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¡ Heavy flavor branching processes in 
matter

¡ Heavy flavor jet cross sections 

¡ Heavy flavor jet substructure

This work is supported by the TMD topical 
collaboration and the LANL LDRD program

• Phys. Lett. B 827 (2022) 137007
• e-Print: 2108.07809 [hep-ph]

https://arxiv.org/abs/2108.07809


Representative example

¡ Full  massless and massive in-
medium splitting functions  
now available to first order in 
opacity 

¡ SCET-based effective theories 
and lightcone wavefunction 
approach give the same result

§ Factorize form the hard part
§ Gauge-invariant
§ Depend on the properties of the 

medium
§ Can be expressed as corrections  to 

Altarelli-Parisi

Direct sum of vacuum and medium contributions 
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dN(tot.)
dxd2k⊥

=
dN(vac.)
dxd2k⊥

+
dN(med.)
dxd2k⊥

Done of course for all splitting functions
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¡ There are significant 
differences due to the 
heavy quark mass 
between massless 
and massive splitting 
functions

¡ Higher orders in 
opacity have minimal 
effect on heavy flavor 
splitting
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There us also more 
wide-angle emission 
(which implies out-of-
cone radiation for jet 
physics) 

In-medium parton showers are softer and broader than the ones in the 
vacuum. There is even more soft gluon emission – medium induced scaling 
violations, enhancement of soft branching 



In-medium  splitting functions provide 
correction to vacuum showers and 
correspondingly modification to DGLAP 
evolution for FFs 

The evolution equations are given by standard Altarelli-Parisi equations:
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The complete medium-induced splitting functions look like:

P
(1)
i (z,Q) = P

vac
i (z) [1 + gi(x,Q,L, µ)] , (48)

where the individual terms with all the plus prescriptions and virtual pieces are summarized in
sections 2, 3. These evolution equations have to be solved with initial conditions for parton densities
for quarks, anti-quarks and gluons to equal �(1� z) at some infrared scale ⇠ fewGeV. The resulting
so-called PDF’s at the hard scattering scale Q = pT look like fi/j(z, pT ), and have an intuitive
interpretation: probability of the parton i to be found in the parton j at the momentum transfer
scale Q = pT . For example fg/q(z, pT ) is the solution for the gluon density from the evolution
equations with the initial conditions fq(z, µIR) = �(1� z), fq̄(z, µIR) = fg(z, µIR) = 0, and so forth.

As a result of solving the A-P evolution equations we get the full LL series resummed by:
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where i = q, q̄, g. It is straightforward to check, that by plugging in the lowest order solutions of
the evolution equations, into the equations above, we reproduce Eq. (42), a nice sanity check. In
addition, the equation above when combined properly with the evolution equations contains all the
leading order logarithms resummed. This should be more relevant for the LHC phenomenology where
the energies are higher than RHIC.

TODO: Check if there are additional factors from reversing A-P equations and the

cross section formulas from initial state to the final state.

The soft gluon approximation

The coupled Altarelli-Parisi evolution equations Eq. (45)-Eq. (47) simplify tremendously for x ⌘

1� z ! 0. In this small x approximation the equations decouple and reduce to describe the e↵ect of
leading patrons that shower soft gluons.

To see this we present the small x approximation of medium-induced splitting functions:
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Z. Liu et al. (2020)

Medium induced scaling violations
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𝑞 − ℎ𝑎𝑡(𝑔) = 0.12
𝐺𝑒𝑉!
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Light pions show the largest nuclear suppression 
at the EIC. However to differentiate models of 
hadronization heavy flavor mesons are necessary

Z. Liu et al . (2020)
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Effects are the largest at 
forward rapidities (p/A going)
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The differential fragmentation fraction measurements (vs z) of heavy flavor are the 
most revealing about the  



The SiJFs Evolve according to DGLAP-like equations

The integrated perturbative 
kernel at the jet typical scale The integrated parton fragmentation 

function from parton l to parton Q

C. Bauer et al. (2013)

• Recent advances are based in SCET – precision theory for small radius jets and 
heavy flavor jets based on semi-inclusive jet functions

Resums ln pTR/m

Resums ln μ/pTR

L. Dai et al (2016), (2018)



Medium corrections to the NLO jet function are written in terms of integrals over splitting 
functions. First developed for light jets

For the heavy quark example 

After summing over all diagrams
H. Li et al . (2018)

Z. Liu et al . (2021)

Z. Kang et al . (2016)

The semi-inclusive jet function theory can 
be generalized to jet production in matter



Very strong modification – sensitive to the gluon 
contribution. Pronounced rapidity dependence

Two types of nuclear effect play a role

- Initial-state effects parametrized in nuclear 
parton distribution functions or nPDFs

- Final-state effects from the interaction of 
the jet and the nuclear medium – in-
medium parton showers and jet energy loss

Z. Liu et al. (2021)



Even at forward rapidity the parton energy 
in the rest frame of the nucleus is relatively 
large. The differences in the quenching of
the b-jets and c-jets are small

Forward



Z. Liu et al. (2021)
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§ Jet energy loss effects are larger at 
smaller center of mass energies 
(electron-nuclear beam combinations)

§ Effects can be almost a factor of 2 for 
small radii. Remarkable as it approaches 
magnitudes observed in heavy ion 
collisions (QGP)

A key question – will benefit both nPDF
extraction and understanding 
hadronization / nuclear matter transport 
properties  - how to separate initial-state 
and final-state effects?

Define the ratio of modifications for 2 radii 
(it is a double ratio)

𝑅𝑅 = 𝑅!"(𝑅)/ 𝑅!"(𝑅 = 0.8)

Results are similar for b-jets
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The softer in-medium 
branching is directly 
observed!

A. Larkoski et al. (2015)

Directly proportional to the 
splitting functions, + 
resummation for small angles

zg =

rg = ΔR12

pT1

pT2

In-medium splitting functions can 
be measured directly through 
observables 
Soft dropped momentum sharing 
distributions

H. Li et al. (2018)



We can see the mass effects even for the b-
jet with pT~50 GeV and a bit beyond

A unique inversion of the mass hierarchy of jet quenching effects, 
Can be used to constrain the still not well understood dead cone effect in the QGP 
It is measurable at RHIC and LHC

Analytic predictions for low jet 
momenta



• Modification of both c-jets and b-jets 
substructure in eA is relatively small

• It is dominated by limited phase space  

Z. Liu et al. (2021)
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Illustrative study: Kinematically not 
possible in DIS but illustrates very well the 
difference with HIC
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Jet substructure modification at the EIC is quite different that 
jet substructure modification in HIC



¡ At the EIC heavy flavor provides complementary probe of the 
transport properties of cold nuclear matter and can reveal the 
dynamics of hadronization 

¡ Open heavy flavor production has been calculated at NLO, in-
medium evolution of fragmentation understood. We have 
detailed and differential predictions of D and B meson cross 
section modification, which can differentiate between energy 
loss and hadron absorption    

¡ Calculations of open heavy flavor jets  in e+A collisions are 
complete. Results are very promising – large suppression of c-
jets and even b-jets. Heavy jet substructure in reactions with 
nuclei quite different from HIC, exhibits new features that could 
be studied at the EIC  


