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Different frames
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Collins-Soper Gottiried-Jackson
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Connecting the frames
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L oW transverse momentum
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L oW transverse momentum
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High transverse momentum
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High transverse momentum

do o2

diqdQ Q2
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Tw 3
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Matching?
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Matching behavior

Collins, Soper, Sterman, NPB250 (85)
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Matching behavior

S

| 2 @2 < Y

M
The leading high-gr part is just the “tail” of the leading low-qgr part.
It is in principle possible to write a single expression from low to

high gr.

Collins, Soper, Sterman, NPB250 (85)
16
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Matching behavior

Collins, Soper, Sterman, NPB250 (85)
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Matching behavior
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TMD description (good)

Collins, Soper, Sterman, NPB250 (85)
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TMD description (good)

Matching behavior

MQ.

v

escription

od)

dr

od

Collins, Soper, Sterman, NPB250 (85)

Tuesday, 22 May 2012



Matching behavior
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Matching behavior

collinear extrapolation (bad)
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From TMD to collinear PDFs?
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From TMD to collinear PDFs?
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FUU

collinear description

/ (good)
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From TMD to collinear PDFs?

1
FUU

collinear description

/ (good)

M2
TMD extrapolation (bad)

To obtain PDFs, you need to integrate into the high gr region,
where TMDs cannot be used.

You should NOT expect to recover PDFs from TMDs.
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Low and high transverse
momentum
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Low and high transverse
momentum
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Low and high transverse
momentum
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Low and high transverse
momentum
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Low and high transverse
momentum
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TMD part
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Unpol. TMD “state of the art”

1 . , /
fi(z, kr; Q) = o /deTe_"kT'bT (C' @ f1)(z,brp) e b1:Q) g=Snp(@,b1.Q )
7

I. Rogers, M. Aybat, arXiv:1101.5057
see also M. Garcia’s talk
22
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Unpol. TMD “state of the art”

f1 (CC, kT, d2b e—ZkT b C ® fl T bT —S (bT Q) _SI/\IP(x br Q Ozz)
collinear PDF / \
pQCD nonperturbative part of TMD

I. Rogers, M. Aybat, arXiv:1101.5057
see also M. Garcia’s talk
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Unpol. TMD “state of the art”

1 | | |
fl (CE, kT; Q) ~ /deTG_ZkT.bT [C X f1](513, bT) e_S (br,Q) e_SNP (z,b1,Q,0;)
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Data and TMD extractions
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BLNY fit

Landry, Brock, Nadolsky, Yuan, PRD67 (03)

Experiment | Reference Reaction V'S (GeV) |6 Neyp
R209 [14] pt+p—ptum +X 62 10%
E605 [15] |p+Cu—ptu +X| 388 | 15%
F288 [16] |p+Cu—putp~+X| 274 | 25%

CDF-Z | [17] p+p—Z+X 1800 | -
(Run-0)
DO -Z 18] p+p—2Z+X 1800 4.3%
(Run-1)
CDF-Z [19] p+p—2+X 1800 | 3.9%
(Run-1)

26
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x dependence of TMDs

x=0.1 x=0.001

.\1 e / O\ pr[GeV]
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x dependence of TMDs

I. Rogers, M. Aybat, arXiv:1101.5057
Landry, Brock, Nadolsky, Yuan, PRD67 (03)
P. Schweitzer, T. Teckentrup, A. Metz, PRD81(10)
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Widening driven by Tevatron data
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Multidim. studies are needed
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talk by |.+. Peng at DY@BNL workshop
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New E866 data
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Flavor-dependent TMDs

valence seq

.\1 e / O\ pr[GeV]
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D-Y: impact on PDFs
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Future perspectives

* COMPASS pion-nucleon may be useful to constrain pion
unpolarized TMDs (will it be useful for the proton ones?)

* To study flavor dependence, it would be nice to have
different beam/targets (e.g., antiprotons, deuterons)

* W production should be extremely useful for flavor
studies

Tuesday, 22 May 2012
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Matching?

Low qr High gr
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Yes, but not quite...
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Unexpected mismatch

Bacchetta, Boer, Diehl, Mulders, JHEPOS8 (08)
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Unexpected mismatch
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Unexpected mismatch

The TMD formalism at twist 3 is incomplete
(Is it possible to fix it?)

Bacchetta, Boer, Diehl, Mulders, JHEPO8 (08)
36
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L oW transverse momentum

DG [ Te (i e s
FUU,%SZ 0 C[ M22T< S —

Frrft | kg fl+fL
2 M,

2 M,

i = Mgth—kh)]

2

Z: L%and |. Schmidt, PRD84 (11)
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L oW transverse momentum

Pure tv_yist 3

N —., e .

oMy [k -kop (h+h-, My, Fr+f\ h-kp(fr+fr. My, h+h
Fcosqb B 2T bt 1T = Ak
UU,CS 0 C[ 7R ( 5 hy v, J1 5 yi 2 J1 hy

2 M, 2

Z: L%l7and |. Schmidt, PRD84 (11)
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L oW transverse momentum

Pure twist 3

N — e -

oMy, [h-kop (h+h - B e fi+fL M2 B I
cos¢p 1 2T e 1T b
Foves = 0 C[ M, ( h J1 5 + 0 f1— h o

CcOs 2M i’/k M. = }ALIC — M =
ity =g e (v il )+ S (A5

Z: L(§I7and |. Schmidt, PRD84 (11)
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L oW transverse momentum

Pure twist 3

N — e -

oMy [ kyy FLLFL ﬂ-km(fwfl M, Lh+h>]

cos¢p o S o
Foves = 0 C[ M, ( 5 h lel 5 ) W 5 f1 Mlh 5

_2M [ h-k Wiy DN M, H
5 c[_ MhT(thHer thlz)_ ];T(mfwﬁ Mhhfz)] SIDIS

Z: L%l7and |. Schmidt, PRD84 (11)
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From low to high gy

oMy [h- -k _ M, = R s
cos ¢p 1 2T e 2 B[S i 2.1
e — Wor c[ : (hh1 M, Jif ) + VT, (f J1 _ﬂ 1h1 h)]

Bacchetta, Boer, Diehl, Mulders, JHEPO8 (08)
38
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From low to high gy

M -k 5 M, = h-k B e
R L Y R G e |

Bacchetta, Boer, Diehl, Mulders, JHEPO8 (08)
38
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From low to high gr

A

cos 2M hk — M = i'\'/k K M 24
FUU,qcb;hJ = ?16[ M22T (h hi — ﬁiflfi> + L (fJ_fl - —2hfh>]

1 M2
vfi~ 7 0 F[fi] i~ = [ O
o kr
i 1 1 1(1)
s Nk—QozS]:[fl] hN—QaS]:[hl ,]
T T

Bacchetta, Boer, Diehl, Mulders, JHEPO8 (08)
38
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From low to high gy

COS Qp, 2M ’;/k = M = I;,k; _
FUU,qcb;J = ?1(3[ M22T %— ﬁiflfi> Sl MllT (fJ_fl —M]

1 M?

ofy ~ —5 o F[f1] hip ~ Ll F e a0
ko ko

e 1 L(1)

S R B oy FRED, ]

k7 kT

Bacchetta, Boer, Diehl, Mulders, JHEPO8 (08)
38
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SIDIS example

Low gr 3 L 3 )
2M h-k My, . D h-p M, H

cos ¢p, T h e T J_D hJ_
s 0 C[— ” <xB Hi + fi » ) s (:UBf 1+—M e

Intermediate ¢r

Bacchetta, Boer, Diehl, Mulders, JHEPO8 (08)
21y
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SIDIS example

Low gr 3 L 3 )
2M h-k M, . D h-p My, H

cos ¢p, T h e T J_D hJ_
s 0 C[— ” <:I:B Hi + fi » ) s (ZCBf 1+—M e

Intermediate qr

) 4

Bacchetta, Boer, Diehl, Mulders, JHEPO8 (08)
21y
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SIDIS example

Low gr oM [ h-k M, . DY\ & ]
cos ¢p, ; h P Mh H
Fig™ =g [_ MhT<thH1L+ Mt )_ MT(‘KEBJFLD1+ th_>]
Intermediate ¢r "
1 Q 2
cos ¢ S 2 a a a a / a /
Fou™ = - Qqr 27222 Za Tey [fl () DT (Z)L<g) + fi(x) (DT ® Py + DY ® Py, ) (2)

£ (Pl ® fo + P f)(2) DY(2)—2Cr f¥(x) D%<z>]

Bacchetta, Boer, Diehl, Mulders, J[HEPOS8 (08)
29
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SIDIS example

Low gr oM [ h-k M, . Dt\ & ;
cos ¢y, ; h P Mh H
i = S ¢t (e B+ 5 A5 ) - PRt (wmr P 0|
Intermediate ¢r "
FCOS D= - 1 Qg 7 a D¢ L Q2 a DY Pl DY Pl
0 =~ Ggr T 2% |[H@DIG) L3 ) + 1) (D © Py + D @ Pl,) (@

£ (Pl ® fo + P f)(2) DY(2)—2Cr f¥(x) D%<z>]

Does not match exactly!

Bacchetta, Boer, Diehl, Mulders, JHEPO8 (08)
29
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“Wandzura-Wilczek” approx

1 -
/ _x'f
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“Wandzura-Wilczek” approx

SRR 4
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“Wandzura-Wilczek” approx

AR 4

Formally “fine,” but probably is not realistic
and misses nice physics of quark-gluon
correlations
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AR 4

Formally “fine,” but probably is not realistic
and misses nice physics of quark-gluon

correlations
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“Wandzura-Wilczek” approx

_ k7 by

= s
M? ¢

h

il




“Wandzura-Wilczek” approx

k3 hi NG
h:MQx ><

il




“Wandzura-Wilczek” approx

k3 hi NG
h:MQx ><

Formally wrong.
E.g., violates time-reversal condition:

/d%T h(z, k) =0

il




“Wandzura-Wilczek” approx

=ity DK el

Formally wrong.
E.g., violates time-reversal condition:

/koT h(z, k) =0

il




“Wandzura-Wilczek” approx

_ k7 by

= s
M? ¢

h

A5




“Wandzura-Wilczek” approx

A5




“Wandzura-Wilczek” approx

Formally “fine,” but probably is not realistic
and misses nice physics of T-odd functions.
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Quark-gluon correlations
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Quark-gluon correlations

» Describe physics effects of the presence of the gluons together with

the quarks (quarks feeling the QCD interaction...)
see, e.g., Burkardt arXiv:0810.3589
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Quark-gluon correlations

» Describe physics effects of the presence of the gluons together with

the quarks (quarks feeling the QCD interaction...)
see, e.g., Burkardt arXiv:0810.3589

» Some models already exist
see, e.g., Lu, Schmidt, arXiv:1202.0700
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Quark-gluon correlations
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Quark-gluon correlations
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Quark-gluon correlations

* Important for the high-transverse-momentum tails of TMDs
see, e.g., Ji, Qiu, Vogelsang, Yuan, PLB638 (06)
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Quark-gluon correlations

* Important for the high-transverse-momentum tails of TMDs
see, e.g., Ji, Qiu, Vogelsang, Yuan, PLB638 (06)

* Intriguing properties from the theoretical point of view (e.g.,

evolution)
see, e.g., Braun, Manashov, Pirnay, PRD80 (09)
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Low qr

w4 F~

Matching?

46

High gr

o

Tw 2
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Low qr

w4 F~

Matching?
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High gr

o

Tw 2
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Low qr

2
) r~-T

Matching?

High gr
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Low qr

2
) r~-T

Matching?

High gr
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Expected mismatch

cos 20
FUU

47
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cos 20
FUU

Expected mismatch

M2 Q’
Two distinct mechanisms are involved

47
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TMD description

Boer-Mulders TMD
“spin without spin”

® - @
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TMD description

Boer-Mulders TMD
“spin without spin”

@ - @




On the cos2 » modulation

do
dS)

V

— x 14 X cos? 6+ p sin 26 cos ¢ + g sin® @ cos 2¢

o

2 3 4

g7 (GeV?)

Bacchetta, Boer, Diehl, Mulders, JHEPO8 (08)
49
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On the cos2 » modulation

d
d_?l x 1+ )\ cos®6 + 1 sin 26 cos ¢ + g Sin2(90082¢
1 | |
/ >
dr
Q?
Boer—Mu@—
e L
dr
2 3 4
q7(GeV?)

Bacchetta, Boer, Diehl, Mulders, JHEPO8 (08)
49
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do

— e |l
onc + A\ cos

On the cos2 » modulation

>0 4 11 sin 26 cos ¢ + g sin® @ cos 2¢

V

Boer—Mu@—

effect

o

1 2 '3

4

g7 (GeV?)

M?
2
7

Can be calculated
with pQCD.

——  Resummation

Important.

Boer, Vogelsang, PRD74 (06)

Berger, Qiu, Rodrigues-
Pedraza, PRD76 (07)

Bacchetta, Boer, Diehl, Mulders, JHEPO8 (08)

255
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On the cos2 » modulation

Z—g x 1+ X\ cos? 6 + u sin 26 cos ¢ + g sin® @ cos 2¢
2 Can be calculated
0z with pQCD.
f— ——  Resummation
Boer-Mulders Important.
effect M_;
" Boer, Viogelsang, PRD74 (06)

/‘T\/ﬁ 2 3 : 4 Berger, Qiu, Rodrigues-
Pedraza, PRD76 (07)
Nonperturbative twist-4. 2 (QeV2
Ny eV
No factorization. qT( )
(Cahn twist-4 can be a model?)

Bacchetta, Boer, Diehl, Mulders, JHEPO8 (08)
49
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Boer-Mulders fit

Phenomenology

0.3
0.25 |
0.2

0.15 |

= p+pat 800 GeV/c
o p+dat800 GeV/c

pQCD calculation

Zhang, Lu, Ma, Schmidt, PRD78 (08)

50
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Violation of Lam-Tung relation

1 —\A=2v
2
1.75 @ Fermilab E615 ——
1.5 A CERN NA10
,..\1'25 | ® Fermilab ER66/NuSea
T A
:>0.75 _— —1—
05 E _+_ + A |
025 | T__ T
0
L I
025 |4 ﬁ: ] | 1 | ] ] ]
0 0.5 1 1.5 2 25 3 35 4

pr (GeV)
talk by P. Reimer at DY@BNL workshop

May be a better way to study Boer-Mulders function,
since pQCD contributions may cancel
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Already unpolarized Drell-Yan has many rich features
related to TMDs...
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...imagine what happens with polarization!
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Conclusions

Already unpolarized Drell-Yan has many rich features
related to TMDs...
...imagine what happens with polarization!

see next talk and tomorrow’s talks
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