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TMD pantendistribution functions

Collins,Sopern(81,82);Ji Ma, Yuan (03, 04); Collins, Metz (5 STAYAUGA2Y 2F ¢a5 5CQa | y|

LO QCD = Simple parton model + Factorized-2W3DF & FF
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Proton goes out of the screen. Photon goes into the screen o
g d k; - intrinsic transverse momentum of theadu
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TMD pantendistribution functions and IkFs

Collins Soper(81,82);Ji Ma, Yuan (03, 04); Collins, Metz @& STAYAGA2Y 2F ¢ab5 5CQa | y|
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TMD partondistribution functionsandiRFs
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Cahnceftect

Cahn effect
R. N. Cahn,PLB 78(1979
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Cahnceffect

ds
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Cahn effect
R. N. Cahn,PLB 78(1979
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The point that thereare azimuthaldependences which arise from the

transverse momenta of tpartonswvas clearlystated in thigapers:

T.P. Cheng and A. Zee, Phys. Rev. D@972) 885; Cam

F. Ravndal, Phys.Lett. 43B(1973) 301.

R.L. Kingsley, Phys. Rev. D1@1974) 1580;

A.M. Kotsinyan, Teor. Mat. Fiz. 24(1975) 206;
Engl. transl Theor. Math. Phys. 24(1976) 776.

A. Kotzinian On behalf of:
T.P. Cheng, A Zee, E Ravndal,
R.L. Kingsley and himself
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Cahnceffect

Cahn effect
R. N. Cahn,PLB 78(1979
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Cahnceftect

Bacchetta Diehl,Goeke Metz, Mulders and Schlegel JHEB2:093 (2007).
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Kinematic effect: non-zero k; induces an azimuthal modulation
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= Pm/‘ F)hT‘ p; - TM of the quark w.r.t.the directioh the produced hadron
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Cahnceffect
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Kinematic effect: non-zero k; induces an azimuthal modulation

P. J. Mulders and R. DTangerman
Nucl. Phys. B461(1996)197 237

D. Boer, P. J. Mulders, and O. V[ eryaey
Phys Rev. D57(1998)3057 3064
Bacchettaet al. JHEP0702:0932007
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Cahnceffect

Bacchetta Diehl,Goeke Metz, Mulders and Schlegel JHEB2:093 (2007).
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ALbnoimdnil'tCuhddifmtal o0 Cahn ef |

Bacchetta Diehl,Goeke Metz, Mulders and Schlegel JHEB2:093 (2007).
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BoerMulders effect
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D. Boer and P. J. Mulder$?RD 57 (1998)
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BoerMulders effect

Bacchetta Diehl,Goeke Metz, Mulders and Schlegel JHEB2:093 (2007).
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D. Boer and P. J. Mulder$?RD 57 (1998)
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BoerMulders effect

Bacchetta Diehl,Goeke Metz, Mulders and Schlegel JHEB2:093 (2007).
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BoerMulders effect

Bacchetta Diehl,Goeke Metz, Mulders and Schlegel JHEB2:093 (2007).
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Cahnand3BoeMulders effects
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Experimentsindast 35:yearnsirpart |
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Experiments indast 35cyear#ist resultsss s o i’

(EMC) Z. Phys. C52 361 (1991).

High beam energy, broad kinematic range (E665)Phys. Rev. D4§1993)5057
No hadron type and charge distinction (ZEUS) Eur. Phys. J. C11251 (1999)
EMC, E6635 H1 (averaged over any possible flavor dependence) (ZEUS) Phys Lett. B 481,199 (2000)
andZEUS N (H1) Phys.Lett. B654,148 (2007
EMC, ZEUSI only hydrogen target

E6651 combined hydrogen and deuterium targets
Not enough statistics to look at differentias&ctions in more than two kinematic variables

SLAC, JLabhall C Relatively low beam energy, restricted kinematic range
x-sections measured onlyafew kinematic points

CLAS Collaboration Relatively low beam energy
(JLabhall B) accesso 4D multidifferentialx-section
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(SLAC) Phys. Rev.Lett. 31,786 (1973)

Experlments |n IaSt 35 yearfﬂf:st result EMC) Phys. Lett. B 130 (1983) 118,

MC) Z. Phys. C34(1987)277

EMC) Z. Phys. C52 361 (1991).
High beam energy, broad kinematic range EE665))Phys_yRSev. [)24&19593)50)57

EMC. E665 H1 No hadron type and charge distinction (ZEUS) Eur. Phys. J. C11251 (1999)
’ 3 (averaged over any possible flavor dependence) (ZEUS) Phys.Lett. B 481,199 (2000)
andZEUS (H1) Phys. Lett. B654,148 (2007

EMC, ZEUSI only hydrogen target
E6651 combined hydrogen and deuterium targets
Not enough statistics to look at differentias&ctions in more than two kinematic variables

SLAC, JLabhall C Relatively low beam energy, restricted kinematic range

x-sections measured onlyafew kinematic points

CLAS Collaboration Relatively low beam energy
(JLabhall B) accesso 4D multidifferentialx-section
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Experimentsindast 35cyearf#st results:

EMC, E665 H1
andZEUS

SLAC, JLabhall C

CLAS Collaboration
(JLabhall B)
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Phys. Rev. D 71 074006 (2005) '

High beam energy, broad kinematic range

No hadron type and charge distinction

(averaged over any possible flavor dependence)
EMC, ZEUSI only hydrogen target

E6651 combined hydrogen and deuterium targets
Not enough statistics to look at differentias&ctions in more than two kinematic variables

Relatively low beam energy, restricted kinematic range

x-sections measured onlyafew kinematic points

Relatively low beam energy
accesso 4D multidifferentialx-section
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P. Schweitzer et al.
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'Eur.Phys.J.A31:373381, (2007)
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-. <k>=0.5GeV/c
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R cut (Gevre)
J. Chay, S. D. Ellis, and J. W.Stirling,
Phys Rev. D 4546 (1992), PhysLett. B 269, 175 (1991).

Bakur Parsamyan

(SLAC) Phys. Rev.Lett. 31,786 (1973)
EMC) Phys.Lett. B 130 (1983) 118,
MC) Z. Phys. C34(1987)277

(EMC) Z. Phys. C52 361 (1991).

(E665)Phys. Rev. D4§1993)5057

(ZEUS) Eur. Phys. J. C11251 (1999)

(ZEUS) Phys.Lett. B 481,199 (2000)

(H1) Phys.Lett. B654,148 (2007%
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(SLAC) Phys. Rev.Lett. 31,786 (1973)
Experiments indast 35cyeaf#st results:g s e musns
(EMC) Z. Phys. C52361 (1991).

High beam energy, broad kinematic range (E665)Phys. Rev. D4§1993)5057

EMC. E665 H1 No hadron type and charge distinction (ZEUS) Eur. Phys. J. C11251 (1999)

’ 3 (averaged over any possible flavor dependence) (ZEUS) Phys.Lett. B 481,199 (2000)

andZEUS . (H1) Phys.Lett. B654,148 (2007
EMC, ZEUSI only hydrogen target

E6651 combined hydrogen and deuterium targets

Not enough statistics to look at differentias&ctions in more than two kinematic variables
SLAC, JLabhall C Relatively low beam energy, restricted kinematic range
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JLalb6: Hall C results JefferSon Lab

Kinematics:
2<@<4(GeVic) 0.2<x<0.5; 0.3 <z<1
H. Mkrtchyan et al.,Phys. Lett. B 665 20 (2008). P22 0.2(Gevic?
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04 [ ) 8 04 - (o) 8 . . . . .
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C - + } ¢|  from both proton and deuteron targets, using&@e¥
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0.2 | 0.2 | : : : -
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02 03 04 05 04 06 08 1 fromprotonand deuteron targets
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Systematierrorsare estimated at ~0.03 on both A and B 02 03 04 05 04 06 08
X
Solid red lines are the theoretical predictions: Ingridients
R.N. Cahn,Phys.Lett. B 78(1978) 269 A BoerMuldersfunctions parameterized froompolarizecp D Drell-
R.N. Cahn,Phys. Rev. D 4q1989) 3107 Yandata bythe FNALE866NuSeaCollaboration

A combined with extracte@ollins functions from
M. Anselmino et. alPhys. Rev. D75,054032(2007).
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CLAS (JLabhall B) results JefferSon Lab

M. Osipenkoet al.(CLAS Collaboration) 1.4< Q2< 7(GeV/cy
Phys.Rev.D80032004,2009 Positivepions 0.15<x<1
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Theoretical predictions: Cahn effect + Berger effect Curves for Cahn contribution only
R. N. Cahn Phys. Rev. D403107 (1989). Anselminoet al. Eur. Phys. J. A 31, 37381 (2007)

M. Anselminoet al.,Phys. Rev. D71074006 (200%
A. Brandenburg, V. V. Khoze, and D. MuelldPhys. Lett. B347413 (1995).
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BoerMulders firomDrell-Yan

S. Arnold, A. Metz and M. Schlegehys. Rev. D79, 0340052009).
DY x-section(singlepolarized)
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dw Fof 75 o T o g
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Experimental results:

NA10 Collaboration (' N @ 194 GeVic
S. Falciano et aJ Z. Phys. C31,513(1986).
M. Guanzirolietal., Z. Phys. C37, 545(1988.

E615Collaboration (" N @252GeV/9
J. S.Conwayet al.,Phys.Rev. D 39, 92 (1989).

E866NuSeaCollaboration aFNAL (pd, pp @ 194 GeVic
pd-FNAL -E866NuSeg L. Y. Zhu et al. Phys. Rev.Lett. 99, 082301 (2007

pp- FNAL E866/NuSea L. Y. Zhu et al.Phys. RevLett. 102 182001 (200D
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BoerMulders firomDrell-Yan

S. Arnold, A. Metz and M. Schlegehys. Rev. D79, 0340052009).
DY x-section(singlepolarized)
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pd-FNAL -E866NuSeg L. Y. Zhu et al. Phys. Rev.Lett. 99, 082301 (2007

pp- FNAL E866/NuSea L. Y. Zhu et al.Phys. RevLett. 102 182001 (200D
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BoerMulders fromDrell-Yan

S. Arnold, A. Metz and M. Schlegehys. Rev. D79, 0340052009).

DY x-section(singlepolarized)
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Experimentsindast 35cyearns:pHit

HERA ME asurementof Spin g COmmon Muon Proton Apparatus for Structure and Spectroscopy
‘%' . ECAL2
HCAL2
’! FIELD CLAMPS \ (

TRIGGEH HODOSCOPE H1
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2 MUON
HODO

\
DRIFTCHAMBERS | . 570mraa

110mr d. — ~

CuAaEas e EcALL  SM2 Muon-filter
'’ , HCAL1 .
RICH S 7

/
\ PRESHOWER (H2) _ -

‘ |
cHauEERs S — iiIEDLUM.Nosm ,,,,,,,,,,,,,, By SM1 \

i 3 iy MONITOR = ' \

il =-5_3 = ﬁ Polarized <>
_ HODOSCORE HtIL » : Ta rg et BN
1 T ) MET ra

STEEL PLATE

Muon-filter

RICH ~

et ’ 1RON, WA""/.' 170mrag
1 | WIGE ANGLE MUON HODOSCOPES + .
~— MAGNET MUON HODOSCOPE, “
b
‘ ‘ : , : . \ \ w ; y
0 1 2 3 4 5 6 7 8

9 10 m

BC 34 | TRD ~ "CALORIMETER  ~
_ 270 mrad

Location: DESY, HERA Location: CERN SPS North Areg2-stage spectrometer LASAS)
Beam: €*/€ , polarized (bothhelicity states)(<60%), 27.&5eV Beam €*, longitudinally polarized (~80%), 16BeV

Target: Gaseous target{/D) Target: Solidstatetarget €LiD or NH,)

A H/D Polarization (L & T) ~70-85%,f ~ 1 A SLiD Polarization (L & T) ~ 50%, f ~ 0.38

A Direct access to hydrogen or deuterium A NH;PolarizationL & T) ~ 80%, f ~ 0.14

Fast spin reversal (<1s) 2-cell target configuration fofLiD and 3-cell for NH,

A Same acceptance for different polarization states Neighboring cells are polarized in opposite directions
single cell configuration A Data is collected simultaneously for the two target s

A
A Hydrogen- measurements only with transverse polarization orientations
A Deuterium- both transverse and longitudinal polarizatiod ~ Spin reversal after each -54days

measurements A Such a construction allows to reduce systematic eff
due to the acceptance

Both collaborations have put a substantial effort in the study of possible acceptance effects
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ECAL2

!il &? . COmmon Muon Proton Apparatus for Structure and Spectroscopy
%' HCAL2

Muon- fllter

Kinematic cuts: HERI\/IES
Q°>1GeV?, W2 > 10 GeV?
0.023< x <0.6, 0.2<y<0.85
z> 0.2 andk>0.2

Pionsl GeV<P, < 15GeV
Kaons2 GeV<P, <15GeV

Kinematic cuts: COMPASS
Q?2>1 Ge\B, W2>25GeV
d'a*< 0.06
0.003<x<0.13,0.<y<0.9
0.2<z<0.85

0.1<P < 1GeVic
Kinematic cuts: JLab

1 @2>1GeV?, W2 > 4 Ge\~2
' 0.14<x <048, 0.4<y<0.7

04<z<0.7
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LLosZi.amplitudeonpidd: pions Vo'

gg m* Bed Senx HERMES Collaboration,Phys. Rev. D 87012010(2013)
oo f ko %‘$F§¥ """ Eﬁﬁfﬁﬂ’ﬁg% <— Zeroor negativefor "+
oot RS TS T T increase wittP, ¢
g T § < Positive amplitudes for'
g 0.05f g i ] % f } f § f 1 % % % ]
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10" . 0.4 0.6 0.;! 0.4 0.6 , 0.2 04 l;)z Fgevi

Data is available at:

DurhamHEP databasdtp://durpdg.dur.ac.uk

INSPIRE,http//inspirebeta.net/record/1111237/
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Lot amplitudeconpi&ldpions

0. mep senX

HERMES Collaboration,Phys. Rev. D 87012010(2013)
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Opposite sign for favored- disfavored Collins FF

Similarity of H & D f#for BM PDF has same sign

u and d quarks
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107
X

Barone, Melis and Prokudin Phys. Rev. D 81,114026 (2010)

10
Anselminoet al.Phys Rev. D 75054032 (2007)
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