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Interest in Semi-Inclusive
Processes

Large Q: probe quark & gluon degrees of freedom

Additional structures accessible
— TMD PDFs
— TMD fragmentation functions
— Spin dependent TMD functions

Evolution
— Relate different physical observables

Careful account of factorization is essential
— Calculations involves interplay of different kinds of physics



Transverse Momentum in
Semi-Inclusive DIS

Open up the black Slide from Nov. ECT*
boxes workshop on
fragmentation and

hadronization

Proton

Fragmentation Function: dependence on Q°, z



Outline

* Not in this talk (but important):
— Precise definitions of TMD correlation functions.
— Detailed treatment of evolution.

* |n this talk:

— Matching all regions of q;:

* Incorporate directly at the level of factorization formalization rather
than at implementation.

— Relationship between integrated and collinear cross sections.

— W +Y formalization
* What has usually been done
* What we do



Notation

Cross Section (unpolarized)

do
T _
(QT7Q) d2quQ"'

Hadronic mass scale: m

T
Errors: O (—)

Q

b7

Coordinate space cutoff: b (br) = \/1 Y
T max

Scales:
,LLbECl/bT, Hb., ECl/b*a /'LQECQQv



Regions of Transverse

) Momentum
Q > O(m)
>
o
qr S O(m) qr 2 O(Q)
Py >
Q) O(m) < qr < 0(Q)
§ /
—
Y-term
\ QT>
W(qT,Q) = H/d2k3T F(a;’,qT — ktT) D(ZA,I{:T)

Central interest in JLab Experiments




Example: Sea vs. Valence
Quark TMD PDFs

Theory:
(Schweitzer, Strikman, Weiss, (2013))
Phenomenology:
10 ——————————————— (Signori, Bacchetta, Radici, Schnell (2013))
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Transverse Momentum Dependent
Factorization

* Incorporate all processes.
— SIDIS, DY, e*e’, different target, different final states...
— Unpolarized cross sections, spin asymmetries...

dogipis = Y Hysiois(Q) @ Fyym, (2, ki1, Q) ® Dpyyyp(2,kor, @) + Ysinis
f

dopy = Hf,DY(Q) ® I"f/Hl (516'17 ki, Q) ® Fg 2($2, kar, Q) + YDrell—Yan
f/H
f

Aot = ZHf,e+e_ (Q) ® Dy, (21, k11, Q) @ Dy, yp(22, kor, Q) + Yere-
f



Transverse Momentum Dependent
Factorization in SIDIS

F(QT)Q) :H(MQv Q) /d2kT F<$7 dqr — kT7 QQMLLQ) D(Z7 kT7 Qa:uQ) + Y(QT) Q)

—

The W term The Y term
Good approximation Good approximation
If If
g < Q gT > m

+0(m/Q)

(Collins-Soper-Sterman: 1981-1985)
(Meng, Olness, Soper: 1992,1996)

(J.C. Collins: (Foundations of Perturbative QCD, 2011), Chaps. 10,13,14 ) 9



The W-term



Transverse Coordinate Space

W(br, Q) = H(pq, Q) Fj/a(za,br; Q% 11g) Dpyj (28, b1; Q7 11g)



Transverse Coordinate Space

dsz ZCIT
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Transverse Coordinate Space

b1 g,

W (gr, Q) :/W 0 1 (b, Q)

~

d*b1 g b7 OPE
/(277)26 qr-bryy; (b (b)), Q)Wxp(bT, Q)

W (br, Q) = WOTE(b,(br), Q) + O ((bym)P)

Evolve TMD functions again



Transverse Coordinate Space

. dz ) .
WOPE(b,(br),Q) = H(pg, Q) Z/ —CT DT (@ a /%, bu(br); 1, o s (p,)) f0ya (&5 1) X

dz ) .
></ 53 Cir)3 (282, b (00); i, s v, (v ) ) i (35 1o ) X
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M, po, M
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WOPE(b* (bT>7 Q)
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Transverse Coordinate Space

d?br+ . ~
W(qr, Q) = / (ZW)gequ.bT W(br, Q)

\/
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All Transverse Momenta

Q > O(m)
< >
— ><
gr S O(m) gr 2 0(Q)
R < >
Q: O(m) < gr < O(Q)
= J
—~
>
qr
\ Wi(gr, Q) = [H/d%TF(x,qT — k1) D(2a,kr) .

W(gr,Q) = [H/d2kTF(:c,qT —kT)D(zA,kT)]NP



The Y-term



dr Regions
* “TMD part” / W-term (good g; << Q approximation)

: DTN

4T a+1 m a’ +1
+O<_> e+ O<_> I
Q Q

* “Fixed Order” (good g; >> m approximation)

Approx. 1 [ I'(qr, Q) ] =I'(¢r, Q)+ O (q—T)aF(qT,Q) +0 (T

Approx. 2 [ I'(gr, Q) ] =T'(q7,Q)+ O (ﬁ>br(qT,Q) 4.

qrT

e W-term error:

(
I'(gr, @) — Approx. 1 [ ['(gr, Q) ] =0 (q—T>aF(qT,Q) +0(
O



d+ Regions
 W-term approximation with error

I'(gr,Q) = Approx. 1 [ I'(gr, Q) ] + (F(qT,Q) — Approx. 1 [ I'(qr, Q) D

e Y-term Correction

Approx. 2 [ ['(gr, Q) — Approx. 1 [ ['(gr, Q) ] ]
=I'(¢r, Q) — Approx. 1 { I'(qr, Q) J

+<o<qﬂT>b+--->( r<qT,Q>—Approx.1[ Clgr, Q) ] )

=I'(¢r,Q) — Approx. 1[ I'(gr, Q) ]
+ (0 (£>b+ > (0 (%)ar(qT,Q)+o (g)a/r(qT,QH >

min(a,a’,b)
=T'(g1,Q) — Approx. 1 [ (¢, Q) ] +0 (g) I'(gr, Q)



g+ Regions
* Total:

'mSqr SQ,Q) = w+ O (g)CF(QT,Q)

Approx. 1 [ ['(gr,Q) ] + Approx. 2 [ ['(gr,Q) ] — Approx. 2 Approx. 1 [ ['(gr,Q) ]

- I A vy

W-term Fixed Order Term Asymptotic Term

N _/
~

Y-term




d+ Regions

* What about g <mand q;>Q?

 What about inclusive integral?



Goal:

Generalize/Improve
W+Y
Formalization



Semi-Inclusive to Inclusive

e Parton Model W-term:

W(gr, Q) = H/koT F(z,qr — kr) D(24, k1)
[ der Wiar.Q) = Hf(@)d(2
e CSS/TMD factorization formalism W-term:
W(qTaQ) — H(NQ? Q) /d2kT F<$7qT — kTa QQMUCQ) D(Za kT7 QaMQ)

/d2QT W(gr,Q) =0



Very Large and Very Small q;

a) W-term: good approximation for q,/Q = 0

b) Fixed order term: good for g, = 0(Q)

c) W+Yisgoodfor O(m)<<g;<<0(Q)
— Bad for g; < O(m), gq; > 0(Q)
— But no problem in principle: Recall a) & b)

— Switch off W+Y below some min q; and above some max
a:/Q

d) Need to simultaneously drop powers of m/qg; & g,/Q



Very Large and Very Small q;

Direct implementations
Vs=17 GeV, Q®=10 GeV?

Matching W+Y to Fixed Order
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M. Boglione et al, JHEP 02, 095 (2015) P. Nadolsky et al, Phys. Rev.D61, 014003 (1999)

d) Culprit: W and Y are used far outside their domains
of accuracy; default treatments of errors not

necessarily optimal.



Generalized W+Y Formalization

e Requirements

1) q; << Qapproximation shouldn’t contribute for g; > Q.

g>> m approximation shouldn’t contribute for g;< m.
Guzzi,, Nadolsky, Wang (2014)

2) Integrated TMD formalism should match collinear formalism.
“Unitarity”: Bozzi, Catani, de Florian, Grazzini (2006)

3) Integrated TMD parton model should match collinear parton
model.

4) Should recover standard W+Y treatment for Q = oo and for
m << g; << Q.
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Generalized W-term

* Basic
d%b+ . ~
W(gr, Q) = / (Qﬂ)gequ.bT W (br, Q)

e Generalized

d?br .
WNeW(QTa Qa 7, 05) — E<QT 77) / (271_)2 equ.bTW(bC(bT)a Q)

Q = 20.0 GeV

Addresses point 3.)

and part of point 1.)



Notation

Cross Section (unpolarized)

do
T _
(QT7Q) d2quQ"'

Hadronic mass scale: m

T
Errors: O (—)

Q

b7

Coordinate space cutoff: b (br) = \/1 Y
T max

Scales:
,LLbECl/bT, Hb., ECl/b*a /'LQECQQv



Generalized W-term

* Ordinary steps still apply:

WNeW(QTaQ;n705>:E(%T)n)/%elq bTWOPE<b (bC<bT))7Q)WNP(bC(bT)7Q)

bt + C /i = G
— — max M —
o (belln) ¢ T B B+ O (1P XOX(S)
Use in OPE
C 1 Cy 1
— bmin = 04 (b.(0)) = ~ ~ — See also Boer,
( ( )) ,umax \/1 + CQ/(:“’max max) :umax Q den Dunnen
(2014)

bmin bT < bmin
- b* (bc<bT)) — bT bmin < bT < bmax
bmax bT > bmax



Transverse Coordinate Space

b1 g,

W (gr, Q) :/W 0 1 (b, Q)

~

d*b1 g b7 OPE
/(277)26 qr-bryy; (b (b)), Q)Wxp(bT, Q)

W (br, Q) = WOTE(b,(br), Q) + O ((bym)P)

Evolve TMD functions again



Transverse Coordinate Space

/ d2bT eiqT'bTWOPE(b*(bc(bT))vQ)WNP(b (bT) Q)

\ ¢
> E = b (be(br))

Evolve TMD functions again




Transverse Coordinate Space

W (br, Q)
v

PDF (24/%, by (br); Mg*,ﬂb*,as(ub*))fj//A(i; fi, ) X

J/,L/

/ e Y (o /2, bubr): 2 o, va )l i (21 1)

2

X exp {ln f—bK(b*(bT)EMb*) + /;:Q d: [27(043(,“ );1) —In /?—’YK(&S(M/))] }

X exp {—gA(QJA, ij bmaX) — gB(ZB, bT, bmax) ng(bTa bmax) In (QQO)}



Transverse Coordinate Space

W(bT, Q) % W(bc(bT)a Q)
v

dx
H(MQaQ)Z / fcf/?F(a:A/fc,b*(bc(brﬂ);ﬂQ,ﬂ,aS<ﬂ>)fjf/A(§:;ﬂ) X

/ L CET (22, ba (be(br)): %, 1y 0 () ) i (33 1) X

hQ !
na

< o {in LR 00000 + [ B 2100000 =10 ot

X exp {_gA@jAa bc(bT); bmax) — gB(ZB, bc(bT); bmax) - 29K(bc(bT) bmax) In <%) }



Generalized W-term

* Ordinary steps still apply:

WNeW(QTaQ;n705>:E(%T)n)/%elq bTWOPE<b (bC<bT))7Q)WNP(bC(bT)7Q)

b + C7 ) u? O
_ _ max Iu p—
b.(be(bT)) \/1 _I_bgf/bmax C?/(p2, b2 ) b (be(bT))
Use in OPE
B G 1 G 1
— bmin = b*(bc(o)) — Limax \/1 i CQ/(:“’max max) ~ [hmax Q

bmin bT < bmin
- b* (bc<bT)) — bT bmin < bT < bmax
bmax bT > bmax



Relationship to Inclusive (Integrated)
Cross Section

e Recall:

/H%TW@mQ%ZO

2
e = lim o ~ ¢ \/1+bmin

 Modified:

b2\
[ @ax Wtar.@ = Hofwasnoyitenin + 0 ( (122 )

— HOf(ajA; :LLC>d(ZB7 'uc) 0 (<Q2bl?nax> )



Generalized Y-term

e Standard steps apply to deriving a modified Y-term.

Approx. 2 [ I'(qr, Q) — Approx. 1 [ I'(qr, Q) ]

:>Approx.2[ F(qT,Q)—Approx.ll T'(gr, Q) ] |
g ~- J

Use b; =» b_(b;)




Generalized W+Y Formalization

e Requirements

1) q; << Qapproximation shouldn’t contribute for g; > Q.

g>> m approximation shouldn’t contribute for g;< m.
Guzzi,, Nadolsky, Wang (2014)

2) Integrated TMD formalism should match collinear formalism.
“Unitarity”: Bozzi, Catani, de Florian, Grazzini (2006)

3) Integrated TMD parton model should match collinear parton
model.

4) Should recover standard W+Y treatment for Q = oo and for
m << g; << Q.



Generalized Y-term

e Standard steps apply to deriving a modified Y-term.

Approx. 2 [ I'(qr, Q) — Approx. 1 [ I'(qr, Q) ]

— Approx. 2 [ I'(qr, Q) — Approx. 1 [ I'(gr, Q) ]

— X (qr/A)Approx. 2 [ I'(gT, Q) — Approx. 1 [ I'(gT, Q)

A = hadronic mass scale f Q=200 Gev
(ResBos = 0.5-1.5 GeV) T —

[ 1
0.8F I
L

[
Blue Curve s N [ X(@r)
04all =(qr/Q)
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A Corresponds ¥
to QTmin in 0.2 —::
CSS, 1985 01 ST TR R i




g+ Regions
* Total:

'mSqr SQ,Q) = w+ O (g)CF(QT,Q)

Approx. 1 [ ['(gr,Q) ] + Approx. 2 [ ['(gr,Q) ] — Approx. 2 Approx. 1 [ ['(gr,Q) ]

- I A vy

W-term Fixed Order Term Asymptotic Term

N _/
~

Y-term




g+ Regions
* Total:

F(QTvQ) — WNeW(QTa Q;n705) + YNeW(QTaQ;na 05) + O (

N _/
~

Approx. 1 [ I'(gr, Q) ] + Approx. 2 [ ['(qr,Q) ] — Approx. 2 Approx. 1 [ I'(gr,Q) ]
\ IV _/ \_ ]
New W-term Fixed Order Term New Asymptotic Term

N _/
~

New Y-term

m

%) Plar.Q)




Generalized Asymptotic Term

e Evaluation of logarithms.

- Approx. 2 Approx. 1 { I'(qr, Q) }

2 1.2
mn [ HOb
Oés(:uQ) In ( C132T>
0

- Approx. 2 Approx. 1 { I'(gr, Q) }

s ()™ " (M%*(bb%(m)?) .




Generalized Asymptotic Term
* Transverse momentum space version of logarithms.

Standard Logarithms
HgbT ) - 11 Q2
(o)™ I | =
b5 C]T C]T C]T
After Modification: (Bozzi-Catani-de Florian-Grazzini: (C, = Cs) )
> Nucl. Phys. B737, 73 (2006), App. A
mn pobt | C3 C'1bg C1qTbo
as(png)™ In P2 =+ 02 K4 ye
0 5 qTHQCs Cs1Q




Generalized Asymptotic Term

Normalized Absolute Value of Asymptotic Term
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C1/Cs — 0 (Collins, Soper, Sterman (1985), ResBos, etc... )
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Summary

* Control over Y-term is important for studies of intrinsic
transverse momentum.

* Improvements over past approaches possible, especially
when considering relationship between differential and
inclusive quantities.

e Qutlook

— Improvements in purely collinear factorization treatment
needed?

— Extend to polarization observables.
— Phenomenology: See N. Sato talk Thursday.



