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HERMES schematically
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® pure gas targets internal to |
HERA 27.6 GeV lepton ring Particle ID detectors allow for

. : - lepton/hadron separation
¢ unpolarlzefi (H 1 Xze) L - RICH: pion/kaon/proton
long. polarized: "H, “H, “He discrimination 2GeV<p<15GeV
@ tfransversely polarized: 'H
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TMDs - probabilistic interpretation

Proton goes out of the screen/ photon goes into the screen

U nucleon with transverse or longitudinal spin flj_T — —C)} —_ —@}

=% (® parton with transverse or longitudinal spin

parton transverse momentum

“
-

£ = @
e

1
[courtesy of A. Bacchetta] hir = —@> - —@-»
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Probing TMDs in semi-inclusive DIS

quark pol.
U % in SIDIS*) couple PDFs to:
2lu| n
S| L

*) semi-inclusive DIS with unpolarized final state
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Probing TMDs in semi-inclusive DIS

quark pol.
U in SIDIS*) couple PDFs to:
3| U .
& | 0 Collins FF:  Hi-* ™"
S I, o 4
= o

*) semi-inclusive DIS with unpolarized final state
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Probing TMDs in semi-inclusive DIS

quark pol.

in SIDIS*) couple PDFs to:
_ Collins FF: Hba

nucleon pol.

e ordinary FF: Djl_m

*) semi-inclusive DIS with unpolarized final state
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Probing TMDs in semi-inclusive DIS

quark pol.

in SIDIS*) couple PDFs to:
CO”inS FF: HlJ—,Q—>h

nucleon pol.

> ordinary FF: DiHh

gives rise to characteristic azimuthal dependences

*) semi-inclusive DIS with unpolarized final state
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1-Hadron production (ep—>ehX)

1 1
do = dopry + cos2¢ dojry; + — cos ¢ dopry + Ae— sin ¢ dos ¢

Q Q

1
+S5T {Sin2gbd04UL—l—ésingbd0(5]L—|—)\e [ ]}

+S5T {sin(qb — ¢g) dogr +sin(¢ + ¢s) dogrp + sin(3¢ — ¢s) dogry
1
O x +— (sin(2¢ — ¢s) dopir + sin¢s dojir)
AN Q
Beam _Tar_get 1
Polarization +Ae [COS( — ¢s) dai‘?p + — (COS bg daﬁr + cos(2¢ — ¢g) daf})} }

Q

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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1-Hadron production (ep—>ehX)

1 1
do = dopr; +|cos 26 dogiy b g o8 ¢ dotryr + Aeé sin ¢ do ¢,
1
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1-Hadron production (ep—>ehX)

1 1
do — + 0326 dabult- - cos 6 dofy + e sind oy
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1
)g/Xy\[ +é (sin(2¢ — ¢g) dcf(lle sin ¢ g dallfT)
Beam _Tar_get 1
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Hadron multiplicities in DIS

d50_ ( 72 >
ox (14 {Fvur + €Fuur
2 7 ;
drdydzdondPy | 2x
Ccos @y, cos 20y,
+ \/26(1 —€)F ;" cos o + eF ;77" cos 20 }
pol];ar'ri'gg:ion Y 2M x
Fxyz=Fxvz(x,y,2, Pn1) ©
1—y—17°y
_beam  virtual-photon [see, e.g., Bacchetta et al., ¢ = o
polarization polarization JHEP 0702 (2007) 093] 1 —y+ 5Y°+ 177y
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Hadron multiplicities in DIS

hadron multiplicity:
normalize to inclusive DIS

cross section 3 d*M"(z,y, 2, P?)) o (1 n 72) Four + eFuu.L
. | | ] dxdydzdP? 2T Fr 4+ eF
2 _incl.DIS , Y h_L T L
S P
> €2 fi(z,p%) ® DI " (2, K2)
> .2 fi(z)
d°o V2
o | 1+ Four + €byu,L
drdydzdppdP7 | 27 o, |

+\/2e(1 — €)F555 %" cos i, + €FS95%%" cos 20 )

target
polarization 2M x
’)/ p—
Fxyz =Fxyvz(z,y,2, Pn1) @
| Bacchettaetal,| = ¥~ T1Y
_beam  virtual-photon [see, e.g., Bacchettaetal.,| ¢ = T 5, 1.2 9
polarization polarization JHEP 0702 (2007) 093] 1 —y+ 5Y°+ 177y
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Multiplicities @ HERMES

[Airapetian et al., PRD 87 (2013) 074029]

@ extensive data set on pure F o] Ay
R . 1 i
proton and deuteron targets 3 2 I o _
for identified charged mesons 5 ® .
=
http://www-hermes.desy.de/ - T o )
multiplicities Z ¥ . I :
| N B O *5 s ]
@ extracted in a multi- | —— } ==
. . . — ]
dimensional unfolding procedure .| K1 K|
[ o 1 ]
[ e proton
0'2:_ ® 1 O deuteron
[ ® 1 @ ]
0.1 @ T = ]
[ ® . 1 _ ]
O --Eoor- B B _| WS S . N ___ ]
C L L (A AT S s R R
0.2 04 0.6 0.8 0.2 04 0.6 0.8
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Multiplicities @ HERMES

@ extensive data set on pure
proton and deuteron targets
for identified charged mesons
http://www-hermes.desy.de/
multiplicities

extracted in a multi-
dimensional unfolding procedure

access to flavor dependence of
fragmentation through
different mesons and targets

G. Schnell

Multiplicity

[Airapetian et al., PRD 87 (2013) 074029]
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Multiplicities @ HERMES

@ extensive data set on pure
proton and deuteron targets
for identified charged mesons
http://www-hermes.desy.de/
multiplicities

extracted in a multi-
dimensional unfolding procedure

access to flavor dependence of
fragmentation through
different mesons and targets

w Helicity VI session
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Multiplicity

[Airapetian et al., PRD 87 (2013) 074029]
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Transverse momentum dependence

® multi-dimensional analysis allows going beyond collinear factorization

@ flavor information on transverse momenta via target variation and

hadron ID
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[AII"GPCTICIH eT al., PRD 87 (2013) 074029]
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U L T
| FF TMD flavor dependence
L gir hiLL
T ff_T gir | hi, hf_T
® fit to HERMES multiplicity data:
—Pir/{(Pyr,,)
h 2 .2 m 2y na—h 2 il
my (2,2, Pypp; Q) = e2 f(z; Q%) DI (2,Q?) ©
SR > fi(z;Q?) Z : T (Phr )
m(x, z P,fr', Q?), proton target 1
~ - , ,o e R/
10" (x)~0.15 io 2 027575030 1 fi 1 (z, k Q%) = i 1 (z; Q%) 2
3 (@%~29 GeV? oo 7 0.38<2<0.48 | (kJ_,q>
) < 0.60<z<0.80 3
2 _j —P3 /(P 4 n)
>, gDclg—m(z, P:?L;Qz) — Di)—)h(z; Q2) e T L i L,g—+}
W(Pl,q—m.)

2

(PhT,q

) = 2° (k]

q) + <PJ_ q—)h)

0.0

G. Schnell

[A. Signori, A. Bacchetta, M. Radici
and 6S, JHEP 11(2013)194]
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U L T

| FF TMD flavor dependence

giL hiLL

ff_T a1t hlath

@ fit to HERMES multiplicity data: g’:a?g”°3igéb31?€§81@;;’fé2’;- Radici

H |5 G

14
gq—n favored width - .
< N§ N% 1.2 .:: . ..‘.E:'
g—K favored width e
1.1 ..'*?.‘.%:

point of
no flavor dep.

g—n favored width < unfavored
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v s |« Transversely polarized quarks?
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U L T

|« Transversely polarized quarks?

gir

H |5 G

fis | g1 | hay him

@ transverse polarization of

i [A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]
quarks leads to large effects! % Zj B i
+ 0.1 - -

- T S * ______ NESVRS

~ 04 Bl e

0 —+ﬁ ---------------------- [ 2

01 " t ; - . +

02 + i

0.1 0.2 0.3 0.3 0.4 0.5 0.6 0.7
X y 4
2005: First evidence from HERMES
SIDIS on proton

Non-zero transversity
Non-zero Collins function
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U L T o
v s |« Transversely polarized quarks?
L 91L hip
T | fiv | oir | hay Py
@ transverse pOIClI"iZC(TiOﬂ Of i [A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]

quarks leads to large effectsl % **[ i

+ 01 —
L g Lt * Ly .

@ opposite in sign for charged § ot e B

piOHS 0.1 b e b b b

-o.1—4I+ + —! . - +
-o.2—mlm | +|—| -

01 02 03 03 04 05 0.6 0.7
X Y4

2005: First evidence from HERMES
SIDIS on proton

Non-zero transversity
Non-zero Collins function
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U L T o
v s |« Transversely polarized quarks?
L 91L hiz
T | fiv | oir | ha, hip
@ transverse pOIClr'iZGTiOH Of i [A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]
quarks leads to large effects! % °*[ = i
.. % y Ry A * ; 4 A i
@ opposite in sign for charged L [ —
pions ™ }__'_i;:'__'__'_i___'__'__'_i___'__':*'_'__'_'_'_'__'__'_'_i_'__'_'__'_'__'_ﬁ_'_'_
:
@ disfavored Collins FF large a1t R ;
. . . 02 L B
and opposite in sign to R T A

0.1 0.2 0.3 0.3 0.4 0.5 0.6 0.7
X y 4
2005: First evidence from HERMES
SIDIS on proton

favored one

Non-zero transversity
Non-zero Collins function
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U L T o ?
v+ |« VTransversely polarized quarks
L 91L hip
T | fir | oir | hay hi7 - 0.08 [Airapetian et al., PLB 693 (2010) 11]

Zio.osi— v 3

, , $ 0.04F T L LF
@ transverse polarization of £ o002k PULE 4 T !
= ST N I T AL S

quarks leads to large effects! & op#- i i

-O'OZﬁl_. I'_ - - ."....

@ opposite in sign for charged 0.05 l“°§ +
pions °_*T"+'Tf+'+'*""]"'T';"+"{"'+|"|"+"+""I'
005 f} AN
@ disfavored Collins FF large 011 e s
and opposite in sign to L il R i—.""+ -----------

favored one 0020 4 4T F gt l?T++ b

0.04 - | 13 P
-0.06 - + - -
------- \3_) -0.08:_ | L | | _|_|_|_|_||_' |
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and (anti) protons

[Airapetian et al., PLB 693 (2010) 11]

¥/5 0.15 - K+_ —
é? 1t || - + l_ Iy |
£ 0.05- 'Tl_g + - |1 !
c | IR | |—J. L
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DTN
{TINTEL AT RO
et |
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positive Collins SSA amplitude for positive kaons

consistent with zero for negative kaons and (anti)protons

= vanishing sea-quark ’rransversﬂry and baryon Collins effect?
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U L T o 7 /E_; 0.1 :_K+ _ I;IE?MEIS :_PRELIMINARY
~ r i .3% sca er uncertainty
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U L T
ST 4 Worm-Gear
1 _ _ _
L g | i ed 020 ~ HERMES[PRELIMINARY
T flLT T hi, hf_T ’_;"_’ 010 | 3 8.0% scale __uncertamty
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@ first direct evidence
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@ 3He target at JLab » ),
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Z L :% — & Worm-Gear

giL hiLL

H |5 G

i | giz | h1, him

@ chiral even

Fufp [ erussEneey
@ first direct evidence % 3
for worm-gear giton N o +++_+_+ ; Pt ++++++ +++++++
@ 3He target at JLab N
® H target at HERMES v P | + +
@ results for protons and anti- Tﬁ“ ------ - +¢+T..+++++
protons consistent with T
zero e —
X Z P, [GeV
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U|L| T . . .
AR Sivers amplitudes for pions
L 91L hip
- ! 1,
el 6 b = — Daelit (@.PE) ©w Di( k)
- I >_q €31 (@, p7) ® Di(z, k7))

_ _ [Al_rape‘rlan et al., PI:B 693 (2010) 11]
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vl | T . . .
AR Sivers amplitudes for pions
L 91L hiz
" L 1,
B hé]z;in (6 — b)) >-q €afit (z,p7) ®@w D (2, k7)
— &g 1
- I Zq 6gff($vp2T) Y D(f(z, k%)

C 0qF [Al_mpe‘rlane’ral.,Pl:B 693 (2010) 11]
5 " 5 H * domi
Coos, t 41, NSRRI dominated by u-quark
s OE * tr : +++ scattering:
R S A= 1w -
e ) ow DT (2, 1)
= 0117 5 - o w 2 u—mt 2
£ L % * : + : +++ f1(z, p7) ® Dj (2, k%)
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vln| T . . .
AR Sivers amplitudes for pions
L 91L hiz
L L 1,
(6 — 65)) >, eafit! (z,p7) ©w Di(2, k%)
— &g L
- I > g eafi(x,p7) ® Di(z, k7)
T [A_l_mpe‘rlan et al.,PI_:B 693 (2010) 11]
Fuel 414t er 4| 7 dominated by u-quark
J OE * e ; +++ scattering:
[ T AR 1w I
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T

o |« Sivers amplitudes for mesons
L 91L hiz
G| gir | ma, hiy 2 r-L,q 2 q 2
- il o hQ?sin (6 — bg)) Zq €qJ1T (x,p7) ®w Di(z, k1)
— &g _1

- I Zq egff(ﬂ%p%) ®D(11(Z7k52r)

[Airapetian et al., PLB 693 (2010) 11]
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Sivers amplitudes for baryons
»

e2 f11% (2, p%) @w Di (2, k3)

G. Schnell

2.q €)1 (2,

2 (sin(¢-9g))y,

%) ® D{(z, k7.)

0.3
0.25 — = HERMES iPRELIMINARY
02 — p = 7.3% scale -uncertainty
0.15 — = =
o5 4 4 $
o TN AR AT I XTI A
-0.05 — =
0.1 = =
-0.15 = —
02 [ m——— g R e
03 - ] =
025 P = = |
o | }
0.1 %T++ - + | l =
0.05 - =] T £
M
-0.05 — = =
0.1 — = =
P e ey
0.1 0.2 0.2 0.4 06 0 o 5
X z P, [GeV]

similar amplitudes for positive
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dominance (and not a FF effect)?
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Sivers amplitudes - 3d binning

3d analysis: 4x4x4 bins in
(X,Z, PhJ_)

disentangle correlations

isolate phase-space region with
strong signal strength

allows more detailed
comparison with calculations
(e.g., unofficial "over-night"
results from Torino 10.1103/
PhysRevD.86.014028 fit -

courtesy M. Boglione)
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Cross section without polarization

0 ( WQ )
x [ 1+ {Four + efvur
2 : :
drdydzdondPy | 20
COS @p, Ccos 20y,
+ 1/ 26(1 — ©)IF35 %" cos o, + eFyrys - ®" cos 2¢, }
polzlctl"linggjrrion 2Mx
"y p—
Fxyz =Fxy z(x,y,2,Pn1) @
1 I Sl Ak S
polarizasi ol por BN YE e

[see, e.g., Bacchetta et al,,
JHEP 0702 (2007) 093]
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Cross section without polarization

d°o
drdydzdpndP? |

2
X (1 | ;$> {Fvur + €Fuu.L

+1/2e(1 — ) ES% %" cos ¢y, + €FFo5 2" cos 20, )

BOER-MULDERS

WS o 2B KB ) Ky i B g
o oc hl I‘I1 CAHN EFFECT

Interaction dependent

terms neglected

_ Pu ' Pr X hl 1 _ PM 'kT X leI _|__(a [see, e.g., Bacchetta et al,,
M, M JHEP 0702 (2007) 093]

(Implicit sum over quark flavours)
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U | L T .
v e (%) - (&) signs of Boer-Mulders
L giL hf_L
| gir | hay hip . .
[Airapetian et al., PRD 87 (2013) 012010]
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U | L T .
v e (%) - (&) signs of Boer-Mulders
L giL hf_L
| gir | hay hip . .
[Airapetian et al., PRD 87 (2013) 012010]
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@ modulations are not zero!
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L fix [orir | s Mir [Airapetian et al., PRD 87 (2013) 012010]

> fem jep—enX __ Il |

= 0.05 77T T 3 T g ! 1 ;

£ T | oty

7 [ ] I 5 I
o
o 0 m| = E 1 1 g : [ ® g GO G T ? o ©
N g i - ﬁ :: 3 3
-0.05} T T T .
AAANl NN naaw :?,2\?\?\?\?\\\\\\\\\ :m\\\\\\\\ \>\§‘\\\\ NN \\\\;&2‘ S XXX :
10" 04 06 08 04 06 02 04 06 08 1
X y y 4 Phi [GeV]

@ modulations are not zero!

@ opposite sign for charged pions with larger magnitude for m
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giL hf_L

H |5 G

| gir | ha, by . .
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@ modulations are not zero!

@ opposite sign for charged pions with larger magnitude for m

@ intriguing behavior for kaons
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| e (v - (&) signs of Boer-Mulders

U
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T | fi5 | 917 | b1, hip . .
[Airapetian et al., PRD 87 (2013) 012010]
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modulations are not zero!

opposite sigh for charged pions with larger magnitude for m

intriguing behavior for kaons

available in multidimensional binning:

http://www-hermes.desy.de/cosnphi/
G. Schnell 21 SPIN2016
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BOER-MULDERS CAHN EFFECT

o A Cahn effect?

—~ — 5 terms neglected
I Pt Bk ep oy
X nr, — it

M [Airapetian et al., PRD 87 (2013) 012010]
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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)

= additional "genuine” twist-3 contributions?
G. Schnell 22 SPIN2016



Subleading twist IT - <sin(¢s)>ut
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Subleading twist IT - <sin(¢s)>ut
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Subleading twist IT - <sin(¢s)>ut
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Subleading twist IT - <sin(¢s)>ut
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Subleading twist IIT - <sin(¢)>wu

—2HGT @ zeH;

al= F ot F . H F HERMES PRELIMINARY
= |~ 005F : oD L -
c|=
7] IR R CRUSL T N R A K A
N -
0.05 - — s [ I
II| IIIIIIIIIIII Illlllllllll_Tll 1 'I*I | |
e - 2.6% s tainty for H
0.05 - 5 = l % | o 2.7% scal tainty for D
¢ & & F o o 0 ¢ B
Opp-=-%-%------ ?“:“’"*“é ““““““ - ““%“ﬁ"‘?‘
— r ] —— r _
II| IIIIIIIIIIII III|III|II | 1 1 1 1 | 1 1 1 1 |
01_ K+ - —

02k K — -

01F _ % %# 3

0 éi &— e ___% _ E_L_r__ +---f---F __gJ__é)_ _____ |
o.1j—§ ? i v f—é ; 5)_ P S -% é %
T S e e T Al

@ significant positive amplitudes for (in particular positive) pions

G. Schnell 27

SPINZ2016



Subleading twist ITT - <sin(¢$)>Lu
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Subleading twist ITT - <sin(¢)>Lu
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Subleading twist IIT - <sin(¢)>Lu
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Semi-inclusive hadrons

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]



¥mi-inclusive hadrons

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]



Inclusive hadron electro-production
ep! — hX

virtual photon going
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Inclusive hadron electro-production

@ scattered lepton undetected GpT — hX
= |epton kinematics unknown

G. Schnell 35 SPIN2016



Inclusive hadron electro-production

@ scattered lepton undetected €pT — hX
= |epton kinematics unknown

® dominated by quasi-real
photo-production (low Q?)
= hadronic component of
photon relevant?
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Inclusive hadron electro-production

@ scattered lepton undetected €pT — hX
= |epton kinematics unknown

® dominated by quasi-real
photo-production (low Q?)
= hadronic component of
photon relevant?

@ cross section proportional to
Sn (k x pn) ~ siny

Aur(Pr,xp, ) =

sin fjﬁ dy) oy siney — fo7T dy oyt siny
Apr (Pr,zrp)sing
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1D dependences of Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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1D dependences of Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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Inclusive hadrons: 2D dependences

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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Asymme’rr'ies of subprocesses

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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| @ at large Pt significant

contribution from DIS
events (Q%>1)

_| @ asymmetries increase with

larger z

| @ large asymmetries also for z~

in case of z>0.7
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