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TEEC at EIC: arXiv:2006.02437;    EEC at EIC: arXiv:2101.xxxxx

Mesons at EIC: arXiv:2007.10994;   Jets at EIC: arXiv:2010.05912 
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The origin of mass and the role of gluons

The internal landscape of nucleons and nuclei, 3D tomography

Gluon saturation 

Transport properties of large nuclei and the physics of hadronization 

…..

No calculations of nuclear effects in meson and jet production 
– a void in the e+A program.

A lot of new developments are in the area of jets and heavy flavor at EIC 


Use jet and hadron as precision probes at EIC to 
get better understanding of QCD  and nucleon 
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to identify kinematic region where 
nuclear matter effect is relative large


to disentangle the effects from 
nuclear PDFs and final state 
interaction

TEEC/EEC: New Event Shape variables 

measures the flow of radiation in a scattering event.

be studied theoretically and experimentally with high precision

be used to determinate strong coupling 

be used to study TMD physics at various colliders 

Precision study in e+p collisions

Study of cold nuclear matter effect in e+A collisions
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Building Blocks for nuclear effects
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LSCETG (⇠n, An, AG) = LSCET (⇠n, An) + LG (⇠n, An, AG)

<latexit sha1_base64="EnxsL2npLugKHPaeYOiseHV2vd0="></latexit>
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<latexit sha1_base64="2ycJKDCuPyjhhS7KVhRU7Suckgc="></latexit>

Effective Lagrangian in SCET with medium-induced interaction 

Ovanesyan, Vitev, arXiv: 1103.1074

Calculated in the framework of soft-collinear effective theory with Glauber gluon 
interactions  

See the work arXiv:1807.03799 and 1903.0617 for the method for the 
calculation up to any order of opacity.

Ovanesyan, Vitev, arXiv: 1103.1074
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Applications in HIC
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Kang et al 2016

Nuclear modification factor 
RAA for D0 meson (massive)

Jet 

HTL, Vitev, 2017

zg
Heavy-flavor jet

HTL, Vitev, 2017

Jet Charge

HTL, Vitev, 2017

Modification of 
fragmentation 
functions for gluon 
and quark

Kang et al 2014
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TEEC in DIS
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Definition

energy weightedsum over 

all hadrons

TEEC =
X

a

Z
d�lp!l+a+X

ET,lET,a

ET,l
P

i ET,i
�(cos�la � cos�)

<latexit sha1_base64="nUrASzNwF+Hgdzb83kOZNvBNKuk="></latexit>

measure azimuthal

angle correlations

 


Measure momentum imbalance in y direction

τ =
1 + cos ϕ

2

HTL, Vitev, Zhu, 2020
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For Hadron production
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TMD PDF

TMDFFTMD soft

HTL, Vitev, Zhu, 2020
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HTL, Vitev, Zhu, 2020
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�
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�
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lepton

A�(⌧) +B
1

⌧
+ C

ln ⌧

⌧
· · ·

<latexit sha1_base64="e9rKvMatj8Vt5xhvan3I5qOIMmg=">AAACJ3icbZDLSsNAFIYn9V5vVZduBougCCVRQVei7cZlBXuBJpTJZNIOnUzCzIlQQt7Gja/iRlARXfomTtssvP0w8POdczhzfj8RXINtf1ilufmFxaXllfLq2vrGZmVru63jVFHWorGIVdcnmgkuWQs4CNZNFCORL1jHHzUm9c4dU5rH8hbGCfMiMpA85JSAQf3KxRV2AyaAHLhA0sOjOnZDRWjm5NkE5EeNArhC4imZcezSIAbdr1Ttmj0V/mucwlRRoWa/8uwGMU0jJoEKonXPsRPwMqKAU8HysptqlhA6IgPWM1aSiGkvm96Z431DAhzGyjwJeEq/T2Qk0noc+aYzIjDUv2sT+F+tl0J47mVcJikwSWeLwlRgiPEkNBxwxSiIsTGEKm7+iumQmFjARFs2ITi/T/5r2sc156Rm35xWL+tFHMtoF+2hA+SgM3SJrlETtRBF9+gRvaBX68F6st6s91lrySpmdtAPWZ9fk6al1A==</latexit>

TEEC in DIS
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Definition

energy weightedsum over 

all hadrons

TEEC =
X

a

Z
d�lp!l+a+X

ET,lET,a

ET,l
P

i ET,i
�(cos�la � cos�)

<latexit sha1_base64="nUrASzNwF+Hgdzb83kOZNvBNKuk="></latexit>

measure azimuthal

angle correlations

 


Measure momentum imbalance in y direction

τ =
1 + cos ϕ

2

For Hadron production

dσh

d2p⊥
= ∑

f
∫

dξdQ2

ξQ2
Q2

f H(Q, μ)∫
db
2π

eib⊥⋅p⊥ ff/N (b, ξ, μ, ν)

S (b,
n2 ⋅ n4

2
, μ, ν) ∫

dz
z2

Fh/f (z, b/z, E4, μ, ν)

TMD PDF

TMDFFTMD soft

dσh

dτ
= ∑

f
∫

dξdQ2

ξQ2
Q2

f H(Q, μ)∫ dky ∫
db
2π

e−iby⋅kyff/N (b, ξ, μ, ν)

S (b,
n2 ⋅ n4

2
, μ, ν)∑

h
∫ zdz Fh/f (z, b/z, E4, μ, ν) δ(τ − τ(ky))

sum over all hadrons in the final state

HTL, Vitev, Zhu, 2020

∑
N

∫
1

0
dzzFN/q (z, b⊥ /z, ν) = ∑

i,N
∫

1

0
dzz∫

1

z

dξ
ξ

dN/i(z /ξ) 𝒞iq (ξ, b⊥ /ξ, ν) + 𝒪 (b2
TΛ2

QCD) = ∑
i,N

∫
1

0
dxx𝒞iq (x, b⊥ /ξ, ν)∫

1

0
dξξdN/i(ξ) + 𝒪 (b2

TΛ2
QCD)

The jet function is the second Mellin-Moment of the matching coefficients 
Jq (b⊥, μ, ν) = ∑

i
∫

1

0
dxx𝒞iq (x, b⊥/x, μ, ν)
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HTL, Vitev, Zhu, 2020
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We obtained singular distribution up to 
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HTL, Vitev, Zhu, 2020
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TEEC in DIS

10

NP shifts the cross section

SNP = exp [−0.106 b2 − 0.84 ln Q/Q0 ln b/b*]

HTL, Vitev, Ma, 2020
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ps?
<latexit sha1_base64="zEDJPvOFyRm4ToTVGKzDf82+1DY=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARXIWkVuuy6MZlBfuAJpTJZNIOnUzCzEQooW78FTcuFHHrX7jzb5y0Earogcs9nHMvc+f4CaNS2fanUVpaXlldK69XNja3tnfM3b2OjFOBSRvHLBY9H0nCKCdtRRUjvUQQFPmMdP3xVe5374iQNOa3apIQL0JDTkOKkdLSwDxw/ZgFchLpliXTQSahmxChmVl1LHsGaFtnjfN6w9GkUL6tKijQGpgfbhDjNCJcYYak7Dt2orwMCUUxI9OKm0qSIDxGQ9LXlKOISC+b/WAKj7USwDAWuriCM3VxI0ORzI/UkxFSI/nby8W/vH6qwgsvozxJFeF4/lCYMqhimMcBAyoIVmyiCcKC6lshHiGBsNKhVRZD+J90apZzatVu6tXmZRFHGRyCI3ACHNAATXANWqANMLgHj+AZvBgPxpPxarzNR0tGsbMPfsB4/wK5V5e2</latexit>

pn?
<latexit sha1_base64="oIybTi1+lLfeipiZzerC8XDCl2w=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXIWkra9d0Y3LCvYBTSiTyaQdOpmEmYlQQt34K25cKOLWv3Dn3zjpA9R6YJjDOfdy7z1+wqhUtv1lFJaWV1bXiuuljc2t7R1zd68l41Rg0sQxi0XHR5IwyklTUcVIJxEERT4jbX94nfvteyIkjfmdGiXEi1Cf05BipLTUMw9cP2aBHEX6y5JxL+PQTYjQzCzblj0BtK2z6mnlsgaduTInZTBDo2d+ukGM04hwhRmSsuvYifIyJBTFjIxLbipJgvAQ9UlXU44iIr1scsEYHmslgGEs9OMKTtSfHRmKZL6kroyQGsi/Xi7+53VTFV54GeVJqgjH00FhyqCKYR4HDKggWLGRJggLqneFeIAEwkqHVtIhLJy8SFoVy6laldtauX41i6MIDsEROAEOOAd1cAMaoAkweABP4AW8Go/Gs/FmvE9LC8asZx/8gvHxDbAOl7A=</latexit>

(za,kaT )
<latexit sha1_base64="Hn2yiDRmIVeGSIAZAHAck69GPO4=">AAACBHicdVDLSgMxFM34rPU16rKbYBEqyDAztrbuim5cVugL2jJk0rQNzWSGJCPUYRZu/BU3LhRx60e4829MH4KKHgg5nHMv997jR4xKZdsfxtLyyuraemYju7m1vbNr7u03ZRgLTBo4ZKFo+0gSRjlpKKoYaUeCoMBnpOWPL6d+64YISUNeV5OI9AI05HRAMVJa8sxc4dZDJ7Drh6wvJ4H+knHqJQjW02PPzNvW2XnRcSrQtkquZq4mrlsulhzoWPYMebBAzTPfu/0QxwHhCjMkZcexI9VLkFAUM5Jmu7EkEcJjNCQdTTkKiOwlsyNSeKSVPhyEQj+u4Ez93pGgQE431JUBUiP525uKf3mdWA0qvYTyKFaE4/mgQcygCuE0EdingmDFJpogLKjeFeIREggrnVtWh/B1KfyfNF3LObXc62K+erGIIwNy4BAUgAPKoAquQA00AAZ34AE8gWfj3ng0XozXeemSseg5AD9gvH0Cc/6X/w==</latexit>

✓ap
<latexit sha1_base64="aWkiLwNGMPsVrsPBjqXXrO9VguM=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQtJWW3dFNy4r2AekoUymk3boJBNmboQS+hluXCji1q9x5984aSuo6IFhDufcy733BIngGhznw1pZXVvf2CxsFbd3dvf2SweHHS1TRVmbSiFVLyCaCR6zNnAQrJcoRqJAsG4wuc797j1Tmsv4DqYJ8yMyinnIKQEjeX0YMyCDjCSzQans2PXLC6fewI7t5n/NkFqjUj2vYtd25iijJVqD0nt/KGkasRioIFp7rpOAnxEFnAo2K/ZTzRJCJ2TEPENjEjHtZ/OVZ/jUKEMcSmVeDHiufu/ISKT1NApMZURgrH97ufiX56UQNvyMx0kKLKaLQWEqMEic34+HXDEKYmoIoYqbXTEdE0UomJSKJoSvS/H/pFOx3apdua2Vm1fLOAroGJ2gM+SiOmqiG9RCbUSRRA/oCT1bYD1aL9bronTFWvYcoR+w3j4BMweR3g==</latexit>

✓̄a
<latexit sha1_base64="fIe1gyl07/hBGGiRmE+xQjktaqo=">AAAB+XicdVBNS8NAEN3Ur1q/oh69LBbBU0hqW3MsevFYwdpCE8pmu2mXbj7YnRRK6D/x4kERr/4Tb/4bN20FFX0w8Hhvhpl5QSq4Atv+MEpr6xubW+Xtys7u3v6BeXh0r5JMUtahiUhkLyCKCR6zDnAQrJdKRqJAsG4wuS787pRJxZP4DmYp8yMyinnIKQEtDUzTC4jMPRgzIPNBrsus2pa9ALatZsN1a/WCOI2m28TOyqqiFdoD890bJjSLWAxUEKX6jp2CnxMJnAo2r3iZYimhEzJifU1jEjHl54vL5/hMK0McJlJXDHihfp/ISaTULAp0Z0RgrH57hfiX188gdP2cx2kGLKbLRWEmMCS4iAEPuWQUxEwTQiXXt2I6JpJQ0GFVdAhfn+L/yX3Nci6s2m292rpaxVFGJ+gUnSMHXaIWukFt1EEUTdEDekLPRm48Gi/G67K1ZKxmjtEPGG+fiauUQw==</latexit>

proton

An extension to Breit frame

Sum over all the hadrons in final state

For , only hadrons with small   contribute:  cos θ → − 1 p⊥ pT = Qzh
1 + cos θ

2

weight is boost invariant 

HTL, Vitev, Makris, in preparation

opening angle between 
hadron and proton
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proton

An extension to Breit frame

Sum over all the hadrons in final state

For , only hadrons with small   contribute:  cos θ → − 1 p⊥ pT = Qzh
1 + cos θ

2

weight is boost invariant 

HTL, Vitev, Makris, in preparation

Usual TMD factorization for hadron production can be used 

  dσ ∝ TMDPDF ⊗ Soft ⊗ ∑
hadrons

∫ dzhzh × TMDFF

  dσ ∝ TMDPDF ⊗ Soft ⊗ Jet

better way to connect with TMD physics 

opening angle between 
hadron and proton
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EEC in DIS
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In Breit frame, 

Rapidity cut only changes the 
cross section tail region 

Hadronization effects are only 
important in the tail region 

reproduce the singular behaviors
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Resummation

Dominant region 

Scale uncertainties 
are reduced

Bands almost are 
on top of each 
other for NNLL 
+NLO and 
NNNLL+NLO

Slightly different 
with PYTHIA 
simulation with 
hadronization 
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NNLO matching 
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The highest resumed accuracy achieved to date in DIS 
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TEEC/EEC in DIS
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TEEC =
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Simplest definition of the event shape
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Simplest definition of the event shape

In principle we could sum over all hadrons in final state, or 

∑
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→ ∑
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In TMD region, the summation only changes the summation over fragmentation functions
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X
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dz z di!a(z, µ)

<latexit sha1_base64="N/wRHRzqRPCiZ5euI/ZYlSTHfRA="></latexit>

Introduce a non-perturbative factor in the formula 
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Introduce a non-perturbative factor in the formula 

sum over charged particles, hadrons with a certain flavors, or an identified hadron,

which allows up to probe initial state flavor information 

and test final state fragmentation functions 
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Conclusion for TEEC/EEC

15

 TEEC/EEC in DIS can be measured extremely accurately 
at the EIC. 


 We study the TEEC/EEC in the framework of SCET. 


 Clearly, TEEC/EEC can be used to study TMD physics at 
the EIC. 


 Fixed-order singular distributions are available up to 
NNLO. 


 NNNLL resummation was achieved. 


 It is a great observable and fully utilizes EIC detector 
capabilities without any downside and uncertainty related 
to jet radius or jet reconstruction algorithm.  
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Outline

16

1. Introduction 


2. TEEC/EEC in DIS 


3. Heavy-flavor Meson production at EIC


4. Jet production at EIC


5. Conclusion
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Prediction in e+p collision

17

NLO cross section can be factorized as 

FFs quasi-real photon 
scattering

NLO hard kernel

Fragmentation function: for light 
meson: HKNS

M. Hirai et al., ’07  

Partonic cross section: analytical 
NLO result 

P. Hinderer et al., ’15 

energy loss and hadron absorption
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Chang et al. 1992 Braaten et al. 1994

FFs for heavy flavors in vacuum

18

Heavy quarks introduce a 
mass scale that allows the 
fragmentation function shape 
to be computed perturbatively 

The vacuum FFs are used as input 
boundary conditions to determine 
the FFs in Medium

studied in HQET

energy loss in medium would 
shift FF to lower z  
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Evolution of Fragmentation Functions 
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vary it by a factor of two

⟨k2
⊥⟩/λg = 0.12 GeV2/fm
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Hadron production at the EIC

20

To investigate nuclear medium effect, study the ratio of 
cross section in e+Au to the one in e+p

use the cross section of inclusive jet 
production for normalization that 
minimizes the effect of nuclear PDFs 
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Parton in forward rapidity region has lower energy in rest 
frame of nuclei, resulting in larger in-medium modification 

result of Landau-Pomeranchuk-Migdal (LPM) Effect
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Heavy Flavor production - pT distribution

21

Cold Nuclear Matter effect is more 
significant in forward rapidity region


For light flavor, observe suppression, which 
can be as large as a factor of 2


Suppression of light hadrons, transmission  
to enhancement for heavy flavor


Study of in-medium effects benefits from 
more differential analysis
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Conclusion for heavy-flavor meson

22

 Hadronization plays an important role for jet and most 
semi-inclusive observables and affects them qualitatively 
and quantitatively.  Its role at the EIC is not explored yet


 Larger radiative corrections are pronounced at lower CM 
energies and forward rapidities


Studies of in-medium modification benefits from more 
differential measurements 


The clear transition from enhancement to suppression 
from moderate to large values of z will be a quantitative 
measure of parton shower formation in large nuclei. 
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Outline
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Inclusive jet cross section

24

scales
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<latexit sha1_base64="EM0qYMAKgzjlpe//b5lVOMKopu8="></latexit>

The inclusive jet cross section can be expressed in a factorized form with the help of 
semi-inclusive jet functions 

Hard part: arXiv:1505.06415 
Jet Function: arXiv:1606.06732

Contribution to the semi-inclusive quark jet function
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Our Code

From 1806.07311

NLO results from 

Boughezal, Petriello, Xing, arXiv:1806.07311

Comparison between NLO and factorized cross section

Large Q

Small Q


Photon PDF from 
lepton

Small Q


Quark PDF from 
lepton

Large Corrections from photon production and unresolved contribution in small pT
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Jet Rapidity distributions

From Lab to the proton rest frame LL means  Resummed jet functionln R

In total, Large corrections from LO to NLO

Resummation reduced the cross section 

In the nuclear rest frame, the lower energy partons receive larger medium 
corrections. 
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Anti-shadowing

EMC

shadowing

Modifications defined as

Bands are scale uncertainties

Bjorken x in the anti-shadowing and 
EMC region


Final State effects decreasing with  
increasing

pT

The forward proton/nucleus going 
rapidity region 2< η <4 produce the 
largest nuclear effects.

 Fixed  ⟨k2
⊥⟩/λg = 0.12 GeV2/fm
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Suppression is more significant  for 
smaller jet radii 

scale uncertainties are larger for 
smaller 


Final State effects decreasing with  
increasing

pT

pT

enhanced  by the steeper pT spectra 
near the phase space boundary
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Q,jet =
1⇣

pjetT

⌘

X

i2jet

Qi

�
piT

�
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hQ,qi =
J̃qq(E,R,, µ)

Jq(E,R, µ)
exp

Z µ

1GeV

dµ0

µ0
↵s(µ0)

⇡
P̃qq()

�
D̃Q

q ()
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Perturbative Non-Perturbative

scale and R dependence only depends on κ

The quark jet charge can be derived in SCET from the collinear factorization 
formula for measuring a hadron inside a jet

Definition Larger , smaller chargeκ

Krohn, Schwartz, Waalewijn, arXiv:1209.2421 
Waalewijn arXiv:1209.3019 

Defined as the transverse momentum weighted sum of the charges
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Perturbative Non-Perturbative

scale and R dependence only depends on κ

The quark jet charge can be derived in SCET from the collinear factorization 
formula for measuring a hadron inside a jet

Definition Larger , smaller chargeκ

Krohn, Schwartz, Waalewijn, arXiv:1209.2421 
Waalewijn arXiv:1209.3019 

Defined as the transverse momentum weighted sum of the charges
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The perturbative part contains the︎ 
dependence on the jet algorithm

eJij(E,R,, µ) =

Z 1

0
dzzJij(E,R, z, µ)
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Matching the jet function to 
fragmentation function

The non-perturbative part can be 
related to fragmentation  functions 
from weighted-definition of jet charge 

sum over all the hadrons in the jet

µ
d

dµ
D̃Q

q (, µ) =
↵s(µ)

⇡
P̃qq()D̃

Q
q (, µ)
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the evolution equation

Krohn, Schwartz, Waalewijn, arXiv:1209.2421 
Waalewijn arXiv:1209.3019 

eDh
q (, µ) =

Z 1

0
dzzDh

q (z, µ)
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D̃Q
q (, µ) =

X

h

Qh
eDh
q (, µ)
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The perturbative part contains the︎ 
dependence on the jet algorithm

eJij(E,R,, µ) =

Z 1

0
dzzJij(E,R, z, µ)
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Matching the jet function to 
fragmentation function

The non-perturbative part can be 
related to fragmentation  functions 
from weighted-definition of jet charge 

sum over all the hadrons in the jet

µ
d

dµ
D̃Q

q (, µ) =
↵s(µ)

⇡
P̃qq()D̃

Q
q (, µ)
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the evolution equation

Krohn, Schwartz, Waalewijn, arXiv:1209.2421 
Waalewijn arXiv:1209.3019 

eDh
q (, µ) =

Z 1

0
dzzDh

q (z, µ)
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D̃Q
q (, µ) =

X

h

Qh
eDh
q (, µ)
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hQ,qi =
J̃qq(E,R,, µ)

Jq(E,R, µ)
exp

Z µ

1GeV

dµ0

µ0
↵s(µ0)

⇡
P̃qq()

�
D̃Q

q ()
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HTL, Vitev, arXiv:1908.06979Jet charge with medium effects

hQeA
q,i = hQep

q,i exp

Z µ

µ0

dµ0

µ0
↵s(µ0)

2⇡2
(2⇡µ02)f̃med

qq (, µ0)

�

⇥

⇣
1 + J̃

med
qq � Jmed

q

⌘
+O(↵2

s)
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Evolution  in Medium

Fixed order corrections to 
Jet Function

For charge of a given jet flavor, only finial 
state effects matter


For inclusive jet, the fraction of jet flavors 
plays an important role

In Heavy-Ion Collisions
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At LO, approximately 

In general, final state effects are small


Larger correction for larger  because 
medium induced radiation tends to be 
soft

κ

Cancellation between u and d jet

Precision measurement of the charge will be an excellent way to constrain 
isospin effects and the up/down quark PDFs in the nucleus.


Final State effects

Final+initial State effects

positive charge negative charge

Initial state effects is large
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We presented the nuclear matter effect for jet production at EIC

Initial-state effects were considered via global-fit nuclear PDFs 

Final-state effects were calculated by SCETG

Modifications for the inclusive jet cross section and average jet 
charge at EIC are discussed

Demonstrate how to disentangle initial-state effects and final-
state effects for the inclusive jet cross section and the jet charge 

One way to disentangle final and initial state effects and to 
extract the flavor information 
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1. Introduction 


2. TEEC/EEC in DIS 


3. Heavy-flavor Meson production at EIC


4. Jet production at EIC


5. Conclusion
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Conclusion
Precision Study in DIS
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Identify the  kinematic regions most sensitive to cold 
nuclear effects 

How to disentangle the initial state effect and final state 
effect at EIC
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Thank you!


