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Di-jets and di-hadrons in Yellow Report
Too many topics to cover in 20 mins includes:


Access to the gluon Wigner distribution, 

Probing the linearly polarized Weizsaecker-Williams gluon TMDs

Probing the gluon Sivers function

Exploring the (un)polarized hadronic structure of the photon 

Constraining (un)polarized quark and gluon PDFs at moderate to high momentum 
fraction (x)

Studies of hadronization and cold nuclear matter properties 
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plus studies with recent results 
from RHIC and LHC

In this talk I will focus on topics on which I have expertise/
knowledge as a HI physicist
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FIG. 2. [color online] Comparison of jet multiplicity (left
panel) and particle multiplicity within the jet (right panel)
for the anti-kT algorithms and three resolution parameters R
= 1.0, 0.7, and 0.4. The Q2 range is between 10�5 GeV2 and
500 GeV2 and the Resolved, QCDC, PGF, and leading order
DIS subprocesses have been combined.

with Q2 between 10�5 and 500 GeV2. The L.O. and H.O.
subprocesses have been combined. It is seen that the
total number of found jets increases with increasing R,
which is due to the fact that larger R values admit more
particles (as seen in the right panel), meaning more jets
will pass the 5 GeV/c transverse momentum threshold.

One benefit of jet observables is that they can serve
as proxies for hard-scattered partons because the jet
will capture many of the particles emitted as the parton
hadronizes. Since the size of R will a↵ect the amount of
partonic radiation included in the jet, it is necessary to
assesses how changes in R impact how well jets reproduce
the underlying partonic kinematics. This was done by
comparing the reconstructed dijet invariant mass to the
parton level invariant mass. Dijets were reconstructed
from H.O. events by selecting the two jets with the high-
est transverse momentum in the Breit frame, requiring
that they be greater than 120 degrees apart in azimuth,
and necessitating that one jet have pT greater than
5 GeV/c while the other has pT greater than 4 GeV/c.
The comparison between reconstructed dijet and par-
tonic invariant mass can be seen in Fig. 3 forR = 1.0, 0.7,
and 0.4. Only Q2 values between 10 GeV2 and 100 GeV2

are shown as the conclusions are the same for all Q2 val-
ues. The best agreement is seen for the largest R value
and degrades as R decreases. The events at low partonic
and large reconstructed dijet invariant mass arise when
the one or both of the jets comprising the dijet do not
match the true outgoing partons. With the exception of
these ‘false’ dijets, the fact that the reconstructed mass is
consistently smaller than the partonic mass for R < 1.0
indicates that the smaller cones are not capturing the full
energy associated with the hard-scattered partons.

Another way to assess how well jets represent the un-
derlying partons is to measure the degree to which the jet
thrust axes correspond to the directions of the partons
which give rise to them. This is quantified using the dis-
tance measure �R, which is the quadrature sum of the
di↵erence between jet and parton rapidity and azimuthal
angle (�R ⌘

p
�⌘2 +��2). For each jet comprising the

dijet, �R between that jet and the two hard scattered
partons is found and the minimum is taken. Figure 4
presents this minimum �R for both jets from the H.O.
subprocesses combined for two Q2 bins. The �R distri-
butions are larger at low Q2 and peak closer to zero as Q2

increases. For Q2 between 1 and 10 GeV2, over 85% of
the jets are within a �R of 0.5 to their matching parton
and this jumps to 95% for Q2 between 100 and 500 GeV2.
Again, the tails at large�R arise when one or both jets in
the dijet do not correspond to one of the true hard scat-
tered partons. Surprisingly, at low Q2 , the jet-to-parton
matching is seen to improve as R decreases. This may
be due to the e↵ect of underlying event activity which
will be more prevalent in larger cones and could pull the
jet thrust axis slightly away from the parton direction,
or it may be a selection bias e↵ect wherein jets found
with a smaller R tend to fragment in a more collimated
way. Regardless, Fig. 3 shows that any benefit from the
slightly better matching between the jet and parton di-
rections at small R is overwhelmed by the parton energy
missed by the smaller jet cone.
As it results in the most jets found with the largest

particle content and best reproduces the partonic kine-
matics, R will be set to 1.0 for all subsequent studies pre-
sented in this paper. Together with the choice of anti-kT
for the jet algorithm and E Scheme recombination, the
jet definition is fully quantified.

C. Inclusive Jet Kinematics

While jets arising from e+p collisions were studied
extensively at HERA, the lower center-of-mass energies
(maximum

p
s of 141 GeV for EIC compared to 320 GeV

for HERA) envisioned for an EIC make a detailed inves-
tigation of jet properties and kinematics warranted. Jets
were found using the jet definition outlined in section
III B as implemented in FastJet-3.3.1 [44] and were re-
quired to have transverse momenta greater than 5 GeV/c
in the Breit frame.
Breit frame inclusive jet pT spectra are shown in Fig.

5 for four Q2 ranges between 10�5 and 500 GeV2 and
for

p
s values of 45 and 141 GeV. The spectra have been

scaled to the number of counts expected for 1 fb�1 of
integrated luminosity. As their behaviors are similar, the
H.O. subprocesses have been combined and are compared
with the L.O. spectra. It is seen that high-pT jet produc-
tion is dominated by the H.O. subprocesses while the
L.O. spectra are much softer. This is expected because
at leading order in the Breit frame, the scattered par-
ton moves along the z-axis and transverse momentum is
generated primarily via final state radiation. The preva-
lence of this radiation decreases with decreasing Q2, so
leading order DIS jets are basically absent for Q2 below
10 GeV2. Note that the L.O. jet yield can increase up
to two orders of magnitude for Q2 > 1 GeV2 when jet-
finding is performed in the lab frame, meaning this frame
will be preferred for measurements focusing on L.O. jet
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Largely studying non-
perturbative regime/ 

hadronization

Jets:

pT < 20 GeV/c

~2 jets per event

~5-10 particles per jet


5

0 20 40 60 80 100
0

20

40

60

80

100]
2

R
e

co
n

st
ru

ct
e

d
 M

a
ss

 [
G

e
V

/c R = 1.0

2
 < 100 GeV

2
 < Q

2
10 GeV

0 20 40 60 80 100
]2Partonic Mass [GeV/c

R = 0.7

0 20 40 60 80 100
1

10

210

310

410
R = 0.4

FIG. 3. [color online] Dijet invariant mass compared to the partonic invariant mass
p
ŝ for R = 1.0 (left), 0.7 (middle), and

0.4 (right). Event Q2 was required to between 10 GeV2 and 100 GeV2 and the Resolved, QCDC, PGF, and leading order DIS
subprocesses have been combined.
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FIG. 4. [color online] Distance in rapidity-azimuth space be-
tween the jets comprising a dijet and the corresponding hard-
scattered partons with Q2 between 1 GeV2 and 10 GeV2 (up-
per panel) and 100 GeV2 and 500 GeV2 (lower panel) for jet
radii of 1.0, 0.7, and 0.4.
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FIG. 5. [color online] Breit frame inclusive jet pT spectra for
p
s = 141 and 45 GeV in Q2 bins of 10�5

� 1.0 GeV2 (upper
left), 1-10 GeV2 (upper right), 10-100 GeV2 (bottom left),
and 100-500 GeV2 (bottom right). The Resolved, QCDC, and
PGF subprocesses have been combined and are compared to
the leading order DIS spectra and the histograms have been
scaled to the counts expected for an integrated luminosity of
1 fb�1.

production [24]. Figure 5 also demonstrates the criti-
cal importance of higher center-of-mass energies for jet
studies as the yields can be orders of magnitude larger
for

p
s = 141 GeV compared to

p
s = 45 GeV. This is

most pronounced at large pT where yield di↵erences are
so great, no practical increase in luminosity could com-
pensate.
In addition to their typical transverse momenta, it is

important to understand where jets are located in the
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FIG. 2. [color online] Comparison of jet multiplicity (left
panel) and particle multiplicity within the jet (right panel)
for the anti-kT algorithms and three resolution parameters R
= 1.0, 0.7, and 0.4. The Q2 range is between 10�5 GeV2 and
500 GeV2 and the Resolved, QCDC, PGF, and leading order
DIS subprocesses have been combined.

with Q2 between 10�5 and 500 GeV2. The L.O. and H.O.
subprocesses have been combined. It is seen that the
total number of found jets increases with increasing R,
which is due to the fact that larger R values admit more
particles (as seen in the right panel), meaning more jets
will pass the 5 GeV/c transverse momentum threshold.

One benefit of jet observables is that they can serve
as proxies for hard-scattered partons because the jet
will capture many of the particles emitted as the parton
hadronizes. Since the size of R will a↵ect the amount of
partonic radiation included in the jet, it is necessary to
assesses how changes in R impact how well jets reproduce
the underlying partonic kinematics. This was done by
comparing the reconstructed dijet invariant mass to the
parton level invariant mass. Dijets were reconstructed
from H.O. events by selecting the two jets with the high-
est transverse momentum in the Breit frame, requiring
that they be greater than 120 degrees apart in azimuth,
and necessitating that one jet have pT greater than
5 GeV/c while the other has pT greater than 4 GeV/c.
The comparison between reconstructed dijet and par-
tonic invariant mass can be seen in Fig. 3 forR = 1.0, 0.7,
and 0.4. Only Q2 values between 10 GeV2 and 100 GeV2

are shown as the conclusions are the same for all Q2 val-
ues. The best agreement is seen for the largest R value
and degrades as R decreases. The events at low partonic
and large reconstructed dijet invariant mass arise when
the one or both of the jets comprising the dijet do not
match the true outgoing partons. With the exception of
these ‘false’ dijets, the fact that the reconstructed mass is
consistently smaller than the partonic mass for R < 1.0
indicates that the smaller cones are not capturing the full
energy associated with the hard-scattered partons.

Another way to assess how well jets represent the un-
derlying partons is to measure the degree to which the jet
thrust axes correspond to the directions of the partons
which give rise to them. This is quantified using the dis-
tance measure �R, which is the quadrature sum of the
di↵erence between jet and parton rapidity and azimuthal
angle (�R ⌘

p
�⌘2 +��2). For each jet comprising the

dijet, �R between that jet and the two hard scattered
partons is found and the minimum is taken. Figure 4
presents this minimum �R for both jets from the H.O.
subprocesses combined for two Q2 bins. The �R distri-
butions are larger at low Q2 and peak closer to zero as Q2

increases. For Q2 between 1 and 10 GeV2, over 85% of
the jets are within a �R of 0.5 to their matching parton
and this jumps to 95% for Q2 between 100 and 500 GeV2.
Again, the tails at large�R arise when one or both jets in
the dijet do not correspond to one of the true hard scat-
tered partons. Surprisingly, at low Q2 , the jet-to-parton
matching is seen to improve as R decreases. This may
be due to the e↵ect of underlying event activity which
will be more prevalent in larger cones and could pull the
jet thrust axis slightly away from the parton direction,
or it may be a selection bias e↵ect wherein jets found
with a smaller R tend to fragment in a more collimated
way. Regardless, Fig. 3 shows that any benefit from the
slightly better matching between the jet and parton di-
rections at small R is overwhelmed by the parton energy
missed by the smaller jet cone.
As it results in the most jets found with the largest

particle content and best reproduces the partonic kine-
matics, R will be set to 1.0 for all subsequent studies pre-
sented in this paper. Together with the choice of anti-kT
for the jet algorithm and E Scheme recombination, the
jet definition is fully quantified.

C. Inclusive Jet Kinematics

While jets arising from e+p collisions were studied
extensively at HERA, the lower center-of-mass energies
(maximum

p
s of 141 GeV for EIC compared to 320 GeV

for HERA) envisioned for an EIC make a detailed inves-
tigation of jet properties and kinematics warranted. Jets
were found using the jet definition outlined in section
III B as implemented in FastJet-3.3.1 [44] and were re-
quired to have transverse momenta greater than 5 GeV/c
in the Breit frame.
Breit frame inclusive jet pT spectra are shown in Fig.

5 for four Q2 ranges between 10�5 and 500 GeV2 and
for

p
s values of 45 and 141 GeV. The spectra have been

scaled to the number of counts expected for 1 fb�1 of
integrated luminosity. As their behaviors are similar, the
H.O. subprocesses have been combined and are compared
with the L.O. spectra. It is seen that high-pT jet produc-
tion is dominated by the H.O. subprocesses while the
L.O. spectra are much softer. This is expected because
at leading order in the Breit frame, the scattered par-
ton moves along the z-axis and transverse momentum is
generated primarily via final state radiation. The preva-
lence of this radiation decreases with decreasing Q2, so
leading order DIS jets are basically absent for Q2 below
10 GeV2. Note that the L.O. jet yield can increase up
to two orders of magnitude for Q2 > 1 GeV2 when jet-
finding is performed in the lab frame, meaning this frame
will be preferred for measurements focusing on L.O. jet
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RHIC and LHC usually anti-kT with E-scheme:
 Since EIC reasonably “empty” choice not critical 

Largely studying non-
perturbative regime/ 

hadronization

Larger R:

 Better representation of partonic kinematics

 More UE included


Jets:

pT < 20 GeV/c

~2 jets per event

~5-10 particles per jet


5

0 20 40 60 80 100
0

20

40

60

80

100]
2

R
e

co
n

st
ru

ct
e

d
 M

a
ss

 [
G

e
V

/c R = 1.0

2
 < 100 GeV

2
 < Q

2
10 GeV

0 20 40 60 80 100
]2Partonic Mass [GeV/c

R = 0.7

0 20 40 60 80 100
1

10

210

310

410
R = 0.4

FIG. 3. [color online] Dijet invariant mass compared to the partonic invariant mass
p
ŝ for R = 1.0 (left), 0.7 (middle), and

0.4 (right). Event Q2 was required to between 10 GeV2 and 100 GeV2 and the Resolved, QCDC, PGF, and leading order DIS
subprocesses have been combined.
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FIG. 4. [color online] Distance in rapidity-azimuth space be-
tween the jets comprising a dijet and the corresponding hard-
scattered partons with Q2 between 1 GeV2 and 10 GeV2 (up-
per panel) and 100 GeV2 and 500 GeV2 (lower panel) for jet
radii of 1.0, 0.7, and 0.4.
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FIG. 5. [color online] Breit frame inclusive jet pT spectra for
p
s = 141 and 45 GeV in Q2 bins of 10�5

� 1.0 GeV2 (upper
left), 1-10 GeV2 (upper right), 10-100 GeV2 (bottom left),
and 100-500 GeV2 (bottom right). The Resolved, QCDC, and
PGF subprocesses have been combined and are compared to
the leading order DIS spectra and the histograms have been
scaled to the counts expected for an integrated luminosity of
1 fb�1.

production [24]. Figure 5 also demonstrates the criti-
cal importance of higher center-of-mass energies for jet
studies as the yields can be orders of magnitude larger
for

p
s = 141 GeV compared to

p
s = 45 GeV. This is

most pronounced at large pT where yield di↵erences are
so great, no practical increase in luminosity could com-
pensate.
In addition to their typical transverse momenta, it is

important to understand where jets are located in the
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FIG. 9. [color online] Laboratory frame jet ⌘� ⌘ correlations for dijets in select xB bins for Q2 ranges of 1-10 GeV2 (top row),
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QCDC, and PGF subprocesses have been combined and leading order DIS events are not included. Note that all panels share
the same scale, which has been set to represent the number of counts expected for an integrated luminosity of 1 fb�1.

are still in active development, many include a relatively
large solenoidal magnetic field of 2 to 3 Tesla in order to
provide good pT resolution over the full pseudorapidity
range. This will limit the acceptance for low pT charged
particles as they will bend so severely in the magnetic
field that they will not reach the calorimeters and will be
displaced significantly from any neutral particles which
arise from the hadronizing parton.

To study the e↵ect that the loss of low pT particles
will have on jet quantities, the jet finding was rerun with
the low pT particle cuto↵ doubled to 500 MeV/c. The
most obvious e↵ects of raising the cuto↵ are a reduction
in jet/dijet yields and the average number of particles in
a jet. The jet and dijet yields are reduced by roughly
37% for 10�5 < Q2 < 1 GeV2 and 20% for 10�5 < Q2 <
500 GeV2. The e↵ect of the minimum pT cut on jet
particle content can be seen in Fig. 11 for all particles as
well as charged hadrons only.

Removing low pT particles may also a↵ect how well jets

reproduce the kinematics of the underlying partons due
to the loss of energy contributed by these particles. The
impact of this loss was studied in the same way as the R
dependence in Sec. III B, by comparing the reconstructed
dijet mass to the di-parton invariant mass and by mea-
suring �R between the jet and parton directions. The
higher minimum particle pT cut slightly reduces the re-
constructed dijet mass versus the true di-parton invariant
mass, much like what was seen when reducing R in Fig.
3, although the magnitude of the e↵ect is not as great.
There was no visible change in the �R distributions. As
detector designs become more advanced, further studies
will need to be made to ensure that there is su�cient
acceptance for low pT particles.
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FIG. 10. [color online] Average jet pT (left column) and ra-
pidity di↵erence (right column) for jets comprising a dijet
separated in bins of dijet invariant mass for Q2 ranges of 10-
100 GeV2 (top row) and 100-500 GeV2 (bottom row). Only
the 141 GeV center-of-mass energy is shown. The resolved,
QCDC, and PGF subprocesses have been combined and lead-
ing order DIS events are not included. Histograms have been
scaled to the counts expected for an integrated luminosity of
1 fb�1.
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FIG. 11. [color online] The average number of particles in a
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IV. UNDERLYING EVENT PROPERTIES

The underlying event activity, which contributes back-
ground energy to jet signals is quantified in this section
for jets produced from the H.O. subprocesses in the Breit
frame. ‘Underlying event’ (UE) refers to those particles,
which do not arise from the outgoing hard-scattered par-
tons and can contain contributions from initial and final
state radiation (ISR, FSR), beam remnants, and multiple
parton interactions (MPI). As the QCDC, and PGF sub-
processes proceed via a direct � + parton interaction,
there is no contribution from MPI and the only beam
remnant arises from the hadron side. On the other hand,
the resolved subprocess is defined by parton + parton
scattering where one parton is supplied by the photon
(see Fig 1), and because the photon behaves hadronically,
it will contribute to the beam remnant and allow for MPI.
Because MPI e↵ects are expected to be small for the EIC
kinematics and because they are di�cult to model accu-
rately, the MPI contribution has been disabled in the
Monte Carlo.
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FIG. 12. Illustration of the ‘Toward’, ‘Away’, and ‘Trans-
verse’ regions as defined relative to the highest pT jet in the
event. The angle �� ⌘ � � �ref jet is the azimuthal angle
between a charged particle and the highest pT jet, from �⇡
to ⇡. The Toward region is defined as |��| < 60�, while the
Away region is |��| > 120�. The Transverse region is defined
as 60� < |��| < 120�. The plot is from [46].

We utilize two methods to analyze UE e↵ects in e+p
collisions, the ‘region method’ [46] and the ‘o↵-axis cone
method’ [47]. In the region method, the azimuthal angle
of the highest pT jet in each dijet event is selected as the
reference angle and particles are grouped into one of three
regions based on their azimuthal angle relative to this ref-
erence, �� ⌘ (� � �ref jet). The particle candidate pool
is identical to that used in the jet-finding. The ‘Toward’
region is defined as |��| < 60� and contains the reference
jet, while the ‘Away’ region has |��| > 120� and gener-
ally contains the lower pT , or associated, jet of the dijet.
The ‘Transverse’ region is defined as 60� < |��| < 120�

and the activity here is dominated by the UE. Figure 12
illustrates the definition of the three regions.

Three observables are used to characterize UE activ-
ity: the average charged particle multiplicity (hNchi), the

Di-jet η swing is important



Underlying Event at RHIC
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STAR: PRD 101 (2020) 52004

At mid rapidity UE for jet pT >15 GeV/c

Average charged particle density = 0.4-0.6 

Mean pT = 0.5-0.7 GeV/c 

Largely independent of jet pT

Significant dependence on low pT cut-of

For jet with R= 0.4: 

Charged particle contamination 
from UE ~150 MeV



Underlying Event at EIC
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B. Page et al. PRD 101, 072003 (2020)
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FIG. 13. [color online] Average number of charged particles (top) and average charged particle scalar pT sum (bottom) as a
function of the azimuthal angle, ��, between the particle and the reference jet for pref jet

T > 5 GeV or 8 GeV, and Q2 < 10 GeV2

or 10 < Q2 < 100 GeV2. Each point corresponds to the hNchi in a 3.6� bin.
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FIG. 14. [color online] Charged particle density (top row) and mean pT (bottom row) as a function of the transverse momentum
of the reference jet for the Toward, Away, and Transverse regions. The left column is the standard simulation, while the right
column has had initial and final state radiation disabled. Reference jets were required to have pT > 5 GeV/c and laboratory
pseudorapidity between ±4 while Q2 was selected to be between 1 GeV2 and 10 GeV2.

UE for jet pT >5 GeV/c


Average charged particle 
density = 0.1-0.2 


Mean pT = 1-1.2GeV/c 

(pT of UE increased because 
using Breit frame) 


For jet with R= 0.4: 

Charged particle contamination 
from UE ~80 MeVEIC measurements will be over large rapidity 


 - Need to check on UE rapidity dependence

 - Potential solution to use off-axis technique



Detector Requirements for (Di-)jets at EIC
(similar for di-hadrons)
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Hermetic detector

Tracking:

   - efficient with excellent momentum and angular resolution

   - large range of rapidity [ jets only back-to-back in azimuth]

   - single hadrons pT  > 100 MeV/c

   - 3σ  π/K/p B: up to 7 GeV/c, C: up to 10 GeV/c, F: up to 50 GeV/c, [species dependent FF]


Electromagnetic calorimetry:


  - Resolution: B: σ(E)/E ≈ 2%/√E ⊕ 1 − 3%  [drives jet performance capabilities], C: σ(E)/E ≈ 10 − 12%/√E ⊕ 1 
− 3% [sufficient, take advantage of excellent tracking], F: σ(E)/E ≈ 4.5/√E


Hadron calorimetry:

  - Neutral hadron isolation [important for jet energy scale and resolution, especially F and B]


  - Resolution: B: σ(E)/E ≈ 50%/√E ⊕ 6%, C: σ(E)/E ≈ 85%/√E ⊕ 7%, F: σ(E)/E ≈ 35%/√E

  - Minimum energy: 500 MeV/c Yellow Report



Gluon Saturation
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Rapid increase of gluon density as lower x

   - saturation when splitting rate matches rate of 
recombination 


 - saturation scale at Qs


D.Kharzeev et al. NPA 748, 627 (2005)

Qs ∝ A1/3  : 


More suppression for heavier 
nuclei

Forward for low-x



Gluon Saturation
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Rapid increase of gluon density as lower x

   - saturation when splitting rate matches rate of 
recombination 


 - saturation scale at Qs


Signal of saturation:

suppression of 

away-side jet 
correlation

D.Kharzeev et al. NPA 748, 627 (2005)

Qs ∝ A1/3  : 


More suppression for heavier 
nuclei

Forward for low-x



 Di-pi Correlations at RHIC
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Suppression in pA:   

   - Dependence on A

   - Dependence on EA (related to but not b)

   - Only at low pT


 - No broadening


STAR: PRL 129, 092501 (2022)

PHENIX: PRL 107, 172301 (2011)



Hints of reaching saturation at RHIC 

- 2024: unique opportunity with STAR forward upgrades

 Di-pi Correlations at RHIC

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20 9

Suppression in pA:   

   - Dependence on A

   - Dependence on EA (related to but not b)

   - Only at low pT


 - No broadening


STAR: PRL 129, 092501 (2022)

PHENIX: PRL 107, 172301 (2011)

Suppression in dAu:      

   - Only at low pT 


 - Only in central events



Opportunities at the EIC

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20

150 7.3. THE NUCLEUS: A LABORATORY FOR QCD

p
s = 90 GeV

ptrigT > 2 GeV

ptrigT > passocT > 1 GeV

0.2 < ztrigh , zassoch < 0.4

2 2.5 3 3.5 4 4.5
0.00

0.10

0.20

0.30

0.40

0.50

�� (rad)

C
(�

�
)

ep
ep smeared
eAu
eAu smeared

Figure 7.63: Comparison between the dihadron azimuthal angle correlation in e+Au col-
lisions (labeled with filled red circles) and that in e + p collisions (labeled with filled teal
squares). The results with the detector smearing are shown in open markers. The solid lines
represent the results obtained from the theoretical model calculations in the CGC formalism.

link structure of the WW gluon distribution, and calculations within the CGC for-
malism, it has been proposed [537, 740] that the DIS back-to-back dijet/dihadron
production at the EIC can be used to directly probe the WW distribution, which
has not been measured before.

To directly probe the WW gluon distribution and gluon saturation effects at low
x, we can measure the azimuthal angle difference (Df) between two back-to-
back charged hadrons in e+A collisions (e+A ! e0h1h2X). This azimuthal angle
distribution can help us map the transverse momentum dependence of the in-
coming gluon distribution. The away-side peak of the dihadron azimuthal an-
gle correlation is dominated by the back-to-back dijets produced in hard scatter-
ings. Due to the saturation effect, the WW gluon TMD can provide additional
transverse momentum broadening to the back-to-back correlation and cause the
disappearance of the away-side peak when the saturation effect is overwhelm-
ing [537, 741]. A comparison of the heights and widths of the coincidence proba-
bilities C(Df) = Npair(Df)/Ntrig in e + p and e+A collisions will be a clear experi-
mental signature for the onset of the saturation effect.

Furthermore, following the prescriptions in Ref. [742], a Monte Carlo simulation
has been carried out for the azimuthal angle correlations of two charged hadrons
at

p
s = 90 GeV in e+pand e+Aucollisions. The results of the simulation are also

compared with the prediction from the saturation formalism. To focus on the low-x
region, the events within the range of the virtuality 1 < Q2 < 2 GeV2 and inelas-
ticity 0.6 < y < 0.8 are selected. Events in nearby Q2 and y bins are expected
to yield similar results. The hadron pairs are required to have an energy fraction
0.2 < ztrig, zassc < 0.4 within the pseudorapidity range |h| < 3.5 with ptrig

T > 2

Events with inelasticity 0.6 < y < 0.8

Pairs |η| < 3.5 

Integrated luminosity  10 fb−1/A 

stat uncertainties smaller than markers
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Definitive measurements at EIC?

RHIC  

   - Similar Moderate-Q2-low x 

   - Similar collision energy

   - Complimentary probes (e vs p)


LHC

   - High Q2 - low x

   - Complimentary probes (e vs p)


EIC 
- Study wide range of ion beams from deuterons 

to heavy nuclei (Au, Pb, U)  

Yellow Report
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Semi-inclusive jet correlations

20

Yongzhen Hou
Tuesday 12:10pm

Δφ

Low- , large-  phase space 
reveals significant acoplanarity

pT R

Models suggest this is due medium 
response rather than large-angle scattering
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Jet Deflection in HI Collisions
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Scattering off “quasi-particle” in medium results in deflection of jet
Recoil jet no longer acoplanar (back-to-back)


STAR: Y. Hu HP 2023

ALICE: Y. Hou HP 2023
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Semi-inclusive jet correlations

20

Yongzhen Hou
Tuesday 12:10pm

Δφ

Low- , large-  phase space 
reveals significant acoplanarity

pT R

Models suggest this is due medium 
response rather than large-angle scattering
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Semi-inclusive jet correlations
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Yongzhen Hou
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Δφ

Low- , large-  phase space 
reveals significant acoplanarity

pT R

Models suggest this is due medium 
response rather than large-angle scattering
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Jet Deflection in HI Collisions

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20 11

Scattering off “quasi-particle” in medium results in deflection of jet
Recoil jet no longer acoplanar (back-to-back)


STAR: Y. Hu HP 2023

ALICE: Y. Hou HP 2023
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Δφ

Low- , large-  phase space 
reveals significant acoplanarity

pT R

Models suggest this is due medium 
response rather than large-angle scattering
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ECT* 6/16/22 New angles on acoplanarity 19

Semi-inclusive jet correlations

20

Yongzhen Hou
Tuesday 12:10pm

Δφ

Low- , large-  phase space 
reveals significant acoplanarity

pT R

Models suggest this is due medium 
response rather than large-angle scattering
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Jet Deflection in HI Collisions

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20 11

Scattering off “quasi-particle” in medium results in deflection of jet
Recoil jet no longer acoplanar (back-to-back)


No acoplanarity seen as 
function of EA in pAu at STAR


Acoplanarity in A-A due to scattering or 
medium response to jet? STAR: Y. Hu HP 2023


ALICE: Y. Hou HP 2023



Energy Loss to p(d)-Au Medium at RHIC

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20 12

PHENIX: arXiv:2303.12899

Suppression on near and away-side similar; 
inconsistent with Eloss

IpAu for recoil jet
Normalization per high pT trigger object




Energy Loss to p(d)-Au Medium at RHIC

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20 12

Qualitatively consistent with predictions of Eloss 
in small systems

RdAu for π0

Nbin determined by forcing RdAu γ to unity 

(colorless object no interaction with medium)


PHENIX: arXiv:2303.12899A. Huss et al. PRC103, 054903 (2021). W. Ke, I. Vitev arXiv:2204.00634

Suppression on near and away-side similar; 
inconsistent with Eloss

IpAu for recoil jet
Normalization per high pT trigger object




Energy Loss to p(d)-Au Medium at RHIC

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20 12

Qualitatively consistent with predictions of Eloss 
in small systems

RdAu for π0

Nbin determined by forcing RdAu γ to unity 

(colorless object no interaction with medium)


PHENIX: arXiv:2303.12899A. Huss et al. PRC103, 054903 (2021). W. Ke, I. Vitev arXiv:2204.00634

Suppression on near and away-side similar; 
inconsistent with Eloss

IpAu for recoil jet
Normalization per high pT trigger object


What will 
we see at 

EIC?




Jet Azimuthal Broadening at the EIC

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20 13

Lepton-jet correlations in DIS in eA

Sensitivity to Eloss in Cold 
nuclear matter

X. Liu et al. PRL 122, 192003 (2019)

Multiple interactions of hard 
scattered parton as it exits the 
target nucleus generates pT-
broadening/deflection 

  - similar concept used to 
explain Cronin effect in pA 
collisions

C



ΔR

= ∆𝑅

Komiske et al. 2023, 
PRL 130, 051901

• Behavior at low ∆𝑅 corresponds to a random distribution of hadrons, while behavior at 
high ∆𝑅 is influenced by parton shower– Study Transition Region

Andrew Tamis – Hard Probes 2023 – March 29th

Normalized EEC = 1

σ𝐽𝑒𝑡𝑠 σ𝑖≠𝑗
𝐸𝑖𝐸𝑗

𝑝𝑇,𝐽𝑒𝑡2

𝑑 σ𝐽𝑒𝑡𝑠 σ𝑖≠𝑗
𝐸𝑖𝐸𝑗

𝑝𝑇,𝐽𝑒𝑡2

𝑑 (∆𝑅)

Turnover ∝ 𝚲𝐐𝐂𝐃
𝐩𝐓𝐉𝐞𝐭

Relate This to Jet EvolutionEnergy Energy Correlators (EEC)

3

ΔR

φ

η

● Use all final state charged particles, and examine how energy is distributed as a function of 
their separation

● Allows for study of jet evolution using final state jet constituents as they are, no 
additional clustering after jet-finding

𝐸𝑖

𝐸𝑗

Andrew Tamis – Hard Probes 2023 – March 29th

ΔR

Energy-Energy Correlators

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20 14

The ultimate di-hadron correlation

Komiske et al. PRL 130, 051901 (2023)

Energy Energy Correlators (EEC)

3

ΔR

φ

η

● Use all final state charged particles, and examine how energy is distributed as a function of 
their separation

● Allows for study of jet evolution using final state jet constituents as they are, no 
additional clustering after jet-finding

𝐸𝑖

𝐸𝑗

Andrew Tamis – Hard Probes 2023 – March 29th

ΔR

2-point correlator 
reveals confinement 

transition region



Energy-Energy Correlators in pp

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20 15

First experimental measurements underway Theoretical Comparison (R = 0.6)

21

Andrew Tamis – Hard Probes 2023 – March 29th
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• Theoretical comparison calculated in the Perturbative Region (
3GeV

pTJetLow
< ∆𝑅 < Jet R) 

received directly from Kyle Lee, MIT.
• Behavior agrees well with directly calculable theoretical expectations!

15 < 𝐉𝐞𝐭 𝐩𝐓 < 20 GeV/c 30 < 𝐉𝐞𝐭 𝐩𝐓 < 50 GeV/c

James Mulligan, LBNL ALICE Highlights, HP2023 March 27, 2023 6

Reynier Cruz-Torres
Tuesday 5:50pm

Clear separation of perturbative 
emissions and hadronization 

A new type of jet observable: 
-point angular correlationN

Conformal Colliders Meet the LHC

Kyle Lee,1, ⇤ Bianka Meçaj,2, † and Ian Moult2, ‡

1
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

2
Department of Physics, Yale University, New Haven, CT 06511

The remarkably high energies of the Large Hadron Collider (LHC) have allowed for the first
measurements of the shapes and scalings of multi-point correlators of energy flow operators,
h |E(~n1)E(~n2) · · · E(~nk)| i, providing new insights into the Lorentzian dynamics of quantum chro-
modynamics (QCD). In this Letter, we use recent advances in e↵ective field theory to derive a
rigorous factorization theorem for the light-ray density matrix, ⇢ = | ih |, inside high transverse
momentum jets at the LHC. Using the light-ray operator product expansion, the scaling behavior of
multi-point correlators can be computed from the expectation value of the twist-2 spin-J light-ray
operators, O[J], in this state, Tr[⇢ O

[J]]. We compute the light-ray density matrix at next-to-leading
order, and combine this with results for the next-to-leading logarithmic scaling behavior of the cor-
relators up to six-points, comparing with CMS Open Data. This theoretical accuracy allows us to
resolve the quantum scaling dimensions of QCD light-ray operators inside jets at the LHC. Our
factorization theorem for the light-ray density matrix at the LHC completes the link between recent
developments in the study of energy correlators and LHC phenomenology, opening the door to a
wide variety of precision jet substructure studies.

Introduction.—The Large Hadron Collider (LHC) pro-
vides an opportunity to explore quantum field theory in
general, and quantum chromodynamics (QCD) in partic-
ular, at unprecedented energy scales, and with modern
resolution detectors [1, 2]. Due to the phenomenon of
asymptotic freedom [3–6], this gain in energy is particu-
larly advantageous, as it enables QCD to be studied in
the perturbative regime, where first principles calcula-
tions are currently possible.

One of the major achievements, which re-invigorated
the study of QCD at the LHC, was the introduction of
experimentally robust infrared safe jet algorithms, most
notably the anti-kT algorithm [7–10], that allow for the
identification of high transverse momentum, pT , jets in
hadronic collisions. The inclusive production of such jets
can be studied using rigorous factorization theorems [11–
17], whose perturbative components have been computed
to next-to-next-to-leading accuracy [18–24], allowing for
precision studies of QCD in hadron colliders.

However, many of the most fascinating questions about
QCD, namely understanding the Lorentzian dynamics of
quarks and gluons, and the nature of their real-time con-
finement into hadrons, are not encoded in the distribu-
tion of jets, but rather in the structure of energy flow
within jets, known as jet substructure [25, 26]. Jet sub-
structure has been extraordinarily successful as a new
way to search for physics beyond the Standard Model
[27–29], and provides new opportunities to study the dy-
namics of QCD both in vacuum and medium [30, 31].

From a theoretical perspective, jet substructure is the
study of the statistical properties of the asymptotic en-
ergy flux in collider experiments. It was placed in a mod-
ern field theoretic context in [32], where it was shown
that it can be formulated as the study of correlation func-
tions of h |E(~n1)E(~n2) · · · E(~nk)| i of particular light-ray

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
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FIG. 1: An illustration of the two-point correlation
function, h |E(~n1)E(~n2)| i, measured inside high-pT

jets produced in collisions at the LHC.

(ANEC) operators [32–39]

E(~n) = lim
r!1

1Z

0

dt r2niT0i(t, r~n) , (1)

measured inside high energy jets at the LHC, as illus-
trated in Fig. 1. For simplicity, we will occasionally use
a shorthand notation E(~ni) ! Ei.

An improved understanding of the properties of ANEC
operators has been central to many recent advances in di-
verse areas of QFT, ranging from constraining conformal
field theory (CFT) data [32, 40–43], to energy inequali-
ties [44–47], to asymptotic symmetries [48, 49] and the
study of entropy in QFT [50–54]. Excitingly, reformu-
lating jet substructure such that it can draw from these
diverse areas has led to significant recent progress. See
e.g. [32, 37–39, 49, 55–75]. In particular, this has enabled
multi-point correlation functions of ANEC operators to
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Drawing from: Lee, Meçaj, Moult      
arXiv:2205.03414

RL

Direct sensitivity to QCD scales
pQCDHadrons

New preliminary

Energy correlators

Good theory-date agreements


Universal turning point across large range in jet pT 
RL*pT ~ constant * ΛQCD


STAR: A. Tamis HP 2023

ALICE: R. Cruz-Torres HP 2023



Energy-Energy Correlators at the EIC
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Medium-induced radiation effects 
expected at :
θ2LpT L ∼ 1
θL ∝ 1/√pT L ∝ 1/(√pT A1/6)

K.Devereaux et al. arXiv:2303.08143v1



Energy-Energy Correlators at the EIC
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Can enhance contribution from soft 
radiation by changing power En

Medium-induced radiation effects 
expected at :
θ2LpT L ∼ 1
θL ∝ 1/√pT L ∝ 1/(√pT A1/6)

K.Devereaux et al. arXiv:2303.08143v1



Energy-Energy Correlators at the EIC

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20 16

Can enhance contribution from soft 
radiation by changing power En

EECs versatile tools with many other applications 

Medium-induced radiation effects 
expected at :
θ2LpT L ∼ 1
θL ∝ 1/√pT L ∝ 1/(√pT A1/6)

K.Devereaux et al. arXiv:2303.08143v1



Charge Correlation Ratio 
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Models invariant with Q2 and pT

what does data show?

Access nonperturbative hadronization process with this di-hadron correlation

   - Count leading and subleading particle in jet with SS and OS

Y.T.Chien PRD 105, L051502 (2022)

Random/No correlation: rc = 0

Can also look at species correlations



Charge Correlation Ratio 

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20 18

Models reproduce trends of the  
data

First preliminary results from H1


Mondal DIS2022

Take one step further and look at rc 
for first and second split of jet using 

SoftDrop


Need EIC to look at PID correlations



Exploiting Multifold
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Could be powerful tool at EIC

Correction tool just beginning to be used


Andreassen et al. PRL 124, 182001 (2020)

Chien and Stewart JHEP 2020, 64 (2020).
STAR: Y. Song DIS 2023

Machine learning driven

• Unbinned

• Simultaneously unfolds multiple

observables → Correlation 
information is retained


Use example collinear drop:

Probes soft component

STAR initial measured ΔM

Theory prefer M2-M2g)/p2T

Because using multifold could calculate without redoing analysis



Summary

Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20 20

Wealth of di-jet and di-hadron correlations studies to be done at EIC

only scratched the surface in this talk

Many studies build on those occurring at RHIC, LHC and HERA


 Exploit tools being developed now and over next few years


Success of the studies rely on meeting or exceeding detector requirements

  - As ePIC design becomes set in stone will probably need D2 to do this   




Kinematics and properties of (di)jets at EIC
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B. Page et al. PRD 101, 072003 (2020)
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FIG. 10. [color online] Average jet pT (left column) and ra-
pidity di↵erence (right column) for jets comprising a dijet
separated in bins of dijet invariant mass for Q2 ranges of 10-
100 GeV2 (top row) and 100-500 GeV2 (bottom row). Only
the 141 GeV center-of-mass energy is shown. The resolved,
QCDC, and PGF subprocesses have been combined and lead-
ing order DIS events are not included. Histograms have been
scaled to the counts expected for an integrated luminosity of
1 fb�1.
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FIG. 11. [color online] The average number of particles in a
jet as a function of the transverse momentum of the jet for
all stable particles and only charged particles for minimum
particle pTs of 250 and 500 MeV/c. Also shown are the RMS
variations for all particles with pT > 250 MeV/c and charged
particles with pT > 500 MeV/c.

IV. UNDERLYING EVENT PROPERTIES

The underlying event activity, which contributes back-
ground energy to jet signals is quantified in this section
for jets produced from the H.O. subprocesses in the Breit
frame. ‘Underlying event’ (UE) refers to those particles,
which do not arise from the outgoing hard-scattered par-
tons and can contain contributions from initial and final
state radiation (ISR, FSR), beam remnants, and multiple
parton interactions (MPI). As the QCDC, and PGF sub-
processes proceed via a direct � + parton interaction,
there is no contribution from MPI and the only beam
remnant arises from the hadron side. On the other hand,
the resolved subprocess is defined by parton + parton
scattering where one parton is supplied by the photon
(see Fig 1), and because the photon behaves hadronically,
it will contribute to the beam remnant and allow for MPI.
Because MPI e↵ects are expected to be small for the EIC
kinematics and because they are di�cult to model accu-
rately, the MPI contribution has been disabled in the
Monte Carlo.
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FIG. 12. Illustration of the ‘Toward’, ‘Away’, and ‘Trans-
verse’ regions as defined relative to the highest pT jet in the
event. The angle �� ⌘ � � �ref jet is the azimuthal angle
between a charged particle and the highest pT jet, from �⇡
to ⇡. The Toward region is defined as |��| < 60�, while the
Away region is |��| > 120�. The Transverse region is defined
as 60� < |��| < 120�. The plot is from [46].

We utilize two methods to analyze UE e↵ects in e+p
collisions, the ‘region method’ [46] and the ‘o↵-axis cone
method’ [47]. In the region method, the azimuthal angle
of the highest pT jet in each dijet event is selected as the
reference angle and particles are grouped into one of three
regions based on their azimuthal angle relative to this ref-
erence, �� ⌘ (� � �ref jet). The particle candidate pool
is identical to that used in the jet-finding. The ‘Toward’
region is defined as |��| < 60� and contains the reference
jet, while the ‘Away’ region has |��| > 120� and gener-
ally contains the lower pT , or associated, jet of the dijet.
The ‘Transverse’ region is defined as 60� < |��| < 120�

and the activity here is dominated by the UE. Figure 12
illustrates the definition of the three regions.

Three observables are used to characterize UE activ-
ity: the average charged particle multiplicity (hNchi), the
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FIG. 6. [color online] Inclusive jet laboratory pseudorapidity vs xB for Q2 bins of 10�5
� 1.0 GeV2 (left column), 1-10 GeV2

(middle-left column), 10-100 GeV2 (middle-right column), and 100-500 GeV2 (right column) for center-of-mass energies of
45 GeV (upper row) and 141 GeV (bottom row). The resolved, QCDC, and PGF subprocesses are shown. Note that the top
and bottom rows are separately scaled to the counts expected for 1 fb�1 of integrated luminosity.

4−

2−

0

2

4

L
a
b

η
J
e

t 

2
 < 100 GeV

2
 < Q

2
10 GeV

 = 45 GeVs

2 1

1

10

2
10

2
 < 500 GeV

2
 < Q

2
100 GeV

3−
10

2−
10

1−
10 1

B
x

4−

2−

0

2

4

L
a

b
η

J
e

t 

 = 141 GeVs

2−
10

1−
10 1

B
x

1

10

2
10

FIG. 7. [color online] Inclusive jet laboratory pseudorapid-
ity vs xB for Q2 bins of 10-100 GeV2 (left column) and
100-500 GeV2 (right column) and center-of-mass energies of
45 GeV (upper row) and 141 GeV (bottom row). Only the
leading order DIS subprocess is shown. Note that the top and
bottom rows are separately scaled to the counts expected for
1 fb�1 of integrated luminosity.

The particle pT cuto↵ is largely driven by detector con-
siderations, with the magnetic field strength often the
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FIG. 8. [color online] Breit frame dijet invariant mass spectra
for

p
s = 141 and 45 GeV inQ2 bins of 10�5

�1.0 GeV2 (upper
left), 1-10 GeV2 (upper right), 10-100 GeV2 (bottom left),
and 100-500 GeV2 (bottom right). The Resolved, QCDC, and
PGF subprocesses have been combined and are compared to
the leading order DIS spectra and the histograms have been
scaled to the counts expected for an integrated luminosity of
1 fb�1.

dominant factor. While detector designs for the EIC



No broadening in pA at STAR
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The Breit Frame
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The Breit or “brick wall” frame is particularly useful for jet analyses 
It is oriented such that for the DIS process γ∗q → q′, the virtual
photon and interacting quark collide head-on along the z-axis
It is then boosted such that t the virtual photon four-momentum (0,0,0,−Q)
This boost means
Incoming quark   pz = Q/2
Scattered quark  pz  = −Q/2 
Proton remnant  pz  = (1−x)Q/(2x). 
Gives a natural separation between jets from struck quark and those associated with 
proton remnant. 
Working in the Breit frame has the effect of suppressing contributions from the L.O.
subprocess, as the scattered quark has zero transverse momentum by construction



Helen Caines - Yale 1st International Workshop on a 2nd Detector for the EIC - May 17-20


