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Outline

• Semi-inclusive observables at the EIC 
Dihadron and dijet azimuthal correlations


• TMD factorization: 
the WW gluon TMD


• CGC framework: 
from Wilson lines to TMDs and beyond 
(kinematic vs genuine twists)


• Numerical results:  
Where and what type of contributions beyond TMDs are 
important for the EIC? 


• Summary and Outlook
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Dihadron and dijet studies at small-x
Forward dihadron azimuthal correlations and gluon saturation

Dihadron suppression of 
back-to-back peak

Gluon saturation
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Typical momentum transfer from 
hadron/nucleus to 
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See also Xiaoxuan’s talk tomorrow for 
dihadron correlations in pp and pA.



Dijet azimuthal 
asymmetries

Weizsäcker-
Williams gluon TMD 
(linearly polarized)

Dumitru, Skokov, Ullrich. 1809.02615
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Forward dijet azimuthal asymmetries and WW gluon TMD
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Azimuthal anisotropy is proportional 
to the ratio of linearly polarized to 

unpolarized WW gluon TMD

Anisotropy in momentum 
imbalance

Dihadron and dijet studies at small-x
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Beyond the TMD factorization

Previous studies: 

Goal:

Observables: 

Azimuthal correlations of back-to-back dijet/dihadron within the 
TMD factorization 

Inclusive dijet/dihadron production for both e-p and e-Au (at EIC)

Assess the role of kinematic power corrections and genuine saturation. 
How large are these corrections?

CGC computation (Gaussian quadrupole + rcBK evolution). 
Compare to TMD and iTMD framework

Approach:

Study cross-section (including azimuthal anisotropies) 
at and beyond the back-to-back limit

5



e

e

q

q̄

)
X

p

<latexit sha1_base64="Pe410eXsFlYIO9PJeIOzLW3WQNo="></latexit>

d��⇤A!qq̄
⇠ H

ij
TMD(P?) ↵sxG

ij
WW(�?, x)

2P?
<latexit sha1_base64="o5Wag/mkbMB+ZRJwCeqTx9mFFHY=">AAACQ3icbVDLSgMxFM34dnxVRTdugkVwVWaqoEvRjcsKVoW2lEzmVoOZJCR3pGXsz7jV3/Aj/AZ34lYwrV3Y6oWQwzn3eRIjhcMoegumpmdm5+YXFsOl5ZXVtdL6xpXTueVQ51pqe5MwB1IoqKNACTfGAssSCdfJ/dlAv34A64RWl9gz0MrYrRIdwRl6ql3artJmomXqepn/ilq7acCafrtUjirRMOhfEI9AmYyi1l4Ptpqp5nkGCrlkzjXiyGCrYBYFl9APm7kDw/g9u4WGh4pl4FrF8IA+3fNMSjva+qeQDtnfFQXL3GBDn5kxvHOT2oD8T2vk2DluFUKZHEHxn0GdXFLUdOAGTYUFjrLnAeNW+F0pv2OWcfSejU0Z9jbAxy4purkSXKcwwUrsomX9MAy9kfGkbX/BVbUSH1SqF4flk9ORpQtkh+ySfRKTI3JCzkmN1Aknj+SJPJOX4DV4Dz6Cz5/UqWBUs0nGIvj6Bnr8sQc=</latexit>

�?
<latexit sha1_base64="Q5MJ1xDAeNU96dDyIlTArT/CTvg="></latexit>

p1,?
<latexit sha1_base64="FrPL8E5NhaioPSPujGySI9ZE05c=">AAACRXicbVDLSgMxFM34dnxVRRDcDBbBhZQZFXQpunGpYB/QlpLJ3LbBTBKSO2IZ6te41d/wG/wId+JW08fCVi+EHM65zxNrwS2G4bs3Mzs3v7C4tOyvrK6tbxQ2typWZYZBmSmhTC2mFgSXUEaOAmraAE1jAdX4/mqgVx/AWK7kHfY0NFPakbzNGUVHtQq7jViJxPZS9+W638qjo4YG41ChGJbCYQR/QTQGRTKOm9amt9NIFMtSkMgEtbYehRqbOTXImYC+38gsaMruaQfqDkqagm3mwxP6wYFjkqCtjHsSgyH7uyKnqR1s6TJTil07rQ3I/7R6hu3zZs6lzhAkGw1qZyJAFQz8CBJugKHoOUCZ4W7XgHWpoQydaxNThr01sIlL8sdMcqYSmGIFPqKhfd/3nZHRtG1/QeW4FJ2Ujm9PixeXY0uXyB7ZJ4ckImfkglyTG1ImjDyRZ/JCXr0378P79L5GqTPeuGabTIT3/QPoyrI+</latexit>

p2,?
<latexit sha1_base64="AQUDd9uIlR6x2d1MiPXrbmm9BUU=">AAACRXicbVDLSgMxFM34dny1iiC4GSyCCykzVdBl0Y1LBWsLbSmZzK0GM0lI7kjLUL/Grf6G3+BHuBO3mtYubPVCyOGc+zyxFtxiGL55M7Nz8wuLS8v+yura+kahuHljVWYY1JgSyjRiakFwCTXkKKChDdA0FlCP78+Hev0BjOVKXmNfQzult5J3OaPoqE5hpxUrkdh+6r5cDzp55bClwThUKIXlcBTBXxCNQYmM47JT9LZbiWJZChKZoNY2o1BjO6cGORMw8FuZBU3ZPb2FpoOSpmDb+eiEQbDvmCToKuOexGDE/q7IaWqHW7rMlOKdndaG5H9aM8PuaTvnUmcIkv0M6mYiQBUM/QgSboCh6DtAmeFu14DdUUMZOtcmpox6a2ATl+S9THKmEphiBfbQ0IHv+87IaNq2v+CmUo6OypWr41L1bGzpEtkle+SAROSEVMkFuSQ1wsgjeSLP5MV79d69D+/zJ3XGG9dskYnwvr4B6pmyPw==</latexit>

Dominguez, Marquet, Xiao, Yuan 1101.0715

Validity of TMD approach: 
<latexit sha1_base64="ETvm/78K0jBzK1Q2UX61xaKGJf8="></latexit>

�? ⌧ P?

6

(i.e. back-to-back 
configuration)

Perturbatively 
calculable 

WW gluon TMD
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 production in DIS and Weizsäcker-Williams gluon TMDqq̄
TMD factorization

LO diagram for  
production in pQCD

qq̄

Bomhof, Mulders, Pijlman 0601171

Dominguez, Qiu, Xiao, Yuan. 1109.6293
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large-x 
sources 

Classical 
small-x field

Dijet cross-section in the CGC:

LO diagram for  
production in the CGC EFT

qq̄

CGC framework: high energy correlators
 production in DIS and quadrupole Wilson line correlatorqq̄

Dense gluon field  needs resummation of 
multiple gluon interactions

Acl ∼ 1/g
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For bridging the gap between large x and low 
x see also Jamal’s talk in the afternoon.

For non-eikonal corrections see Guillaume's talk 
in the afternoon.
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The TMD and improved TMD limit as an expansion

Weizsäcker-
Williams gluon TMD

Hard factor
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Hard factor resums 
kinematic powers  Δ⊥/P⊥

Genuine higher twist 
contributions

Important for nuclei 
(EIC)?Weizsäcker-Williams gluon TMD

Dominguez, Marquet, Xiao, Yuan. 1101.0715

Altinoluk, Boussarie, Kotko. 1901.01175

Boussarie, Mäntysaari, FS, 
Schenke. 2104.XXXX

Dumitru, Lappi, Skokov. 1508.04438
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Differential yield (transverse virtual photon pol)

Improved TMD framework provides 
excellent agreement with CGC

TMD framework provides good agreement 
for back-to-back jets Δ⊥ ≲ P⊥

Improved TMD framework shows 
significant deviations at low Δ⊥

Genuine higher twist contributions

Impact on back-to-back dihadrons in 
e-Au collisions

proton  ~ smaller Q2
s Gold nucleus  ~ larger Q2

s

H. Mäntysaari, N. Mueller, FS, B. Schenke. 1912.05586
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and work in progress with Boussarie, Mäntysaari, Schenke

Numerical results
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<latexit sha1_base64="FrPL8E5NhaioPSPujGySI9ZE05c=">AAACRXicbVDLSgMxFM34dnxVRRDcDBbBhZQZFXQpunGpYB/QlpLJ3LbBTBKSO2IZ6te41d/wG/wId+JW08fCVi+EHM65zxNrwS2G4bs3Mzs3v7C4tOyvrK6tbxQ2typWZYZBmSmhTC2mFgSXUEaOAmraAE1jAdX4/mqgVx/AWK7kHfY0NFPakbzNGUVHtQq7jViJxPZS9+W638qjo4YG41ChGJbCYQR/QTQGRTKOm9amt9NIFMtSkMgEtbYehRqbOTXImYC+38gsaMruaQfqDkqagm3mwxP6wYFjkqCtjHsSgyH7uyKnqR1s6TJTil07rQ3I/7R6hu3zZs6lzhAkGw1qZyJAFQz8CBJugKHoOUCZ4W7XgHWpoQydaxNThr01sIlL8sdMcqYSmGIFPqKhfd/3nZHRtG1/QeW4FJ2Ujm9PixeXY0uXyB7ZJ4ckImfkglyTG1ImjDyRZ/JCXr0378P79L5GqTPeuGabTIT3/QPoyrI+</latexit>

p2,?
<latexit sha1_base64="AQUDd9uIlR6x2d1MiPXrbmm9BUU=">AAACRXicbVDLSgMxFM34dny1iiC4GSyCCykzVdBl0Y1LBWsLbSmZzK0GM0lI7kjLUL/Grf6G3+BHuBO3mtYubPVCyOGc+zyxFtxiGL55M7Nz8wuLS8v+yura+kahuHljVWYY1JgSyjRiakFwCTXkKKChDdA0FlCP78+Hev0BjOVKXmNfQzult5J3OaPoqE5hpxUrkdh+6r5cDzp55bClwThUKIXlcBTBXxCNQYmM47JT9LZbiWJZChKZoNY2o1BjO6cGORMw8FuZBU3ZPb2FpoOSpmDb+eiEQbDvmCToKuOexGDE/q7IaWqHW7rMlOKdndaG5H9aM8PuaTvnUmcIkv0M6mYiQBUM/QgSboCh6DtAmeFu14DdUUMZOtcmpox6a2ATl+S9THKmEphiBfbQ0IHv+87IaNq2v+CmUo6OypWr41L1bGzpEtkle+SAROSEVMkFuSQ1wsgjeSLP5MV79d69D+/zJ3XGG9dskYnwvr4B6pmyPw==</latexit>

Numerical results

<latexit sha1_base64="imqXM3U66uv8ABWE4qw0bCqyCUo="></latexit>

�⇤
T +Au ! q + q̄

<latexit sha1_base64="UbbQIMKcin6cTOlxG6p3JkV7Oy8="></latexit>

P? = 2 GeV

Accessing genuine twists with  dependenceQ2

Genuine higher twist contributions 
grow at low Q2
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Elliptic anisotropy (transverse virtual photon pol)

Kinematic power corrections contribute to 
 and might be necessary for the proper 
extraction of linearly polarized TMD

v2

iTMD improves agreement with CGC 
computation of v2

H. Mäntysaari, N. Mueller, FS, B. Schenke. 1912.05586

11

and work in progress with Boussarie, Mäntysaari, Schenke

Numerical results

2P?
<latexit sha1_base64="o5Wag/mkbMB+ZRJwCeqTx9mFFHY=">AAACQ3icbVDLSgMxFM34dnxVRTdugkVwVWaqoEvRjcsKVoW2lEzmVoOZJCR3pGXsz7jV3/Aj/AZ34lYwrV3Y6oWQwzn3eRIjhcMoegumpmdm5+YXFsOl5ZXVtdL6xpXTueVQ51pqe5MwB1IoqKNACTfGAssSCdfJ/dlAv34A64RWl9gz0MrYrRIdwRl6ql3artJmomXqepn/ilq7acCafrtUjirRMOhfEI9AmYyi1l4Ptpqp5nkGCrlkzjXiyGCrYBYFl9APm7kDw/g9u4WGh4pl4FrF8IA+3fNMSjva+qeQDtnfFQXL3GBDn5kxvHOT2oD8T2vk2DluFUKZHEHxn0GdXFLUdOAGTYUFjrLnAeNW+F0pv2OWcfSejU0Z9jbAxy4purkSXKcwwUrsomX9MAy9kfGkbX/BVbUSH1SqF4flk9ORpQtkh+ySfRKTI3JCzkmN1Aknj+SJPJOX4DV4Dz6Cz5/UqWBUs0nGIvj6Bnr8sQc=</latexit>

�?
<latexit sha1_base64="Q5MJ1xDAeNU96dDyIlTArT/CTvg="></latexit>

p1,?
<latexit sha1_base64="FrPL8E5NhaioPSPujGySI9ZE05c=">AAACRXicbVDLSgMxFM34dnxVRRDcDBbBhZQZFXQpunGpYB/QlpLJ3LbBTBKSO2IZ6te41d/wG/wId+JW08fCVi+EHM65zxNrwS2G4bs3Mzs3v7C4tOyvrK6tbxQ2typWZYZBmSmhTC2mFgSXUEaOAmraAE1jAdX4/mqgVx/AWK7kHfY0NFPakbzNGUVHtQq7jViJxPZS9+W638qjo4YG41ChGJbCYQR/QTQGRTKOm9amt9NIFMtSkMgEtbYehRqbOTXImYC+38gsaMruaQfqDkqagm3mwxP6wYFjkqCtjHsSgyH7uyKnqR1s6TJTil07rQ3I/7R6hu3zZs6lzhAkGw1qZyJAFQz8CBJugKHoOUCZ4W7XgHWpoQydaxNThr01sIlL8sdMcqYSmGIFPqKhfd/3nZHRtG1/QeW4FJ2Ujm9PixeXY0uXyB7ZJ4ckImfkglyTG1ImjDyRZ/JCXr0378P79L5GqTPeuGabTIT3/QPoyrI+</latexit>

p2,?
<latexit sha1_base64="AQUDd9uIlR6x2d1MiPXrbmm9BUU=">AAACRXicbVDLSgMxFM34dny1iiC4GSyCCykzVdBl0Y1LBWsLbSmZzK0GM0lI7kjLUL/Grf6G3+BHuBO3mtYubPVCyOGc+zyxFtxiGL55M7Nz8wuLS8v+yura+kahuHljVWYY1JgSyjRiakFwCTXkKKChDdA0FlCP78+Hev0BjOVKXmNfQzult5J3OaPoqE5hpxUrkdh+6r5cDzp55bClwThUKIXlcBTBXxCNQYmM47JT9LZbiWJZChKZoNY2o1BjO6cGORMw8FuZBU3ZPb2FpoOSpmDb+eiEQbDvmCToKuOexGDE/q7IaWqHW7rMlOKdndaG5H9aM8PuaTvnUmcIkv0M6mYiQBUM/QgSboCh6DtAmeFu14DdUUMZOtcmpox6a2ATl+S9THKmEphiBfbQ0IHv+87IaNq2v+CmUo6OypWr41L1bGzpEtkle+SAROSEVMkFuSQ1wsgjeSLP5MV79d69D+/zJ3XGG9dskYnwvr4B6pmyPw==</latexit>

<latexit sha1_base64="yUYQMp329ucx1IiN1VnP++lhYmc="></latexit>

� ⌘ ��? � �P?

 in the anglev2
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<latexit sha1_base64="Eo6Jzqz0BuwRDHj3GiRZE9XPFOo="></latexit>

�⇤
T + p ! q + q̄

<latexit sha1_base64="imqXM3U66uv8ABWE4qw0bCqyCUo="></latexit>

�⇤
T +Au ! q + q̄

<latexit sha1_base64="OejrKJJ4uApnopKXCd3DIXnAhVE="></latexit>

Q2
s,Au ⇡ 3Q2

s,p

<latexit sha1_base64="qCozY6k7ybjujt52BMnur/HKiCs="></latexit>

v2,T ⌘ 1

N0

Z 2⇡

0
d�P?�? cos(2�P?�?)

1

S?

d��⇤
T+A!qq̄+X

dy1dy2d2P?d2�?
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Quadrangular anisotropy (transverse virtual photon pol)
H. Mäntysaari, N. Mueller, FS, B. Schenke. 1912.05586
and work in progress with Boussarie, Mäntysaari, Schenke

Numerical results

Kinematic corrections in the iTMD 
induce v4

TMD framework: v4 ≡ 0
2P?

<latexit sha1_base64="o5Wag/mkbMB+ZRJwCeqTx9mFFHY=">AAACQ3icbVDLSgMxFM34dnxVRTdugkVwVWaqoEvRjcsKVoW2lEzmVoOZJCR3pGXsz7jV3/Aj/AZ34lYwrV3Y6oWQwzn3eRIjhcMoegumpmdm5+YXFsOl5ZXVtdL6xpXTueVQ51pqe5MwB1IoqKNACTfGAssSCdfJ/dlAv34A64RWl9gz0MrYrRIdwRl6ql3artJmomXqepn/ilq7acCafrtUjirRMOhfEI9AmYyi1l4Ptpqp5nkGCrlkzjXiyGCrYBYFl9APm7kDw/g9u4WGh4pl4FrF8IA+3fNMSjva+qeQDtnfFQXL3GBDn5kxvHOT2oD8T2vk2DluFUKZHEHxn0GdXFLUdOAGTYUFjrLnAeNW+F0pv2OWcfSejU0Z9jbAxy4purkSXKcwwUrsomX9MAy9kfGkbX/BVbUSH1SqF4flk9ORpQtkh+ySfRKTI3JCzkmN1Aknj+SJPJOX4DV4Dz6Cz5/UqWBUs0nGIvj6Bnr8sQc=</latexit>

�?
<latexit sha1_base64="Q5MJ1xDAeNU96dDyIlTArT/CTvg="></latexit>

p1,?
<latexit sha1_base64="FrPL8E5NhaioPSPujGySI9ZE05c=">AAACRXicbVDLSgMxFM34dnxVRRDcDBbBhZQZFXQpunGpYB/QlpLJ3LbBTBKSO2IZ6te41d/wG/wId+JW08fCVi+EHM65zxNrwS2G4bs3Mzs3v7C4tOyvrK6tbxQ2typWZYZBmSmhTC2mFgSXUEaOAmraAE1jAdX4/mqgVx/AWK7kHfY0NFPakbzNGUVHtQq7jViJxPZS9+W638qjo4YG41ChGJbCYQR/QTQGRTKOm9amt9NIFMtSkMgEtbYehRqbOTXImYC+38gsaMruaQfqDkqagm3mwxP6wYFjkqCtjHsSgyH7uyKnqR1s6TJTil07rQ3I/7R6hu3zZs6lzhAkGw1qZyJAFQz8CBJugKHoOUCZ4W7XgHWpoQydaxNThr01sIlL8sdMcqYSmGIFPqKhfd/3nZHRtG1/QeW4FJ2Ujm9PixeXY0uXyB7ZJ4ckImfkglyTG1ImjDyRZ/JCXr0378P79L5GqTPeuGabTIT3/QPoyrI+</latexit>

p2,?
<latexit sha1_base64="AQUDd9uIlR6x2d1MiPXrbmm9BUU=">AAACRXicbVDLSgMxFM34dny1iiC4GSyCCykzVdBl0Y1LBWsLbSmZzK0GM0lI7kjLUL/Grf6G3+BHuBO3mtYubPVCyOGc+zyxFtxiGL55M7Nz8wuLS8v+yura+kahuHljVWYY1JgSyjRiakFwCTXkKKChDdA0FlCP78+Hev0BjOVKXmNfQzult5J3OaPoqE5hpxUrkdh+6r5cDzp55bClwThUKIXlcBTBXxCNQYmM47JT9LZbiWJZChKZoNY2o1BjO6cGORMw8FuZBU3ZPb2FpoOSpmDb+eiEQbDvmCToKuOexGDE/q7IaWqHW7rMlOKdndaG5H9aM8PuaTvnUmcIkv0M6mYiQBUM/QgSboCh6DtAmeFu14DdUUMZOtcmpox6a2ATl+S9THKmEphiBfbQ0IHv+87IaNq2v+CmUo6OypWr41L1bGzpEtkle+SAROSEVMkFuSQ1wsgjeSLP5MV79d69D+/zJ3XGG9dskYnwvr4B6pmyPw==</latexit>

<latexit sha1_base64="yUYQMp329ucx1IiN1VnP++lhYmc="></latexit>

� ⌘ ��? � �P?

 in the anglev4

Genuine twists lead to a reduction in 
 (more strongly for e-Au)v4  See also Dumitru, Skokov. 1605.02739

12

0 0.5 1 1.5 2 2.5 3 3.5

-15

-10

-5

0

5
CGC
iTMD
TMD

<latexit sha1_base64="Eo6Jzqz0BuwRDHj3GiRZE9XPFOo="></latexit>

�⇤
T + p ! q + q̄

<latexit sha1_base64="imqXM3U66uv8ABWE4qw0bCqyCUo="></latexit>

�⇤
T +Au ! q + q̄

<latexit sha1_base64="OejrKJJ4uApnopKXCd3DIXnAhVE="></latexit>

Q2
s,Au ⇡ 3Q2

s,p

<latexit sha1_base64="xsJtvIBwuRmJvh0k+rAOo1hrQWk="></latexit>

v4,T ⌘ 1

N0

Z 2⇡

0
d�P?�? cos(4�P?�?)

1

S?

d��⇤
T+A!qq̄+X

dy1dy2d2P?d2�?



Summary

• In Au-  collisions: genuine twists (beyond WW TMD) might be important 
and could be accessed in back-to-back measurements.

γ*

• In proton-  collisions: improved TMD framework is sufficient for wide 
range of kinematics. Only WW gluon TMD ( ) is necessary.

γ*
Gij

WW

13

• Azimuthal anisotropies in  have contributions both from linearly 
polarized gluon TMD ( ) and from kinematic corrections.

ϕPΔ
hWW

Suitable form for coupling to event generator.

Need kinematic correction to properly extract  .hWW

Genuine twists more important at low  and Q2 P⊥

See also Piotr’s talk right after this one.



Outlook

• From partons to hadrons/jets

MC sampler of partonic cross-section

Fragmentation/hadronization

Jet reconstruction


Dumitru, Skokov, Ullrich. 1809.02615
Zheng, Aschenauer, Lee, Xiao. 1403.2413 

Within the TMD factorization:

• Include NLO contributions

Sudakov and soft gluon resummation 
Mueller, Xiao, Yuan. 1308.2993, 2010.10744


Impact factor 
Roy, Venugopalan. (for dijet+photon) 1911.04530

Iancu, Mulian. (dijet in pA) 2009.11930

Small-x JIMWLK at NLO

Balistky, Chirlli. 1309.7644

Kovner, Lublinky, Mulian. 1310.0378

NLO corrections to dihadron/
dijet in the CGC coming soon! 

 (in progress with Caucal and 
Venugopalan)

�⇤�⇤
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