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Collinear Factorization

VS.
TMD Factorization




Collinear factorization tn PRLCD
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O Cross sections at high energies => (havd part) X (soft parts)
O hard part = pRCP (NLO, NNLO,...) ; softparts => universal, 1-dim

collinear pa rton distributions




Collinear factorization: 2 (or more...)-particle inclusive processes

DVCLL—YD(W: P @ Hig@s bosow:
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=> tntegrated observables / d®qr w(qr)
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O Collinear factorization: 2 (or wmore...)-particle tnclusive processes

DVCLL—YD(W: P @ Hig@s bosow:

e
S

p X

two scales: hard scale () + final state transverse momentum QT

=> tntegrated observables / d®qr w(qr)

O gr-dependence:

one scale => collinear factorization ok,
transverse momentum generated perturbatively in hard part

large logs in the hard part (gluow radiation)  log”(qr/Q)
= CSS-resummation => coll. fact. still applicable

= Transverse momentum dependent (TMD) factorization!
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Problem:

Description of gy - distributions in collinear factorization at gr < @

ldea D'F TMD -_Fa OtDVLZﬂtLDV\I: kK=xP + kr

small transverse momentum o+ from

“lntrinsie” transverse parton momentum Ry
=> different Rind of factorization
= additional degree of freedom of partonic motion

O TMD factorization theorem

(9 LM.DW—@ Llwow) g Q 7 detected

==

Xo events

do o dPS |H|? [koaT fkobT 8@ (kar + kvr — q1) T(Za, kar) T(2p, ko) + O(qT/Qj

O proven for pp - collistons with color singlet funal states

[Collins; Ji, Ma, Yuan; Riw; Rogers, Mulders; ...]




TMD gluonic matrix element

1 (@, kr) = by | Sgiie €H=Fm*iran (PIFR(0) W P (n + 27)|P)

*  wnpolarized § linearly polarized gluons :
helicity flip TMPDs = azimuthal modulations
‘ﬂL‘P ﬂL‘P => talk C. Pisano
o a Kk — 5k g5
Sy 00w, br) = k| - 957 f(@,63) + 2t b
1

[T —even] (CIJ, ET) F[T—odd] (CC, ET)

hllf *  unpolarized gluons in transversely pol.
proton: gluon Sivers function (T-odd)

hi i a Tl ey
T 0P kr) = & |0 T i

= gluonic Spin - Orbit corvelation

(z,k2) + ...]

[Mulders, Rodriues, PRD 63,094021]




Color Gauge invariant definition of TMDs => Wilson line

W|0; (0, 2)] = P exp { — 19 /Z ds - A(s):

0

= Wilsow Line for TMD:
nowtrivial, process dependent:
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Wilson Line for TMDs
Color Gauge invariant definition of TMDs => Wilson line

W|0; (0, 2)] = P exp { — 19 /OZ ds - A(s)

= Wilsow Line for TMD:
nowtrivial, process dependent:

Time - reversal oda (T - odd) TMDs = sign change

fif (@, k)| =~ fif (@ k3)] ]

ESI
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“Color Entanglement”

TMD factorization probLematLa LA PP - collistons with a colored final state!
[Collins, RLw; Rogers, Mulders]

Example: dijet production pp —'J'et +J'et + X

(nittlal State nteractlon: N Funal State interactions
not problematic from both nucleons are
4 ’ “entangled” tn color space
=> cannot define Wilsow Lines
=> TMD factorization invalid

TMDP factorization in pp - collisions only for color singlet final states:
pt+p— , Lsolated photons, Lsolated @uUuarkonia in a color singlet state




Gluon TMDs from SSAs
in pp-collisions

(AFTER, RHIC)
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Photown PaLr prool wetlon

[Riu, M.S., Vogelsang, PRL 107, 062001 (2011)]

gquark TMps gluon TMDs at O (XX2)

P
X4 b

dp

+

Qa
Xa

O wo colored final state (yy, yZ, ZZ) = TMD factorization ok

0 contaminations from quark contributions:

VY - production: huge background from n° - decays,
need Lsolated photons: Lsolation cuts

YZ or ZZ - production: statistics (?)




Single Ruarkontum - production tn pp - collistons

[LO: Boer, Plsano, PRDLSG, 094007 NLO: Ma, Wawg, Zhao, PRDES, 01402F]

exclusive production of a heavy Ruarkontum state (color stnglet model):

S-waves: L=0, )=0: 1 LG

p itz 1 (777 X ) Sk X P-waves: L=1, J=0,2: X0,2 - 3P(§,12)

2S+1LJ
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[LO: Boer, Plsano, PRDRE, 094007 NLO: Ma, Wang, Zhao, PRDES, 014027]

exclusive production of a heavy Ruarkontum state (color stnglet model):

S-waves: L=0, )=0: 1 LG
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neglect relative quark momenta tn hard part
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no contamination from quark sector (at LO)




Single Ruarkontum - production tn pp - collistons

[LO: Boer, Plsano, PRDRE, 094007 NLO: Ma, Wang, Zhao, PRDES, 014027]

exclusive production of a heavy Ruarkontum state (color stnglet model):

S-waves: L=0, )=0: 1 LG

p —|—p—> (777 X, ) _I_ X P-waves: L=1, )=0,2: XO0.2: SP(SQ)

25+1LJ

RE - vest frame: non-relativistic approach
neglect relative quark mowmenta in hard part

A3k _ S 3
/ (27)3 Yoo(k) = \/%Ro(()) / (ijg k%1r, (k) = —ie%z(q)\/

no contamination from quark sector (at LO)

TMD - formalism (g ~ A, R = My):

W —cnton-menl| U -cuires+men] EPOd-c (e

0 (tn principle) possible to extract both TMD - structures!
0 Not possible to tune the hard scale, @ = Mg not that Large!
O  Transv. Momentum g+ must be very small, diffieult to tmplement Lsolation




SSA for isolated n-production

SSA at AFTER:

Long. pol. target:
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SSA for isolated n-production

SSA at AFTER:

Long. pol. target:

Transv. pol. target:
do' + do'!

e Y Y

H’,

Transvers : 1 LACL
e TSA at AFTER (in principle) sensitive to
polarized gluon TMDs at Large x!
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Y (W) - production
[den Dunnen, Lansberg, Pisano, M.S., in preparation]
—> less statistics, but more Rinematic “freedom”...
= )/y+y: both _J/y and photon need to be Lsolated;
/W + dilepton: only tsolation for )/, but Cross Section much reduced. ..

Y+ X —— Rk 9 s
: 0003 (B itedr) [(PJ/¢+Z+Z])_
Z/V\\< Z/V\< = PJ/@baT + P’YaT [PJ/w,T — lT =F lT

+reversed quark line 7

(I+1)
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Y () - production

[den Dunnen, Lansberg, Pisano, M.S., in preparation]

—> less statistics, but more Rinematic “freedom”...
= )/y+7: both )/y and photon need to be isolated;
/W + dilepton: only tsolation for )/, but Cross Section much reduced. ..

’ZI::.=W = . \ P5/¢+PVM [P5/¢+lu+lu]
+ / ; -
000l A = (Pjjp+Py)° [(Pyjp +1+1))

—— A
Z/y\\< Z/J/\\< ; = PJ/¢,T —|— P»Y,T [PJ/¢7T —1— lT —1— l_T

+reversed quark line (l + l)

TMD result at gr<®

| dggjq;J/@b(M?u_)

dY dQd2grd M2 dQ

Fi(Q,cos 0, M2) [f{ @ 7] + F»(Q,cos0, M3) [hi? @ hy?

+E3(Q, cos 0, ME)cos(2¢) ([f{ @ hy ] + {4 < 2})
+F4(Q, cos O, M%) cos(4¢) [hi? @ hi 9]+ O(qr/Q)

Factors ¥, Fo, F=, F» pcrturbati\/e% At NEO: fvd:ure work...
J/V + y: Fo = 0 7> pure 19 - extraction from g - distribution possible
2-particle final state: azimuthal cos (20) and cos (40) - modulation
= talk C. Plsano




SSA in isolated J)/y + v [LFu] - production
Noyrp, = do —do | |

Lowng. Pol. Target: | = [3(Q,cos0, M3) sin(2¢) [ff

gluontic “wormgear” function:
Lin.. pol. gluons in Long. pol. proton. (T-odd)




SSA in isolated J)/y + v [LFu] - production
ANoyr, = do —do | |

Lowng. Pol. Target: | = [3(Q,cos0, M3) sin(2¢) [ff

gluontic “wormgear” function:
Lin.. pol. gluons in Long. pol. proton. (T-odd)

Transv. Pol. Target:

+5in(26) {...} +sin(49) {...}] + cos 6, [sin(ng) {...} +sin(49) [




SSA L LsoLateol J/\|I I [u+u] prooluctww

Noyr, = do —do
Long. Pol. Target: | = [3(Q,cos0, M3) sin(2¢) [ff

gluontic “wormgear” function:
Lin.. pol. gluons in Long. pol. proton. (T-odd)

Transv. Pol. Target:
EAO'UT — dO‘T dO‘ |

= sing, By [ ® fif] - o (00 @ W] + ¥ © b))
+5in(26) {...} +sin(49) {...}] + cos 6, [sin(ng) {.} +sin(40) [

Sivers effect = suffictent to tntegrate out CS - angles 0 and ¢ [and dilepton mass Me?]

[dQ dMZ (doT —dot) |

[dQ dMZ (do! + do)

7 @ fi] = BQ) ([ ® h{] + [h? @ hif])
£ 1+ 8(Q)[h* © hi ]

AUT(Y7Q7QT) —

= sin ¢y [




FyF\(Q)

0.12

O perturbative factor B very small for J/y + puru- - production
O evewn identical to zero for )/ + v - production

[ d(cos0)dMPE F5(Q,cos6, Mp)
[ d(cos0)dM2 Fy(Q,cos 6, M2

0.10

5(Q)

B <2% for & > 7 qev




Fo/F\(Q)
O perturbative factor B very small for J/y + puru- - production |
O evewn identical to zero for )/ + v - production
[ d(cos0)dMPE F5(Q,cos6, Mp)
[ d(cos0)dM2 Fy(Q,cos 6, M2

0.12

0.10

5(Q)

B <2% for & > 7 qev

O Hewnce, we can approximate the SSA: AUT (Y, Q, qT)




F>/F1(Q)
perturbative factor B very small for )/y + nHu - production |
evewn identical to zero for )/ + v - production
[ d(cos0)dMPE F5(Q,cos6, Mp)
o [ d(cos 0)dM?2 Fy(Q,cosd, M2

0.12

0.10

5(Q)

B <2% for & > 7 qev

Hewnce, we can approximate the SSA: AUT (Y, Q, qT)

Nuwmeriteal estimates

Not much experimental tnformation on Gluon TMDs = models, ...

Our approach: Link the unpolarized gluon TMD to “unintegrated parton
distribution” used in small-x ph 551&5 (parameterizations to HERA data)

fi(z, kr) < uPDF(x, kT)

Gluon Sivers function: Assume Saturation of Posi‘civi’cg bouund
—> upper bounds for SSA




Upper bounds for gluon Sivers asymmetry

Sivers Asymmetry in p+p — J/y+y/(ID)+X

Aur(Q=20, Y=-3.4r) Bounds given in AFTER Rinematics

VS ~120 GeV; Y ~ —4 to — 2

even Lf the Stvers function is
s e s e ”uwdersatumteol”loga{ac’cori/ioo
Sivers Asymmetry in p+p — J/y+y/(1)+X b
S Av(Q=20.Y. ¢r=3) —> still an effect of about 0.2%

0.6/

Bounds remain sizeable
at Large negative pair rapidities:
e e e 4 6

0.5:

04!

M

021

0.1"




Isolated Ruarkonium observables give
unigue insight itnto the gluonte structure
of the nucleon

* Ruarkonilum productiow L combLnation with

TMD factorization: 3-dim momentum pieture
of (poLarized) gluons L the nueleon
Transverse SSAs at AFTER
= gluon Sivers effect feastble!




Backup slides
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“nawve” relation through R+ - tntegration:

VdeT fq/g(.13 kT) f/g(fﬂ) GF($ $) = _L(l) /d2 2]\/[2 flT T, k
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rRelations to collinear Parton DenstitLes
“nawve” relation through R+ - tntegration:

dekT fq/g (@, k7) = f/g(f’?) Gr(z,z) = L(l) /d2 2M2 flT(fc kT)

(x-x)HP

uark-gluown Correlation Functions
(ETRS-matrix element)

") ¥ I , , '
M 2P Srs Gh(z,2') = / 20 ;72 e (P At (z=2Im) (P 61 |g(0)yT gF ™ (nn) ¢(An)|P, St
T

—> Relations work whew applying collinear factorization (Leading twist, higher twist)




rRelations to collinear Parton DenstitLes
“nawve” relation through R+ - tntegration:

dekT fq/g(w k2) = {1/9(% Gr(z,z) = l(l) /dz

uark-gluown Correlation Functions
(ETRS-matrix element)

d\dn

M 2P Srs Gh(z,2') = / 2@ ! (P @At @=2m (p 6113(0)yT gF T (yn) ¢(An)| P, St
T

—> Relations work whew applying collinear factorization (Leading twist, higher twist)

Example: Collinear Twist-= factorization for SSA L pp — X

[RLu, Sterman; Kowvaris, Vogelsang, Yuawn, Koike, Yoshida, ..

BEE

/d‘” /d‘”fQ/g GY9(z, ) — 2L GY9 (z, )| HCP (z,2') + .. ‘

dAa
d3 qy




Correct, full definition of TMDs a La Collins, ete.

Relation to collinear Denstties through
“perturbative tail” of TMPs (= large k+ behavior)




Correct, full definition of TMDs a La Collins, ete.
Relation to collinear Denstties through
“perturbative tail” of TMPs (= large k+ behavior)

large transverse momentum behaviowr of TMD = perturbative caleulation:

Rlaph> a2 Y / &0, (2, Cfp2) fila)z u) + O(a?)

zqu

B (e, g2 > A?) z/ A 1=z fi(z/z, 1) + O(ad)
pT x

t=q,9




Correct, full definition of TMDs a La Collins, ete.

Relation to collinear Denstties through
“perturbative tail” of TMPs (= large k+ behavior)

large transverse momentum behaviowr of TMD = perturbative caleulation:

SCUEICETDY / &0, (2, Cfp2) fila)z u) + O(a?)

qu

B9 (2,2 > A%) o Z/ A 12 fi(r/ 1) + O2)
pT T

x

1=q,9

Sivers function => relation to Ruark-Ggluow correlations at Large R

/L )L /L )L 2,0k > A?) [CfGP Gr(Z,2)+

o§GP< Gr)(2,2) + CfFF Gp(£,3)]




Correct, full definition of TMDs a La Collins, ete.

Relation to collinear Denstties through
“perturbative tail” of TMPs (= large k+ behavior)

large transverse momentum behaviowr of TMD = perturbative caleulation:

Rlaph> a2 Y / &0, (2, Cfp2) fila)z u) + O(a?)

zqu

hy? (z,pF > A%) o Z/ 2 122 fi(z/z,p) + Oer)

T j=q,9g"%

Sivers function => relation to Ruark-Ggluow correlations at Large R

;:ﬁ):zui } “{{‘i:-&i
- L - J_q

Az, pg > A%

R 4 "“; | Y
2 .’yr *‘: >

=> “TMD fact. = Collinear fact.”

ln overlapping region A < gr € Q n DY/SIDIS
Dt @iu, Vogelsang, Yuanl




Why (transverse) SSA?




TWo wwporta nt cxpenmewtaL obser\/atwws for TSSAS

}A =2 _alch—alU¢
NV T dat 4 dal




| | | | 1 | | | | | | |
— — — —_ — — — —_— —_— e _— —_—
e [ i i i [ i i i i i i i i i i i

Two Lmportant experimental observations for TSSAs |

P = _alaT—ala¢
N Ter At adel

1) Transverse SSA in plon-production P + pT — W+ X

Ay p+p —> n°+X at vs=200 GeV

Spin t =

r Spin , i

[ Left | Right i
f - o ___ Sivers (HERMES fit)

‘ } Hl ‘{A:‘km- {. — twist—3

0025 0 025 5/ [
| 7y mass (Gev/c")
f/

L <n>=3.7

V5 = 20 GeV [E704 coll. (1991)] V3 = 200 GeV [STAR coll. (2008)]

sizeable effect at large xg (and Large Pr... (?))
cannot be explained in the naive parton moodel [kane, Repkol
—> collinear twist-2 framework / not fully understood to the present day
22




2) Transverse SSA L semi-tnclusive BIS eo-c pT — e+ m+ X

(“sivers”, “Collins” effect...)

AoBP'S = Fx®=*)sin(6 - os)

+Fyp*t*sin(o + ¢s) +




2) Transverse SSA L semi-tnclusive BIS eo-c pT — e+ m+ X
(“sivers”, “Collins” effect...)

dogiP'® = Fyp *~*¥sin(¢ — os)

FSIH(¢+¢S)SIH(¢ n CbS)

COMPASS:

o |1

—
LI

a5 0.1
<
0.05

)

é (sin(¢-dg))yr
o
&

o

. Effect on the percent-level
*usually discussed tn TMD-framework




