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First measurements of the jet mass in p+p 
collisions at  = 200 GeV at STARs
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Jet finding

3Cacciari, Salam, J. High Energ. Phys. 04 (2008) 063 
Cacciari, Salam, Soyez, Eur.Phys.J. C 72 (2012) 1896

Carli, Rabbertz, Schumann, Studies of 
Quantum Chromodynamics at the LHC.

“detector-level”:

“particle-level”:

“parton-level”:

- requires resolution parameter: 
we use R = 0.4, vary to 0.2, 0.6

FastJet package provides 
implementation of kT family

- we use the standard anti-kT 
algorithm: IRC safe, 
insensitive to underlying 
event, pileup

Jet finding algorithm does this!

     Infrared, collinear safe → theory

     Recursive clustering

Need to link hadronic state 
(experiment) to partonic state (theory)

https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1140/epjc/s10052-012-1896-2
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Jets in pQCD

4

But this says little about 
the substructure of the jets

STAR Collaboration, Phys.Rev.Lett. 97 (2006) 252001

Jet production is 
calculable in pQCD, over 
orders of magnitude 
from RHIC to LHC
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- Partonic mass, Mp: magnitude of 4-
momentum - between 0 and scale, Q 
- Reconstructed jet mass, M: 
magnitude of constituent 
4-momentum sum for given R

[no hadronization here - would smear correlation]

Majumder, Putschke, Phys.Rev. C 93 (2016) 054909.
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What we measure 
[~ initial hard parton virtuality!]

R
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Motivation - Heavy Ion Collisions

6

Reaching for the Horizon: The 2015 Long Range Plan for Nuclear Science

jet mass ~ virtuality ~ 
resolution → jets with 
different masses resolve 
medium at different scales

Recent ALICE AA 
measurement: mass is 
sensitive to differing 
implementations of 
partonic energy loss


ALICE Collaboration, Phys.Lett. B 776 (2018) 249-264

increasing virtuality
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Measurements done at LHC1-7 
No measurement yet at RHIC! 
→ further tune MCs

Baseline for future AA studies

Motivation - pp Collisions

7

1ATLAS, J. High Energ. Phys. 05 (2012) 128 
2ATLAS, Phys.Rev.Lett. 121 (2018) no.9, 092001 
3ATLAS, tech. rep. ATLAS-CONF-2018-014 (2018) 
4CDF, Phys.Rev. D 85 (2012) 091101 
5CMS, J. High Energ. Phys. 05 (2013) 090 
6CMS, Eur.Phys.J. C 77 (2017) no.7, 467 
7CMS, J. High Energ. Phys. 10 (2018) 161
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STAR measures
inclusive jet mass

By JEFF BEZOS

Lorem ipsum dolor sit amet, con-
sectetur adipiscing elit. Quisque ve-
hicula euismod ipsum, a molestie
nibh semper vel. Aliquam phare-
tra, magna non finibus pulvinar, ip-
sum nunc molestie tellus, ut inter-
dum metus risus rutrum nunc. Ali-
quam bibendum justo ac quam pel-
lentesque, vel semper nisi congue.
Donec pellentesque, dui id tempus
egestas, sem enim accumsan lectus,
eget varius tellus nulla cursus mauris.
Vivamus tempor ligula eget mi porta,
id posuere tellus ornare. Mauris est
turpis, dignissim quis arcu tristique,
sagittis tempus elit. Aenean lobor-
tis turpis ac quam ullamcorper, quis
tempor dolor lobortis. Sed iaculis,
nisi vitae gravida aliquam, erat risus
tempus velit, non commodo lorem mi
a quam. Duis urna lorem, male-
suada quis facilisis et, pharetra ut
urna. In et velit ac tellus elementum
eleifend. Fusce at nunc eros. Aliquam
gravida erat lorem, non mattis purus
pretium eget. Aliquam pharetra tem-
pus ipsum, id fermentum est feugiat
a. Nulla facilisi.

Fusce tincidunt, nisl sed sollic-
itudin varius, lorem tellus dictum
lorem, a ornare tellus velit at lacus.
Aenean suscipit varius ipsum, non
dignissim orci elementum sit amet.
Etiam feugiat dui sit amet dolor com-
modo commodo. Aenean feugiat
pretium nunc vel euismod. Praesent
at tincidunt enim, maximus condi-
mentum felis. Donec sit amet lorem
tempus, dapibus libero a, pretium
lorem. Cras quis elementum arcu.
Suspendisse at velit ut mauris condi-
mentum sodales. Maecenas rhoncus
id felis ac suscipit. Sed quis ultricies
nunc, vitae aliquam metus. Pellen-
tesque tempor tellus ut lorem iaculis
accumsan. Ut a eros gravida, euis-
mod lacus mattis, vulputate ligula.

Sed lacinia facilisis felis.

Vivamus euismod lorem a feu-
giat dignissim. Vivamus pulvinar tel-
lus e�citur, aliquam arcu quis, auc-
tor sem. Vestibulum ut elementum
ligula, a varius turpis. Quisque fer-
mentum vulputate erat, non egestas
tellus laoreet et. Praesent bibendum
metus at elit bibendum rutrum ul-
lamcorper a elit. Mauris vel faucibus
est. Suspendisse hendrerit justo et
augue accumsan pharetra.

Sed venenatis ultrices quam non
aliquam. Nunc cursus sodales velit,
nec facilisis leo scelerisque a. Sed a
lacinia elit. Nulla enim risus, vestibu-
lum id elit sed, facilisis sagittis arcu.
Maecenas vel augue ligula. Interdum
et malesuada fames ac ante ipsum
primis in faucibus. Proin facilisis ip-
sum lectus, in gravida nibh varius a.

Pellentesque sagittis tincidunt
pulvinar. Duis non vehicula lacus, ut
viverra purus. Proin ultrices feugiat
tincidunt. Fusce maximus maximus
aliquet. Etiam ullamcorper odio in
ipsum tempus, in tempor diam ali-
quam. Phasellus mi nibh, cursus in
volutpat id, fringilla at enim. Cras
volutpat luctus convallis. Morbi eu-
ismod, justo eget vulputate lacinia,
arcu eros facilisis ante, et aliquam nisi
velit vel magna. Proin vitae porttitor
ipsum. Aliquam eget lectus vel ex
ultricies interdum rutrum in turpis.
Morbi interdum, velit in scelerisque
scelerisque, urna elit fringilla massa,
sit amet posuere mauris nunc quis
nunc. Integer accumsan odio tor-
tor, non tristique nunc eleifend ut.
Aliquam erat volutpat.

Reuters

International
Moose Count
Underway

By BOB O’BOBSTON

The UN-sponsored International
Moose Census got o↵ to a flying
start today with hopes for an increase
in the worldwide moose population
compared to last year’s disapointing
figures. Among the traditional early
reporters were Egypt, returning fig-
ures of six moose, a twenty percent
increase on 2011’s figures of five, and
Uruguay whose moose population re-
mains stable at eleven.

According to Robbie McRobson,
head of the UN Moose Preserva-
tion Council, worldwide moose num-
bers are expected to grow markedly
on last year due to the traditional
moose strongholds of Canada and the
United States, with the larger de-
veloping moose ecologies also poised
to make gains. The largest percent-
agege increase in moose will likely
come from China’’, says McRobson,
The Chinese government has invested
heavily in moose infrastructure over
the past decade, and their committ-
ment to macrofauna is beginning to
pay dividends’’. Since 2004 China has
expanded moose pasture from 1.5%
of arable land to nearly 3.648% and
moose numbers are expected to rise
to 60,000 making China a net moose
exporter for the first time. This is
good news for neighbouring Mongo-
lia, a barren moose-wasteland whose
inhabitents nonetheless have an insa-
tiable desire for the creatures. The in-
crease in Beijing-Ulanbataar trade is
anticipated to relieve pressure on the
relatively strained Russian suppliers,
but increase Mongolia’s imbalance of
trade with its larger neighbour.

Historically the only competitor
to China in the far eastern moose
markets has been Singapore but the
tiny island nation is set to report a

Tuesday, Oct. 15, 2019

https://doi.org/10.1007/JHEP05(2012)128
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevLett.121.092001&v=b616663c
https://inspirehep.net/record/1674874/files/ATLAS-CONF-2018-014.pdf
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.85.091101&v=5d3742f6
https://doi.org/10.1007/JHEP05(2013)090
https://doi.org/10.1140/epjc/s10052-017-5030-3
https://doi.org/10.1007/JHEP10(2018)161
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Relativistic Heavy Ion 
Collider (RHIC) collides pp 
beams at  = 200 GeV


Time projection chamber, 
(TPC): momenta of 
charged tracks 

Barrel electromagnetic 
calorimeter, (BEMC): 
neutral energy deposits 
+ used as online trigger 
(Jet Patch: in 1.0x1.0 area in η-ɸ 
sum of ET > 7.4 GeV)

s

The Solenoidal Tracker at RHIC (STAR)

8

BEMC

TPC

Capable of measuring charged & neutral energy in a jet
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9

Jet Mass Scale shift from unity: mostly from track loss 
Jet Mass Resolution pT-independent! Helps the unfolding

STAR Collaboration, 
Phys.Rev. D 100 
(2019) no.5, 052005

“particle-level”: 
PYTHIA-6 
with RHIC tune 

“detector-level”: 
PYTHIA-6+GEANT-3 
with STAR detector 
simulation

Tai Sakuma

STAR Simulation

https://doi.org/10.1103/PhysRevD.100.052005
https://doi.org/10.1103/PhysRevD.100.052005
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Unfolding

10

Correct for detector effects 
encompassed by response 
matrix R with D = RP 
(D = detector-level, 
 P = particle-level). 
Matrix inversion to obtain P. 


Procedure: Iterative 
Bayesian from RooUnfold. 
 
M dependent on pT → 2D 
unfolding → 4D response

Tim Adye in Proceedings, PHYSTAT 2011, CERN, edited 
by Prosper and Lyons, CERN-2011-006, pp. 313-318. 

https://cds.cern.ch/record/1306523
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10

Correct for detector effects 
encompassed by response 
matrix R with D = RP 
(D = detector-level, 
 P = particle-level). 
Matrix inversion to obtain P. 


Procedure: Iterative 
Bayesian from RooUnfold. 
 
M dependent on pT → 2D 
unfolding → 4D response
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Tim Adye in Proceedings, PHYSTAT 2011, CERN, edited 
by Prosper and Lyons, CERN-2011-006, pp. 313-318. 

https://cds.cern.ch/record/1306523
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Systematic uncertainties

Total systematic uncertainty is a 
quadrature sum of the four sources

Sources include 
(decreasing magnitude):

• Unfolding  

(maximum envelope 
of the following):

• Iteration parameter 

variation: 2 or 6

• Prior variation:  

pT, M spectra varied 
independently


• Tracking efficiency 
uncertainty of (-)4%1


• Hadronic correction 
variation: from nominal 
100%2 to 50%


• Tower gain 
uncertainty of (+)3.8%1

1STAR Collaboration, Phys.Rev. D 100 (2019) no.5, 052005

0 1 2 3 4 5 6 7 8 9
]2M [GeV/c

0
0.1
0.2

0.3
0.4
0.5

0.6
0.7
0.8
0.9

re
la

tiv
e 

un
ce

rta
in

ty

 < 30 GeV/c
T

20 < p

pp 200 GeV 2012
, R = 0.4Tanti-k

| < 0.6ηCh+Ne jets, |

1 2 3 4 5 6 7 8 9

]2M [GeV/c
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

re
la

tiv
e 

un
ce

rta
in

ty

 < 45 GeV/c
T

30 < p

Hadronic correction
Tower scale
Tracking
Unfolding
Total systematic

2STAR Collaboration, Phys.Rev.Lett. 115 (2015) no.9, 092002

https://doi.org/10.1103/PhysRevD.100.052005
https://doi.org/10.1103/PhysRevLett.115.092002
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12

From pQCD, jet pT increase → increased phase space to radiate 
→ increased mass

Increasing jet pT
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From pQCD, jet pT increase → increased phase space to radiate 
→ increased mass
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As radius increases, jets encompass more wide-angle radiation 
→ increased mass
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RHIC-tuned PYTHIA-6 describes data
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HERWIG-7 under-predicts for small R, 
better agreement with data by R = 0.6
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PYTHIA-8 is consistent with data for R = 0.2, 
over-predicts more as radius increases
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Goal: suppress wide-angle non-
perturbative radiation for more 
direct theory comparison; 
closer to parton-level


Approach: decluster angular-
ordered splitting tree by 
removing prongs which fail the 
criterion


We consider jets with 
zg > 0.1 (β = 0)

SoftDrop grooming

14Larkoski, Marzani, Soyez, Thaler, J. High Energ. Phys. 05 (2014) 146

https://doi.org/10.1007/JHEP05(2014)146
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Note: pT panels are 
ungroomed jet pT

1/
N

je
ts

 d
N

/d
M

g



Isaac MooneyAPS DNP Fall Meeting ‘19

0 1 2 3 4 5 6 7 8 9 10

]2M [GeV/c

0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45

1/
N

 d
N

/d
M

STAR

 < 30 GeV/c
T

20 < p

 = 200 GeVspp 
| < 1-R

jet
η, R = 0.4, |Tanti-k

0 2 4 6 8

]2M [GeV/c
0

0.5
1

1.5

M
C

 / 
da

ta 0 1 2 3 4 5 6 7 8 9 10

]2M [GeV/c

0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45

1/
N

 d
N

/d
M

HERWIG-7 EE4C
PYTHIA-8 Monash

 < 45 GeV/c
T

30 < p

STAR Preliminary

2 4 6 8

]2M [GeV/c
0

0.5
1

1.5

0 1 2 3 4 5 6 7 8 9 10
]2 [GeV/cgM

0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45

(g
)

1/
N

 d
N

/d
M

gSTAR M
STAR M

 < 30 GeV/c
T

20 < p

 = 200 GeVspp 
| < 1-R

jet
η, R = 0.4, |Tanti-k

0 2 4 6 8
]2 [GeV/c(g)M

0
0.5

1
1.5

M
C

 / 
da

ta 0 1 2 3 4 5 6 7 8 9 10
]2 [GeV/cgM

0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45

(g
)

1/
N

 d
N

/d
M

PYTHIA-8 parton jets

 < 45 GeV/c
T

30 < p

STAR Preliminary
 = 0β = 0.1, 

cut
SoftDrop z

2 4 6 8
]2 [GeV/c(g)M

0
0.5

1
1.5

0 2 4 6 8 10 12

0.1

0.2

0.3

0.4

1/
N

 d
N

/d
M

 < 30 GeV/c
T

20 < p
R = 0.2

 = 200 GeVspp 

0 2 4 6 8 10 12

0.1

0.2

0.3

0.4

1/
N

 d
N

/d
M

 < 30 GeV/c
T

20 < p
R = 0.4

| < 1-R
jet
η, |Tanti-k

0 2 4 6 8 10 12

0.1

0.2

0.3

0.4

1/
N

 d
N

/d
M

 < 30 GeV/c
T

20 < p
R = 0.6

2 4 6 8 10 12

0.1

0.2

0.3

0.4  < 45 GeV/c
T

30 < p
R = 0.2

STAR Preliminary

STAR

2 4 6 8 10 12

0.1

0.2

0.3

0.4  < 45 GeV/c
T

30 < p
R = 0.4

2 4 6 8 10 12

0.1

0.2

0.3

0.4  < 45 GeV/c
T

30 < p
R = 0.6

M [GeV/c2] M [GeV/c2]

0 1 2 3 4 5 6 7 8 9 10

]2M [GeV/c

0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45

1/
N

 d
N

/d
M

STAR

 < 30 GeV/c
T

20 < p

 = 200 GeVspp 
| < 1-R

jet
η, R = 0.4, |Tanti-k

0 2 4 6 8

]2M [GeV/c
0

0.5
1

1.5

M
C

 / 
da

ta 0 1 2 3 4 5 6 7 8 9 10

]2M [GeV/c

0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45

1/
N

 d
N

/d
M

 < 45 GeV/c
T

30 < p

STAR Preliminary

2 4 6 8

]2M [GeV/c
0

0.5
1

1.5

Conclusions

16

First inclusive jet mass measurements at RHIC


Jet mass increases with increased phase 
space (jet pT) and inclusion of more wide-
angle soft radiation (jet R), consistent with 
pQCD expectation


SoftDrop groomed mass is observed to be 
closer to ungroomed parton level mass


RHIC-tuned MC: data is well-described 
LHC-tuned MC: opportunity for further tuning


Next steps: pAu & AuAu, to study cold & hot 
nuclear matter effects!
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Backup

17
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Sudakov structure of jet mass

18

dσ
dm2

≈ exp (−
αs

4π
CF log2 Q2

m2 ) 1
m2

αs

2π
CF log

Q2

m2

[Cross section for hard quark to produce 
hardest gluon with pair invariant mass m2]

Dominant effect on QCD jet mass: 
hard parton radiating gluons
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For a jet, becomes more likely the split 
results in 2nd jet before about M/2pT.

Leading log resummation brings P of 
perfectly collinear gluon from ∞ (AP 

splitting functions) to 0
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2π
CF = 1

Invariant mass of qg pair

q → qg
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Sudakov structure of jet mass

18
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perfectly collinear gluon from ∞ (AP 
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Invariant mass of qg pair

q → qg

“Sudakov factor, Δ(Q,m)”

For a jet, becomes more likely the split 
results in 2nd jet before about M/2pT.

 see next for description 
of its use in parton shower 

algorithms
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Jet production at NLO

19
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MC tunes
PYTHIA-6.4.28: Perugia 2012 tune.“This combination overestimates 
the inclusive π± yields by up to 30% for pT < 3 GeV/c, when 
compared to the previously published STAR measurements at √s = 
200 GeV [47,48]. To compensate, a single parameter in the Perugia 
2012 PYTHIA tune, PARP(90), was reduced from 0.24 to 0.213. 
PARP(90) controls the energy dependence of the low-pT cut-off for 
the UE generation process.”1


PYTHIA-8.23: Monash tune2


HERWIG-7: LHC-UE-EE-4-CTEQ6L1 underlying event tune3


Note: relatively stable particles are left undecayed until interaction 
with the detector material in the GEANT-3 simulation. These “stable” 
particles include 

20

1STAR Collaboration, Phys.Rev. D 100 (2019) no.5, 052005
2Skands, Carrazza, Rojo, Eur.Phys.J. C 74 (2014) no.8, 3024
3Gieseke, Rohr, Siodmok, Eur.Phys.J. C 72 (2012) no.11, 2225

https://doi.org/10.1103/PhysRevD.100.052005
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1140/epjc/s10052-012-2225-5
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Systematic uncertainties are reduced from ungroomed case
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Quark and gluon fractions

22

Gluon jets have larger mass than quark jets (CA/CF = 9/4)

Majority of jets are quark-initiated in this kinematic regime 

STAR Collaboration, Phys.Rev. D 100 (2019) no.5, 052005

This analysis
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Groomed mean mass less sensitive to radius / pT variation
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Non-perturbative effects suppressed, 
in particular, at higher radii!
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RHIC-tuned PYTHIA-6 describes data 
HERWIG-7 and PYTHIA-8 same trends but better description
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