—flective Field [heory Approach
for Quarkonium at Low pl

Yiannis Makris

Los Alamos National Laboratory

In collaboration with: Sean Fleming, and Thomas C. Mehen

QCD Evolution Workshop 2018, Santa Fe, NM 05-23-2018



Outline

Fart

Q

Quarkonium production at moderate pT (standard NRQCD): pf ~ mg

Quarkonium production at high pT (parton fragmentation):

Part 2

Quarkonium production at low pT (TMD region):

p% > mo

pF < mg



NRQCD scales

NRQCD = Non-Relativistic QCD

v _ .
A bb - 1% ~ 0.1 bottomonium
cc: v? ~ 0.3 charmonium
mQ —_—
L’ Relative velocity of the heavy quark and
4 Perturbative antiquark in the quarkonium
QU —drrrrrrss 1.5 GeV
v Non-Perturbative
Agep —
va2 —

typical momentum of heavy quark: [pgl ~ mqgv (soft)

typical kinetic energy of heavy quark: Kgq ~mqv* (ultra-soft)



NRQCD Lagrangian

NRQCD = Non-Relativistic QCD
SOft: ps ~mgu(l,1,1,1)

. N 2 -
ultra-soft: ~ Pus ~ mqu~(1,1,1,1) ultra-soft subheading
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arXiv:hep-ph/9910209 M. E. Luke, A. V. Manohar, I. Z. Rothstein



NRQCD Factorization

LDME: Long Distance Matrix Elements

do(a+b— Q+X) =) do(a+b— QQ(n) + X)(O3)

Perturbative expansion NRQCD Scaling
l In the strong coupling. l Rules

domlll == @ Oh —= 04202 +...) (0(25+1L!]178])> 3 +2L2E+4M

_ 0L
QAQ(n) | >= Q 0 =03 <Z|X+Q><X+Q> Oy
X
05 =K x T
ultra-soft
— 25+1L5:] +

Soft



NRQCD at large pT

P "
NLO NNLO
- ’ ) o+ X’
s “ | Vs
1 1 (single) Parton \ /

a1 a1 fragmentation

DrOCEeSS j/ \X
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NRQCD at large pT

Leading Power (LP) Factorization

mg

1 2
dr do; /pL my _ ,
——n = D. O =k L=
(p1) =) / . ( . ,u> i/n(@, 1) + (pi) Expansion in: =+

At sufficiently large pT the
fragmentation processes will
dominate the cross section:

Only few diagrams for each
mechanism

Large Logarithms
In(pr/mg)



NRQCD at large pT

Leading Power (LP) Factorization

do Y dx do; m? e
@—i(m) = Z/ T dp. (‘?M) Din(@, p) + O (p—{) Expansion in: 7~
At sufficiently large pT the
In (}%)—m(%‘iQ) fragmentation processes will

dominate the cross section:

Only few diagrams for each
mechanism

Large Logarithms
In(pr/mg)



NRQCD at large pT

Leading Power (LP) Factorization

do Yde do; /p m? mg
@—i(m) = Z/ © oy ( ;u) Dijp(z, 1) + O <p—{) Expansion in: N
L L
ln (p—T)_ln(QmQ)
DGLAP Evolution
Djjn (2, ) / z)D; /h Resummation:1n(pr/mp)



NRQCD at large pT

Leading Power (LP) Factorization

do Yde do; /p m? mg
@—i(m) = Z/ © oy ( ;u) Dijp(z, 1) + O <p—{) Expansion in: N
In (]%)—111(2;;@) dz/n(xvu)<oz>
DGLAP Evolution
Djjn (2, ) / z)D; /h Resummation:1n(pr/mp)
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Part 1: Summary

Prompt @D(QS)

Fixed order NRQCD 2 w0t m,#:%u% -+ CMS data x 10, |y < 12

g - e —— CMS data, |y| < 1.2

= T, == e} CDF data, y] < 0.6

~— 9 '..L.‘ ! = ==
1073 Pe P
| ~ T

Preferred at o =l L ——

pr ~mg n > é\ 1075 | 8 LP+NLO x 10, LHC |y| < 1.2 .
. f B ] LP4NLO, LHC Jy| < 1.2
corrections o do(QQ(n)) = = LP+NLO, Tevatron y| < 0.6

e NRQCD | ——

0.5 |
Leading Power NRQCD 18 s
= i 1.0 —t;j;ja—FFd—' $
= A, 05} | | |
=95t | | |
Preferred at o : ‘
pr > Mg 0.5 |
Resummation of 10 15 20 30 50 70 100
In(pr/mo) pr (GeV)

G. T. Bodwin, K-T. Chao, H. S. Chung, U-R. Kim,J. Lee,
and Y-Q. Ma (PRD) 2016
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Outline

Fart

Quarkonium production at moderate pT (standard NRQCD): p% ~ mo Q

Quarkonium production at high pT (parton fragmentation): p% > mg Q

Part 2

Quarkonium production at low pT (TMD region): pE < mg

bottomonium: my 15y = 9.5GeV

12



13

Quarkonium at low pT (previous a

Many attempts that approach the problem in CEM and CSM

Cannot be improved the same way EFTs are.
CEM and CSM falil in other regions

NRQCD attempts (including resumption)
arXiv:1210.3432, Peng Sun, C.-P. Yuan, and Feng Yuan

-

empts)

K* No factorization. NRQCD factorization holds down to low pT?

Read logs from the small pT limit of NLO NRQCD



NRQC

D+50

L = LsceT + LNRQCD

o = (pl,ps,pr) ~ QN 1)

- | scales + Lagrangian

A=t

* p’?A)s — (pg—)\)(ﬁp(_)\)s?ﬁé_)\)s) ~ QAN A) — Me = H(XN)s = PT

i pébv)s — (p?;,)sap(_v)yﬁé;)s) ~ Q(U,U,U)

14

—— H(w)s = MQU

—+ Aqcp

T Hus — MQV




NRQCD at low pT - Factorization

Oy = (@:0q:)(QT'Q)

O¥P(2+2) = ) Chyo (039" x O
2+2) >3 thia) (O3 ) on = g

Factorize the cross section using BPS field redefinition for OSCPT = ¢, T¢,,
decoupling collinear and heavy from ultra-soft modes.

0 Collng =3 (ao(n)m;) x HP: % Bi(1) ® B;(w2) ® S2 X (1 + (9()\))

n
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NRQCD at low pT - Hard function

Oy = (@:0q:)(QT'Q)

O¥P(2+2) = ) Chyo (039" x O
(2+2) = 3 Chaaz (037 x 05 on = yins

Factorize the cross section using BPS field redefinition for OSCPT = ¢, T¢,,
decoupling collinear and heavy from ultra-soft modes.

i Collng = (ao(n)m;) X H2 % Bi(21) ® B (1) ® S2 x (1 + (9()\))

n

Hard function:  H: ~ Clo,0)(Clay0)"
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NRQCD at low pT - Beam function

033 = (@lg:) (Q'Q)
QCD SCET n
O%CP(2 4 2) —>ZC(2+2)(O x 03) .

Factorize the cross section using BPS field redefinition for OSCPT = ¢, T¢,,
decoupling collinear and heavy from ultra-soft modes.

2

0 Collng =3 (ao(n)m?) x HP: % Bi(1) ® B;(w2) ® S2 X (1 + (9()\))

n

Beam Function: Bi/n(vi, pr) / — ,L/l7 z,pr) fi/n(xi/T)

short distance collinear PDFs
matching coefficients
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NRQCD at low pT - Shape function

Oy = (@:0q:)(QT'Q)

QCD SCET n
O%CP(2 4 2) —>ZC(2+2)(O x 03) .

Factorize the cross section using BPS field redefinition for OSCPT = ¢, T¢,,
decoupling collinear and heavy from ultra-soft modes.

0 Collng =3 (ao(n)m;) x HP: % Bi(1) ® B;(w2) ® S2 X (1 + (9()\))

n

Quarkonium TMD shape function:

+Q>

<XS + Q|y(,\)s,n3y(A)87nB (WK”X)‘OH

/i/ [XZ< ‘ (X'K39) yM)sn y(A)snB5(2)( —P1)|X
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NRQCD at low pT - Shape function

Oy = (@:0q:)(QT'Q)

OQCD 2 2 on OSCET On
( =+ )%; (2—|—2)( 2 X 2) 03:¢TKnX
Factorize the cross section using BPS field redefinition for OSCPT = ¢, T¢,,

decoupling collinear and heavy from ultra-soft modes.

2

i Collng = (ao(n)m?) X H2 % Bi(21) ® B (1) ® S2 x (1 + (9()\))

n

Quarkonium TMD shape function: octet case, not IR finite cross section !

Sg _ %Tr[z <0‘(XT]CL¢) y(TA)s,nBy(T)\)s,nB(S(Q)(pT — 73¢) Xs + Q>

Xs

X <Xs + Q|y(,\)s,n3y(/\)8,n3 (QN’C”X)‘OH
19



NRQCD at low pT - Shape function

The correct operator definition of the shape function is the same as

before but with : OS — (QpYu)TKn(YuX)

Y= Yy
Ki=08 T(**TL;) Ke=T4T(**TLy)

0
Y, () :T{exp (ig/ dt’u-Ag(f,t—H’)T“)} Y yiTAY _ YABTB

u = (1,0,0,0) ol oll o - oy,
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NRQCD at low pT - Soft Wilson lines

arXiv:hep-ph/0501235, hep-ph/0509021: G. C. Nayak, J.-W. Qiu, G. F. Sterman

K} light-like wilson-lines for color octet LDMEs for gauge invariance and factorization
for fragmentation processes

Yo(z)=P [eXp (ig /_OOO dt'u - A% (" + u“t’))} ut = (1, )

SCET 2017 - Talk by Prashant Shrivastava in collaboration with lain W. Stewart on soft-gauge
invariant v-NRQCD

K» soft Wilson-lines for gauge invariance of the Lagrangian

21



22

RQCD at low pT - Soft Wilson lines

Non-relativistic limit
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Non-relativistic limit

QUACh

e >

u-qi

NRQCD at low pT - Soft Wilson lines

H=(1,0,0,0)



NRQC

CD

-
“>

D at low pl - Soft Wilson lines

Non-relativistic limit

> =x' K ¥
—gu-As(qr) T
M>® )Y u = (1,0,0,0)

q1)[u - As(

+ perm.
_ " Llg QZ)]
=X K [u-q1 [U (q1 + q2)] )¢ +perm.

24

As(qu)] - [u- As(qr)]
Yu = zk:z ) - Q1] Ju- (g g2+ qn)]

perm



NRQCD at low pT - Soft Wilson lines

(1) This soft Wilson line is it a “v-soft” or a “ A-soft”?

(3) Can we do a perturbative calculation of the shape function to check
consistency of out factorization?

(4) How this factorization is related with the standard NRQCD factorization if the
small pT limit is taken?
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RQCD at low pT - Soft Wilson lines

(1) This soft Wilson line is it a “v-soft” or a “ »-soft”?

There is no hierarCh/ \There s hierarchy



Region (1)
pT > MQu Z AQCD

Ag — A(A)s T A(v)s
Ys,u — Y()\)s,u X }/(v)s,u
|Xs> — |X(>\)S> X |X(’U)8>

S2(pr) = Se(pr) x (O2)

27

Region (2)

pr ~ mqQu ~ Aqcp

Shape function introduces
new non-perturbative
effects

No further re-factorization

NRQCD at low pT - Soft Wilson lines

Region (3)
pT ~ va > AQCD

Can be matched onto a new
set of LDMEsS

S2(pr) = Culpr) x (Oy)



NRQC

D at low pl - Soft Wilson lines

(3) Can we do a perturbative calculation of the shape function to check

Region (1)
pT > MQu Z AQCD

consistency of out factorization?

Ag — fl(A)s T fq(v)s
Ys,u — Y()\)s,u X }/(v)s,u
|Xs> — |X(>\)s> X ‘X(’U)8>

Region (2) Q Region (3)
pT ~ MQu ~~ AQCD pT ~ MmgQu > AQCD
S[QQ]‘ _ S[c]‘ 4 @22@>
NLO NLO NLO

Can be matched onto a new
set of LDMEsS

S (pr) — Selpr) * (OF

n
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2

) ’75 - 2’75 =0 SnQ(pT) — Cr(pr) X (O,,)

Rapidity regulator and rapidity-RG:
arXiv:1202.0814, J.-Y. Chiu, A. Jain, D. Neill and I. Z. Rothstein



NRQCD at low pT - Soft Wilson lines

(4) How this factorization is related with the standard NRQCD factorization if the
small pT limit is taken?

Region (1) Q Region (2) Q Region (3)
pT > MQu Z AQCD pT ~ MQu ~ AQCD pT ~ MQu > AQCD
As = Anys T Aw)s S[QQ]‘ _g ‘ +(099)
" INLO <lNLo " INLO

Ys,u — Yv()\)s,u X }/(v)s,u
Can be matched onto a new

Xa) = [ X(nys) X [Xw)s) . +27, =0
s) X | X(w) T W+ 2 set of LDMEs

S2(pr) = Se(pr) x (O2) v, + 29, =0 S2(pr) — Ch(pr) x (Or)

Rapidity regulator and rapidity-RG:
29 arXiv:1202.0814, J.-Y. Chiu, A. Jain, D. Neill and |. Z. Rothstein



Region (1)
pT > MQu Z AQCD

Ag — A(A)s T A(v)s
Ys,u — Y()\)s,u X }/(v)s,u
|Xs> — |X(>\)S> X |X(’U)8>

S2(pr) = Se(pr) x (O2)
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Region (2)

pr ~ mqQu ~ Aqcp

Shape function introduces
new non-perturbative
effects

No further re-factorization

NRQCD at low pT - Soft Wilson lines

Region (3)
pT ~ TTLQ”U > AQCD

Can be matched onto a new
set of LDMEsS

S2(pr) = Culpr) x (Oy)



Quarkonium at low pT (Experimental data)

T L T |l

Y(1S) bb

ol Y(1S) production at the Tevatron (1S m— % o3
¢ + sqrt(s)=1.8 TeV YUE) M S eaG . ] Corrected cross sections-
S ++ ++ prompt Y(1S) x Foree! ] C\IJ o \ |
) _ % _ 3 . _ 2, p 2112 @) : -
O 501 1 Br=2.48 %, <0>=9.28 GeV~, py=(4my"+P;") . & 10 3 5
S Z NLO unc. band: — . . .
c Ho/2 < 1y <2 1 ! L ° _
= 4.5 GeV <my <5 GeV +i A e |
w0001 F 1 = 10 T % =
m NNLO unc. band: 7 ok °, =

' m,2/4 <lIsjl< 2 m,? | n A % ]
‘r. >_‘ L R .. _

S o.0001 el Tk %
X o 1 = Tk @ —
= m S Tk %o 5
- X - T % .
O eosh > B g e |
B © -1 ke |
S .| O - ATLAS —r— -
PRELIMINARY, P. Artoisenet, et al. 2007 D - _

A 1 A Il (qV]
0 5 10 15 20 25 30 © 10"2 — _ _ -1
PT(GeV) : \E-?TerLdt_1.8fb -
| | | I | | | I | | | I | i
0) 20 40 60

T(].S) — pT(GEBV)
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do /dprdy(|y| < 0.4)[pb/GeV]

o
-
I

(0]
o

»
I
-

(-]
T

vvvvvvvvvvvvvvvvvvvvv

lllllllllllllll

RQCD at low pT - Numerics (preliminary)

- Region (1) + (2) factorization
- All leading and subheading channels.

- Octet LDMEs are fitted.
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summary

- Time-like Wilson line is necessary for consistency in the case of color octet mechanisms
- Quarkonium production in low pT standard LDME are “promoted” to shape functions

- Small pT limit of NRQCD is recovered only in the limit; P => MQu

- Shape function introduces new non-perturbative effects.

- Extension to: - polarized cross sections
- TMD-fragmentation

- In-jet Quarkonia
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Quarkonium at low pT (shape function
perturbative)

n
soft contribution
to singlet:
n
+ mirror diagram soft contribution to octet:
X, ‘X <77/L IX <\m>
(b) (c) (d)
-+ mirror diagram + mirror diagram -+ mirror diagram
i j /
ultra-soft gluon 1 Z self-energy Z
exchanges: 2 vy diagrams: ;
(e) (f)
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Quarkonium at low pT (shape function
perturbative)

asCa (1
si = s+ 224 =60 pr) - 2£0(pF, %)}

€

asChis 2711 2 2

o ooty = 200 + 27 - (55) )59 o) - oten

Sz'[]l'] (pr) = 0% (pr) +

2
v
~ ALy (D7, 47 + Lo (P %) In (5 ) |

NLO hard function:

ot 142G 20 (MY 1) g —aseh e (M) DT g, (M)




NRQCD at low pT - Soft Wilson lines

(4) How this factorization is related with the standard NRQCD factorization if the

Region (1)
pT > MQu Z AQCD

Ag — A(A)s T A(v)s
Ys,u — Y()\)s,u X }/(v)s,u
|Xs> — |X(>\)s> X ‘X(’U)8>

S2(pr) = Se(pr) x (O2)
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small pT limit is taken?

Region (2) Region (3)

pT ~ MQu ~~ AQCD pT ~ MmgQu =>> AQCD

Shape function introduces
new non-perturbative

effects Can be matched onto a new
set of LDMEsS
No further re-factorization S2(pr) = Cr(pr) x (O0)

05 (c=1) = Oyt Vi, (ahao) Vi Vi O

Oy, (c = 8) = OPYA Y VI, (abyaq ) V8 Vi Vi, O



