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S. Alekhin et al . (2020)

Follows discussion from

Q2/m2c (or Q2/m2b) 

Fixed flavor schemes – typically at low 
virtualities

Variable flavor schemes – as one goes 
to higher energies, effectively resums

¡ Different schemes and 
different prescriptions in the 
variable flavor number 
scheme

¡ Critical assessment and
comparisons will be useful for 
the EIC



¡ Transitions between FFN 
and VFS
¡ Depending on  

order/prescription, Q2 – good 
description of DIS data

Realistic evaluations combine FFNS and VFNS, subtraction of double 
counting is required 

Confronting HF schemes with HERA data

S. Alekhin et al . 
(2020)



¡ Can take input from various processes, notably DIS; can produce not only PDFs but
also related alphas values, heavy quark masses  

V. Bertone et al . (2019) Emphasizes the need for flexible tools for 
PDF analysis



¡ Different choices of matching mass  values.   It allows the user, for example  to use Nf=4 
above Mb scale for example

A. Kusina et al . (2013) Hybrid variable flavor number scheme

In going to higher precision the differences from separation 
scales choice disappear V. Bertone et al . (2018)



¡ Adding LHCb and ALICE data to the heavy flavor data from 
HERA

O. Zenaiev et al . (2018)

Inclusion of heavy flavor reduces PDF uncertainties 
for sea quarks and gluons at small x, especially 
FFNS

Important to do combined analysis at the 
EIC



Understand contributions at higher 
orders
• The gluon contribution at EIC  is small
• Resolved photon contribution

Extract FFs, understand evolution, use 
heavy mesons in jets 
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Vacuum 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
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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 = p

T

look like f
i/j

(z, p
T

), and have an intuitive
interpretation: probability of the parton i to be found in the parton j at the momentum transfer
scale Q = p

T

. For example f
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) is the solution for the gluon density from the evolution
equations with the initial conditions f
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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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Large number of contributions 
to be understood

B. Page  et al. 
(2016)

A useful modern way semi-inclusive jet functions –
can include lnR resummation

Li et al. (2020)

R. Boughezal et 
al. (2020)

Has to be applied to heavy-flavor tagged jet 
production at the EIC



Example from heavy ion 
collisions

¡ Modern SCET techniques to calculate 
heavy jet modification. Applicable to EIC

Circa 2000 
physics
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¡ Understand heavy flavor jet production with 
nuclei, effect of mass on parton sowers
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Jet substructure (e.g. jet angularity) 
studies for flavor tagged jets can improve 
the understanding of flavor dependent 
hadronization processes.
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Li et al. arXiv: 2007.14417

The asymmetric collisions nature at the 
EIC requires special focus on the forward 
going direction 

MAPS tech. LGAD tech. HV-MAPS tech.

Technologies of interest to HEP and NP 
developed



¡ Refactoring
Ø Code is restructured (in C++) and 

shortened (24K → 8K lines). 20x speed                                      
improvement

¡ Effective incorporation of                                                       
nuclear medium
Ø 2x speed improvement
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¡ Efficient on-node parallelization

Ø New parallelization shows much better                                                          
scaling  10x speed improvement 

¡ Overall improvement:                                                                              
18 days → 1 hour

¡ Higher orders till challenging 
Ø ML techniques investigated

We have generated grids for 
medium-induced  splitting 
functions for various nuclei – He, 
Kr, Xe, Au, Pb 



QGP

Hadron gas¡ Quarkonia (e.g. J/ψ,ϒ), bound 
states of the heaviest elementary 
particles – still not understood
theoretically

§ Quarkonium polarization puzzle –
inability to simultaneously describe 
the cross section and polarization of 
quarkonia

Outstanding puzzles

Matsui et al. (1986)

Chatrachyan et al. (2014)

§ Suppression puzzle - similar 
dissociation behavior observed in small 
system, p+A and even in p+p (where 
QGP is not expected) , as a function of 
the number of hadrons. 

Excited Upsilon suppression



Lepton-nucleon/nucleus collisions  constitute an excellent 
laboratory for the studies of quarkonium production since, it is 
simplified and cleaner environment compared to hadronic 
collisions, yet far richer than in the electron-positron 
annihilation. Quarkonia can be produced  either through photo-
production (Q ~ 0) or lepto-production (Q> 1 GeV) processes. In 
these two cases the resolved, diffractive/exclusive, and inclusive 
productions 

Constraining matrix 
elements at EIC

(a) (b) (c) (d)

�/�⇤
<latexit sha1_base64="QUZXoDFpZ87/1Ce2BYMRkOLONFk=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIsiLsaZttrpruDGZQX7gHYsmTTThiYzQ5JRythPceNCEbd+iTv/xvQhqOiByz2ccy+5OX7MqFS2/WFklpZXVtey67mNza3tHTO/25RRIjBp4IhFou0jSRgNSUNRxUg7FgRxn5GWP7qY+q1bIiSNwms1jonH0SCkAcVIaaln5rsDxDk6nbeb9GTSMwu2Va06ZbcIbevsvOLajiZ2qVRxy9Cx7BkKYIF6z3zv9iOccBIqzJCUHceOlZcioShmZJLrJpLECI/QgHQ0DREn0ktnp0/goVb6MIiErlDBmfp9I0VcyjH39SRHaih/e1PxL6+TqMD1UhrGiSIhnj8UJAyqCE5zgH0qCFZsrAnCgupbIR4igbDSaeV0CF8/hf+TZtFySlbxqlyoHS3iyIJ9cACOgQMqoAYuQR00AAZ34AE8gWfj3ng0XozX+WjGWOzsgR8w3j4BXPeT/w==</latexit>

QQ̄
<latexit sha1_base64="5gHuL91yVo5pu0kI9+5sn0EDg6Q=">AAAB73icdVBNSwMxEJ2tX7V+VT16CRbF07JbRT0WvHhswX5Au5Rsmm1Dk+yaZIWy9E948aCIV/+ON/+NabuCFn0w8Hhvhpl5YcKZNp736RRWVtfWN4qbpa3tnd298v5BS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfDPz2w9UaRbLOzNJaCDwULKIEWys1Gn0QqyyxrRfrniuNwfy3Msl4udWBXLU++WP3iAmqaDSEI617vpeYoIMK8MIp9NSL9U0wWSMh7RrqcSC6iCb3ztFJ1YZoChWtqRBc/XnRIaF1hMR2k6BzUgvezPxL6+bmug6yJhMUkMlWSyKUo5MjGbPowFTlBg+sQQTxeytiIywwsTYiEo2hO9P0f+kVXX9c7fauKjUTvM4inAEx3AGPlxBDW6hDk0gwOERnuHFuXeenFfnbdFacPKZQ/gF5/0LFNeP6Q==</latexit>

p/A
<latexit sha1_base64="QDvs/3IimmTHpHN6E79gB7rReN0=">AAAB6nicbVDLTgJBEOzFF+IL9ehlItF4wl000SPGi0eM8khgQ2aHASbMzm5mek3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGt1O/+cS1EZF6xHHM/ZAOlOgLRtFKD/H5TbdYcsvuDGSZeBkpQYZat/jV6UUsCblCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LFQ258dPZqRNyYpUe6UfalkIyU39PpDQ0ZhwGtjOkODSL3lT8z2sn2L/2U6HiBLli80X9RBKMyPRv0hOaM5RjSyjTwt5K2JBqytCmU7AheIsvL5NGpexdlCv3l6XqaRZHHo7gGM7Agyuowh3UoA4MBvAMr/DmSOfFeXc+5q05J5s5hD9wPn8Ax6ONYA==</latexit>

There has been no phenomenological extraction of the TMD 
shape functions. Meanwhile, it has been proposed that exclusive 
quarkonium production can be understood through the 
formalism of GPDs and the Wigner functions

Cui et al . (2018) Chen et al . (2019)

HERA data has had important 
impact but interpretation 
subject of debate

Bain et al . (2017)

Flore et al . (2020)



¡ The EIC will also offer the 
opportunity to observe quarkonium 
production in eA collisions where 
one can study the interactions with 
nuclear matter and the formation of 
quarkonia in a nuclear medium. 

O. Zenaiev et al . (2018)
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¡ Primarily formulated in the context 
of quark-gluon-plasma, these 
formalisms can also be extended to 
cold nuclear matted effects

EFTs for quarkonia in matter

Open quantum systems
Y. Makris et al . (2019)

Akamatsu et al . (2014) Yao et al . (2020)

+ ψ←→ χ

NRQCD with Glauber Gluons


