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TMD and groomed Jets

s througn jets and quarkonium

Part 2:

| approach
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“art 1: TMD fragmentation within groomed Jets

Light: arXiv:1712.07653: In collaboration with Duff Neill and Varun Vaidya This Talk

Heavy: arXiv:1807.09805: In collaboration with Varun Vaidya

- grooming procedure (soft-drop)

- factorization of groomed jets with SCET

- resummation in momentum space

- resummation in impact parameter (b-)space

- probing 1TMD evolution
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Grooming algorithm: mMDT/soft-drop (8 = 0)

C/USZL ,
GF/DQ a/QOr/'gL 1
n

—>

> Jet (R

- The algorithnm is imposed only on the jet constituents

- Record clustering history in each step

- Particles closer in angle get clustered first

For details on soft-drop see: arXiv:1402.2657 A. J. Larkoski, S. Marzani, G. Soyez, and J. Thaler

4 INT-18-3: Probing Nucleons and Nuclei in High Energy Collisions (week 2)

Oct. 9 2018



Grooming algorithm: mMDT/soft-drop (8 = 0)

"Declustering” with the

D@C/ reverse order:

( .
min{ E;, F; }
L, E 1 E > Zeut \

True False
Stop. Remaining particles  Drop the softer of the two
consist groomed et branchings
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Grooming algorithm: mMDT/soft-drop (8 = 0)

Do
/USf ,
@/’//7
g

- Removes soft wide angle radiation sensitive to the cone/boundary
and non-global effects (NGLS)

- |solates collinear-energetic radiation near the center of the jet

- Smaller sensitivity 1o underlying event
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—actorization with groomed jets

do
— FZ 7R7 CU7—)7C J’L ) CU?R?E
457 dM E (Q Reuts PJ ) (M Zcut J)

1=g,9

Fraction of quark and gluon-initiateo
jets Independent of the
measurement within the jet

C . Collider specific + Initial conditions

M : Measurements on the jet constituents (e.g. jets invariant mass)
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Vieasurement

jet algorithm grooming algorithm
(MMDT/soft-drop)

-t

o Pl Ph1

identified-hadron: h

>

Jet/thrust axis

groomed-Jet axis

collimated spray of particles

Only the particles that pass the grooming process

Ey will determine the direction of the groomed-jet axis
Measurements: pPp 1, 2 = —
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—actorization with groomed jet(n)

d . H
. f — Z Fi(QaRazcutapJac) gi/h(zhakJ_vzcutaRvEJ)
dpj ko_th i=g,q
Fraction of quark and gluon-initiated
jets Independent of the
measurement within the jet

EJ_ S the transverse momentum of jet with respect to hadron

See also: . - %
- TMDFRJF (measurement along the jet axis) + 2n
arXiv:1610.06508 (Reggie Bain, YM, Thomas Mehen)
- JTMDFF (measurement along the winner-take-all axis)
arXiv:1612.04817 (Duff Neill, Ignazio Scimemi, Wouter J. Waalewijn)
- sITMDFRJF (semi-inclusive)

arXiv:1705.08443 (Zhong-Bo Kang, Xiaohui Liu, Felix Ringer, Hongxi Xing)
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Groomed TMD fragmenting jet function

gq/h (Zha EL) Zcut R7 EJ)
it

1 _ _ - - _
o Y oo 0CEs by - )t | OB EL + P 01X (X 0))0)
XeJet(R)

¢ ﬁhJ_:G

with respect to

g-Jet axis
groomed-jet axis T
E,— _PnL
Zh
beam axis l
>
with respect 1o
hadron axis hadron axis
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—qctorization of the 1M

D |

J

) INn SCET

gi/h(zha EJJEJ?'Zcut;:uL) — /dZECL /d2E8J_52 (EJ_ T ECJ_ T ESJ_) SZ_L (

Soft p? ™ Zcth(la 17 1)

—

ksL y Zeut

) Df/h (zh, ECL)

Ph_L
colinear-soft ~ Phe ~ Zcth()‘gm 1, Ase)  Age =

Zcth

/

— —> , Collinear pg ~ QN 1,M.) )\, = Phl
\ U —
AN
Phl K Zctha Zeut K R~1
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—actorization of the TMD (FJF) in SCET

gi/h(zha EJ_a EJa Zcuts ,UJL) — /dQEc_L /dZEsJ_52 (EJ_ + ECJ_ + ESJ_) S{L (Esla Zcut) D?jh (Zh, ECJ_)

p
2

D (2, ker, Er) = ) oN.
X

02 — pxp)tr | 5018 (Fer = P1)xn (0)| XY (X% (0)[0)

—

Prh1=0
- collinear modes are energetic and always pass the grooming constraint

\\+ independent of the cutoff parameter (zeut)

- contains the non-perturbative information of the fragmentation process
- 1

St (koo Egyzea) = 7 tr [(OIT{S}}(0)8) (K — PEP) T{S;,85}(0)0),

- descripbes collinear-soft radiation that can pass the grooming constraint

- universal to all light hadrons ——  Independent of hadron’s
energy fraction (zp)

12 INT-18-3: Probing Nucleons and Nuclei in High Energy Collisions (week 2) Oct. 9 2018



\Vatching onto collinear Fragmentation

JNCTIoNS

Although D;]L/h(zh, kei, Ey) is afundamentally non-perturbative object, for k| > Aqep

can be matched onto the collinear Fragmentation Functions:

1 = L dJZ 1 = Zh,
Di/h(zhakc_LaEJ) — ?Z] (xakCJ_aEJ) D]/h (;)
2

short distance matching coefficients  collinear
and collinear-soft  Fragmentation

calculable in perturbation theory  Functions i/h
— rapidity divergences K ’\1 ki
DGLAP
Djh
1~ 1GeV
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Renormalization Group and Resummation

Rapidity regulator and Rapidity Renormalization Group (RRG):

dl(i VG(Ma V) _ VVGG(/% V) J.-Y. Chiu, A. Jin, D. Nelll and . Z. Rothstein arXiv:1202.0814
A
Y+ =0 i 2
The combi@ed olbjlect soft+collinear does ! RG
not evolve in rapidity
HS = UD
Virtuality Renormalization Group (RG): ......... ‘ ............................ RRG ....................... »Q
: —p |/
dliﬂG(u, v) =, G(p,v) s s S

Talk by Ignazio S. for ambiguities
regarding the path choice
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NLL-Resummation in momentum space

Fourier Transform — Solve RGE — Inverse Fourier Tranform — Fix Scales

GYE (2 Ly 2Zouts 1) = V(KL Zeuss 10)U (1, 10) Dj 1 (2hs o)

po=k_1

D®S(,u7zcut)

Bo s ()

In(aus (o) /evs (1))

U(ps po) = exp [277

exp(—2vpws) I'(1 —wg) 1 (,u2 )1—%‘

T MNws) p?\k2

V(EJ_, Zcut s :u) —

_ oG (Z_z;)

traditional TMDs / \ groomed TMDFJF

~alk)C; n (%) ~a(k)C; In(Zens )

h

s
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NLL-Resummation in momentum space

wg — - %
traditional TMDs \ groomed TMDFJF
Oé(k’J_)CZ’ k’J_ Oé(kJ_)Ci
— - hfl (5) — T ln(zcut)
N the perturbative region wg IS
small, therefore we can fix the scales
| momentum space directly.
Solution:
FIX scales in coordinate space Common choice: zeut = 0.1
and take Fourier transform numerically
wg ~ 1:0nlyinthe non-perturbative
regime
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NLL-Resummation in momentum space

test against Pythia partonic shower: quark-to-quark case

o5 T 0.767
. f
ol Q=400 GeV, 2y =0.1, z, =06 | 00 Q =400 GeV, zg = 0.1, 2, = 0.7
2 £ 0.5F
2 0.3 — Pythia 04Ff — Pythia
< - ] < i 1
L 1 2\2 I~
% L R NLL (mom — space) = 03 v  =-—-- NLL (mom — space) -
& RGN ’
< < — 0.2F
Q = i
0.1F
0.0
pt P
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Resummation In p-space

Fourier Transform — Solve RGE — Fix Scales — |nverse Fourier Tranform

v
A
pH ~Q
RG
..... P B WA A
i BRG -,
Vs =z th VD = Q

Djn (i, v = 2B5)S; (ur,v = 2B5) = Uiz, pir) % | Dyjy (s v = 2B5) St (r v = 2Bz

M H HH

dtn ool ()42 cewt) (- dinplyplars (] 497 (1/00))

Ui(pr, b)) = Exp[—/
w 1/bo

L

Rapidity anomalous dimension

i =2 AT e ()] + 4" (1 /o)
1 /bo
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Resummation In p-space

b
v.i — Vv — b;bmax b* gK(b;bmaX)HO
) = 5|, — G (Bt NEST —

Universal component of TMD olbservables:

W

Ui(pr, b)) = EXP[_/MMH dIn NVf[as(N)]+2ln(zcut)(/l/b dln/‘Fz:usp[QS(U)]‘F'yr(l/bO))]

_____—  Rapidity anomalous dimension

19  INT-18-3: Probing Nucleons and Nuclei in High Energy Collisions (week 2) Oct. 9 2018



Non-perturbative TMD evolution
s s o b b b 0
R A N L B e v EL A=
Model:Fits g2 bmax [GeVTY | byp [GeV ] Coo:
CSS:BNLY 2003 | 0.68 0.5 n.a. G1¢ (D: Do) %gg(bmax)bz
CSS:KN 2006 0.18 1.5 n.a.
CSS:Pavia 2016 | 0.12 1.123 n.a.
AFGR: n.a. 0.10 0.5 2.0 AFGR.
92(bmaX)b12\IP b?
b; bmax — ] I+ ——
gx ) n( bglp)

BNLY: arXiv:0212159

KN: arXiv:0506225

F Landry, R. Brock, P.M. Nadolsky, C.-P. Yuan
A. V. Konycheyv, P. M. Nadolsky

Pavia: arXiv:1703.10157 A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, A Signori

AFGR: arXiv:1401.2654 C. A. Aidala, B. Field, L. P. Gamberg, T. C. Rogers
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NLL: momentum space vs b-space

do

N%(fﬂ_e— — ]et —|—]€t(ﬂ')) GSS
il 1
gK(b7 bmax) — 592<bmax)b2
10} 1 10}
. E; =200 GeV, zes = 0.1, 2, = 0.4 ] el Ey; =200 GeV, zeyy = 0.1, 2, = 0.8
K R
- | L N —— NLL (Pavia)
S 1 N NLL (Pavia) = 1p
&1 |k | —— NLL (mom — space)
e ¥ — NLL (mom — space) | < 0.50 [
B O.5f: , , . 1 3 ’ . . ;
> Factorization | © : Factorization
< ¥ < | = 0.10f < :
> 0.05] > —_
o1 - Perturbative region | ] Perturlbatwe region: . |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
kr [GeV] kr [GeV]

Pavia: arXiv:1703.10157 A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, A Signori
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Resummation In p-space

b
S . >
/Yl/,z(:u) Vv, (:u) |b b. gK( ) ) \/1 b/bmax g ( ) b—0

Universal component of TMD olbservables:

Ui(pr, pm) = EXp[— /M i Wi [ozs(u)]+21n(zcut)( /1 ij d lnul“éusp[as(u)]ﬂ""(l/bo))]

/ Rapidity anomalous dimension
variations of the cutoff parameter give as direct d { N (zens) do }
access to the rapidity anomalous dimension: d1n zeut “dppy

Normalized

Cross section
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Croposed observaple

. M\P —— Model: CSS, Fit : BLNY 2003 | d Io
0.3F i .4 . 1 N(Zcut) }
BTA T Model : CSS, Fit : KN 2006 - d1n zeyt dph 1
B ' i
BE N S Model : CSS, Fit : Pavia 2016
0.27 |;"' “'. _
[ 5\"‘, Model : AFGR, Fit: n/a
Y :

0.1

d/dIn zeu [./\/'dau/”/dpﬂ

. . u
: . :

- L] A . u
H ) .
. . L] i

i H Y .
: s :

O 0 ] L) H
. . .

- H [ . 4
- . L /-:-:-:-:I-:n

| . - - - i i
H ‘~ —‘W'_"—'—ﬂ
- .

- H ~ = - .- H T
- .
. -
. .

1 121 1 1 1 1 1 1 1 1 1 1

. Model dependent | Perturbative region:
. region: . Model independent
. Good discriminating

. power over various

: models
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summary

Study fragmentation within groomed jets:

Use EFT (SCET) for factorization and resummation of large logarithms
No logarithmic enhancements from boundary effects (NGLs)

Can easily extended for hadrons + jet substructure (e.g. jet mass and
angularities in preparation)

Observable easy to relate between e+ e- and EIC

This study was expanded for heavy quarks + threshold resummation

N the perturbative regime:

- Groomed TMD fragmentation can be studied directly in momentum space

In the non-perturbative regime:

- (Good discriminating observable for extracting non-perturbative TMD evolution

24
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“art 2: Effective Fleld Theory
Approach for Quarkonium at Low pT

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

1-slide review

Quarkonium production at moderate pT (standard NRQCD): p7 ~ mgo

Preliminary

Quarkonium production at low pT (TMD region of NRQCD): p% < mo
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NRQCD Factorization

LDME: Long Distance Matrix Elements

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

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

ol =G l0h = N0 ) g e

OL = 031 (Z X + Q)X + Q) Oy
X

_ (O2) T
QQ(”) - Q (9721 _ ¢T/Cnx
ultra-soft
n = 2S+1LBC] +
SoOft
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NRQCD Factorization

Upsilon spectrum vs EFT regions

Fragmentation
Functions
TMD/EFT Region SFG...? NRQCD (+NRQCD)

| | | g s
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Quarkonium at low pT (previous attempts)

Many attempts that approach the problem in CEM and CSM

Cannot be improved the same way EFTs can.

CEM and CSM fail in other regions/aspects of quarkonium production

CGC methods

arXiv:1408.4075, Yan-Qing Ma, Raju Venugopalan

arXiv:1503.07772, Yan-Qing Ma, Raju Venugopalan, and Hong-Fei Zhang

small-x resummation/ NO pT/M resummation: OK for charmonium at LHC.

NRQCD attempt (including evolution)

arXiv:1210.3432, Peng Sun, C.-P. Yuan, and Feng Yuan

Assumption: NRQCD factorization holds down to low pT*?
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NRQCD+SCET scales and Lagrangian

L =Lscer + LNROCD
. — br =0 ~mg

_ p
o pt=(pl.p., ) ~ QA 1\ A= ET
— He = H(X)s = PT
o Dy = (Per Piayer Plvys) ~ QA A ) 1 Hwys = MmQU
(A)s (N)s? P (N)s? F(N)s > /s (v)s Q

* Ploys = (Ploys Poysr Plays) ~ @0, 0,0) — Aqep

1T Mus = QU

+ heavy quarks

+ ultra-soft

29  INT-18-3: Probing Nucleons and Nuclei in High Energy Collisions (week 2) Oct. 9 2018



NRQCD at low pT - Factorization

h+h (central rapidity) / e+ e- (threshold)

OSP — (i g)(QT'Q)

QCD n SCET n
o (2+2)ﬁ§7;0(2+2)(02 < 03) on — uticn,
Factorize the cross section using BPS field redefinition for OSCET — ¢, T¢,,
decoupling collinear and heavy from ultra-soft modes.

2

. ‘fl‘ng = (ao(n)%) x H2 x Bi(21) ® Bj(x2) ® S2 x (1 + (”)()\))

n
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NRQCD at low pT - Hard function

OSP — (i g)(QT'Q)

QCD n SCET n
o (2+2)ﬁ§7;0(2+2)(02 < 03) on — uticn,
Factorize the cross section using BPS field redefinition for OSCET — ¢, T¢,,
decoupling collinear and heavy from ultra-soft modes.

2

. ‘fl‘ng = (ao(n)%) x H2 x Bi(21) ® Bj(x2) ® S2 x (1 + (”)()\))

n

Hard function: Hi ~ Clyy0)(Clayay)”
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NRQCD at low pT - Beam function

Oz = (@:T4:)(Qr'Q)
QCD SCET n
0P (2 1 2) —>ZC(2+2)(0 < 03) _ iy

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

2

. ‘fl‘ng = (ao(n)%) x H2 x Bi(21) ® Bj(x2) ® S2 x (1 + (”)()\))

n

N

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

Oz = (@:T4:)(Qr'Q)
QCD SCET n
0P (2 1 2) —>ZC(2+2)(0 < 03) _ iy

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

2

. ‘fl‘ng = (ao(n)%) x H2 x Bi(21) ® Bj(x2) ® S2 x (1 + (”)()\))

n

Quarkonium TMD shape function:

)

X <XS + Q|y(>\)s,n3y(>\)87"3 (wTK”X)‘OH

:_Tr[;< ‘ L) Vo Vions 6 (Pr — o)
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NRQCD at low pT - Shape function

Oy = (a:T4:)(QI'Q)

QCD n SCET n
o (2+2)%§n:0(2+2)(02 < 03) on — uticn,
Factorize the cross section using BPS field redefinition for OSCET — ¢, T¢,,
decoupling collinear and heavy from ultra-soft modes.

2

. Cflng = (ao(n)m?) x H2 x Bi(21) ® Bj(x2) ® S2 x (1 + (9()\))

n

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

S = JLVTI'[Z <0((><‘L/€Lw) VismsVismy 0 (Pr—=P1)
Xs

X, + Q)

X <XS + Q|y(>\)8,nBy(>‘)s7nB (wTK”X)‘OH
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NRQCD at low pT - Shape function

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

before but with : 0% — (¥Y,) K, (Yax)

Y — Yy

. Ki=08, T(?*T L) Ke=T4T(*°L))

Yi(x) = T[exp (zg/ dt" u - Ag(f,t—l—t’)TG)} i YiTAY — pABTE

ut = (1,0,0,0) ol 5 oll oyl - oy,
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NRQCD at low pT - Soft Wilson lines

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

light-like wilson-lines for color octet LDMEs for gauge invariance and factorization
of the fragmentation processes

Y. (z) = P[exp(ig /_OOO dt'u - A%(z" + u“t’))} ut = (1,4)

Manifestly Soft Gauge Invariant Formulation of vYNRQCD
(Ira Z. Rothstein, Prashant Shrivastava, and lain W. Stewart: arXiv:1806.07398)

soft Wilson-lines for gauge invariance of the Lagrangian
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NRQCD at low pT - Soft Wilson lines

QCD Non-relativistic limit

”> > e
+ perm.
As(qr)][u - As(g2)]
u - qﬂ[ (g1 + q2)] )w +perm.

“lu - A( )] - fu - As(qr))]
Yu = ZZ (K1)] clu (gt g2+ qr)
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NRQCD at low pT - Soft Wilson lines

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

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

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

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

There is no hierarchy There is hierarchy
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NRQCD at low pT - Soft Wilson lines

Region (1)
pT > QU Z AQCD

As — A()\)s + A(v)s
}/s,u — }/()\)s,u X Yv(v)s,u
’Xs> — ‘X(A)s> X ‘X(v)s>

S (pr) = Se(pr) x (O2)

Region (2) Region (3)

pr ~ mqu ~ Aqco pr ~ mqu > Aqcp

Shape function introduces
new non-perturbative

effects Can be matched onto a new
set of LDMEsS
No further re-factorization S2(pr) = Cu(pr) x (O
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NRQCD at low pT - Soft Wilson lines

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

Region (1) Region (2) Q Region (3)
pT > QU Z AQCD pT ~ MQU ~ AQCD pT ~ MQu > AQCD
As = Apys + Aw)s S[QQ]| = S ]‘ 4 <OQQ>
" INLO NLO " 7INLO

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

X)) — | X sXXvs H " 28:0
1 Xs) = 1Xnys) X 1 X (w)s) Vo T 27, set of LDMEs

S2(pr) — Se(pr) x (O2) vS+298 =0 S2(pr) — Culpr) x (O

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

pT > QU Z AQCD

fis — fl(A)s + fq(v)s
}/s,u — }/()\)s,u X Yv(v)s,'u,
’Xs> — ‘X(A)s> X ‘X(v)s>

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

arXiv:1210.3432, Peng Sun,
C.-P. Yuan, and Feng Yuan

Region (2) Q Region (3)
pT ~ MQU ~ AQCD pT ~ MQu > AQCD
SLQQ]| - ]‘ +(099)
NLO NLO NLO

Can be matched onto a new

T 20 =0 set of LDMEs

v 298 =0 S2(pr) = Cu(pr) X (O2)

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

- Time-like Wilson line is necessary for consistency in the case of color octet mechanisms

- Quarkonium production in low pT standard LDMEs are “promoted” to shape/soft functions

- Small pT limit of NRQCD is recovered only in the limit: PT > MQU

- Shape function introduces new non-perturbative effects (universal 7).

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

- In-jet Quarkonia
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Sack Up
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NRQCD scales

NRQCD = Non-Relativistic QCD

7 ) .
N bb: v? ~ 0.1 bottomonium
cc: v*~ 0.3 charmonium
mg — L
Relative velocity of the heavy quark and
4 Perturbative antiquark in the quarkonium
QU —forrridrerrreee 1.5 GeV
v Non-Perturbative
oD —
va2 -
typical momentum of heavy quark: [pgl ~ mquv (soft)

typical kinetic energy of heavy quark: Kg ~mgv® (ultra-soft)
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(VINRQCD Lagrangian

NRQCD = Non-Relativistic QCD

soft: ps ~mqgu(1,1,1,1) |
: ultra-soft subheading
ultra-soft:  phs ~ mgv(1,1,1,1) l l
1

[ —

4

2 | —iD)?
PB+ Sl g+ Supio - B b,
p P

4,9'p,p’
g0 —p+p) =g (q—p+0) +9*(@—-4¢)° : ., py
+ (p/ . p)2 z/)p' [ g q] "/}p
+p e x, T T soft/

Ao, =
1 * I T4 T T + ...
é (p — q)z q pX—q P W/H% Nﬁ
2

arXiv:hep-ph/9910209 M. E. Luke, A. V. Manohar, |. Z. Rothstein
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NRQCD Factorization

LDME: Long Distance Matrix Elements

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

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

ol =G l0h = N0 ) g e

) (O2) Op = 051 (Z X + Q) (X + Q) Oy
QQ(n) 0 X T
Oy =K x
ultra-soft
n = 2S+1LBC] +
soft
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NRQCD at large pT

(Hadron colliders)

P &éé/ @ Pl Tt
LO NLO NNLO
*St —

e e i //

1 1 (single) Parton \__ /,

P P fragmentation

DrOCESS
j / \ .

LO NLO
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NRQCD at large pT

L eading Power (L P) Factorization

doy, Ldr do; DL m% _ . Mo
Zh _ D. ~"h L=
dp1 (P) EZ:/Z x dp| ( x ,u) i/n(, 1) + O (pi EXpaﬂSIOn IN: DL

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

Only few simple
diagrams for each mechanism

Large Logarithms
In(pr/mg)
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NRQCD at large pT

L eading Power (L P) Factorization

doy, Ldz do; DL m% _ . Mo
Zh _ D. ~"h L=
dp1 (P) EZ:/Z x dp| ( x ,u) i/n(E 1) + O (Zﬁ ExpanS|on IN: DL

At sufficiently large pT the
In (]%)_m(ﬁ) fragmentation processes will
dominate the cross section:

Only few simple
diagrams for each mechanism

Large Logarithms
In(pr/mg)
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NRQCD at large pT

L eading Power (L P) Factorization

d dx do; 2 -
d;ji pi) Z/ ;’ d](; " ,u) Dip(z,p) + O (%) Expansion in: p_f
a z
" (p_T)_ln(2mQ)
DGLAP Evolution
d dac >
Ha iz 1) Z/ Pij(2)Disn (x M) Resummation: In(pr/mo)
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NRQCD at large pT

L eading Power (LP) Factorization

dah dr do; m2
Ej ' D, O -
dp. (p1) / " dpL . ,/J) i/n (T, 1) + <p2¢>

In (Z%)_ID(ZTIZQ) dz/n(xhu)<02>

DGLAP Evolution

d L dr z
M@Di/h(zaﬂ) — Z/Z o Pij(l’)Di/h (E’M)

)

mg

Expansion in: N

Resummation: In(pr/mo)
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Quarkonium production until now

—~ el IPromp;c zb(QS) |
Fixed order NRQCD 2 10} e H B CMS datax 10, y] < 12
Q ’?15‘.*. - -~ CMS data, |y| < 1.2
,g "'1.-___‘ === ""‘m..m +4- CDF data, |y| < 0.6
VE« 1073 F ""Lu'_'_‘, - !-i_‘r-u-q
% ‘ S "!"_!_l R
Preferred at o = -
pr ~mg n > é\ 107° LP-+NLO x 10, LHC |y| < 1.2 I
fi f a 1 LP+NLO, LHC |y| < 1.2
corrections O dO'(QQ(?’L)) CQSF B LP+NLO, Tevatron |y| < 0.6
pT/mQ _ e s e s e ! '
NRQCD . —m—
0.5 F | | | | . |
Leading Power NRQCD e T | - '
= f_ 1.0 e
'4 15 — + + + +
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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Quarkonium at low pT (shape function
perturbative)

n
soft contribution
to singlet:
n
-+ mirror diagram soft contribution to octet:
X, ‘X <HL IX <\/\/>
(b) (c) (d)
-+ mirror diagram + mirror diagram -+ mirror diagram
; 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)
S5 =85+ a;iA {%5(2)(%) — 2L0(p7, MQ)}

S (pr) = 6@ (pr) + asi” {% 2L0(pF, 12) = =0@ (pr)| + == —In (55)|6@ (pr) - T-0(p7)

NLO hard function:

H[@],b:1+as_%{2[ln(1‘/_12> _,—yi_l] +ZB(n:2S+1L§])—1n2 (%2) _W_+27iln (]\/_[2>}

t 21 €




NRQCD at low pT - Soft Wilson lines

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

Region (1)
pT > QU Z AQCD

As — A()\)s + A(v)s
}/s,u — }/()\)s,u X Yv(v)s,'u,
’Xs> — ‘X(A)s> X ‘X(v)s>

S22 (pr) = Se(pr) X (OF)
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small pT limit is taken?
Region (2) Region (3)

pr ~ mqv ~ Aqcp pr ~ mqv > Aqcp

Shape function introduces
new non-perturbative

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

05 (c=1) = 0PV Wil (ahaq ) V5. V5.0

05 (c = 8) = Oyl Vel Vi1, (afyaq ) Vi Vi V5O



57

RQCD at low pT - Numerics (preliminary)
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- Region (1) + (2) factorization
- All leading and subheading channels.

- Octet LDMEs are fitted.



