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Leading-twist TMDs

@ functions in black survive integration over transverse momentum
@ functions in green box are chirally odd

@ functions in red are naive T-odd
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Why study unpolarized nucleons? *)

%) and report on this on a "transverse polarization” workshop

@ f; is one of the leading-twist TMDs
@ (probably) easiest to study facets of TMD phenomenology
@ in semi-inclusive DIS coupled to D1 -> access to TMD FFs
@ f1and/or D1 ingredient of every (spin) asymmetry

@ non-collinear kinematics lead to cosine modulations in
semi-inclusive DIS cross section ("Cahn effect")
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Why study unpolarized nucleons? *)

%) and report on them on "transverse polarization” workshop

@ Boer-Mulders function

@ the only (leading-twist) TMD PDF that probes spin effects
in polarization-independent reactions

@ belongs to special class of naive-T-odd PDFs - sign
reversal from DIS to DY

@ violation of Lam-Tung relation in Drell-Yan already hints at
non-vanishing Boer-Mulders function

G. Schnell 4 Transversity 2011



Cross section without polarization

target
polarization

Fxyz =Fxyvz(z,y,2, Pn1)

_beam virtual-photon
polarization polarization

d°o
drdydzdpndP? |

2
&(11;J{HMT+d%uﬁ

2Mx
fy:
Q
B il _i,YZyZ
1 —y+ 392+ 17%°

E

[see, e.g., Bacchetta et al., THEP 0702 (2007) 093
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Cross section without polarization
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target
polarization
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polarization polarization
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[see, e.g., Bacchetta et al., THEP 0702 (2007) 093
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Some experimental challenges ...

@ pure targets

@ large acceptance

@ excellent particle identification

@ no spin asymmetry -> few systematics cancel
@ efficiencies
@ absolute luminosity
@ acceptance

@ smearing
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The HERMES Experiment

27.5 GeV et /e~ beam of HERA
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The HERMES Experiment

® pure gas targets

@ internal to lepton ring

@ unpolarized (*H ... Xe)

@ |ongitudinal polarized: 'H, °H

transversely polarized: 'H

G. Schnell 8
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Particle ID detectors allow for
- lepton/hadron separation

- RICH: pion/kaon/proton
discrimination 26eV<p<15GeV
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.. and solutions ...
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G. Schnell 10 Transversity 2011



.. and solutions ...

hadron multiplicity:

normalize to inclusive DIS
cross section

d°o
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.. and solutions ...

hadron multiplicity:

normalize to inclusive DIS

cross section 3 d4Mh(x,y,z,PﬁL) ~ (1 L ’Y2) Four + efvu.L
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.. and solutions ...

hadron multiplicity:
normalize to inclusive DIS
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.. and solutions ...

hadron multiplicity:
normalize to inclusive DIS

cross section = d4Mh(33,y,Z,P;%L) ~ (14 v\ Fuur + €FXJ,L
]2 incl.DIS / | dmdydzdPﬁ 1 21 Fr + e%
dxdy / bt elt
> g fi(z,p7) ® i i 2 )
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moments:

normalize to azimuth-
independent cross-section
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.. and solutions ...

hadron multiplicity:
normalize to inclusive DIS
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independent cross-section
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.. and solutions ...

hadron multiplicity:
normalize to inclusive DIS

cross section = d4Mh(33,y,Z,P;%L) ~ (14 v\ Fuur + GFXJ,L
72_incl DIS / ‘ d;r;dydzdPg N 2x Fr + e%
F F
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.. geometric acceptance ...

extract acceptance from Monte Carlo simulation:

(¢, Dovu (9, Q)

e(p, ) = A==z, 2,..

sinfiipted acceptogfe simulated cross section
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.. geomeftric acceptance ...

extract acceptance from Monte Carlo simulation:

€(¢7 Q)UUU(gb? Q)

€(¢7Q) O-UU(¢ Q) Q:x7y727"'
fdQ UUU(gbv Q) E(gb, Q) "Aus Differenzen und Summen
# fdQ UUU(¢, Q) kiirzen nur die Dummen.”
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.. geometric acceptance ...

extract acceptance from Monte Carlo simulation:

€(¢7 Q)UUU(¢7 Q)

€(¢7Q) O-UU(¢ Q) Q:x7y7z7"'
fdQ O-UU(¢7 Q) €(¢a Q) "Aus Differenzen und Summen
# fdQ UUU(Qb, Q) kiirzen nur die Dummen.”

¢ [a0ds.9) =)

Cross-section model does NOT CANCEL in general
when integrating numerator and denominator over
(large) ranges in kinematic variables!
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.. event migration ...

[courtesy of H.Tanaka]
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. event migration -> unfolding

YesD () Z / 40 do(Q) + B()

J

@ experimental yield in i™ bin depends on all Born bins |
@ and on BG entering kinematic range from outside region

@ smearing matrix Sij determined from MC - independent of
physics model in limit of infinitesimally small bins

@ inversion gives Born cross section from measured yields

@ in real life: dependence on BG and physics model due to finite
bin sizes -> effects studied and found to be small @HERMES

G. Schnell 13 Transversity 2011



Multi-D vs. 1D unfolding at work

R YTe simulated yield with clear
1800 | e N — -cosine modulations from
1000 P migration and acceptance
>0 —_ | D.l}?ﬂ-{lx {D.H-EI-

Q 2 4 6

y
=== [nside acceptance

—~———= Generated in 47
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Multi-D vs. 1D unfolding at work

simulated yield with clear

Z
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Results



Influence from exclusive VM

ep — ep pO — €p T
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Influence from exclusive VM

0 _4
ep — epp’ — epm
:'?; | lc llllllllll o HERMES PRELIMINARY 7T
E‘ 1 ’ o L % s
E y : T
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10 * \ ¢/ andafter correction
[ Sbetommevm | for contribution
E : {.:.: — ;(4_ - k:_ frlom exCluSively
107 Te " . produced VMs
102F 3 ’ E
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sl ] -> next slides without
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Charged-meson multiplicities

%‘ ~ g IIERMES PRELIMINARY U

3 | 1~ | pions best described by

= i HERMES Jetset tune

= I'surprisingly, only fair
107> £

£ o oroton *-._jagreement with DSS

I — CTEQ6L+DSS
T~ CTEQ6L+Kretzer
T ----HERMES LundMC

| kaons best described by
- |DSS FF set, though
problems with K-

G. Schnell 17 Transversity 2011



Charged-meson multiplicities
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2-D multiplicities - pt dependence
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2-D multiplicities - pt dependence
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Proton-deuteron asymmetry
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Proton-deuteron asymmetry
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Multiplicity ratios

[HERMES Collaboration, arXiv:1107.3496]
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Multiplicity ratios
[HERMES Collaboration, arXiv:1107.3496]
- Kr :

h

h _ Ma
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strong pt dependence of
nuclear attenuation

needs to be considered
when interpreting TMD
effects off nuclear
targets
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Multiplicity ratios

[HERMES Collaboration, arXiv:1107.3496]

h
h _ Ma

R =

strong pt dependence of
nuclear attenuation

needs to be considered
when interpreting TMD
effects off nuclear
targets

(other 2D dependences
available)
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Azimuthal modulations



Azimuthal modulations

BOER-MULDERS
EFFECT

CAHN EFFECT

Interaction dependent
— “|terms neglected

hJ_'pTx hiH Y _Phl-kalel _I_/
M, M

(Implicit sum over quark flavours)

[courtesy of F. Giordano]



Analysis of azimuthal moments

@ correction for finite acceptance, QED radiation, kinematic
smearing, detector resolution via unfolding
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Analysis of azimuthal moments

@ correction for finite acceptance, QED radiation, kinematic
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@ fully differential analysis in 900 (x,y,z,Pn.) bins
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Analysis of azimuthal moments

@ correction for finite acceptance, QED radiation, kinematic
smearing, detector resolution via unfolding

@ fully differential analysis in 900 (x,y,z,Pn.) bins

@ for visualization select kinematic ranges via “cherry picking":

s
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L IE: e
Bl || * = x X x X
L L] « «
X: d¥EEC e o
y: O™ « Hl
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pt: ¥¥FE & ¥

“Plot this range!‘x

hl

xxxxx

xxxxx

xxxxx
11111

11111

| —— - good measurement

available

.2 | T~ - no meaningful

results

- cross section

negligible
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Analysis of azimuthal moments

@ correction for finite acceptance, QED radiation, kinematic
smearing, detector resolution via unfolding

@ fully differential analysis in 900 (x,y,z,Pn.) bins
@ for visualization select kinematic ranges via “cherry picking":

@ all hadron types in comparison must have enough events in
each of the bins included, e.g.:

Binning
900 kinematic bins x 12 ¢4 -bins
Variable Bin limits #
x 0.023 0.042 0.078 0.145 0.27 0.6 5
y 02 03 045 06 0% 0.85 5
Z o2 03 04 05 06 o075 1 6
Pr 005 02 035 05 0.7 1 13 6

G. Schnell 25 Transversity 2011



"Boer-Mulders modulation” (pions) = s

3 fem tep—enX I ; | HERMES prelimi
= ' Opgt 1 1 1
ﬁ_-c 0.05_ i I 3 I 3 I I . I
~ i ] T 8 T T I
\o/ | | 1 ! ﬁ ﬁ 1 ? o U
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_ i 3 i i
-0.05 T T T 3
107 0.4 0.6 0.8 0.4 0.6 0.2 0.4 0.6 0.8 1
X y z P, [GeV]
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"’ BOZF"MUIdZI‘S mOdUIGT|On" (piOnS) add discussion of 1

3 fem tep—enX I ; | HERMES prelimi
= ' Opgt 1 1 1
ﬁ_-c 0.05_ i I 3 I 3 I I . I
~ i ] T 8 T T I
o | s . u u ? o H
o ; - Flo° ! z
[ 1 ] 1 I
-0.05[ T T T p
107 0.4 0.6 0.8 0.4 0.6 0.2 0.4 0.6 0.8 1
X y z P, [GeV]

® Cahn effect (twist-4) supposedly flavor blind
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"’ BOZF"MUIdZI‘S mOdUIC(TIOn" (pionS) add discussion of 1

3 fem tep—enX I ; | HERMES prelimi
= ot 1 1 1
ﬁ_-c 0.05_ i I 3 I 3 I I . I
~ i ] T 8 T T I
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o 0 g O E 1 : ¥ g o i ? o =
« g ] - Fl oo I 3
: 1 i I i
-0.05[ T T T p
107 0.4 0.6 0.8 0.4 0.6 0.2 0.4 0.6 0.8 1
X y z P, [GeV]

® Cahn effect (twist-4) supposedly flavor blind

@ |arge flavor dependence points at significant leading-twist
BM effect
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"’ BOZF"MUIdZI‘S mOdUIC(TIOn" (pionS) add discussion of 1

S [em lep—enX I § | HERMES prelim
= ot 1 I I
ﬁ_-c 0.05; i I 3 I 3 $ I . I
~ I ] 1 2 T T I
\0/ 0 - E [ N W] ? o O
S S : ﬁ
_ I n I I
-0.05¢ | T T 2
B i a0 o o O S o v A
10 04 06 0.8 04 0.6 0.2 0.4 0.6 0.8 1
X y z P, [GeV]

® Cahn effect (twist-4) supposedly flavor blind

@ |arge flavor dependence points at significant leading-twist
BM effect

@ opposite sign for opposite pion charge can be expected from
same-signh BM functions for up and down quarks
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"Boer-Mulders modulation” (pions)
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@ hardly any dependence on target!

@ consistent with same-sigh up/down BM of similar size
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"Boer-Mulders modulation” (pions)
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"Cahn modulation”
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@ no dependence on hadron charge expected for Cahn effect
= flavor dependence of transverse momentum

= sigh of Boer-Mulders in cos¢ modulation
(indeed, overall pattern resembles B-M modulations)

= "genuine” twist-3?
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"Cahn modulation” - proton vs. deuteron
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strange results

for kaons
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strange results
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intriguing behavior .

for kaons
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strange results
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Conclusions

G. Schnell

HERMES managed step from spin-asymmetry experiment to
unpolarized-target experiment

largest data set on charged-meson lepto-production

multi-dimensional analysis and various targets allow study of
correlations and flavor dependences

large azimuthal modulations, different for positive and
negative pions, point at important role of Boer-Mulders fctn.

Cahn effect maybe suppressed at HERMES kinematics
kaons remain strange (Collins, sea quarks, or both?)
nuclear environment can play significant role in TMD effects

don't forget longitudinal photons
31
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