
Jianwei Qiu
Jefferson Lab, Theory Center

Transverse momentum distribution of charmonium 
production in

lepton-hadron scattering at the EIC
§ Single inclusive heavy quarkonium production in hadronic collisions
§ Single inclusive heavy quarkonium production in lepton-hadron collisions at the EIC
§ Nuclear modification to quarkonium production in e-A collisions
§ Summary and outlook

In collaboration with Kazuhiro Watanabe (Seikei University, Japan) 

Mar 27 – 31, 2023
Michigan State University

East Lansing, MI, USA



1

Scales for heavy quarkonium production at high PT

q Well-separated momentum scales – effective theory:
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To make this part as reliable as we can!

q Basic production mechanism:
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§ QCD Factorization is “expected” to work 
for the production of heavy quark pair

§ Difficulty:  how the heavy quark pair 
becomes a quarkonium? 

§ Medium:  filter/diagnose the emergence
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QCD factorization for heavy quarkonium production at high PT
Lee, Qiu, Sterman, Watanabe, 2022

q PQCD factorization:
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§ PQCD factorization + FFs:
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§ PQCD fixed-order:

§ PQCD Asymptotic contribution:

Known to NLO
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QCD factorization for heavy quarkonium production at high PT
Lee, Qiu, Sterman, Watanabe, 2022
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§ PQCD fixed-order:
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Renormalization group improvement 

q Renormalization group:
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Single inclusive high PT J/y-production in hadronic collisions

q Test the consistency:

Lee, Qiu, Sterman, Watanabe, 2108.00305, 2211.12648
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<latexit sha1_base64="r3WxnpOQynTif01yDSZaIzCulRM=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0URCjURX8uCG3FVoS9oQphMJu3QSTLMTIQS8gdu/BU3LhRx69adf+O0zUJbDwwczrmXO+f4nFGpLOvbKC0tr6yuldcrG5tb2zvm7l5HJqnApI0TloiejyRhNCZtRRUjPS4IinxGuv7oZuJ3H4iQNIlbasyJG6FBTEOKkdKSZx47oUA4CxxJBxHyMl7jjkrg3anDJa318jwLuNfKPbNq1a0p4CKxC1IFBZqe+eUECU4jEivMkJR92+LKzZBQFDOSV5xUEo7wCA1IX9MYRUS62TRPDo+0EsAwEfrFCk7V3xsZiqQcR76ejJAaynlvIv7n9VMVXrsZjXmqSIxnh8KUQZ14Ug4MqCBYsbEmCAuq/wrxEOmClK6wokuw5yMvks5Z3b6sX9yfVxtWUUcZHIBDcAJscAUa4BY0QRtg8AiewSt4M56MF+Pd+JiNloxiZx/8gfH5A0a1nMQ=</latexit>

d�p+p!J/ +X

dpT
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Matching to fixed-order PQCD calculation
Lee, Qiu, Sterman, Watanabe, 2022

q Leading power logarithmically enhanced 
contributions start to dominate when

GeV
<latexit sha1_base64="iTynYW+SbtpegPTZxRvMjmA1THI=">AAACBHicbVA7T8MwGHTKq5RXgLGLRYVUliqpKDBWYmEsUl9SE0WO67ZWbSeyHaQq6sDCX2FhACFWfgQb/wanzQAtJ1k6390n+7swZlRpx/m2ChubW9s7xd3S3v7B4ZF9fNJVUSIx6eCIRbIfIkUYFaSjqWakH0uCeMhIL5zeZn7vgUhFI9HWs5j4HI0FHVGMtJECu9wK2t5YmwCHDVit8wBfQC+7uY3Arjg1ZwG4TtycVECOVmB/ecMIJ5wIjRlSauA6sfZTJDXFjMxLXqJIjPAUjcnAUIE4UX66WGIOz40yhKNImiM0XKi/J1LElZrx0CQ50hO16mXif94g0aMbP6UiTjQRePnQKGFQRzBrBA6pJFizmSEIS2r+CvEESYS16a1kSnBXV14n3XrNvao17i8rzXpeRxGUwRmoAhdcgya4Ay3QARg8gmfwCt6sJ+vFerc+ltGClc+cgj+wPn8Am76WGg==</latexit>

PT & 5(2mc) ⇠ 15

q Next-to-leading power is important for 
<latexit sha1_base64="y3zBMuDJiHyGbhyugaTtvCRKs9k=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQN2WmWHVZcOOyQl/QDkMmzbShycyQZIQy9APc+CtuXCji1g9w59+YtoNo64HA4ZxzubnHjzlT2ra/rNza+sbmVn67sLO7t39QPDxqqyiRhLZIxCPZ9bGinIW0pZnmtBtLioXPaccf38z8zj2VikVhU09i6go8DFnACNZG8oqlGipXhUfOUX+oTUyghtf84QvLpOyKPQdaJU5GSpCh4RU/+4OIJIKGmnCsVM+xY+2mWGpGOJ0W+omiMSZjPKQ9Q0MsqHLT+TFTdGaUAQoiaV6o0Vz9PZFiodRE+CYpsB6pZW8m/uf1Eh1cuykL40TTkCwWBQlHOkKzZtCASUo0nxiCiWTmr4iMsMREm/4KpgRn+eRV0q5WnMtK7e6iVK9mdeThBE6hDA5cQR1uoQEtIPAAT/ACr9aj9Wy9We+LaM7KZo7hD6yPbyhNmSM=</latexit>

5(2mc) & PT & (2mc)

q Matching to fixed-order NRQCD calculation

NLP term is necessary for the matching

<latexit sha1_base64="UuHMAarwM7JrZMIkUEesP9AxYAg=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1iEuilJ8bUsuHFZoS9oQ5hMJ+3QmSTMTIQa+iVuXCji1k9x5984bbPQ1gMXDufcy733BAlnSjvOt1XY2Nza3inulvb2Dw7L9tFxR8WpJLRNYh7LXoAV5Syibc00p71EUiwCTrvB5G7udx+pVCyOWnqaUE/gUcRCRrA2km+Xm34LDRQTqFoXPrnw7YpTcxZA68TNSQVyNH37azCMSSpopAnHSvVdJ9FehqVmhNNZaZAqmmAywSPaNzTCgiovWxw+Q+dGGaIwlqYijRbq74kMC6WmIjCdAuuxWvXm4n9eP9XhrZexKEk1jchyUZhypGM0TwENmaRE86khmEhmbkVkjCUm2mRVMiG4qy+vk0695l7Xrh4uK416HkcRTuEMquDCDTTgHprQBgIpPMMrvFlP1ov1bn0sWwtWPnMCf2B9/gDGvJHV</latexit>

PT ⇠ (2mc)

q Further improvement by exploring the FFs
Use the medium as a filter?
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Single inclusive high PT J/y-production in lepton-hadron collisions

q PQCD factorization:

PDFs, FFs are common blocks in  and  collisions.
Kang, Metz, Qiu and Zhou, PRD84, 034046 (2011)
Hinderer, Schlegel, Vogelsang, PRD92, 014001 (2015)
Abelof, Boughezal, Liu, Petriello, PLB763, 52-59 (2016)

• The scattered lepton is not observed  (cf. semi-inclusive DIS:                                    )

• Collision-induced QED and QCD radiations are consistently treated in terms of collinear factorization   
formalism [Liu, Melnitchouk, Qiu, Sato, PRD104, no.9, 094033 (2021), JHEP11, 157 (2021)]

• Leptons, photons, and partons in the beam lepton:  Universal Lepton Distribution Functions (LDFs)

Remark:  DESY-HERA introduced a cut on the transverse momentum of the scattered lepton to separate  

(electro-production) from (photo-production), leading to the “direct” vs “resolved” photon production

In our approach:  we have a choice of the factorization scale, but, no need for such a cut!

<latexit sha1_base64="aRQkPDDJINABJy2YTyZ2Rcqq9LU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIsoFEpS/DoWvHisYD+gDWWznbRLN5u4uymU0N/hxYMiXv0x3vw3btsctPXBwOO9GWbm+TFnSjvOt5VbW9/Y3MpvF3Z29/YPiodHTRUlkmKDRjySbZ8o5ExgQzPNsR1LJKHPseWP7mZ+a4xSsUg86kmMXkgGggWMEm0kD8txV0c2npeH5XavWHIqzhz2KnEzUoIM9V7xq9uPaBKi0JQTpTquE2svJVIzynFa6CYKY0JHZIAdQwUJUXnp/OipfWaUvh1E0pTQ9lz9PZGSUKlJ6JvOkOihWvZm4n9eJ9HBrZcyEScaBV0sChJumz9nCdh9JpFqPjGEUMnMrTYdEkmoNjkVTAju8surpFmtuNeVq4fLUq2axZGHEziFC3DhBmpwD3VoAIUneIZXeLPG1ov1bn0sWnNWNnMMf2B9/gAVpJD3</latexit>

e+ p ! e0 + h+X

NLO LO x KNLP

<latexit sha1_base64="PDqMn2FzSxpW1TE6kD/4RPReRLQ="></latexit>h
DJ/ 

k ⌦ Cij!k +DJ/ 
cc̄ ⌦ Cij!cc̄

i<latexit sha1_base64="SU/L7CYb3QboAiFW8C+IS7b/mJA=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0URCjURX8uCG3FVoS9oQphMJu3QSTLMTIQS8gdu/BU3LhRx69adf+O0zUJbDwwczrmXO+f4nFGpLOvbKC0tr6yuldcrG5tb2zvm7l5HJqnApI0TloiejyRhNCZtRRUjPS4IinxGuv7oZuJ3H4iQNIlbasyJG6FBTEOKkdKSZx47oUA4CxxJBxHyMlLjjkrg3anDJa318jwLuNfKPbNq1a0p4CKxC1IFBZqe+eUECU4jEivMkJR92+LKzZBQFDOSV5xUEo7wCA1IX9MYRUS62TRPDo+0EsAwEfrFCk7V3xsZiqQcR76ejJAaynlvIv7n9VMVXrsZjXmqSIxnh8KUQZ14Ug4MqCBYsbEmCAuq/wrxEOmClK6wokuw5yMvks5Z3b6sX9yfVxtWUUcZHIBDcAJscAUa4BY0QRtg8AiewSt4M56MF+Pd+JiNloxiZx/8gfH5AzUXnLk=</latexit>

d�e+p!J/ +X

dpT
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Quantum evolution of LDFs

Splitting functions in QED+QCD:
<latexit sha1_base64="SzTAGfXj23Jx31IwnEg2Nm9d5iQ="></latexit>

Pij(⇠, µ
2) =

1X

n,m=0

✓
↵em(µ2)

2⇡

◆n ✓
↵s(µ2)

2⇡

◆m

P̂ (n,m)
ij (⇠) ⌘

1X

n,m=0

P (n,m)
ij (⇠, µ2)

<latexit sha1_base64="RMUmgNWAf52z2gkyvE+mshaC0UQ=">AAACJXicbVDLSgMxFM34tr6qLt0Ei6AIZUZ8LRQENy4VbCt0asmkd9rQTGZM7ohlmJ9x46+4caGI4MpfMX0Ivg4EDuecy809QSKFQdd9d8bGJyanpmdmC3PzC4tLxeWVqolTzaHCYxnrq4AZkEJBBQVKuEo0sCiQUAu6p32/dgvaiFhdYi+BRsTaSoSCM7RSs3jk34ljP9SMZ93r7Wbm64gyjuIWqIQEY0U3b1Kmu1t5nsmvwNDJ82ax5JbdAehf4o1IiYxw3iy++K2YpxEo5JIZU/fcBBsZ0yi4hLzgpwYSxrusDXVLFYvANLLBlTndsEqLhrG2TyEdqN8nMhYZ04sCm4wYdsxvry/+59VTDA8bmVBJiqD4cFGYSoox7VdGW0IDR9mzhHEt7F8p7zBbGdpiC7YE7/fJf0l1p+ztl/cudksnO6M6ZsgaWSebxCMH5ISckXNSIZzck0fyTF6cB+fJeXXehtExZzSzSn7A+fgEuuOmAQ==</latexit>

⇠ =
k+activelepton(quark)

l+lepton
q DGLAP evolution:

<latexit sha1_base64="nDdPQkdHtYR2ZtYO3Pgv/vUxNqQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpS/DoWvHisYGuhDWWz3bRLdzdhdyKU0r/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglgKi6777RTW1jc2t4rbpZ3dvf2D8uFR20aJYbzFIhmZTkAtl0LzFgqUvBMbTlUg+WMwvs38xydurIj0A05i7is61CIUjGImVeV5qV+uuDV3DrJKvJxUIEezX/7qDSKWKK6RSWpt13Nj9KfUoGCSz0q9xPKYsjEd8m5KNVXc+tP5rTNylioDEkYmLY1krv6emFJl7UQFaaeiOLLLXib+53UTDG/8qdBxglyzxaIwkQQjkj1OBsJwhnKSEsqMSG8lbEQNZZjGk4XgLb+8Str1mndVu7y/qDTqeRxFOIFTqIIH19CAO2hCCxiM4Ble4c1Rzovz7nwsWgtOPnMMf+B8/gDMn41j</latexit>

(l)

<latexit sha1_base64="/2k4HTnY/zrDdwYzxM8PLrptX30=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB0DXjxGMA9IljA7mU2GzMwuM71CCPkFLx4U8eoPefNv3E32oIkFDUVVN91dQSyFRdf9dgpr6xubW8Xt0s7u3v5B+fCoZaPEMN5kkYxMJ6CWS6F5EwVK3okNpyqQvB2M7zK//cSNFZF+xEnMfUWHWoSCUcyk6vi81C9X3Jo7B1klXk4qkKPRL3/1BhFLFNfIJLW267kx+lNqUDDJZ6VeYnlM2ZgOeTelmipu/en81hk5S5UBCSOTlkYyV39PTKmydqKCtFNRHNllLxP/87oJhrf+VOg4Qa7ZYlGYSIIRyR4nA2E4QzlJCWVGpLcSNqKGMkzjyULwll9eJa2Lmnddu3q4rNTdPI4inMApVMGDG6jDPTSgCQxG8Ayv8OYo58V5dz4WrQUnnzmGP3A+fwDKf41g</latexit>

(k)
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Lepton distribution functions (LDFs) after evolution
Qiu, Watanabe
in preparation
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QED (QCD) evolution is slow (fast) due to the weak (strong) µ-dependence of  
<latexit sha1_base64="6uqwOc8wpfND/+DMBxLIqPk7VBI=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoW5KIr6WBTcuK9gHtCFMptN26EwSZiZCCdn4K25cKOLWz3Dn3zhps9DWAxfOnHMvc+8JYs6Udpxvq7Syura+Ud6sbG3v7O7Z+wdtFSWS0BaJeCS7AVaUs5C2NNOcdmNJsQg47QST29zvPFKpWBQ+6GlMPYFHIRsygrWRfPuoj3k8xn5KRYZqxUOdVXy76tSdGdAycQtShQJN3/7qDyKSCBpqwrFSPdeJtZdiqRnhNKv0E0VjTCZ4RHuGhlhQ5aWzAzJ0apQBGkbSVKjRTP09kWKh1FQEplNgPVaLXi7+5/USPbzxUhbGiaYhmX80TDjSEcrTQAMmKdF8aggmkpldERljiYk2meUhuIsnL5P2ed29ql/eX1QbThFHGY7hBGrgwjU04A6a0AICGTzDK7xZT9aL9W59zFtLVjFzCH9gff4ArgiVww==</latexit>

↵em(↵s)
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Photon LDF vs. Weizsäcker-Williams distribution
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in preparation

• Photon LDF is smaller to WW distribution, but different because of the resummation of large logs, and 
higher-order corrections, such as                                 .

• Photon LDF depends on our purely QED evolution from me to µ0; a global fitting could systematically 
improve the "red" dashed line.

<latexit sha1_base64="D0ARxBuDjgL+GIu+gdT97SjP85g=">AAACCnicbVC7SgNBFJ31GeMramkzGgQhcdkVX2XAxjKCUSGbhLuTmzhkZnczMyuEJbWNv2JjoYitX2Dn3ziJKXwdGDiccy93zgkTwbXxvA9nanpmdm4+t5BfXFpeWS2srV/qOFUMaywWsboOQaPgEdYMNwKvE4UgQ4FXYe905F/dotI8ji7MIMGGhG7EO5yBsVKrsBV0QUoITEyxWcLmXpn2m6UgBJX1h2Xqum6rUPRcbwz6l/gTUiQTVFuF96Ads1RiZJgAreu+l5hGBspwJnCYD1KNCbAedLFuaQQSdSMbRxnSHau0aSdW9kWGjtXvGxlIrQcytJMSzI3+7Y3E/7x6ajonjYxHSWowYl+HOqmgNvioF9rmCpkRA0uAKW7/StkNKGDGtpe3Jfi/I/8ll/uuf+Qenh8UK96kjhzZJNtkl/jkmFTIGamSGmHkjjyQJ/Ls3DuPzovz+jU65Ux2NsgPOG+fNo6Ynw==</latexit>

� ! e+e�, q+q̄, ...
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Lepto- and photo-production of J/y at leading power (LP)
Qiu, Watanabe
in preparation

• No Q2-cut in calculations.
• Input scale for the evolution of quarkonium FFs: µ0 = 2mJ/y ~ 6 GeV.
• The photoproduction overwhelms the leptoproduction at lower PT.

Leading-power in PT: 
Preliminary

PDFs: CT18ANLO central set
FFs:    LQSW set [Lee, Qiu, Sterman, KW, 
2108.00305, 2211.12648, and 2023.xxxx]
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Next-to-leading power (NLP) contributions
Qiu, Watanabe
in preparationNext-to-Leading-power in PT: 

Preliminary

• The photoproduction of J/y at NLP is predominant over the LP contribution.
• A  pair produced at short-distance can easily form a  bound state compared to a single 

parton that fragments into it. 
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Heavy quarkonium production in a cold medium

q From ep to eA collision:

1
2 Q

r
m

D £

Quarkonium

Perturbative Non-perturbative

A

B

§ QCD Factorization is “expected” to work for 
the production of heavy quark pair

§ Hadronization can break the factorization

§ Large y – time dilation – delay hadronization 

Qiu, Watanabe, 2022

Nuclear PDFs Almost Not affected

Same wave function

Multiple scattering

A

B

q Multiple scattering of heavy quarks can change:

§ Distribution of total momentum of the pair 
– Cronin effect

§ Invariant mass of the pair (broadening) 
– Suppression of quarkonium

Qiu, Vary, Zhang, PRL 2002

Guo, Qiu, Zhang, PRL 2000
Suppression of 
nuclear gluons 
at small x!

<latexit sha1_base64="0NXIX6MsNjH9yCRZfaxhKAtpRiE=">AAACJHicbZDLSsNAFIYn9VbjLerSzWAR6qYktaigi4obl1VMW2hDmEyn7dDJJMxMhBL6MG58FTcuvODCjc/itA2ibX8Y+PnOOZw5fxAzKpVtfxm5peWV1bX8urmxubW9Y+3u1WWUCExcHLFINAMkCaOcuIoqRpqxICgMGGkEg+txvfFAhKQRv1fDmHgh6nHapRgpjXzr4s5P46tR8aTtxpKyiB/DS2hmsLwIOr/Qtwp2yZ4IzhsnMwWQqeZb7+1OhJOQcIUZkrLl2LHyUiQUxYyMzHYiSYzwAPVIS1uOQiK9dHLkCB5p0oHdSOjHFZzQvxMpCqUchoHuDJHqy9naGC6qtRLVPfdSyuNEEY6ni7oJgyqC48RghwqCFRtqg7Cg+q8Q95FAWOlcTR2CM3vyvKmXS85pqXJbKVTLWRx5cAAOQRE44AxUwQ2oARdg8AiewSt4M56MF+PD+Jy25oxsZh/8k/H9A8iZomc=</latexit>

RpA(3⌥) < RpA(2⌥) < RpA(1⌥)
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Nuclear modification from nuclear PDFs

• The onset of nuclear anti-shadowing or EMC effects can be seen in J/y production 
at high PT in eA collisions at the U.S.-EIC.

• LHeC experiments could allow us to explore nuclear shadowing effect.
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Summary and Outlook

Thanks!

q We studied the QCD factorization for single inclusive J/y production at high PT

q We calculated nuclear dependence of J/y production in eA collisions 

q Heavy quarkonium production offers more opportunities and challenges

• Our approach can consistently describe the full PT distribution of J/y production at Tevatron and the LHC
• The LP contribution dominates the high PT regime while NLP contribution is necessary for the low PT shape
• Theory predictions could be further improved with better determined FFs
• The FFs at the input scale µ0 can be extracted for testing NRQCD factorization

q We calculated single inclusive J/y production at high PT in lepton-hadron collisions at the EIC 
• We do not need to introduce artificial cut to separate the lepto- and photo-production of J/y
• Both are very naturally included in our factorization formalism with universal LDFs
• We found NLP contribution from the production of charm-anticharm pair dominates the production rate
• We introduced a systematic matching between the fixed-order NRQCD calculation and our factorized contributions 

• Soft interaction between colliding nuclei and the hadronization to J/y can potentially break the factorization
• Nuclear dependence from nuclear PDFs, multiple scattering, and de-coherence of the charm-anticharm pair 
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Transverse momentum distribution of charmonium production in lepton-hadron scattering at the EIC

Backup slides
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Single inclusive J/y-production in hadronic collisions

q Leading power contribution:

The “power corrections” do not vanish even at the highest pT, giving 10-30% corrections.
At pT = 30 GeV and below, the NLP corrections become significant.

PT Shape!

Lee, Qiu, Sterman, Watanabe, 2022
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Uncertainty of theoretical calculations for hadronic collisions

q K-factor for NLP: q Choice of factorization/renormalization scale:

KNLP = 1

Model III FFs:
<latexit sha1_base64="8+isuv2F3m8xPVPkhrzQR685h2Q="></latexit>

Df!H(z) = Nf

z↵f (1� z)�f

B(1 + ↵f , 1 + �f )


