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¡ New interest in particle 
and jet production in 
SIDIS

¡ Status of in-medium 
calculations in SIDIS, 
what is missing

¡ In-medium  radiative  
corrections calculations 

¡ New techniques, for 
particle and jet 
production in nuclei

¡ Event shapes at EIC

¡ Conclusions
Much of the credit for this work goes to my 
collaborators:  
Z. Kang, F. Ringer , M. Sievert, B. Yoon

Thanks to the organizers for the opportunity to 
discuss this physics 



Introduction



Critical gaps in the EIC program 

Circa 2000 
physics

LRP recommendations
• We recommend a high-energy high-luminosity polarized EIC as 

the highest priority for new facility construction following the 
completion of FRIB

NAS: Extensive list of findings
• EIC essential for US leadership in nuclear physics and accelerator 

design
• Physics at EIC has very close connections to solid state and 

atomic physics, high energy physics, astrophysics and computing
• …  
• To realize fully the scientific opportunities an EIC would enable, a 

theory program will be required to predict and interpret the 
experimental results within the context of QCD and, furthermore, to 
glean the fundamental insights into QCD that an EIC can reveal.



SIDIS has played a key role in pushing the boundaries of QCD, nucleon 
structure, the TMD approach, and QCD in reactions with nuclei  

§ There is a renewed interest in precision 
calculations of hadron and jet production at 
the EIC – wide range of applications 

G. Abelof et al. (2016)
P. Hinderer  et al. (2015)

R. Boughezal et al. (2018)



§ In heavy ion collisions medium-modified 
parton showers are the cornerstone of 
high-pT physics. These are the most 
significant effects  and are not related to 
nPDFs and small-x physics 
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Status of in-medium
modification in DIS



Jets and heavy flavor physics is seriously underdeveloped. Realized by EIC   
working group

§ The two topics mentioned are: (1) the possibility of hadronization in 
nuclei and (2) energy loss in nuclear matter. Circa 2000 physics.  



A model based on pre-hadron and hadron formation times

¡ Can provide some insight in the particle species dependence of 
the attenuation. Formation times might be underestimated  

B. Kopeliovich et al. (2003)



¡ Energy loss-based approach compared to Hermes data

F. Arleo et al. (2003)

¡ obtained  0.7 GeV2/fm (very large, typical of infinite media approaches )q̂



Using E-loss Calculations

¡ A quite small                                         .  Again factor of 30 discrepancy 
in the transport properties of cold nuclear matter

q̂ = 0.02 GeV 2 / fm

N. Chang et al. (2014)

Energy loss modified 
functions used as initial 
conditions for evolution



§ Serious unresolved discrepancies in the 
extraction of transport properties of large 
nuclei. Especially in this area – circa 2000 
physics 

§ Stopping power of matter for charged 
particles is a fundamental probe of its 
properties 

§ A whole class of new observables is 
missing – jets and jet substructure 

§ The measurements and theory can only 
be done at the EIC

Stopping power of Cu for µ-

PDG (2008)

R. Neufeld et al. (2010)

In QED X0(min) ~ mm, in nuclei  10 orders of 
magnitude smaller!



Status of in-medium 
radiative corrections



¡ The infinitely thick medium approaches 
– they simplify the problem to resum the 
interactions

X. Feal et al . (2018)

R. Baier et al . (1996) 

M. Gyulassy et al . (1993) 

Realistic QGP (or nuclei for that matter)  - q ~ 2.5  
scatterings,  g ~5 .  
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ity¡ Known asymptotic limits are not 
recovered since initial and final 
state radiation is missed

¡ If phenomenologically applied,  
leads to an order of magnitude 
too large transport parameters 
for nuclear matter 

What will be really useful to see if those diagrams can be added still in in some semi analytic fashion



¡ Finite opacity approaches – builds expansion in the correlation between 
the scattering centers  (called opacity expansion)

X. Guo et al. (2001)

M. Gyulassy et al . (2000) 

We can: (1) study the expansion order by order; (2) look at media of finite  and small 
lengths; (3) take various analytic limits and obtain the results

propagators Interference phases

Medium properties

¡ Result for soft gluon emission to any order in opacity

I. Vitev (2007)

Classes of 
diagrams (single 
Born, double 
Born). Reaction 
Operator



Representative example

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

¡ SCET-based effective theories created to solve 
this  problem 

G. Ovanesyan et al . (2011)

¡ For the first time we were able to do is higher 
order and resummed calculations

F. Ringer et al . (2016)

Z. Kang et al . (2015)

1. Incoming hadron   (gray bubbles)

➡ Parton distribution function

2. Hard part of the process 

➡ Matrix element calculation at LO, 
NLO, ... level

3. Radiation  (red graphs)

➡ Parton shower calculation

➡ Matching to the hard part

4. Underlying event   (blue graphs)

➡ Models based on multiple 
interaction

5. Hardonization  (green bubbles)

➡ Universal models 

The description of an event is a bit tricky...

H



§ Practically all phenomenology is done to 
first order in opacity. What are the higher 
order in opacity corrections?

§ The calculation was done using schematic 
geometry, no expansion. Qualitative 
guidance

§ The opacity series converges quite fast 
for L/λ up to 5 - 6 scatterings. Converges 
faster at higher energies

§ For integral quantities  like energy loss 
the correction is as low as 10%. Hence the 
very good phenomenology

§ For more differential quantities –
intensity, angular spectra – 30 – 50 % 

It was also done to higher orders in opacity (~9) 
in the soft gluon emission limit

M. Gyulassy et  al . (2000)
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S. Wicks (2009)



j

kµ

(p− k)µ
qµγ

pµN

pµ − ∑ qµi

qµ2 qµnqµ1

§ The theoretical framework is 
completely general – it is applicable 
for both cold nuclear matter and 
the QGP.  

§ This is achieved by isolating the 
medium in transport parameters 
and universal gluon-mediated 
interactions

In deep inelastic scattering (DIS) 
the lowest order processes 
involve prompt quark. Even at 
NLO the prompt  gluon jet 
contribution is small

¡ The limit we are interested in
¡ We neglect collisional energy losses

F. Ringer et al . (2018)



§ The technique of lightcone wavefunctionsExample

¡ Certain advantages – can provide in “one shot” both massive and massless 
splitting functions

¡ Have checked that results agree for massless and massive DGLAP splittings

F. Ringer et al . (2016)c.f.

Useful to express in Pauli matrixes

Branchings depending on the intrinsic momentum of the splitting



§ Interaction in the 
amplitude and the 
conjugate amplitude 
(Direct or single Born 
diagrams)

Representative 
forward cut diagram¡ Propagators hide in the wavefunctions

¡ Vitruallity changes enter the interference 
phases and are related to the propagators



¡ A more interesting diagram- Double born can contribute to virtuality
changes

F. Ringer et al . (2016)

§ Interaction in the amplitude or
the conjugate amplitude 
(Virtual or double Born 
diagrams)

Agree with the full splitting functions 
of 

And energy loss of

G. Ovanesyan et al . (2011)

M. Gyulassy et al . (2001)



§ Treating color (one complication in QCD). 

¡ Color is not entangled, 
homogeneous structure and 
multiplicative factors that can be 
algebraically treated   

¡ Finally, relative to the splitting 
vertex   we classify the as 

¡ Initial/Initial, Initial/Final, 
Final/Initial and Final/Final

M. Sievert et al . (2018)



§ Upper triangular structure. Suggests specific strategy how to solve it. 
Calculated: initial conditions, kernels, and wrote a Mathematica code to 
solve it.  

Simplest kernel

Most complicated kernel

.  
 . 

  .

+ 8 more lines



§ Present the first exact result to this order (including the ability to discuss
broad or narrow sources)

.  
 . 

  .

+ 9 more pages

§ For broad sources and in the soft gluon limit we have checked that the result
reduces to the GLV second order in opacity



§ Note – all splittings have the same topology. 
Same  - structure, interference phases, 

propagators
Different   - mass dependence, wavefunctions, 

color (which also affects transport coefficients)

§ Master table that  gives all ingredients

We have now solved the problem for all splitting functions and are working on the 
manuscript M. Sievert et al . (2019)



Numerical results



iEBE-VISHNU package
§ Hydro + hadron cascade simulator for 

relativistic heavy-ion collisions
§ Developed by Chun Shen and collaborators

27

¡ Numerics can be 
challenging due 
to lengthy 
equations and 
mulit-dimensional 
integration 

¡ Implementation 
for the case of 
QGP (simplified 
Bjorken
expansion) 

¡ Still, code needed 
3 days for a set of 
splittings

Lashoff-Regas et al . 
(2014)



28
Momentum Fraction

Sp
lit

tin
gEvolution of medium temperature in Au+Au

¡ (2+1)D viscous hydrodynamics

¡ Incorporate modern equations-of-
state (e.g. the HotQCD EoS)

• Significant difference found in the 
splitting functions on model vs
hydro simulation QGP medium

• Code takes 6 times more time 



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

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

¡ Effective incorporation of                                                       
simulated QGP medium
Ø Reduced overhead for calling QGP                                                                

medium grid function. 2x speed                                                         
improvement

29
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Ø New parallelization shows much better                                                          
scaling  10x speed improvement 

¡ Overall improvement:                                                                              
18 days → 1 hour



¡ Difficulties to second order in opacity 
Ø Arise from larger number of evaluations – 10 pages; additional 3 

dimensional integration   
Ø Expect factor of~ 10 slower. Still hope to get splitting function grids within 

a day
¡ Porting to code

Ø Results are directly exported form Mathematica to C++
30

The more accurate splitting 
functions have been implemented 
in phenomenology. They have 
been measured directly measured 
by experiment
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Boram Yoon  et al . (2018)

• Preliminary results show O(1∼50)% NLO corrections

• Evaluation of the NLO corrections is computationally very expensive

Note on notation in figures: LO – first order in opacity, NLO second order in opacity.
What is labeled dN/dx is dN/dxd2kT at fixed kT (3.3 GeV). The fully differential 
splitting functions where corrections are expected to be largest



¡ The approach was 
shown to give 
good description 

¡ Based on DGLAP evolution with with SCETG medium-induced 
splitting kernels

Did not fit HERMES data.   Instead we used nuclear transport properties 
constrained form the Cronin effect, coherent power corrections, and initial-
state energy loss
1) We looked directly at the modification of the fragmentation function –

expect it to be larger that in Kr and Xe at HERMES  
2) Form the  transport properties of CNM (power corrections, CNM e-loss in 

DY): quarks  ξ2A1/3 ~ Qs
2 ~ 0.7 GeV2 gluons ξ2A1/3 ~ Qs

2 ~ 1.5 GeV2

Z. Kang et al. (2014)



§ Description of 
light pions. On 
the upper 
edge of the 
theory 
uncertainty
bands   

§ For heavy 
particle one 
has to be 
careful when 
E~m

F. Ringer et al. (2119)
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¡ Derivation in  the presence of a 
medium

For “historic” reasons:  		ξ = ln(1/zh)

Do not observe the 
lepton

¡ The distribution of hadrons inside jets: semi-inclusive fragmenting jet 
functions

Very preliminary EIC results



Tensions in the extraction of  
the strong coupling constant

¡ Develop precision theories for 
event shape observables in DIS. 
Constrain nucleon structure. 
Extract ⍺s

¡ 1 jettiness (1jet and 1 beam)

Circa 2000 
physics

D. Kang et al. (2016)



¡ There are tremendous opportunities for jet physics in ep and eA collisions 
that are not fully explored at the EIC 

¡ On the experimental side one can determine  the transport properties of 
large nuclei, radiation lengths that are the shortest in nature. A multi-
year physics program 

¡ On the formal side we now have the technique to calculate the full 
(beyond soft gluon emission) in-medium splitting functions to any order 
in opacity. Explicit results and numerical implementation.  

¡ We also have new theoretical techniques (some inspired by SCET)  based 
on factorization and evolution, semi-inclusive jets functions, semi-
inclusive fragmenting jet functions. Can validate against existing 
HERMES data, but the emphasis is on jet physics        

¡ Working on numerical tools (implementation) for jet simulations in 
reactions with nuclei at the EIC



We haven’t see transparency 
but we have seen quenching

Circa 2000 
physics


