readily be evaluated. The
result is shown by the solid line in Fig. 4. It is to be com-
pared with the pT distribution from the fragmentation of
the u quark to π+, which is

dNSS
π+

pTdpT
=

1

p3T

∫ pT

0
dkT

{

K

(

kT
kmax
T

)

, L

(

pT − kT
kmax
T − kT

)}

,(18)

Since this is just retracing the path in which we obtained

K and L from the D function in the first place, Eq. (18)
can more directly be identified with

dNfrag
π+

pTdpT
= (pTk

max
T )−1

[

Dπ
V

(

pT
kmax
T

)

+Dπ
S

(

pT
kmax
T

)]

.(19)

The result is shown by the dash-dot line in Fig. 4. Evi-
dently, the contribution from the thermal-shower recom-
bination is much more important than that from frag-
mentation in the range of pT shown. Despite the fact
that T (kT ) is lower than L(kT ) for kT > 1.5 GeV/c, its
dominance at kT < 1.5 GeV/c is enough to result in the
T S recombination to dominate over the SS recombina-
tion for all pT < 8 GeV/c. This example demonstrates
the necessity of knowing the SPD’s in a jet, sinceK(x1) is
used in Eq. (17). If SS recombination is the only impor-
tant contribution as in pp collisions, then fragmentation
as in Eq. (19) is all that is needed, and the search for
SPD’s plays no crucial role. In realistic problems the
hard-parton momentum kmax

T has to be integrated over
the weight of the jet cross section. However, for our il-
lustrative purpose here, that is beside the point.

Our next example is the study of the dihadron distri-
bution in a jet. We need only carry out the investiga-
tion here for a jet in vacuum, since the replacement of a
shower parton by a thermal parton for a jet in a medium
is trivial, having seen how that is done in the replace-
ment of Eq. (18) by (17) in the case of the single-particle
distribution. Consider the joint distribution of two π+ in
a jet initiated by a hard u quark. As we shall work in the
momentum fraction variables, the value of the momen-
tum of the initiating u quark is irrelevant, except that it
should be high. Let X1 and X2 denote the momentum
fractions of the two π+, and xi denotes that of the ith
parton, i = 1, · · · , 4. Then, since only one u quark can
be valence, the other three quarks being in the sea, we
have one K, three L, and two R functions. Combina-
torial complications arise when we impose the condition
that

∑

i xi < 1 for i = 1, 2, 3, 4. There are two methods
to keep the accounting of the different orderings of the
four xi.

Method 1.

Let one ordering be

SPD(x1x2x3x4) = K(x1)L

(

x2

1− x1

)

L

(

x3

1− x1 − x2

)

L

(

x4

1− x1 − x2 − x3

)

. (20)

There are 4! ways to rearrange the four xi in all orders. However, they are to be convoluted with Rπ(x1, x2, X1),
which is symmetric in x1 ↔ x2, and similarly with Rπ(x3, x4, X2). Thus there are 4!/2!2! independent terms. Since
K can appear at any one of the four positions in Eq. (20), we have altogether 24 terms. Thus we have

X1X2
dNπ+π+

dX1dX2
=

∫

(

4
∏

i=1

dxi

xi

) [

1

24

∑

P

SPD(x1x2x3x4)

]

Rπ(x1, x2, X1)Rπ(x3, x4, X2), (21)
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- Baryon enhancement
- Jet quenching/Jet modification
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partons are at least two orders of magnitude lower. In
e+e− annihilation there are, of course, no soft partons at
all.
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FIG. 4: Distributions of π+ in pT arising from thermal-
shower recombination (solid line) and shower-shower recom-
bination, i.e. fragmentation (dash-dot line).
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bination is much more important than that from frag-
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- Two prominent signatures of QGP:
- Baryon enhancement
- Jet quenching/Jet modification

- Shower Parton Recombination 
[PR(2004)0312271] 

- AMPT simulations: baryon/meson 
is modified for jets in QGP 
[PLB(2022)137638] 
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Fig. 2. Jet-induced identified particle yields in the region !r < 1 around the jets as a function of associated particle pT for p+p and 50 − 100%, 30 − 50%, 10 − 30%, 0 − 10%
Pb+Pb collisions at √sNN = 5.02 TeV (upper panels). The lower panels show the corresponding p/π and #/K ratios as a function of associated particle pT . Jets are taken 
with pjet

T > 120 GeV, R = 0.4 and |ηjet| < 1.6.

from other events. The upper right panel shows the normalized 
mixed-event pair distribution ME(!η, !φ)/ME(0, 0). The lower 
left panel shows the acceptance-corrected distribution for asso-
ciated protons per trigger jet. Finally, we apply the side-band 
method to subtract the background contribution from uncorrelated 
pairs and long-range correlations. Following CMS [47], we estimate 
the background contribution using !φ distribution averaged over 
1.5 < |!η| < 2.5. The final corrected jet-proton correlations are 
shown in the lower right panel of Fig. 1.

The above two-dimensional number density distribution d2N
d!φd!η

can be studied for different pT of identified particles. In this work, 
we divide the identified particles into several pT bins bounded 
by 1, 2, 3, 4, 6, 8, 10, 12 GeV. In this sense, we have constructed 
the three-dimensional distribution d3N

dpT d!ηd!φ for identified par-
ticles around the quenched jets. From this distribution, one can 
study the pT distributions of identified particles around the recon-
structed jets by integrating out the rapidity and angular parts (!η
and !φ):

dN
dpT

=
∫

d!φ

∫
d!η

d3N
dpT d!φd!η

∣∣∣∣
!r<1

. (3)

Here we look at identified particles in the region with !r < 1
around the jet axis. One may also study the radial !r distribu-
tion of identified particles around jets, which can be obtained as 
follows:

dN
d!r

=
∫

d!φ

∫
d!η

∫
dpT

d3N
dpT d!φd!η

× δ(!r −
√
(!φ)2 + (!η)2). (4)

In practice, the above radial distribution is constructed in annular 
rings of width 0.1 for !r around the jet direction.

3. Jet-induced baryon and meson yields

In Fig. 2, we show jet-induced π , K , p and # yields 1
Njet

dN
dpT

in 
the region !r < 1 around the triggered jets as a function of parti-
cle pT for p+p and Pb+Pb collisions at √sNN = 5.02 TeV, as calcu-
lated from the AMPT model (upper panels). The results for Pb+Pb 

Fig. 3. The enhancement of p/π and #/K ratios around the jets for associated par-
ticle pT = 2 − 6 GeV as a function of !r in 0-10%, 10-30%, 30-50% and 50-100% 
Pb+Pb collisions at √sNN = 5.02 TeV relative to p+p collisions. Jets are taken with 
pjet
T > 120 GeV, R = 0.4 and |ηjet| < 1.6.

collisions are shown for four centralities (50 −100%, 30 −50%, 10 −
30%, 0 − 10%). To increase the statistics, we average over π+ , π−

and π0 and for brevity use π to denote 1
3 (π

+ + π− + π0). Simi-
larly, we use p for the average 12 (p + p̄), K for 13 (K

+ + K− + K 0
S ), 

and # for the average 12 (# + #̄). One can clearly see an enhance-
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Fig. 2. Jet-induced identified particle yields in the region !r < 1 around the jets as a function of associated particle pT for p+p and 50 − 100%, 30 − 50%, 10 − 30%, 0 − 10%
Pb+Pb collisions at √sNN = 5.02 TeV (upper panels). The lower panels show the corresponding p/π and #/K ratios as a function of associated particle pT . Jets are taken 
with pjet

T > 120 GeV, R = 0.4 and |ηjet| < 1.6.

from other events. The upper right panel shows the normalized 
mixed-event pair distribution ME(!η, !φ)/ME(0, 0). The lower 
left panel shows the acceptance-corrected distribution for asso-
ciated protons per trigger jet. Finally, we apply the side-band 
method to subtract the background contribution from uncorrelated 
pairs and long-range correlations. Following CMS [47], we estimate 
the background contribution using !φ distribution averaged over 
1.5 < |!η| < 2.5. The final corrected jet-proton correlations are 
shown in the lower right panel of Fig. 1.

The above two-dimensional number density distribution d2N
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can be studied for different pT of identified particles. In this work, 
we divide the identified particles into several pT bins bounded 
by 1, 2, 3, 4, 6, 8, 10, 12 GeV. In this sense, we have constructed 
the three-dimensional distribution d3N

dpT d!ηd!φ for identified par-
ticles around the quenched jets. From this distribution, one can 
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structed jets by integrating out the rapidity and angular parts (!η
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In practice, the above radial distribution is constructed in annular 
rings of width 0.1 for !r around the jet direction.

3. Jet-induced baryon and meson yields

In Fig. 2, we show jet-induced π , K , p and # yields 1
Njet

dN
dpT

in 
the region !r < 1 around the triggered jets as a function of parti-
cle pT for p+p and Pb+Pb collisions at √sNN = 5.02 TeV, as calcu-
lated from the AMPT model (upper panels). The results for Pb+Pb 

Fig. 3. The enhancement of p/π and #/K ratios around the jets for associated par-
ticle pT = 2 − 6 GeV as a function of !r in 0-10%, 10-30%, 30-50% and 50-100% 
Pb+Pb collisions at √sNN = 5.02 TeV relative to p+p collisions. Jets are taken with 
pjet
T > 120 GeV, R = 0.4 and |ηjet| < 1.6.

collisions are shown for four centralities (50 −100%, 30 −50%, 10 −
30%, 0 − 10%). To increase the statistics, we average over π+ , π−

and π0 and for brevity use π to denote 1
3 (π

+ + π− + π0). Simi-
larly, we use p for the average 12 (p + p̄), K for 13 (K

+ + K− + K 0
S ), 

and # for the average 12 (# + #̄). One can clearly see an enhance-
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Fully reconstructed jets with tracks identified by Time of Flight 
(ToF) and Time Projection Chamber (TPC) information  

=>  Particle Identification in jets

Measurement Technique

Data Samples

- p+p collisions at 𝑠 = 200 
GeV (2015)

- 0-10% central Au+Au 
collisions at 𝑠!! = 200 
GeV, (2014)

Jet Reconstruction

- Anti- 𝑘"
- Jet R = 0.2, 0.3, 0.4
- 𝑝"#$%&' > 2.0 GeV/c
- Jet 𝑝"()* > 9 GeV/c
- |𝜂+,-| < 1.0 – R
- Inclusive Jets

From ToF

From TPC

Particle Identification2D jet-track correlation 

𝑑𝜂 = 	𝜂
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/ 𝑑
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n Build Mixed event for pair acceptance correction
n Divide signal correlation by mixed event
n Select regions of equal area for jet and underlying event for 

every 𝑝" bin from 2.0 GeV/c to 5.0 GeV/c
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Particle Identification

n Subtract UE from Jet in dϕ, dη, 𝑛𝝈𝛑, and 𝑚,

n Identify Pion, Proton, Kaon yields from remaining Jet Signal
n Low 𝑝- regime: 𝑝- < 3.0 GeV/c à bin-count protons
n High 𝑝- regime: 𝑝- > 3.0 GeV/c à triple Gaussian fit
n Divide proton yield by pion yield to measure ratio
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p+p event

Au+Au event

Correlated Background Removal

The Challenge:

Jet selection threshold coupled 
with upward fluctuation in 
underlying event causes the 
jetfinder algorithm to pick up 
background tracks at a higher rate

𝑝-./012 min
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0 𝛑ϕ

The Solution:

Pseudo-embedding: take p+p jets 
down to low 𝑝- à overlay with central 
Au+Au event à run jet finder à match 
to original p+p jet à construct 
jet+track correlations with Au+Au event 
and perform uncorrelated UE 
subtraction
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p+p event

Au+Au event

p+p event 
embedded in 
Au+Au Event

Correlated Background Removal

The Challenge:

Jet selection threshold coupled 
with upward fluctuation in 
underlying event causes the 
jetfinder algorithm to pick up 
background tracks at a higher rate

𝑝-./012 min
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The Solution:

Pseudo-embedding: take p+p jets 
down to low 𝑝- à overlay with central 
Au+Au event à run jet finder à match 
to original p+p jet à construct 
jet+track correlations with Au+Au event 
and perform uncorrelated UE 
subtraction
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p+p event 
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Au+Au Event

Correlated Background Removal

The Challenge:

Jet selection threshold coupled 
with upward fluctuation in 
underlying event causes the 
jetfinder algorithm to pick up 
background tracks at a higher rate

𝑝-./012 min

-- p+p
-- Au+Au

-- Pseudo-Embedding
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14

𝑝-./012 min

2.0 GeV/c

Evaluating Contribution from Combinatorial Jets

ϕ

η

ϕ

η

ϕ

η

ϕ

η

Combinatorial Jet

Procedure:
n Create mixed event by taking one track from 

different events until reaching an 𝑛234.5 
value sampled from the signal distribution

n Embed p+p event with identified jet seed 
into mixed event

n Run Jetfinder on resulting combined event
n Identify jets that are not matched to a p+p 

jet seed
n Construct jet+track correlations with Au+Au 

mixed event only
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+

-- p+p
-- Au+Au

-- BG fluctuation
-- Combinatorial

Procedure:
n Run Jetfinder on p+p event
n Create Mixed event by taking one track from 

different events until a reasonable nTrack value 
is reached

n Combine p+p event (with jet) and Mixed Event
n Run Jetfinder on resulting mixed event
n Perform correlations with mixed event

Fake Rate Determination:
n Build Template fit using p+p and 

combinatorial jet spectra
n Fit to Au+Au Jet spectra
n Scale p+p and combinatorial 𝑛678 

values by fit parameters to 
determine fake rate

n Subtract correlated background 
from jet signal

Pseudo-embedding à Matched Jets
Combinatorials à Unmatched jets
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rawin-Jet Ratios with R = 0.2, Jet p
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2.0 GeV/c

Results: R = 0.2,  𝒑𝐓𝒄𝒐𝒏𝒔𝒕 > 2.0 GeV/c

Jets in p+p
n Strong preference for 𝛑 over p

R = 0.2
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NOTE: p/𝛑 is used as shorthand for 
(𝑝5 + 𝑝6)/ (𝛑5 + 𝛑6) throughout 
this presentation
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STAR Preliminary

 > 2 GeV/c
T
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T
rawin-Jet Ratios with R = 0.2, Jet p

𝑝-./012 min

2.0 GeV/c

Jets in p+p
n Strong preference for 𝛑 over p

Jets in Au+Au
n Strong preference for 𝛑 over p
n Similar in-jet p/𝛑 ratio between Au+Au 

and p+p
n Fake jet rate: 13%

Results: R = 0.2,  𝒑𝐓𝒄𝒐𝒏𝒔𝒕 > 2.0 GeV/c

R = 0.2
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STAR Preliminary

 > 2 GeV/c
T
const > 9 GeV/c, p

T
rawin-Jet Ratios with R = 0.3, Jet p

𝑝-./012 min

2.0 GeV/c

Jets in p+p
n Strong preference for 𝛑 over p
n No modification observed with increase 

in Jet R

Results: R = 0.3,  𝒑𝐓𝒄𝒐𝒏𝒔𝒕 > 2.0 GeV/c

R = 0.3
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rawin-Jet Ratios with R = 0.3, Jet p
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2.0 GeV/c

Jets in p+p
n Strong preference for 𝛑 over p
n No modification observed with increase 

in Jet R

Jets in Au+Au
n Strong preference for 𝛑 over p
n Similar in-jet p/𝛑 ratio between Au+Au 

and p+p
n No modification observed with increase 

in Jet R
n Fake jet rate: 39%

Results: R = 0.3,  𝒑𝐓𝒄𝒐𝒏𝒔𝒕 > 2.0 GeV/c

R = 0.3
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STAR Preliminary

 > 2 GeV/c
T
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T
rawin-Jet Ratios with R = 0.4, Jet p

𝑝-./012 min

2.0 GeV/c

Jets in p+p
n Strong preference for 𝛑 over p
n No modification observed with increase 

in Jet R

Results: R = 0.4,  𝒑𝐓𝒄𝒐𝒏𝒔𝒕 > 2.0 GeV/c

R = 0.4
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STAR Preliminary

 > 2 GeV/c
T
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T
rawin-Jet Ratios with R = 0.4, Jet p

𝑝-./012 min

2.0 GeV/c

Jets in p+p
n Strong preference for 𝛑 over p
n No modification observed with increase 

in Jet R

Jets in Au+Au
n Strong preference for 𝛑 over p
n Similar in-jet p/𝛑 ratio between Au+Au 

and p+p
n No modification observed with increase 

in Jet R
n Fake jet rate: 63%

Results: R = 0.4,  𝒑𝐓𝒄𝒐𝒏𝒔𝒕 > 2.0 GeV/c

R = 0.4
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R = 0.3 R = 0.4

Summary

n We present the first ever in-Jet p/𝛑 study with jet R dependence from STAR 
n Study shows jets with 𝑝!"#$%& > 2.0 GeV/c and jet 𝑝!'()> 9.0 GeV/c 
n In p+p collisions, the in-jet p/𝛑 ratio sits below the p/𝛑  ratio from inclusive hadrons, 

with no dependence on jet R
n For every jet R studied, in-jet p/𝛑 ratios measured in central Au+Au are consistent 

with those from p+p, with no evidence for enhancement between the two systems
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Backup
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Systematic Uncertainty
Au+Au p+p

n One representative Jet R is shown here, all Systematics included in backup
Systematic Sources:
n dE/dx calibration, determined by varying each input parameter for gaussian fits
n ToF cut placement for proton identification below 3.0 GeV/c
n Uncorrelated background subtraction, determined by varying UE definition
n 𝑅99 correction is included in nominal, for systematic uncertainty on fake rate, the template 

fits are run without 𝑅99 correction, and the resulting fake rate is used
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Au+Au Systematics
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Au+Au, dE/dx Calibration Breakdown
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p+p Systematics
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p+p, dE/dx Calibration Breakdown
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Determining Fake Rate: Spectra Template Fit

Raw Spectra Template Fit

p+p             ->     6,984 jets *     20.5    =    143,715
Combinatorial    ->     4,143 jets     *    22.1    =    91,597    ->    39%

Fit Parameters

Fake Rate

n Create a two-parameter template 
fit using the raw jet spectra from 
p+p and combinatorial jets

n Fit the raw Au+Au spectra
n Scale p+p and combinatorial Njet 

values by the resulting 
parameters to calculate fake rate
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Determining Fake Rate: Spectra Template Fit

Fake Rate: 13% Fake Rate: 39% Fake Rate: 63%
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Developments Since Hard Probes 2023

Results Presented at HP23 Results Presented at HP24

n In Jet p/𝛑 ratios presented for jets 
with 𝑝-./012 > 3.0 GeV/c

n Leading jets only
n No correlated background evaluation

n In Jet p/𝛑 ratios presented for jets 
with 𝑝-./012 > 2.0 GeV/c

n Larger Data set (mid + low lumi)
n Inclusive jets
n Novel approach to correlated 

background evaluation


