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COMPASS @ CERN
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C\’l\

2

(5105— o |
N - g
o

10°

ECALs & HCALs

10

B
‘v',‘."
<]

s | P
G '
., b“ \"\'; .
© MWPC | NE - /2
. v g =
e B -
ST
I 1 IIlIlll 1 lIIllll 1 lIlIllI 1 IlIIII| 102 ;lf:"t l“ 1Y ’

107" _.s' R " 3 2 . o
10° 10° 10* 10° 10 10" 1 SM2 N Il” & O
RICH 1 "

SM1
Drift Chambers

LiD target

- ~ 350 planes
el - 180 mrad acceptance

Ly, S]]} .
N Ny s - 1T, K, p separation
(from 2, 9, 17 GeV up
to ~ 50 GeV)

\ GO @

Gunar Schnell 2 FF2019, Duke U.



HERMES (12007) @ DESY

27.6 GeV polarized e*/e” beam
scattered off ...
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- unpolarized (H, D, He,..., Xe)
- as well as transversely (H) and
longitudinally (H, D, He) polarized
(pure) gas targets
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one-hadron production (ep—>ehX)
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one-hadron production (ep—>ehX)

parton kma’ncs parton
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fragmentati on
kinematics FF selector
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Spin-momentum structure of the nucleon
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@ functions in green box are chirally odd

@ functions in red are naive T-odd
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Spin-momentum structure of the nucleon
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TMDs in hadronization

quark pol.
U L T
S| U| D Hi
=
‘g I Df_T G%T Hl HlJ_T
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TMDs in hadronization

quark pol.
U L T
(U] Dy Hi- |= relevant for unpolarized final state
= T
gt G| Hip
£ | T |Dip|Gip|HiHip
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TMDs in hadronization

quark pol.

= relevant for unpolarized final state

hadron pol.

e Collins FF: Hll,q—m
— ~yordinary FF: D‘ll_m
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TMDs in hadronization

quark pol.
U L T
—_ Il : :
s | U = relevant for unpolarized final state
S | L G, | Hf
= T 1AL 1LL polarized final-state hadrons
S| T |Dyp|Gip|Hi Hip

® 6 out of 8 require final-state polarimetry
@ most accessible: hyperons (parity-violating decay), but
@ |ower production rate
@ spin structure often dominated by strange quarks

@ (even) more involved: dihadron fragmentation functions
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Probing TMDs in semi-inclusive DIS

(E’,p’) =

(E,p)

quark pol.

POF  FF
in SIDIS*) couple PDFs to:

—> Collins FF: ~ H;~77"

,;,)ordinary FF: pI~"

nucleon pol.

= give rise to characteristic azimuthal dependences

*) semi-inclusive DIS with unpolarized final state
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one-hadron production (ep—>ehX)
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"Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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one-hadron production (ep»th)
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.. possible measurements

d°o
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2
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.. possible measurements

hadron multiplicity:

nhormalize to inclusive DIS
cross section

d°o
drdydzdondP? |

2
X (1 | gx> {Fvur + €Fuu.L

+/2e(1 — ) F3 %" cos gy, + €F205 2" cos 20, )
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.. possible measurements

hadron multiplicity:
normalize to inclusive DIS

cross section | > d4Mh(QZ, Y, z, P}?J_) ~ (1 + 72 FUU,T + GFUU,L
dQO.incl.DIS/ 4 d:cdydzdPgL 2T Fr + eFTp,
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.. possible measurements

hadron multiplicity:
normalize to inclusive DIS

cross section — d*M"(z,y, 2, P2)) (14 v\ Fyur + eFXJ,L
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hadron multiplicity: pOSSlble measur‘emen.rs

nhormalize to inclusive DIS

cross section > d4Mh(x,y,z,PﬁL) ~ (14 v\ Fuur + €FXJ,L
72_incl DIS / ‘ d;cdydzdPg N 2x Fr + e%
Trdy 7 x Fpr+ eFy,

Lo 1 r {Fyur + €F
X | €
alxdyalza@halP}%L 9 Uu,T UU,L

+/2e(1 — ) F3 %" cos gy, + €F205 2" cos 20, )

moments:
normalize to azimuth-
independent cross-section
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hadron multiplicity: pOSSlble measur‘emen.rs

nhormalize to inclusive DIS

cross section > d4Mh(x,y,z,PﬁL) ~ (14 v\ Fuur + €FXJ,L
72_incl DIS / ‘ d;cdydzdPg N 2x Fr + e%
Trdy 7 x Fpr+ eFy,

> e fi(x,p7) ® DT (2, K7)
2.4 J1()

Y

Lo 1 r {Fyur + €F
X | c
alxdyalza@halP}%L 9 Uu,T UU,L

+1/2e(1 — ) F *h cos by, + eF{}%S-%h cos 2¢p, }

2(COS 2¢>UU — 2f d¢hCOS 2§b do B EF[CJJC%; 2¢

moments: f dppdo B rvur +ebtuuL

normalize to azimuth-
independent cross-section

Gunar Schnell 10 FF2019, Duke U.



hadron multiplicity: pOSS|b|e measur‘emen.rs

normalize to inclusive DIS
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. azimuthal spin asymmetries
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fit azimuthal modulations, e.g., using maximum-likelihood method
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.. results ...



multiplicities @ HERMES

[Alr'ape‘nan et al., PRD 87 (2013) 074029]

@ remember: M = SIDIS / DIS

@ extensive data set on pure
proton and deuteron targets
for identified charged mesons

@ access to flavor dependence
of fragmentation through
different mesons & targets

@ input to fragmentation
function analyses

@ extracted in a 3-dimensional
unfolding procedure:

J (X, Z, PhJ_)

® (Q% z,Pn.)
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intfegrating vs. using average kinematics
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in’renging vs. using average kinematics
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multiplicities @ COMPASS

[COMPASS, PLB 764:1 & PLB 767:133]

3 I 0.004<x<0.01 ! 0.01<x<0.02 - 0.02<x<0.03 - 0.03<x<0.04 - 0.04<x<0.06
+ 3 a=100 i ! s
E L. a=075 } [ [ [
bV a=0.50
'U‘ﬁ 0=0.25

o=0

----- 0.50<y<0.70
0.30<y<0.50
.......... 0.20<y<0.30
..... 0.15<y<0.20
0.10<y<0.15

curves: COMPASS
LO fit

il PP IR IR NI S ST T T NN T TN TN N TR SR TN NN N ST SR T NS T T N TR ST S NNUNN S NI T T NS TR T N TR N
02 04 06 0802 04 06 0802 04 06 0802 04 06 08

@ very precise data for pions and kaons, in a large kinematic range
@ available in 3d binning in x,y, z

@ follows expected hierarchy: n* > v > K > K
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multiplicities @ COMPASS

[COMPASS, PLB 764:1 & PLB 767:133]

0.004<x<0.01
3; o=1.00
i o=0.75
[ .. a=0.50
o=0.25
o=0

001<x<0.02

0.02<x<0.03

0.03<x<0.04

0.04<x<0.06

il PR I NI NN S ST ST T N T T T N
02 04 06 0802 04 06

08 02 04 06

0.50<y<0.70
0.30<y<0.50
0.20<y<0.30
0.15<y<0.20
0.10<y<0.15

curves: COMPASS
LO fit

@ very precise data for pions and kaons, in a large kinematic range

@ available in 3d binning in x,y, z

@ follows expected hierarchy: n* > v > K > K
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multiplicities @ COMPASS

[COMPASS, PLB 764:1 & PLB 767:133]
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@ very precise data for pions and kaons, in a large kinematic range

@ available in 3d binning in x,y, z

@ follows expected hierarchy: n* > v > K > K

Gunar Schnell

15

FF2019, Duke U.



117 L
o dz o
~ @)

0.6

0.4

0.2

multiplicities @ COMPASS

[COMPASS, PLB 764:1 & PLB 767:133]
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@ very precise data for pions and kaons, in a large kinematic range

@ available in 3d binning in x,y, z

@ follows expected hierarchy: n* > v > K > K
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multiplicities @ COMPASS & HERMES

0.2

[COMPASS, PLB 764:1 & PLB 767:133]

= ~ « COMPASS x
N 09 © HERMES N [ e COMPASS
T +* [ o HERMES
- 3 ]
§ 0.8 — § L
B 0.15— e
07 5 ¢
B © © o,
- . ]
0.6 *
- 0.1 _
, ]
0.5 | L .
10~ 107! 1 1072
X

@ COMPASS: weighted average over y
@ HERMES: integral over Q° range of each x-bin
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multiplicities @ COMPASS & HERMES

. -« COMPASS
I - o HERMES
N  oJLabE00-108 % +
~16— :
. i
141 H‘ %
. ¢
L é +o ¢ é %
12~ ., °° °© ©°
@
i
i A A A R A A A Lo
1072 107! 1
X

@ good agreement for pions

@ larger suppression of disfavored
K~ production at HERMES
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[COMPASS, PLB 764:1 & PLB 767:133]
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multiplicities @ COMPASS & HERMES

. -« COMPASS
= - o HERMES
N  oJLabE00-108 +
Siel + :
141 H‘ +
I ¢
L é +o ¢ é %
12+ ., °° °© ©°
: ° @
1
i Lo | A A A Lo
1072 107! 1

@ good agreement for pions

@ larger suppression of disfavored
K~ production at HERMES

@ large suppression of disfavored
kaon FF at low Q% in DSS set

Gunar Schnell 18

[PLB 764:1 & PLB 767:133]
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high-z multiplicities @ COMPASS

@ look at kaon multiplicity ratio Rk(x, Q% 2)
~dM" (%, Q2,2)/dz
- dMX*(x, Q2,2)/dz

@ neglecting disfavored

and strange fragmentation ) )
_ 4(0+d)Dgy + (5u+5d + G+ d + 25) Dy + 25Dty

 4(u+d)Dgyy + (50 4 5d + u + d + 25) Dyps + 25D s

@ yields lower bound driven
by light-quark PDFs:

[PLB 786:390]

u-+

Rg > :
u+d : :
0'3:_ ------- LO DSS ¢
- — — LEPTOMC o
0.2— ---- LOLOWERLIMIT
. — . NLODEHSS s
. . . 0 1:_ NLO LOWER LIMIT
@ .. invariance with data T
B | | | | | | | | | | | | | | | |
0 0.8 0.85 0.9 0.95

ZCOI’I’
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high-z multiplicities @ COMPASS

[PLB 786:390]

T sk 0.75<2,6.<0.80 T sl 0.80<Z,,.<0.85 T o6k 0.85<2,6.<0.90

i ¢ — — LOLOWERLIMIT : * ¢ : ¢
0.2 0.2 0.2 * ®

— NLO LOWER LIMIT

@ in particular, low-v

20 30 40 50 —20 30 40 50 ‘
GV, ) GV, region affected
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high-z multiplicities @ COMPASS

[PLB 786:390]
X
C - e 0.75<z,.<0.80
0.6 = 0.80<z,..<0.85
- s 0.85<2,,.<0.90 }
- v 0.90<z,,.<0.95 +
- *+ 0.95<z,,.<1.05 : i'
0.4 + ¢
_ Jotb
i f f+i i
0.2 | %# i
|1
EiR
O | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
2 2.5 3 3.5 4 4.5
M, (GeV/c?)

@ not so surprising: strong suppression mainly at low missing mass, where

phase space for "independent” fragmentation tight
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Prni-multiplicity landscape

EMC [11] HERMES [15] JLAB [31] COMPASS [16] COMPASS (This paper)
Target p/d p/d d d d
Beam energy (GeV) 100-280 27.6 5.479 160 160
Hadron type h* at, K* n* h* h*
Observable M+ M" o" M" M"
Opin (GeV/c)? 2/3/4/5 ! 2 1 !
W2. (GeV/c?)? - 10 4 25 25
y range [0.2,0.8] [0.1,0.85] [0.1,0.9] [0.1,0.9] [0.1,0.9]
X range [0.01,1] [0.023,0.6] [0.2,0.6] [0.004,0.12] [0.003,0.4]
P%. range (GeV/c)? [0.081, 15.8] [0.0047,0.9] [0.004,0.196] [0.02,0.72] [0.02,3]

[11] J. Ashman et al. (EMC), Z. Phys.C 52, 361 (1991).

[15] A. Airapetian et al. (HERMES), Phys. Rev. D87, 074029 (2013).

[16] C. Adolph et al. (COMPASS), Eur. Phys. J. C73, 2531 (2013); 75, 94(E) (2015).
[31] R. Asaturyan et al., Phys. Rev. C 85, 015202 (2012).

["This paper”] M. Aghasyan et al. (COMPASS), Phys. Rev. D 97, 032006 (2018).

.. as well as more limited measurements by H1 and Zeus
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Prni-multiplicity landscape

EMC [11] HERMES [15] JLAB [31] COMPASS [16] COMPASS (This paper)
Target p/d p/d d d d
Beam energy (GeV) 100-280 27.6 5.479 160 160
Hadron type h* at, K* n* h* h*
Observable M+ M" o" M" M"
Q2. (GeV/c)? 2/3/4/5 1 2 1 1
W2. (GeV/c?)? - 10 4 25 25
y range [0.2,0.8] [0.1,0.85] [0.1,0.9] [0.1,0.9] [0.1,0.9]
X range [0.01,1] [0.023,0.6] [0.2,0.6] [0.004,0.12] [0.003,0.4]
P%. range (GeV/c)? [0.081, 15.8] [0.0047,0.9] [0.004,0.196] [0.02,0.72] [0.02,3]

[11] J. Ashman et al. (EMC), Z. Phys.C 52, 361 (1991).

[15] A. Airapetian et al. (HERMES), Phys. Rev. D87, 074029 (2013).

[16] C. Adolph et al. (COMPASS), Eur. Phys. J. C73, 2531 (2013); 75, 94(E) (2015).
[31] R. Asaturyan et al., Phys. Rev. C 85, 015202 (2012).

["This paper”] M. Aghasyan et al. (COMPASS), Phys. Rev. D 97, 032006 (2018).

.. as well as more limited measurements by H1 and Zeus
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multiplicities: Pn, dependence

@ multi-dimensional analysis allows going beyond collinear factorization

@ flavor information on transverse momenta via target/hadron variation,
e.g. [A. Signori et al., JHEP 11(2013)194]
[Alrape‘nan e’r al. PRD 87 (2013) 074029]

-lg al 02<gz<503 - TC"'—— S TC— %0_5_02<03 K+__ IIIII k-__
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9‘ 2 ® T ¢ 7 8'02:_ _ T e . _
= L ® @ = Uere e Te ;
o s o T e 1 e e - ® ..
= [ T = | —— ] ————— ]
0.3<z<04 0.4F - 0.3<z<0.4 T N
20 ety E3 . E 80 e
® o = r I ]
1—g @ o . —:— ™ - - - 0.2:E . - s ©® ]
OF - l___:_ ________________________ . ______ -___] O - o _ 1 e -]
[ ———
1—04<z<0.6l -+ - 0.2k 04<z<06 E E
- o 20, 1 ] TE 0o 20 p ¥ ]
0.5 o ® N ¢ vGw = 7] 0.1 ® T 7
- T 0 - o — T ~ ]
_________________________________._______._ _______________________________ ] 0‘_____________________________________Il___._ _____________________ _____ @ ]
== [ e —
04 g6cz<08 T ‘e proton | 0.1£06<z<08 1 o proton -
[ e ® 0 e . I 0 deuteron | ; I, 1 0 deuteron |
0-2_‘ . o T (o999 g, ] oosp _f 8 T '
i T ® ] : o I _ _
0__.________________________________s_________i_ _______________________________ R 0_!! _______________________________ _______EL____._______.__?__B _____ o ___]
0.5 1 s 1 o5 1 05 1
P, [GeV] P,, [GeV]
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Prni-multiplicity landscape

EMC [11] HERMES [15] JLAB [31] COMPASS [16] COMPASS (This paper)
Target p/d p/d d d d
Beam energy (GeV) 100-280 27.6 5.479 160 160
Hadron type h* at, K* n* h* h*
Observable M+ M" o" M" M"
Opin (GeV/c)? 2/3/4/5 ! 2 1 !
W2. (GeV/c?)? - 10 4 25 25
y range [0.2,0.8] [0.1,0.85] [0.1,0.9] [0.1,0.9] [0.1,0.9]
X range [0.01,1] [0.023,0.6] [0.2,0.6] [0.004,0.12] [0.003,0.4]
P%. range (GeV/c)? [0.081, 15.8] [0.0047,0.9] [0.004,0.196] [0.02,0.72] [0.02,3]

[11] J. Ashman et al. (EMC), Z. Phys.C 52, 361 (1991).

[15] A. Airapetian et al. (HERMES), Phys. Rev. D87, 074029 (2013).

[16] C. Adolph et al. (COMPASS), Eur. Phys. J. C73, 2531 (2013); 75, 94(E) (2015).
[31] R. Asaturyan et al., Phys. Rev. C 85, 015202 (2012).

["This paper”] M. Aghasyan et al. (COMPASS), Phys. Rev. D 97, 032006 (2018).

.. as well as more limited measurements by H1 and Zeus
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Pn. dependenc

[COMPASS, PRD 97 (2018) 032006]

4

o1 ' 0%GeV/cy 0
0.2< 7 <0.3 \ \
1072} Copl CHN
- | '
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Pn. dependence

[COMPASS, PRD 97 (2018) 032006 ]

DI \.' 02<z< 03 : 03<z< 0.4
> 1E :
@ E $s \'Ia
a= 107 $: = '51
3 3. : ‘s
F 2k b °8 5, 3 ‘3 § .
C§ 10_35_ oh ©d i ° 8
2; ......... é ...... ;I 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 ]
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COMPASS vs. JLab & HERMES

[COMPASS, PRD 97 (2018) 032006]

[COMPASS, PRD 97 (2018) 032006] = '@ 02<2< 03 03<z< 04
) h = %..
s T*ﬁ . E - [].l. i '
a s 1F u 3 ol
- SE: i 5 0" =
i ﬁ L. X - u ! E]. m
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L :l * 10_1:_ [ | . -
B N n O C ]
N - 0 HERMES s
- ? - ] . . . . | . . . . ] L L I I I I | I I
- [
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1_ -
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I t
B | Om . _
0 JLab, E00-18 ! O" : o
- "=
107 u — O u
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fitting the Pn. dependence

2 A1h 2. 2
EM(x,Q%z) N P2
dzdP2. (P2 P\ TPy
hT hT hT
[PRD 97 (2018) 032006]
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5 ° o e 48
0.2- © | © K
06L0032<x <0055 | 0055<x<0.1 | 01<x<02l | 02l<x<04
Y ¥
i v
oy " .
A 03<z<04 a0 Y v
10—1 - u V & v v Gk ¢ ¢
m 04<7<0.6 n vl o * N R / ¢
L .v{;] | |
¢ 06<2<08 . WE - A KX
--------- fit . 02 04 06 02 04 06 02 04 06 02 04 06
B | | | | I I | | | | | L1 11 ﬂ Z2
1o” 2 2 /.2 2 |
2 2 -
Pir (GeVie) (P?(2)) =2°{p7) + (K7) does not work!
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chiral-odd fragmentation



Collins amplitudes

® SlgnlflcanT In size Gnd [A. Airapetian et al, PRL 94 (2005) 012002]

opposite in sign for charged x5 02 -
lons Z 0.1 [ .
i £ o VRS S * ______ Lt +

@ disfavored Collins FF |ar'ge TR T I
and opposite in sign to wli T
favored one ' -

-0.2 - + u

o1 02 03 03 04 05 0.6 0.7
X z

2005: First evidence from HERMES
SIDIS on proton

@ |eads to various cancellations

in SSA observables Non-zero transversity

Non-zero Collins function
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Collins amplitudes

[PLB 744 (2015) 250]

COMPASS 2010 proton data

‘ Since Those ear‘ly days' a :‘\“:S 0.1~ COMPASS positive pions x<0.032
< . COMPASS positive pions 150,032
Wea“-h Of new r'eSUH'S: 0.05- o HERMES 7t PLB 693 (2010) rescaled by (1-<y>)/(1-<y>+<y>?)
0_ __________ s T e [N 2
® COMPASS A I Y S A T Y it
[PLB 692 (2010) 240, _0.05F $5F - 53 {' i ; +
PLB 717 (2012) 376, PLB 744 (2015) 250] __ I
@ HERMES 3o " i B B
[PLB 693 (2010) 11] i +<} i + {) B {;*
@ 24 el Lt
Jefferson Lab SIS v - BRI L S S—
[PRL 107 (2011) 072003]
—0.05¢ COMPf—xSS negative pions x<0.032 i
) COMPASS negative pions x>0.032 ,
0.1+ L ..?...I HERII\:’[|ES Itl PLB 69? (2010) rcI:scalcd byl(}-~<y>-)f(1-I<y>+<:y:>‘)nI |
1072 107! . 0.5 1Z 0.5 lp’;_ (Gel\ofslc)
[PRL 107 (2011) 072003]
E : Neutron ot AT
3 0_ . i %
an : + = =1: Quark-diquark
?.: i #4444 Phenomenological Fit
\? - T v =smm Light-Cone Quark
..... il . S N s it I
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@ since those early days, a
wealth of new results:

® COMPASS

[PLB 692 (2010) 240,
PLB 717 (2012) 376, PLB 744 (2015) 250] )

® HERMES

[PLB 693 (2010) 11]

@ Jefferson Lab
[PRL 107 (2011) 072003]

. COMPASS

20 .. HERMES

Q’ (GeVic)

sudanna fananfanefradieakedeanransnranansans reraransasfurnnandaraneforsafonsfuadiadiadaransnnasanravansdornsnrananfaraseafoninngs

Collins amplitudes

[PLB 744 (2015) 250] COMPASS 2010 proton data

B COMPASS positive pions x<0.032
® COMPASS positive pions x>0.032 ,
| 0 HERMES n* PLB 693 (2010) rescaled by (1-<y>)/(1-<y>+<y>")

i {»@ﬁ’* i - ﬁ)} i
: {)i : : :

Mo = - - el T SR . I I I I e L

\COMPASS negative pions x<0.032
€OMPASS negative pions x>0.032

| RMlES n PLB 693 (2010) rescaled by (}-<y>)z’(1-<y>+<:y>2)
% 111 1 1 | |

|
0.5 1 0.5
Z

- excellent agreement of various proton dataq,
also with neutron results
- no indication of strong evolution effects
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the “Collins trap"

Hl fav —
thus

~ (4R -

Hl ,dis
(sin(¢ + ¢s)) T hd) Hig,,
(sin(¢ + ¢5))r

“impossible” to disentangle u/d
transversity -> current limits driven
mainly by Soffer bound?

— (4hY — hY) Hi,

Gunar Schnell 32

XAt U(X)

XAt d(X)

[M. Anselmino et al., PRD 87 (2013) 094019]
0.3 ¢ " Baan

0.2 f—
0.1t
0 ==t = .
01} :

Q%=2.41 GeV?

01t -f

0| |
01 |
02 ¢

_03:
0.001

0.01 0.1 1

[Z.B. Kang et al. PRD93 (2016) 014009]

0.3 —

_________ Q% =2.4 GeV?
/ — Q*=10GeV?

— —. Q*=1000 GeV?

06 08 1
X  FF2019, Duke U.

0 02 04



[M. Anselmino et al., PRD 87 (2013) 094019]

the “Collins trap"
= 0.2 F @2-241GeV?
5 0.1 F
Hl fav — Hl .dis §<|_ 0 ——————————
thus o
. -+ y d N 0.1 -
(sin(¢ + ¢3))fp ~ (4hY — h{) Hi, fav = O}
_ & o041 ¢
(sin(@ + ¢g))irp ~ — (4hu hd) Hi fay 02

“impossible” to disentangle u/d
transversity -> current limits driven [2.8. Kang et al. PRD93 (2016) 014009
mainly by Soffer bound?

clearly need precise data from N \;\
"neutron” target(s), e.g., COMPASS d, 00 1 »
and later JLab12 & EIC < 005 [ Q=24 GV

— —. Q*=1000 GeV?

(valid for all chiral-odd TMDs) o1 = 02 i e on
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d-transversity running at COMPASS

@ currently much more p than d data available
@ add another year of d running after CERN LS2 (2021)
@ large impact on d-transversity

@ reduced correlations between u and d transversity
(note, correlations important in tensor-charge calculation)

gain in h; precision

Protons Deuteron 3% 4 B
b | Q u d
gwfj ------------------ : ]Lffé%w ; # -------
i ;o % .
+ i ﬁ K. 2. K. 2. 2K . * * T B

X X X
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hon-vanishing twist-3



beam- heluc:’ry asymmeTr‘y (twist-3)

Gunar Schnell FF2019, Duke U.



beam-helicity asymmetry (twist-3)

Mh

]w,,hlLE O xg-Di @ flGL S zeHi
%Dmszn EH SenX “FeHERMES
< 0.10 i i . . :—- ?:ofASscale neeriamy
b o g
0.05 |- +%%. — gg?+I%% ++!+++
ooo——% —————————————— e il o e +{
0051, . T T T T T T e

]
o.oo_HHﬁwml _____ % (R

!!] D[:]D ]
N B mi B I
; 1 Tr o i + ' +
-0.05 |- — E}] —
N nk R
—0.10 - + -
[ ol oo b b b b by T o o by by
107 02 04 06 08 0.5 1.0
P, [GeV]

@ opposite behavior at HERMES/CLAS of nega’rlve pions in z pr‘OJQCTIOh due to
different x-range probed

@ CLAS more sensitive to e(x)Collins Term due to higher x probed?
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beam-helicity asymmeTry (twist-3)

Mh —hiE @ xgTD; @ —f1GL ® reHi
Mz
g{a _n + It :_- E%)l\i/l[l)vAisuhX + __ HEDRL/IES x
SR I Lt
R T L T

-0.10
L1111

0.05 |
0.00 |

~0.05 |-

-0.10
L1111

| L L1 | | L1 1 L1 1 L1 1 L1 1 |
1072 107" 02 04 06 08 0.5 1.0
P, [GeV]

@ consistent behavior for charged pions / hadrons at HERMES / COMPASS

for isoscalar targets
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back to the roots



longitudinal double-spin asymmeftries

@ flagship observable for extraction of proton's quark helicity dist.'s
® revisited at HERMES to

@ exploit slightly larger data set

@ provide A|| in addition to A;

1

A} =
D(1 + ny)

Aﬁ D =

R (ratio of longitudinal-to-transverse cross section) fo be measured
[only available for inclusive DIS dataq, e.g., used in g1 SF measurements]

@ |ook at multi-dimensional dependences

@ extract twist-3 cosine modulations
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longitudinal double-spin asymmetries

@ x dependence of Aj| (consistent with previous HERMES publication)

- N - ....[.quiV:1.81(.)'O.7.O.5.4.]
051 A, I Al T Al
0.4}
0.2} !
| : }{
NEPE T o TR f}
or- - - - - - - — — — — — —- - g-=-= " - i————i ———————
0.5- Ajp Ajl.a T Al
0.4}
0.3 1 |
0_2__ {’ s }
01} i I - ) }.
OEEEE‘JJI!!{iiiii, 4- - -
0.03 0.1 0.4 003 0.4 0.4 003 04 04 x
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longitudinal DSA

@ 3d dependences provides extra flavor

sensitivity but also transverse-momentu

dependence, e.g.,

@ n asymmetries mainly coming from low-z

region where disfavored fragmentation
large and thus sensitivity to the large
positive up-quark polarization

TC
0.5 R
0.4
0.31

2l

0.1}

Gunar Schnell 0.03 0.1 0.4 41
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longitudinal DSA - cosine moments

@ "polarized Cahn effect”
@ twist-3 effect, thus various other contributions
@ largely consistent with zero at HERMES

[arXiv:1810.07054]

0.2}
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conclusions

@ SIDIS provides important input to the study of FFs
@ flavor dependence of collinear FFs
@ pushing theory description in corner places of kinematics

@ transverse-momentum dependent multiplicities clearly indicate z-
dependent transverse-momentum Gaussian width of FFs

@ access to chiral-odd FF through azimuthal modulations
@ also here: easier flavor decomposition of FFs
@ d-quark transversity difficult o access with only proton targets
@ additional deuteron data to come from COMPASS
@ non-zero beam-helicity asymmetries
@ sizable twist-3 effects

@ infriguing kinematic dependences might shed light at different
roles of the various terms contributing

@ COMPASS and HERMES continue producing results
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backup



kinematic coverage

Q? (GeV/c)

® COMPASS ® HERMES
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p m Transversity

= G

giL hf_L

17 Lo i (2-hadron fragmentation)

Apgr ~ sin(¢r| + ¢g)sinOhy H{

Jaffe et al. [hep-ph/9709322].
‘T " H%P (2, M2.) = sindg sin &1 sin(dg — 61) H P ()

| w / oo (61) — S(P)-wave phase shifts

— P(M2,)H 7 (2)

e WYL ‘:> Ay might depend strongly on M”I
m(GeV)
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U L T

p m Transversity

-

giL hiLL

i Lo i (2-hadron fragmentation)

[A. Airapetian et al., THEP 06 (2008) 017]

@ HERMES, COMPASS: COMPASS 2007: [C. Adolph et al., Phys. Lett. B713 (2012) 10]
. COMPASS 2010: [C. Braun et al., Nuovo Cimento € 035 (2012) 02]
for comparison scaled COMPASS 2007/2010 proton data

e x>0.032&M; <1.5GeV/c? [~

x <0.032
¢ HERMES data mult. by —Dnn

Bacchetta, Radici —

HERMES data by

Ma et al.: SU6
- = = Maetal.: pQCD

changed sign

@ 2H results consistent with
Zero
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hi

fi
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giL hiLL

giT

ff_T h17 hf_T

0.3/
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0.2}
0.1}

0.0 :

HERMES, COMPASS:
for comparison scaled
HERMES data by

changed sign

°H results consistent with
Zero

—0.1

x hi* (- x h{*(x)/4

X

Gunar Schnell

Transversity

(2-hadron fragmentation)

[A. Airapetian et al., THEP 06 (2008) 017]
COMPASS 2007: [C. Adolph et al., Phys. Lett. B713 (2012) 10]
COMPASS 2010: [C. Braun et al., Nuovo Cimento C 035 (2012) 02]

Com

[PASS 2007/2010 proton data

® x>0.032 &M <1.5GeV/c2

x <0.032
¢ HERMES data mult. by —D

Bacchetta, Radici

Ma et al.: SU6
- = = Maetal.: pQCD

1I5
MT™ (GeV/c?)

mv

® data from e‘e” by BELLE allow

P~ T

first (collinear) extraction
of transversity (compared
to Anselmino et al.)

upda’red analysis available (incl. COMP‘ASS)
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Di-hadron vs.
Collins fragmentation
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T Di-hadron vs.

L giL hiLL

7 Lo M Collins fragmentation
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. Di-hadron vs.

fi hi
o Collins fragmentation
0.10 — f:\@%

2010 proton data h'h~ N

® Ay, (0 ) sin

0.05

-0.05

@ in the limit of collinear Py (w.r.t. virtual

photon), e.g., in collinear factorization, 010~ [C. A:do'|ph|elfﬂ'[ﬁLB 73|6 (|20|14|) |1|2|4|]|

d2n,s reduces just to ¢rs 1072 T !

= no big surprise that those two "Collins angle" of Ry = Prp+ — PT.h-

asymmetries are very similar?
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FF TMD flavor dependence

® fit to HERMES multiplicity data:

[ P?zT/(Ph,T q)

e 2 g—h 2
5. 2 1@ Q) Z f(; Q%) DI (%,Q%) © (Pl )

mgf(maza PiT;Qz) —

m(x,z, PZ;,Q%), proton target
T v :.‘ T Y Y T b N 1 3 2 2
n i A _k_l_/<k_l_,q)

o 0.10<2<0.20 | fl (z, k Qz) = fl (z; Q2)

o 0.27<2<0.30 ! (k >
7 0.38<2<0.48 ] L9
< 0.60<z<0.80 _

2

11 4
107} (x3~0.15 34\

(@%~29 GeV? oo

P?L/(P_L q—#h)
D{7M(z, P2;Q%) = i7" (2:Q7) ©

W('Pi,q—)h)

<PiT,q> — < q) + (PJ_ q—)h)

i °f4pé o8 o0 0:4,,'2; 05 [A. Signori, A. Bacchetta, M. Radici
and 6S, JHEP 11(2013)194]
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FF TMD flavor dependence

® fit to HERMES multiplicity data: Exl:asc;gno?riéébﬁiggg;fém Radici

14
gq—n favored width - .
< Nj N% 1.2 .g'
. a|a’ 3 o Ak
g—K favored width -
| 1.1 ..??.,.-.:

1.1 1.2 1.3 14

point of
no flavor dep.

g—n favored width < unfavored

T —— e ——_—
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FF TMD flavor dependence

® fit to SIDIS, DY & Z boson production: JHEP 06 (2017) 081

ﬁ} Bacchetta, Delcarro, Pisano, Radici, Signori, in preparation (Q = 1 GeV)

0; O Signori, Bacchetta, Radici, Schnell arXiv:1309.3507
(3. . Schweitzer, Teckentrup, Metz, arXiv:1003.2190
o (] Ansclmino et al. arXiv:1312.6261 [HERMES]
J@L ' Anselmino et al. arXiv:1312.6261 [HERMES, high 7]
“C‘:\L:l ‘ Anselmino et al. arXiv:1312.6261 [COMPASS, norm.]

A Anselmino et al. arXiv:1312.6261 [COMPASS, high z, norm.]

v Echevarria, Idilbi, Kang, Vitev arXiv:1401.5078 (Q = 1.5 GeV)

01 02 03 04 05 06 07
(k) (x=0.1)[GeV?]

® fit to e'e  data: PLB 772 (2017) 78-86
@ new data: COMPASS arXiv:1709.07374
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