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In some sense, all processes used to determine
the partonic structure of hadrons are
“semi inclusive” and involve high-p; final states....

Today: discuss a few pQCD aspects relevant to
processes "sensitive To OAM"

Outline:

e Introduction
e Single-scale processes

* Two-scale processes



Introduction



Reactions with measured p+ play crucial
role in QCD:

« Probes of nucleon structure

 Involved in most of tfoday's Hadron Collider physics
("New Physics")

« Test our understanding of QCD at high energies,
and our ability to do "first-principles” computations

Cornerstones: factorization & asymptotic freedom



Distinguish:

Processes with single Two-scale problems: small
measured hard scale p+ measured g+ and hard scale Q
. Examples: . Examples;
pp — 71X P —TX “TMD-SIDIS", Higgs-qr
« Collinear factorization  For simplest observables:

TMD factorization

- Typically, fixed-order , |
hard scattering (NLO, ..)| ° Perturbation theory:

double-logs
« "DGLAP" evolution a’j 1Og2k(QT/Q)
= resummation of logs
o log” (pr/Q0) « TMD evolution

= resummation of these logs
to all orders



Connections between the two:

« Q- intfegrated (weighted) cross sections revert to
single-scale problem

» this typically involves formal relations such as

A2k, k>
Te(a,a) = = [ 50k (Frle k) oy

( "sign puzzle" Kang,Qiu,WV Yuan - see Kang's talk )



likewise:

do/dq,

Ji, Qiu,WV,Yuan;
Koike, WV ,Yuan; Zhou,Yuan Liang;
Bacchetta,Boer,Diehl Mulders

q, ~ Q coll.fact.

q.

A

<Q: TMD fact. =

Aqep

Aqep <€ 9.« Q same physics



Single-scale processes



Factorized cross section:

e.g. Drell-Yan
2
Q4C%; = %;/dxadxb fa(Tas 1) folzy, 1) wap (z = %,as(u), %) + ...

 Ja,b parton distributions: non-pert., but universal

* Wgb partonic cross sections: process—dep., but pQCD

(LO)
Wab = Way + %

« 1~ () factorization / renormalization scale

(NLO) n

Numerous applications: f(z), Af(z), Tr(xz,z'),...






* NLO correction:

* higher orders:

z — 1:

log(1 —
w(gl;LO) X Qg ( og( Z)) + ...
1—2z n

2%k—1
(N*L,O) . [ log (1—2)
Waq X Qg ( T ) +

“threshold logarithms”

* for z->1 real radiation inhibited

* (s0, not really a “single-scale” problem)



* logs emphasized by parton distributions :

L dz T 2
do ~ / — Lag (—) Wqq(2) T = %

Z Z

| z=1 relevant,

in particular as 1—1

* logs more relevant at lower hadronic energies



Large logs can be resummed to all orders
Catani, Trentadue; Sterman; ...

+ factorization of matrix elements in soft limit
- and of phase space when integral transform is taken:

~ | _ L N(1-2=37 =)
(5(1 z Zzz> = 5 dN e i=

i=1 C
2F;
2 = \/g o
MS scheme

1 N Q?(1—y)? 2
~ (1 Yy — 1 dk

Wc(lqu)(N) X exp [2/ dy - / k—zl Aq (as(ki)) +
0 Y Ju2 1

A (as) = Cp {O‘? + (%)2 [% (f—; —<(2)> —g Rnf] + }

* logs enhance cross section |



LL: 20

JJC(]I;S)(N) X exp [—I——ozs 1n2N—|—...]
T

+o NLL : Catani,Mangano,Nason, Trentadue

2
wgﬂuwcxam{ﬂnNh“KM+2Mm(&%%)}

LL NLL
A = o (u?) bg log(NeE)

22X + (1 — 20) In(1 — 2))] h? =




2
Note, i
' N—1 do ' N ' N ~
/ dr 02 X </ dr, T, fa) (/ dxy xy, fb) WDap(N)
0 @ ) 0 0

Inverse transform:

res __ _ AN 7N Gres(N |
7 271 C—100 ' ( ) : @
"Minimal prescription” | I ¢

Catani,Mangano ,Nason, Trentadue |
|
|




Drell-Yan process in TIN scattering

M. Aicher, A.Schdfer, WV



* Drell-Yan process has been main source of information on

pion structure:
E615, NA1O

do =Y / iz, / 0y 17 (20 1) (@b 1) dBas(FaPay ©5Py, Q, s (1), 1)
ab

» Kinematics such that data mostly probe valence region:
~200 GeV pion beam on fixed target



* LO extraction of u, from E615 data:

xu (X)
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Farrar,Jackson;
Berger, Brodsky: Yuan
Blankenbecler,Gunion,
Nason

Dyson-Schwinger
Hecht et al.
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10

(Compass kinematics)

NLL resummed

Ist order expansion

* 2nd order expansion
3rd order expansion
NLO

T T T T [ T T T [ T 1 \/§:19Gev

Q (GeV)

Aicher,Schdfer, WV
(earlier studies: Shimizu,Sterman,WV,Yokoya)



xv™(x, Q3) = Nyx*(1 — x)B(1 + yx°)

Fit  2(xv™) o Y K X’ (no. of points)
| 0.55 0.15 £0.04 89.4 0.999 = 0.011 82.8 (70)
2 0.60 0.44 = 0.07 25.5 0.968 = 0.011 80.9 (70)
3 0.65 0.70 £ 0.07 13.8 0.919 = 0.009 80.1 (70)
4 0.7 1.06 = 0.05 6.7 0.868 = 0.009 81.0 (70)
0S5 71— 1 b
: | 1 Q =4 GeV

-~ (1 o $)2.34
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Hadron production



<ﬁwdn

0

Lq

-

d ao—C
b/qckmzjf dwbj/ dchh:uz.ﬁixb) Jab
Td77

e’

0
€X
2 — xrre " b
2pT ( 1 xa)
cosh — — In —
V5 T35 Tp

Trorre”

21, — x7el

De(z)



. . A 2 ) 1 T
Partonic variables: ir = —% n=mn—=In—

2eV/ 8

do I Y A3 a2, )
— d a d d c Ja\La e ’ c\~c
dprdr /xg x /xg T ./zg Ze fa(xa) fo(ap) dprdn D.(z.)

/ mass? = Sy

sS4 = §(1— 27 coshn)



L0 AT« § (3—4)

ab—c §

NLO :

| .
deNEO) g ( og(s4A/5)> + ...
_|_

ab—c 84/8

yet higher orders:

] 2k—1 A
da_(NkLO) x ak ( 0g (54/S)> T
_I_

ab—c S S4/§




Resummation is more complicated now:

 color structure of hard scattering

* cross section does not simplify under Mellin-moments



recoil

/ sy (;_ )N o)
0 S S dprdn

ab—cd ab—>cd
Kidonakis,Oderda,Sterman X E : H KI )

Bonciani,Catani,Mangano,Nason
Banfi,Salam,Zanderighi
Dokshitzer ,Marchesini

hy p1> ‘_—:
fa
fv




j/ do
dn
full dprdn

1 1 1 doap—c (T = ——
— / daja/ d;(jb/ dz. fa(fca) fb(ZIZb) ( g b> Dc(Zc)
:cgp a:%/aca T [/TaTb pT

- used in studies until recently de Florian, WV, ..

O_resum(

n € exp) ~ o > (all n)

oNLO (n € exp)

oNLO (all n)

X

exp



WA70 pp > m+X  E*d'o/dp’ (pb/GeV?)

de Florian, WV

10 = MRST2002 KKP

S WA70Vs=229 GeV |n|<0.05
10 b

— =
n=2

T T T T

1

+ 4.5 5 55 6

(effects at RHIC more modest)

6.5



ot p—
< <

do 2
— (pbarn (GeV/c
27, dp, (pbarn ( )?)
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| NLO py/2 < u<2 py Wmmm
\ res py/2 <u<2pyp W
- \ LO ===== i

\ NLO ====— |
:\ * res ===== 7
N\,
. A S .
- \“‘ \s \‘ 4
: N\, \. :

§‘~ N -
L ‘,‘ \\ \s~ 7
i NN\,
C N
- . N\
s’ LN
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de Florian, Pfeuffer,
Schafer, WV (prel.)



do
dprdn

1 1 A A A
d ab— )
/ d Tab @DC(ZC)
ZO

1
/0 dma fa(xa) /0 dxb fb(xb) Zc dedn \
2pr 20
COSh(ﬁ) =7 é\jT COSh(ﬁ) <Z_Ca77>

factorizes under Mellin-moments |

 technique allows to do resummation at fixed rapidity




do/dM (pb/GeV)

100

10~%

Almeida,Sterman WV

I I 1 I 1 1 I | I I I I l 1 I I I | I 1 E
- ¥ E706 pBe-n’n’X s'? = 38.8 GeV -
| (with E711 cuts) _
L — resummed \X\ o \ N
- - NLO A ‘“;?:\\\\\\\\\ .
=— xxxxx 0(a,) exp. ISl 3
- upper: u = M N Sxo ]
- lower: u = 2M ®e. Tx]

1 1 1 l 1 1 1 1 | 1 1 1 1 | 1 1 1 | Xl\\ 1
6 8 10 12 14



 should be very relevant for single-spin asymmeftries

in pp 2 TX STAR

40 Ay p+p —> ' +X at vs=200 GeV
. + )
® T 0.15H Spin 1 n
30 - _ - Spin 4| | i
L |1 Left | Right | [

20 § - - __. Sivers (HERMES fit)
i g 0.1

| twist—3

—~ 10 : |
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Kouvaris et al.
Kanazawa, Koike
Kang,Prokudin




STAR

p+p —>7’+X vs=200 GeV P
N
N> 2- ° mesons Vs = 52.8 GeV ]
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Bourrely,Soffer



» expect large corrections at high-x

» cf. NLO calculation of Drell-Yan single-spin asymm.

d{q . Ac(S1)) Yuan, WV
d()?
ve [ dxdx o, In(1 —
— O'O;T/ ;L ;, TF(:Z:,:E;HQ)CI(:B ; MQ) [801: ( ni — ZZ))+ + .. ]

 affect phenomenological extraction of T ?



Two-scale processes



>

do/dq+

[\% g+~ Q coll.fact.
0 =t

i " qr

Aqep

well-known feature: emergence of
Sudakov logarithms e (Q_Q)

k a7
Qg 5 + ...

dr




* these logs are related (although not identical) to
the threshold logs

o all-order resummation for “"ordinary” cross section

understood for long time
Collins, Soper, Sterman; ...

- 2 — _ 2 —’Lb'(qT-l—Zi sz)

log2k—1 (Q_2

2
T

—

k
T, q%

Q

) — log® (bQ)
Q% 31.2 2
&resum) () oc exp [2/0 ‘% (Jo(bk ) — 1) {Aq(as(ki) logQ— + }]

(Sudakov exponent)
* logs suppress cross section |



L L L DL L L DL
! "_‘\
! -\ do/dQ; (pb/GeV)
30 R B
| B 66 < Q < 116 GeV
pert. B -
resummed ; LIt resummed,
@ NLL 20 ‘\!\‘/ 0/ | [ w/ non-pert. ferm
S >3 _
LT ‘ ~
A T
/ .
I/ R \’\ < P
10 /| ‘.' '\~\~\ T ]
/1 B R e
/! ~. =
L o
4
0 I N B N B R R
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Kulesza, Sterman, WV



e great strides forward recently on resummation formalism

or single-spin observables
f : P Kang,Xiao,Yuan

Aybat,Collins,Qiu,Rogers

* Kang,Xiao,Yuan: use full NLO calculation of do /dqr
(in b-space)

ve [ —ibS 1 —’l _
our®) ~ 52 () { [ o] Preois

b? 112
T fpg;—wg ':@) Cr(l = &)1 = &)
(1—¢&1)

( ON, 0(1 = &) +0(1 —&)o(1 — &)

2})2 23
X | — In? @ 627E_§ — — 47
4 4




* Aybat,Collins,Qiu,Rogers:
organize in terms of simple parton-model TMD-like formula

do _ . . .
a2 " g /ko¢,1/d2lﬂ,2 F(z1,k11,Q) F(22,k12,Q) 6P (kL 1 + k10— L)
1

 find (at large Q)

collinear piece
M,b Y diy di
Flz T (x, by . Cr) Z - —— 2 COFN (@, B, bai g i, 9(pn)) T jyp (d1, 2, 100)

.I'l SIJ’Q
~ Sudakov
- Hodu!
coxp{n §K<b*;ub> o [M S et - o) |
X exp{ gjsﬁfrs(x, br) — gi(br)In g}

hon-perturbative piece

* represents “evolution” of TMDs



Reason for non-perturbative piece:

@/ch dki (Jo(bk1) —1) {as(ki) 10gQ—2 + }]

~ (resum) b
o (b) < exp - 2

Logarithms are contained in

20+ [ dk2 2
__F/ L{as(ki)log%—l—...}}
1 1

(S5, ¢ —
P 70 /b2 ki

- needs prescription for dealing with large-b

/ d2b =0T [ ] “ (b)

A

e.qg. b

VA .



Contribution from very low k;

exp {/dki as(k?) log (%”

W_/

g1 + g2 log (%)

* suggests Gaussian hon-pert. contribution with
logarithmic Q dependence

- expected to be universal (unpol. <-> Sivers)

. “global" fits

Davies, Webber, Stirling; Landry et al., Ladinsky, Yuan; Qiu, Zhang;
Konychev,Nadolsky

+ values of g;,g, depend on treatment of large-b region !



Up Quark Sivers Function

x=0.1
T T [ T ?
Q:\/ﬂGeV B EVOIUTion Of
— — — Q=5GeV = :
T ol - Sivers .fc’rs.
— ] (Gaussian)
| 1 | , -I-1~-§ AYbGT,COHinS,
4 6 8 10 Qiu,Rogers
| ' | ' | ' E
=
N~ =
| . | . | .5
4 6 8 10
k; (GeV)
F — T T T T T T T
- e =30V [ 24 Gev i
cf. unpolarized TMD =\ Tl Qoo Gey
o\ T Yoo _
Aybat Rogers : SN T=
r N Tl
0.01 = ] | ] | ] A | ] | ] .|~'§|'-.—-
0 ! 2 3 4 5 6
k; (GeV)

- evolution for Sivers more sensitive to large b



Interesting "follow-up":

* we know there is no TMD factorization for general QCD

hard scattering Bomhof, Mulders, Pijlman;

Collins, Qiu; Mulders,Rogers

* gauge links in parton distributions “"know" about full
hard process

» what does this imply for perturbative resummation ?



e at some order, breakdown of “standard” formula should
occur

* recent study of collinear singularities at high orders

Space-like (vs. time-like) collinear limits in QCD:

1s factorization violated?

Stefano Catani (¥, Daniel de Florian ®(© and German Rodrigo ¥

usually,

~_

50)

Aﬁ\

™~ qu@)&(())

/




Conclusions:

* numerous applications of QCD resummation
to hadronic scattering:
Threshold-resum. / qT-resum. - “joint" resummation?

Laenen,Sterman WV

* many are relevant for the processes we use to
determine nucleon structure

* great recent progress, in particular in TMD area



