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* Motivation: heavy quarks as probes for hadronization v C

charm

 Heavy quark TMD fragmentation dynamics in two regimes
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* Polarized heavy quark TMD PDFs within nucleon ..

 Phenomenology at colliders
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TMD Factorization in one slide

Semi-Inclusive DIS Drell-Yan Dihadron In ete-
g~ fq/P(xa kT)Dh/q(Za kT) g ~ fq/P(x7 kT)fq/P(xa kT) g ~ Dh/q(za kT)Dh/q(Za kT)

* Transverse momentum distributions (TMDs) are universal across
processes

» Two scales g, O allows natural power counting
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Motivation

1.27 GeV/c? 4.2 GeV/C

%A -5
« Heavy quark (b, ¢) mass provides perturbative scale % C Vzb

and static color source in hadronization process L R
 TMD factorization is a rigorous framework to study fragmentation
« TMDs enter other observables, e.g. EEC for (heavy) quarks

* Together with TMD PDFs, can explore EIC pheno

e

ot
eTe™ to hadrons SIDIS
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What this talk is not about

 Heavy quarks will be used as hard probes of gluon TMDs

— already-planned heavy-flavor program at the EIC

[1309.0780] R. Zhu, P. Sun, F. Yuan
[1709.08970] G-P. Zhang
[2008.07531] R. del Castillo, M. Echevarria, Y. Makris, |. Scimemi

* Also considered as probe for gluon nuclear PDF

[2002.05880] I. Vitev et. al.
[2007.10994] I. Vitev, H-T. Li, Z-L. Liu

* Only needs the well-understood 1

collinear (zy) distribution kr

[0706.2136] M. Neubert
[1606.07737] M. Fickinger, S. Fleming, C. Kim, E. Mereghetti

* Instead, we are interested in the
heavy hadron transverse momentum 1
away from endpoint, 1 — z;; ~ 1

IfI/

heavy quark pair production in e/N collisions
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Heavy Quark TMD
Fragmentation



Heavy Quark + TMD FF basics

 Heavy quark effective theory (HQET) Lagrangian:  tree-level matching

—imu-z 1
. =D + Cii.i -+ 0(%) Yale) = e h(@)[1+0( )]

. I 7h' 3 = ym v,h :
- Sterile quark decoupling: Sl

he(z) = Yy (z) b0 (z) Y. (z) — F [exp (ig /Ooodsv - Az + vs))]

separate color and spin u(v, hg) = u(muv, hg)//m
HQET spinor  QCD Dirac spinor

ho(z) [sQ, hQ; Se, he, fo; X) = u(v, hg) Yo () |se, he, fo; X)

 TMD fragmentation function correlator: sum over hadron helicity
APE i'HXMHX' = %%IH har; X ) (H, bz X

1 db™ it (Po ) 2
(ZH,bL) = 22 V. / e H /v

X Tri (0|W (b) w5 (b) | HX Y (HX |45, (0) W(0)|0)
constrained sum over states

* Unpolarized TMD FF: Collins FF:
_ ﬁ 1(1) B ﬁﬁ_L
Dy u/q(zH,br) tr[Q AH/Q(ZH,bJ_)} Hypy (20, br) = tr[ Apo(zm,bl)

2 by

QCD Masterclass 2023 Zhiquan Sun (MIT)



Two Regimes

« m,.,m, are perturbative scales

1.27 GeV/c?
/3 C
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* Multi-scale problem: two hierarchies to consider

k set by

the soft radiation

Q —m

\ 4
— Aqcp ~ kr

H

<>k

k set by
perturbative emissions

\ 4

g — Aqcp

doesn’t affect

shape

« In both regimes, TMD factorization still applies: Mo, k- < hard scale
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Regime 1:

« Strategy: match TMD FF correlator onto bHQET

Nocep S kr < m

1 dbT 4 e _
Ajflotenbu) = oo [ S e TR/ T Y (O[I 8) 0 (8) X (HX [ (0) W(0)|0)
matching to HQET at tree level
(1 — 1 B
Apg(za,by) = (ﬁ.;’H) T ’I‘ri<0|WT(bL)hv(bL)|HvX><HvX|hv(O)W 0)[0)

t by My H“”

where the the two scalar functions are explicitly:

parameterize Wilson line direction

«_Unpolarized and Collins can then be writtenas
| DlH/Q(ZH?bT),U’aC) = 5(1 = ZH) Cm (m My ’ITCI: ) X1 H(anuaC) 58 O(%) ‘/

1 2
lH/Q(zH7bT7,U’7C) — 5(1 - ZH) Cm (m 'LL’TTCI: ) X1 H(bT,,U,C) + O(E) ‘

11508.04137] A. HoangA Pathak P PletruIeW|cz | Stewart

bHQET matrix element _ FH(bJ_)

x1,H(br) =

1
§tI'FH

(b_L) )

tatbr) = 3 e [P 6.)]

H

Nonperturbative heavy quark TMD fragmentation factors
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Regime 1: Aqcp S kr < m

 Now decouple the sterile heavy quark:

Z > > ulv, hQ) u(v, hy) (sQ, hqs se, helsw, hir) (sm, hirlsqQ, hig; se, hy)
hH hQ h’ hg h/

X Ni’l‘ri<O|WT(b¢)Yv(b¢)|8e,he,fe;X><8£,hé,fe;X|YJ(0)W(0)|0> = Penen,(b1)

: spin-density matrix for light dof
Unpolarized:

Clebsh-Gordan coefficients
x1,0(br) = Y Y (sq, hoj; se, helse, her)|? pengn,(01)

hH hg he
1 Q —
eg. s¢=1/2, s =0: x1,u(br) = 7|pe++(01) +pe——(b1)] "
. Y
e Further define: x1,(br) = Z x1,H(bT) Zpﬁ,hzhe(bJ-)
HeM
sum over hadrons vl;/ith same light flgvor and spin
Sg=73 x1,1(br) = 1Xl ¢(br) x1,H+(br) = §X1 ¢(br) \
2 ) 4 ) ) ) 4 ) —_— AQCD A~ kT
e.g. D, D* Result of heavy quark spin symmetry H
<> kr
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Regime 1: Agcp S kr < m

* For Collins, can similarly compute: xi () = étr[ﬁJ—#FH(bL)]

1
€9. s=1/2, sg=0: XiL,H(bT) = 4 [PE,—+(bl) - p€,+—(bi)]
1L ki
hadron transverse
momentum
Liight
L 1 NOT suppressed b
Facn| | Hihyg ® Hino® —>5 heavy cg)fark mass!y
D vs. D*
Kkt
quar Srsi?]sverse L(Hw + HT» Q —_—m
Siritial Slnltlal Sﬁnal
.. . 1 = Y
e Similarly, arrive at sum rule: > Xiu(br) =0
HeM,
sum over hadrons with same light flavor and spin
se=73: X1 (b1) + X1 g+ (b7) =0 Vo "
— AQCD ™~ KT
e.g. D, D* Result of heavy quark spin symmetry H
€«<—>kr
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Regime 2: Agcp <m ~ ky

Q — P, Y kT
* Unpolarized TMD FF:
new perturbative matching coefficient
fDl #/Q(2H, b, 1, ¢) v
," H — AQCD
<€ > kr
partonic heavy-quark TMD FF total probability for the quark to fragment into H
d1qq(z,br) = tr [% Aq/a(z; m)} =d(1—2) + O(a) 4]1\[ Tr tr Z: (0|W1(0) hy (0)| Hy X ) { Hyz| by (0) W(0)]0)
: X
Refactorizes l in the limit m < k; [hep-ph/9306201] R. Jaffe, L. Randall
[hep-ph/9308241] A. Falk, M. Peskin

dz > [0706.2136] M. Neubert

1

* From HQ spin symmetry we still have:  Din/q = 3D1u+/q
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Regime 2: Agcp <m ~ ky

e Strategy for Collins: use the well-known
light quark matching onto collinear FFs,
then match onto bHQET

known result for light quark

br My, Hfé};(zh, br) = bTI:Ih/q(Zh) + O(as) + O(AéCDb%)

Generalize to heavy quark

—_m ~ k7

v

g — Aqcp

. 1
Fyrq(zm) = 8(1 = 2) xmc + Oles) + O( ) < > ky

m
1

XH,G =

2N,

2. bHQET matrix element from matching

* From HQ spin symmetry we still have: Z xHG =0
HeM,

QCD Masterclass 2023 Zhiquan Sun (MIT)
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Polarized Heavy Quark
TMD PDF



Heavy TMD PDF in nucleon

Q

* Focus on leading gluon contribution 2 DR
Q

e Collinear gluon PDF decomposition: ki H e ,}

v g9 i€’
(I)g/N(fU) T o fon(x) + o 9g/N(2) St

« TMD PDF decomposition:

oo % It
o k :{ S hi St it L (4 }—
/N (@ k1) =3 fio/N + 91/ SLys + M g/n sy tihig g+ (terms oc S ) i
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Heavy TMD PDF in nucleon

Q

* Focus on leading gluon contribution 2 PR
Q

e Collinear gluon PDF decomposition: ki H e ,}

» gt e
(I)g/N(l') T o fo/n(@) + =5 gg/n () SL

2
« TMD PDF decomposition:

Fioo o1 kL

Po/N(z, kL) = {fl o/N t91Lq/NSLYs + hfLQ/N SL%M—N + 1h3 QIN N -+ (terms X SQ}%

* Allowed matching by polarization :
. Unpolarized f; and Boer-Mulders ;- onto unpolarized f,
. Helicity g,; and worm-gear L hllL onto helicity g,

» Actually: all terms proportional to §, vanish to all orders in !
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TMD PDF matching coefficients

zp+ k|
« Momentum space matching coefficient CQ/g defined by ’
BR A

o %}

» At O(a,) with heavy quark (gluon) polarization 4 (A"): «

d —
BB’ _ [9p [35 - = v p

(1) B 2 m? —|—k:2(1—2z+2z)
Cojgzkr,m) =TrO(2)O(1 — z) — . (k2. + m2)?

[hep-ph/0210082] P. Nadolsky, N. Kidonakis, F. Olness, C-P. Yuan Q
[1703.09702] P. Pietrulewicz, D. Samitz, A. Spiering, F. Tackmann

unpolarized from unpolarized

2 k2.(1 — 22) — m?

1
Cé? )/g (2, kr,m) =Tp O(2)0(1 — 2) — 2 2 linearly polarized from linearly polarized
1/ 9] T (kT + m2)2 ks
4 mkr(1l — 2z
Cégl)/ (2, kr,m) =TrO(2)0(1 — 2) — 5 ( 5 2) transversely polarized from linearly polarized
L /79 7 (k4 4+ m?) NEW

S 0008 00008 Q
g & )
& St (i

Note that Boer-Mulders function cannot map onto twist-2
gluon PDFs due to time reversal invariance 000000
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TMD PDF matching coefficients

zp+ k|
« Momentum space matching coefficient CQ/g defined by ’
BR A

o %

» At O(a,) with heavy quark (gluon) polarization 4 (A"): «

d —
BB’ _ [9p 55 - = v p

(1) B 2 m? —|—k;2(1—2z+2z)
Cojgzkr,m) =TrO(2)O(1 — z) — - (k2. + m2)?

[hep-ph/0210082] P. Nadolsky, N. Kidonakis, F. Olness, C-P. Yuan Q
[1703.09702] P. Pietrulewicz, D. Samitz, A. Spiering, F. Tackmann

unpolarized from unpolarized

(1) 2 k7 (1 —2z) —m?
CQ“ /9] (27 Kk, m) =1F @( )@(1 — Z) T (k2 I mg) linearly polarized from linearly polarized
T

transversely polarized from linearly polarized
NEW

F s i Q
Note that Boer-Mulders function cannot map onto twist-2 VG

''''''

gluon PDFs due to time reversal invariance 000000

:::::
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Produce polarized heavy quarks

—2 -3
]_.0:><|1|0| I | 1T T 7T | T T 1 | T T 1 | 1T T 7T | 1T 1 I: 3.0_><|1IOI I | T T 1 | 1T T 7T | T T 1 | T T 1 | 1T 1 I_
09 p—c+ X — Jie/p 3 - p—=b+ X — Jio/p .
0.8 *=02,u=+/C=10GeV ~~ " GiLc/p = 2.5 2=02,u=+/C=10GeV ~ ~ = GiLb/p —
20.TE T ML X 5 5 ~ - krhb x5
< E - < 2.00 E
-~ 0.6__ - -~ : :
8 = = 8 - N
= 0.55— E = 1.5 -]
$o0.4F = g F e T T TS - -
S 036 E S 1-0p P ~- 2
0.2 E 0.5 ET T T T T T T =
0.15 ~ -~ __ TS - - o T T
e T ] P

0.0 111 1 | | I | | | I I | | | I I | | | I | -] 0.0 L=T | | | | I I | | | I | | | I I | | | I I | | | I |

0 1 2 3 4 5 6 0 1 2 3 4 5 6
kT [GGV] kT [GeV]
10_2§ I I I I T T I I I I 11 |§ 10_2§ I I I I T T I I I I T T |§
- - .flc/p ; ; - flb/p ;
10_35— giLc/p = 10_3—— -~ T T giLb/p =
= kr gl 3 = 3
C M, "1Lc/p B M, "1Lb/p
= 1n—4L _ = 1n—-4__ _
~ I - :,—_-.-_—.__ P .___. _____ . 'seh - .
310_55— = 510_5;——-? ________________ T ~a —
) = 3 ) S - = 3
8 - ] 8 n R ]
10-°= = 1075 —
- p—~>c+ X L - p—>b+ X s
7| kr=2GeV,u = +/C=10GeV N 7 kr=2GeV,p =+ =10GeV ]
1077 (= 1077 AN
= l l Lo l | Loy S = l l Lo | E.I‘I:
102 10! 10° 102 10! 10°
T x
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Towards
Phenomenology



h

e / e
%%4—0

» Cross section can still be factorized 5 ‘/
since Q) > qr, m

eTe™ colliders

doe+e- 5 H, H, X 30em [(1 2 2
- = — — —yTy )Wincl Q 7Zaazb7Pa,T ca
dcos@dpdz, dz, d2P, p Q% L\2 ( &
T
Spherical coords of H), (1 —y) cos(260) Weos(20) (@7 Za, 2, Pa’T/Za)]
in CM frame relative to beam + (odd under y ++ 1 — v) y = (14 cos6)/2

¢,: azimuthal angle of hadron with respect to beam plane

* (Gaussian model for nonperturbativity + leading log evolution
for heavy quark TMD FFs to predict cross section

Keps Kpg1 ™~ AQCD

/ dzg D1 g/o(2H, b1, 11, C) = XH exp(—lﬁz%{b%) Uy (1105 Cos 145 €) A1 = Xuc!Xe ~ Nocp

Zcut
bTMH/ dzg Hfg/)Q(ZH,bT,M, ¢) = xg Am1bT eXP(—H%uthr) Uq (120, Co, 1, C)
Zcut
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eTe™ colliders

« eTe™ cross section Collins effect

* HQ spin symmetry predict

Rcos(2¢0)

can be tested in experiments!

OoSO:I I T 1 I 1T T 1 | I 1T T 1 | I 1T T 1 | I 1T 1T 1 | I T 1 I:
0 253_ ete — DDX BBX (92 GeV)__
9?0'20:_ peE——
3 E 7 = :;1.:
o} 0.15__ 7 —
e B 7/ 5
b L /~/ _
> o0.10- kg [MeV] 1
- —— 500 -
B 1/ _
0.05 % - - =400 -
-/ -~ 600 ]
0.00 [ I | | I | | I I | | I I | | I I | | | I_

0 1 2 3 4 5

Pa,T [GeV]
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Rcos(2¢0) [%]

R

HJ_ X HJ_
COS X
(2¢0) D; ® D

DD*

DD

3Rcos(2¢0) e _ERCOS(2¢0) - +§RCOS(2¢0)

Zhiquan Sun (MIT)

3.0: T 1T 1 | 1T 1T 1 | 1T 1T 1 | T T 1 | I 1T T 1 | I 1T 1T 1 :
- .ete” - DDX,BBX (92GeV) :
2.5:_ / \\ Ky = 500 MeV -
N ) \ Amy = £(200 + 50) MeV
2.0— \
. ,I \ kg1 [MeV] 7
- ! ' —— 500 A
HoE / R - - - 400
1.0 | N 600 -
L / - - N D < 7]
B / /‘ —_— .
0-5__ / ‘/‘ =
- / e ]
L/ 4 -
0.0 ot AN | L1 1 1 | L1 1 1 | I I | I | | I I |
0 1 2 3 4 5 6
qgr [GeV]
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Future EIC - %L

 SIDIS cross section also factorizes: h

doensemx
dz dy dzg d2Py 1

= UO{WUU,T(QQ,SU, ZH, ﬁH,T/ZH)

+ XS V1 — 2 Wrr(Q?, x, 25, ﬁH,T/ZH)
+ SL € sin(2ng) W52(2¢H)(Q2,I, ZH , ﬁH,T/ZH)}

¢ azimuthal angle of the hadron transverse momentum in photon frame

0035: T T 1 | T T 1 | T T 1 | T T 1 | T T 1 | T T 1 . 0.35: T T 1 | T T 1 | T T 1 | T T 1 | T T 1 | T T 1 .
0.30 ep — eDX (18 x 275 GeV?) = 0.30 ep — eBX (18 x 275 GeV?) -

n == x =0.2,Q = 10 GeV - n xz =0.2,Q = 10 GeV -

N 0.25:— //’.’ ki [GeV] N 0.25:— E
& - A S —— 0.5 - & - ]
< 0.20 //~ N T < 0.20 ]
< = \ -—--04 ° > - -
T o5 N T 4 T oasp .
< £/ N E I & ke [GeV] -
T 0.10 / N T 0.10F — 05
- TR - ---04 7
0.05 S~ 0.05— - = 0.6
0.00 I I | | I I | | I I | | I I | | I I | | L1 1] 0.00 [ I | | I | | I | | I | | I | | I I

0 1 2 3 4 5% 6 0 1 2 3 4 5% 6

PH,T [GeV] PH,T [GGV]
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Future EIC o %fig
/)

. . D l
* Two nonzero spin asymmetries: A, oc L& 20 h
f1 ® D1
A?}IZ(QQbH) ~ hip ® Hi
J1® D1 Can extract sign!

* EIC provides a clean probe of the heavy quark Collins FF

4:0_| 1T 1 T T 1 T 1T 1 1T T 1T 1T T 1 17T T T _] 2.5_| 1T 1 | T T 1 | T 1T 1 | 1T T 1 | 1T T 1 17T T T _]
350 E 2.0 ep — eBX (18 x 275 GeV?) =
= ] 1.5 x=0.2,QQ =10GeV,ky = 500 MeV =
30E — = 1.0F AL = £(200 £ 50) MeV E
= 1 S0 E
5 20F - S 0.0F .
‘? - . %“_0 5:_ =
15 ku [MeV] 3 < °F kpy [MeV] :
1oE —— 500 - —1.0F —— 500 E
- ep — eBX (18 x 275GeV?) - --400 A —1.5- - - - 400 -
5;_ r=0.2,Q = 10GeV -~ 600 5 —2.0 -~ 600 =
O_I I | | I I | | I I | | I I | | I I | | I T N _2.5_I I | | I I | | I I | | I I | | I I | | I T N
0 1 2 3 4 5 6 0 1 2 3 4 5 6

qr [GeV] qr [GeV]
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Conclusions

 Initiated the study of heavy quark TMD FFs
and identified new bHQET nonperturbative matrix elements

= Understand hadronization with rich hierarchies of scales
= Experimentally testable results from HQ spin symmetry

Studied perturbative matching of polarized heavy quark TMD
PDFs onto twist-2 collinear gluon PDFs

= [ransversely polarized heavy quarks can be produced by
linearly polarized gluons

= (Get access to a single Collins function with its sign at the EIC

That’s all, thank you
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