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The COMPASS experiment @ CERN

Trigger Hodoscopes

ECALs & HCALs
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HERMES Experiment (12007) @ DESY

27.6 GeV polarized e*/e” beam
scattered off ...

- unpolarized (H, D, He,..., Xe)
- as well as transversely (H)
and longitudinally (H, D, He)
polarized (pure) gas targets
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getting polarized nucleons

@ common polarized targets
@ gas targets -> pure, but lower density

@ solid (e.g. NH3) targets -> high density, but large dilution

Gunar Schnell 4 INT-18-3, Seattle



getting polarized nucleons

@ common polarized targets
@ gas targets -> pure, but lower density

@ solid (e.g. NH3) targets -> high density, but large dilution

1 1
fPgPr /N

@ solid targets 0.2 -> directly scales uncertainties (as do Pg & PT)

@ statistical precision: ~ (f... dilution factor)

@ dilution also kinematics dependent (partially unknown systematics)
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Semi-inclusive DIS




Spin-momentum structure of the nucleon
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= L over transverse momentum
=

@ 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
é D1 Hi
< 1
| T |Dip|Gip|Hi Hiz

= R. Seidl, A. Vossen
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TMDs in hadronization

quark pol.
U L T
‘é = relevant for unpolarized final state
o T
S| T |Di |Gip | Hy Hix

= R. Seidl, A. Vossen
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TMDs in hadronization

quark pol.

= relevant for unpolarized final state

hadron pol.
-

2 Collins FF: Hll,q—m
_ yordinary FF: DiHh

= R. Seidl, A. Vossen |
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TMDs in hadronization

quark pol.
U L T
— J_ . .
s | U = relevant for unpolarized final state
| L Cu | Hi larized final had
§s olarized fTinal-state hadrons
HEEREA IR

. = R. Seidl, A. Vossen |
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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: Hliv‘Hh

,;,)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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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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one-hadron production (ep—>ehX)
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.. possible measurements

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:

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,
d° o 72
x (1 Fvuvr +efuu L
drdydzdondP? | 20 { | |

+/2e(1 — ) F3 %" cos gy, + €F205 2" cos 20, )
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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
dQO_incl,DIS/ | dxdydzdP? | 2T Fr+ e%
dl’dy OCFT—|—€FL
/ Y el fi(z,ph) ® DI (2, K7)
| >_q€5/1(@)
d°o v?
x | 14 Fyur + efvur

drdydzdondP? | 2x { ’ ’

+/2e(1 — ) F3 %" cos gy, + €F205 2" cos 20, )
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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)
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moments: f dppdo B rvur +ebtuuL

normalize to azimuth-
independent cross-section
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hadron multiplicity: pOSS|b|e measur‘emen.rs

normalize to inclusive DIS
cross section S d*M"(z,y, 2, P2)) N <1 N 72> Four + GFXJ,L
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. azimuthal spin asymmetries

1 N\(6,¢5) — N (6, ¢s)

AUT(¢7 ¢S) —
([SLD) N (6, 65) + Ny (6, 63)
q q M, 1\4LHy VT 1 T
9 -pTPhJ_ J_ ,q q
T D k
+ sin(Q — ¢g Z Y (pr) (2, T)
S SRR I[. : ] convolution integral over initial (p7)

and final (k1) quark transverse momenta
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.. azimuthal spin asymmetries

1 N} (¢, ¢5) — N} (¢, bs)
([SLD) N (6, 65) + Ny (6, 63)

AUT(¢7 ¢S) =

~ sin(¢p+og) Y e T
: _

, pr P 1 _
sin(¢ — ¢g) Z e; | —=——= fi71(z, p7) D} (2, k)
; ] J

il I[. : ] convolution integral over initial (p7)

and final (k1) quark transverse momenta

fit azimuthal modulations, e.g., using maximum-likelihood method

)}

PDF(2(sin(¢ £ ¢ps))ur,- .-, ¢, ¢s) = 2{1+ Pr(2(sin(¢ £ ¢s))ur sin(¢ £ ¢5) + ..
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"Qual der Wahl"

@ SIDIS structure functions come with various kinematic
prefactors

@ include in definition of asymmetries ("cross-section asym.")
M.L. pdf o [1+ ASROTP) (4 2 Py ) + . ]

@ factor out from asymmetries ("structure-fct. asym.")
M.L. pdf o [1+ D(y)A0FT) (g y. 2. Py ) +...]
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"Qual der Wahl"

@ SIDIS structure functions come with various kinematic
prefactors

@ include in definition of asymmetries ("cross-section asym.")
M.L. pdf o [1+ ASROTP) (4 2 Py ) + . ]

@ factor out from asymmetries ("structure-fct. asym.")
M.L. pdf o [1+ D(y)A0FT) (g y. 2. Py ) +...]

@ |atter facilitates comparisons between experiments and
simplifies kinematic dependences by removing known dependences

@® but what about twist suppression, also factor out?

@® and what about other kinematically suppressed contributions?
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.. other complications

@ theory done w.r.t. virtual-photon direction K

@ experiments use targets polarized w.r.t. lepton-beam direction
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.. other complications

@ theory done w.r.t. virtual-photon direction K
@ experiments use targets polarized w.r.t. lepton-beam direction

= mixing of longitudinal and transverse polarization effects
[Diehl & Sapeta, EPJ C 41 (2005) 515], e g.,

/ < sin ¢>(|]L \ / cosl«  —sinf,. —sinf.,- \ / < sin ¢>;L \
< Sin(¢—¢s)>;¢r = | 2sinf,  cos, 0 < Siﬂ(¢—¢s)>UT
\ <Sin((b+¢s)>:fr/ \%sin&y* 0 Ccos 0. ) \ <Sin(¢+¢5)>(]’r/

(cos O« ~1,sin0. upto15% at HERMES energies)
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.. other complications

@ theory done w.r.t. virtual-photon direction K
@ experiments use targets polarized w.r.t. lepton-beam direction

= mixing of longitudinal and transverse polarization effects
[Diehl & Sapeta, EPJ C 41 (2005) 515], e g.,

/ < sin ¢>(|]L \ / cosb -  —sint,. —sinf,- \ / < Sin ¢>;L \
< Sin(¢—¢s)>;¢r = | 2sinf,  cos, 0 < Siﬂ(¢—¢s)>UT
\ <Sin(¢+¢s)>:fr/ \%sinﬁy* 0 Ccos 0. ) \ <Sin(¢+¢s)>UT)

= need data on same target for both polarization orientations!
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.. results ...



multiplicities @ HERMES

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

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

@ input to fragmentation function
analyses

@ extracted in a multi-dimensional
unfolding procedure:

@ (X, Z, PhJ_)

® (Q°, z,Pn.)

Gunar Schnell

Multiplicity

[Airapetian et al., PRD 87 (2013) 074029]
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(M(Q7))qz # M((Q7))
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(M(Q7))qz # M((Q7))

.. 3[02<2<08 3 _
- - -
'é, 2 3 o e ® 9o p il e e ulE
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S Uf E
3
Xg <]
3¢ <]
2 -
1
0

@ even though having similar average kinematics, multiplicities
in the two projections are different

Gunar Schnell 16 INT-18-3, Seattle



(M(Q7))qz # M((Q7))

@ the average along the valley will
be smaller than the average
along the gradient
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@ the average along the valley will
be smaller than the average
along the gradient

@ still the average kinematics can
be the same
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@ the average along the valley will
be smaller than the average
along the gradient

@ still the average kinematics can
be the same

take-away messages: (when told so) integrate your cross section
over the kinematic ranges dictated by the experiment
(e.g., do not simply evaluate it at the average kinematics)

To experiments: fully differential analyses!
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intfegrating vs. using average kinematics

[R. Sassot, private communication]

HERMES Z—Q2 HERMES z-x (not included in the fit)
I I + I I I I I I I I _,_ I I I I LI I I I I I I
") 1 £ K'-d — DSS07 + K'-d -
(by now Old) F 02034 & —A A A A—ak A2 F (755 A 029 3
DSSO7 FF f|"|’ to 50.3-0.4A__A__k_._‘\_‘—k A A 007 EE 0.3-0.4 A A A 4009 E
10 g [ Yy S S G W G —— — A2 | o A—A A A A A a4 A 4,y

z-Q°¢ projection

T
o
o
=)
o]
>
>
>
>
>
| 4
>
>
>
ool
T
o
o
o
o]
>
L
o
[\
ol

1 L K-d 1 K-d i
- A—h A A AA A A _A+038 F A—A A4 4 A A A A+038 ]
: A—A A A A A A A A +0.18 :: WA_FO.H; :

10 ) A—A—A A A A a4 — A +008 WA +0.08 —

A A A
A A A4 a 7'y ——4 +0.03 A_Mw.ozs
— | ——t————+— —+———+H ——t—+—
+
1 = K-p -+ K-p -
= A—h A & A A& A —a+027 F A A 4 4 4 A A A 440297
i . e S’ 3 —A+0.07 - A___ A A L, 4, a A A A T
1] A A A 4o b A A —h A+002 | A A A A A A4 A\‘+004 )
10 F EJ A —a—A A 4 4 A N
- A A A L A, A A A I +0.02 3
i 1 I 1 1 1 1 1 1 1 1 T 1 1 1 1 L1 1 I 1 1 1 1 1 ]
I I _ I I I I I I I I _I I I I LI I I I I I I
1 = K-p =+ K-p —=
- A—A A A A A A — A __A+038 A—A—A 4 A A A A ,+038 3
i A— A A A A A A A A+0.I8 T A—A A L 4 4 A A A0

10 _1:_ A A A A AA LA 4 A +0.08 L ‘MAMOS_Z
N
1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1
1 Q* 10 10 <

Gunar Schnell 18 INT-18-3, Seattle



intfegrating vs. using average kinematics

@ (by now old)
DSSO07 FF fit to
z-Q°¢ projection

® z-x "prediction”
reasonable well
when using
integration over
phase-space limits
(red lines)
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[R. Sassot, private communication]
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intfegrating vs. using average kinematics

@ (by now old)
DSSO07 FF fit to
z-Q°¢ projection

z-x "prediction”
reasonable well
when using
integration over
phase-space limits
(red lines)

@ significant changes
when using
average
kinematics
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[R. Sassot, private communication]
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U L T

| Pn. dependence

giL hf_L

i | gir | h1, hip

® = —|c

multi-dimensional analysis allows going beyond collinear factorization

@ flavor information on transverse momenta via target variation and hadron ID

e.g. [A. Signori et al., JHEP 11(2013)194]
[AII"GPZTIGH et al. PRD 87 (2013) 074029]
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U L T . . .

2" B Ph.-multiplicity landscape

L giL hf_L

T ir | o | i, hip

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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.. as well as more limited measurements by H1 and Zeus
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U | L T
Tl | Pn. dependence
1
i T h’“}; o1] QGevic? [COMPASS, PRD 97 (2018) 032006] 4o
1T | 91T 1, "' 09< 2 <03 \ \
107%f Sop (HN
- '
. h' 0o T
® dataon LiD 1 . 10\ \ _ BE
Target 10°F  TEE L e ey
| S J— —
@ differential in x, ’ 10\ \ | \ [ 2 3
d’m" 2 - - | _
Z, QZ, PhLZ T e S e
T o — E———
@ one example : 10\ \ _ \ \ 12 3
('OWQST Z bm) 10—25 b | - 'u.; N,
: C (= - = - =
® high statistical '’ 10\ \ \ \ L2 3
precision allows T N T B
detailed studies | gC—I————[——] 9
123 123 123123 X
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U | L T
Tl | Pn. dependence
L giL hf_L
- . [COMPASS, PRD 97 (2018) 032006]
it | g7 | b, hir T 02<z< 03 03<z< 04
> 1F ‘\“
2 - . ;
(i: 10_1§— .". 3 3‘5'
o) - é "I
K _ o= o
2 o2 b °8 5, 3 '5. .
C§ : oh ©d ° 8
10_35— 3
2k -
1 :__%&_AA_A_A__A_%_"_Z}__é___é___}____i_%%ﬁﬁ_ﬁ_ﬁ_?éé_é___%__é____
. % 04<z<0.6 0.6<z< 0.8
@ differences 15_\:
between h*and h™ | %z, §~|.._\'
. . E .:=I. ? ..l...
increase with z . CH L et
E (x) = 0.149 N e s,
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o matwvasnnton, s x| BeReetacstssadtg g T
0 1 2 so0 1 2 3
P (GeV/c)y
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COMPASS vs. JLab & HERMES

U L T
J1 hi
L girL hf_L
f1LT a1t h17 hf_T
[COMPASS, PRD 97 (2018) 032006]
= Tﬁ .
nigH
1 - L
i # ?
I @% i
! 7 W
_ *
m
i o
0
- ® COMPASS
O
i 1
O JLab, EOO-18
1()_1 | | | | | |
0.5
P2 (GeVlc)

Gunar Schnell

[COMPASS, PRD 97 (2018) 032006]
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| fitting the P, dependence

giL hf_L

-

i | gir | h1, hip

d2A4h , 2; N 192
(x, 0% 2) _ exp hT

2 2 2
dzdP (Pir) (Pir)
[COMPASS, PRD 97 (2018) 032006] hT hT hT
s | (0*) = 1.25 (GeV/c)*
% Q 0 6_0.003 <x<0.008 L0.008<x<0013 | 0013<x<002 | 002<x<0.032
N > _ _ _
(&z @ | *1 < Q/GeV/e) < 1.7 *3 < QNGeVic) <7 | V16 < O GeV/ie) <81 |
<) B L 2L7<Q/GeV/ie) <31 V7 < Q/(GeVie) < 16
o R, 0.4+ i
S ' . e | v %
i % P i i A ° ( i ° ([ J
" * . P ° _ q&:
& A
0.2 : : ¢
060032 <x<0.055 [ 0.055<x<0.1 | 0.1<x<0.21 | 021<x<04
A % ' Y
A 03<z<04 ‘ [ v ' ' $ v '
10—1 - u 0.4+ B v B B v
: m 04<z<0.6 n Yy . ot y s | e - ¢
- ° ° : Lt s L v
e 0.6<z<0.38 N ve |y A _$v | ;
--------- fit ¢ 0.2 i ¢
T B PR | PR S AN T ST TR NN ST T W | PR SR T [N ST TN N NN TR T W | PR SR T [N ST TN T N T T
C ] L ﬂ 02 04 0.6 02 04 0.6 02 04 0.6 02 04 0.6
107! 72

P;. (GeVicy

(P? (2)) = 2* (p7) + (K7 ) does not work!
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o1 —— i

U L T
U| fi hi
L girL hf_L
T | fi5 | 917 | b1, hip
[Avakian et al. [CLAS], PRL 105, 262002 (2010)]
~ 0.6 i ; i - i 0
05| T ' T ! T

04 |9 : -
i #Qﬁ’n ......... I B
03 [ +'~';- + +++ %+
0.1 - T
0/ * + o

CLAS data hints at width p2 of g,
that is less than the width po of f,

H(x = fi(x 1 X —ﬁ
fi(a.br) = fi@) =z exp (~ %)
g91(z, kr) = gl(fﬂ)% exp (—k—T)

T T

.. also suggested by lattice QCD

Gunar Schnell 25
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T Helicity density
f

L giL hf_L
fir | oir | b1, hip T %e{rﬁ
02l A!IT,d - - - linearin x. ]
—— 2nd order in x and Py, |
[Avakian et al. [CLAS], PRL 105, 262002 (2010)]
& 0.6 | " i - i 0 I
0.5 + T j T j Ul 0 -
0.4 (*. s - ' |
N . ' '
0.3 B +++ + + + +++++H%+ ]
0.2 | + R . . [COMPASS, arXiv:1609.06062]
0.1 | f + _ 005
0 —@
"o 0.5 0 0.5 0 0.5 10 _ -, :
P (GeV) [ o 0.055<x<0.100 | 0__ ______ 3 ":_"‘ _____ i
I T T R TS ] ] ] ] 1 | ] ] ] ]
. . 0.5 1
CLAS data hints at width p2of g; o2} Py (GeVie)
that is less than the width po of f,
1 k2 | *
U ) — _ T
fl ($7 T) _ fl(x) 2 eXp( 2) I m 0.100 < x < 0.600 ]
T g o AT -
1 ]{;2 0.0 0.2 0.4 0.6 0.8 o \1/3)
q . T PhJ_ e
g1 (z, kr) = 91(97)—2 eXp (——2)
Uy M2

. no significant Pn. dependences seen on D at
.. also suggested by lattice QCD HERMES and COMPASS
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U L T
Ul fi hi
L girL hf_L
T | fi5 | 917 | b1, hip
[Avakian et al. [CLAS], PRL 105, 262002 (2010)]
& 0.6 i " i - i 0
0.5 + T - T - T
04 |T-.._ B B
0.3 -?-¢-‘.g.+~:+-~:..<+-"- ..... * + + +-::.+\:+h+ﬁ$.:+:.--
0.2 f K R o
01 [ = Tt
0 7 ! + °®
i —— e b o E———————
_0.1““\“‘N““\““““\““
0 0.5 0 0.5 0 0.5 1
P; (GeV)

CLAS data hints at width p2 of g,
that is less than the width po of f,

1 k2
Az, kr) = fi(z)—s exp (——=
1( T) 1( )ﬂ_lug ( /1(2))
§1(z, kr) = g1(2)— exp (— 1)
S T 13

.. also suggested by lattice QCD

Gunar Schnell

ALL

Helicity density

0.6l
04/

0.2

eh” z>02 |  COMPASS preliminary | Proton 2007, 2011 data
Ah ¢ :
4 i
b ; |
é I ®
o e®o ¢ ® _ °® [
‘.A”‘l €%, i 2;%&1111& A i
= | - |
— \ﬁ ‘| T — T
107 107! 02 04 06 08 0.5 1 15
X Z p, (GeV/c)

perhaps a hint on protons at COMPASS?
(but opposite trend than at CLAS)

no significant Pn. dependences seen on D at

HERMES and COMPASS

25 INT-18-3, Seattle



The quest for transversity



R Transversity
= 75 Lo S (Collins fragmentation)

@ significant in size and
opposite in signh for charged
pions

[A. Airapetian et al, PRL 94 (2005) 012002]

T
uT

© o
N
I
+
I

2 (sin(¢ + ¢g))
I

0
@ disfavored Collins FF large O —
and opposite in sign to -0? _+“+ """ + """""""" : g ++
favored one ' -

-0.2—IH|HH|HI*|H—II l l l

o1 02 03 03 04 05 0.6 0.7
X Y4

2005: First evidence from HERMES
SIDIS on proton

@ |eads to various cancellations

in SSA observables Non-zero transversity

Non-zero Collins function

Gunar Schnell 27 INT-18-3, Seattle



] Collins amplitud
A ollins amplitudes
L giL | hiy _ [PLB 744 (2015) 250] COMPASS 2010 proton data
flj_T gir hl? hf_T = S 0.1F ggmgﬁgg positive pions xiggg"zl
® ositive pions x>U.
‘ SIHCZ ThOSZ ear,ly days' a 0.05 O HERMES J'EP PLB 683 (2010) rescaled by (1-<y>)/(1-<y>+<y>?)
eal ew results: O -weeaiess T B S S T
wealth of new results M@f%% EIER {){. Tk 4 b {)}
® COMPASS 0ot S L L
[PLB 692 (2010) 240, 0.1 o .
PLB 717 (2012) 376, PLB 744 (2015) 250] 3 0l : ' : ' : : : :
o O Y. B [
® HERMES Ol G| A
[PLB 693 (2010) 11] O ‘?q; %{' é.p@*i}z ; %‘}% { } @g} g} * }
@ Jefferson Lab
[PRL 107 (2011) 072003] —0.051- EBEE&?? negative pions 1<0.032 :
—0.1- o HERM|ES % PLB 695 '(02[})81'5? rescaled by (}-<y>)f( [-<y>+<y>?)
vl v 1l 1 ) | ) | | | |
- - 0.5 | 0.5 1 1.5
107 107! N . p’;_ (GeV/c)
[PRL 107 (2011) 072003]
E : Neutron ot i AT
e
an + = =1: Quark-diquark
?.: #4444 Phenomenological Fit
\? ----- Light-Cone Quark
'\@ — = Axial Diquark
Xp;
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A Colli mplitud
T ollins amplitudes
L giL | hig _ [PLB 744 (2015) 250] COMPASS 2010 proton data
f 1J_T gir | ha, hlLT ~ S 0.1 COMPASS positive pions x<0.032
® COMPASS positive pions x>0.032
9 SIHCZ ThOSZ ear.ly days a 0.05- o HERMES ©t* PLB 693 (2010) rescaled by (1-<y>)/(1-<y>+<y>?)
: OF-2r---5-2; T BN T v SEEE
wealth of new results M@i@é% W {f B {)}
® COMPASS 003t - vyt : +
[PLB 692 (2010) 240, o1k : }
PLB 717 (2012) 376, PLB 744 (2015) 250] 5 | L | - | | | |
2 S 0.1 B 3
® HERMES Ol g | R
[PLB 693 (2010) 11] R %80 § &
SIS SO N S S0 . 00 A
@ JeffersonLab
[PRL 107 (2011) 072003] —0.05¢ COMP/_\SS negative pions x<0.032 i
) COMPASS negative pions x>0.032 ,
0.1+ " .?...I IIQII\:’[lES Itl PLB 69? (2010) rcI:scalcd byl(}-~<y>);’(1-I<y>+<:y:>‘]nI |
, , _ . ) N 0.5 1 0.5 1 1.5
O R
s _ ....
L1801 O O O 3 11 - excellent agreement of various proton data,
SRR also with neutron results
1 TR T - no indication of strong evolution effects
10° 10" 1
X 28 INT-18-3, Seattle



U L T
fi hi
L 91L hit
fir | oir | ha, hir

@ 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]

Collins amplitudes

[C. Adolph, PLB 744 (2015) 250]

rd \r
gomPp,

~

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

— .

0.1 5=
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U

L T

fi

hi

-

giL hf_L

L
fir

gir | ha, him

@ since those early days, a wealth

of
9

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]

[A. Airapetian et al, PLB 693 (2010) 11] W
- Eém

——
—_—
I
— .
I
— .

Collins amplitudes

[C. Adolph, PLB 744 (2015) 250]

7 S
- ¢oMP,

~

cancelation of (unfavored) uand d
——— fragmentation (opposite signs of up and

0.1 B

down transversity)?
29 INT-18-3, Seattle



U L T
fi hi
L 91L hit
fir | oir | ha, hir

@ 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, PRC90 (2014).055201]
: : 1
[A. Airapetian et al, PLB 693 (2010) 11] , |
0.15:— K+Z_ - %
0.1 - | o |
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Gunar Schnell X z P, [GeV]

Collins amplitudes

[Adolph et al., PLB 744 (2015) 250],
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Qié) @ TU % '\,\\ \/ //Ii
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T
® O
e ~ A
—O———:
I—.—'=o_'
FOr e
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U=Q=|—|
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1 ==L L @
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'_O_Fl—’:—i
—_— —Q0O— ®
»—hb—ﬂ !
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e

¢ 3
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o i % }
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B 0o
O 0
-0.4"

but relatively large K~ asymmetry on >He?
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the “Collins trap"

Hl fav —

thus

(sin(¢ + ¢s))Fp ~ (4h} —
(sin(¢ + 63))Tr

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

Gunar Schnell

Hl ,dis

(4R -

0.3 :

_02¢

01}

g 0t

> :

-0.1

. 0.1
h ) Hl Jfav % 0
p ﬂl_ -0.1 :
h ) Hl fav _02 [
-03¢

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

Q%=2.41 GeV?

0. 001

0.01 0.1

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

0.3 —

_________ Q% =2.4 GeV?
/ — Q*=10GeV?

— —. Q*=1000 GeV?
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[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
Gunar Schnell 32 INT-18-3, Seattle



Transversity's friends



U L T

J1 hi

giL hiLL

H |5 G

fis | g1 | h1, hip

sin(3(ph- q)x)

AUT

sin(3(ph- (px)

AUT

chiral-odd = needs Collins FF (or similar)

'H, 2H & 3He data consistently small

cancelations? pretzelosity=zero?

or just the additional suppression by two

powers of Ph,

Pretzelosity

HERMES
7.3% scale

" PRELIMINARY
C uncertainty

2 <Sin(3¢'¢s)>u_|_

L ——positive hadrons

0.05F ~]» negative hadrons
I H i1 & } I{ 11 l
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[JLab Hall A, PRC 90 (2014) 055209]
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P - Worm-Gear I

L giL hllL
| oir | ha, hiy 01 [CLAS, PRL 105 (2010) 262002]
& ' | mHERMES
% 2 | ACLAS
<
, : 0.05 |- - - A
@ again: chiral-odd * * * A
A
0 .+ | L + | —
@ cvidence from CLAS? " A ' L
. . '0.05 [ B A [
@ consistent with zero at f Y Y U
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g o e s | 02
= .;,._.;,15_ i | 3 ‘§ ) 0.05 j-PRD 77,014023(2(008)) (y)-rescale ~ | arXiv:1807.10606 [hep-ph]
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b e T
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U L T

f1 hi
L 91L hip

1LT giz | hi, hf_T

@ first evidences:

[ 3 o’
oos| He
AU R
7, o—e—9
s 1 | | |
<< i | T
-0.05|- B
0.0i- — A, Correction
002 . .t
0.2 0.3 0.2 0.3
X X

—‘» Worm-Gear IT

3He target at JLab

@ H target at COMPASS & HERMES

[PRL 108 (2012) 052001]
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interlude: dealing with
multi-d dependences



multi-d dependences

@ TMD cross sections differential in at least 5 variables
@ some easily parametrized (e.g., azimuthal dependences)

@ others mostly unknown
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multi-d dependences

@ TMD cross sections differential in at least 5 variables
@ some easily parametrized (e.g., azimuthal dependences)
@ others mostly unknown

@ one-dimensional binning provide only glimpse of true physics

@ even different kinematic bins can't disentangle underlying physics
dependences

@ e.g., binning in x involves [incomplete] integration(s) over Pn.
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multi-d dependences

@ TMD cross sections differential in at least 5 variables
@ some easily parametrized (e.g., azimuthal dependences)
@ others mostly unknown

@ one-dimensional binning provide only glimpse of true physics

@ even different kinematic bins can't disentangle underlying physics
dependences

@ e.g., binning in x involves [incomplete] integration(s) over Ph.
@ further complication: physics (cross sections) folded with acceptance

@ NO experiment has flat acceptance in full multi-d kinematic space
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multi-d dependences

N*t(x) — N~ (x) B [ dwe(z,w) Ao (x,w)
N+(z)— N—(x) [ dwe(x,w) oz, w)

@ measured cross sections / asymmetries often contain "remnants” of
experimental acceptance €
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multi-d dependences

NYt(x) — N~ (x) _ [ dwe(z,w) Ao(z,w) , [ dw Ac(z,w)
NT(x) — N~ (x) [ dwe(x,w) oz, w) [ dw o(x,w)

@ measured cross sections / asymmetries often contain "remnants” of
experimental acceptance €
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multi-d dependences

Nt (x) — N~ (x) : [ dwe(z,w) Ao (z,w)
N+(x) — N—(x) [ dwe(z,w) oz, w)

7 Az, (w))

@ measured cross sections / asymmetries often contain "remnants” of
experimental acceptance €

@ difficult to evaluate precisely in absence of good physics model
@ general challenge to statistically precise data sets
@ avoid 1d binning/presentation of data

@ theorist: watch out for precise definition (if given!) of experimental
results reported ... and try not to treat data points of different
projections as independent
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inclusive hadrons: Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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inclusive hadrons: Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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inclusive hadrons: Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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inclusive hadrons: Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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inclusive hadrons: Ayt siny amplitude

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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|« Sivers amplitudes - 3d binning
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Sivers amplitudes - 3d binning

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

reduced systematics
disentangle correlations

isolate phase-space region with
large signal strength
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o+ . Sivers amplitudes - 2d binning
L girL hiLL
I [Adolph et al., Phys. Lett. B 770, 138-145 (2017)]
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o+ Sivers amplitudes - 2d binning
L giL hiLL
T | fis | oir | b1, hiy [Adolph et al., Phys. Lett. B 770, 138-145 (2017)]
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|« Sivers amplitudes - 2d binning

U
L giL hiLL
T | g2 | gir | b, b [Adolph et al., Phys. Lett. B 770, 138-145 (2017)]
"o h' 1<Q%(GeVieY<a | z>0.1 : ¢%
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U L T
Ul h
L giL hiLL
fiz | o1 | b1, hip
i [Aghasyan et al., PRL 119 (2017) 112002]
CG;\ E —— COMPASS 2015 NH, data
~ T e Comb. background
% 10° I A Iy (MC)
O AN e W (MC)
g 104 e i - Open-charm (MC)
- ;“';—‘.’:'jw,’_, . - === Drell-Yan (MC)
:’ 30 LTI ~_—— Total MC + Comb. background
o 100
g2
§ 10° = ui\
u v (M) = 5.3 GeV/2 T T Rtk
10 £ it ey
- R I |J I
4 6 8 10
2
M, (GeV/c)
1 |
| COMPASS 2015 NH, data 0.9
0.8 :_ 4.3 <M, /(GeV/c?) <85 103 EC;
- —0.7 2
0.6 —0.6 =
S =05 =
0.4 0.4 %
- - 0.3 §
02F - 0.2
i 0.1
e M,
0 0.2 0.4 0.6 0.8 1
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v« Sivers amplitudes - Drell-Yan
fiz | 917 | has hip

[Aghasyan et al., PRL 119 (2017) 112002]

—— COMPASS 2015 NH, data
------------- Comb. background

------- Jhy (MC)

------- W (MC)

———— Open-charm (MC)

-==== Drell-Yan (MC)

Total MC + Comb. background

[
-
)]

\ IIHII| T TTTTT

AT
N ““'-
R S

counts / (0.04 GeV/c?)
S
g

10° sl s I
102 é_ “‘%i\\\ | A‘::-l?‘»:A'.-":"*,--'--,qr' _0.1:_
- _ . T | il | o
4 6 8 10 —0.5 0 0.5
M, (GeV/c?) Xp
1 1
| COMPASS 2015 NH, data . .
) gf. 43 <M, Gevied <85 _8-2 s © (slight) preference for sign change
- ~0.7 §
_ 06 06 £ @ some model curves move around
u 05 = . '
" 0.4 0.4 33; when properly adjusted to exp.'s
: 0.3 3 kinematics
02F 02 <
- 0.1
000707 " oe og O @ more data currently taken
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U L T . . .
o |« Sivers amplitudes - weighted
L giL hiLL
T | fiz | 917 | b, Py
@ Pn. weighting, in principle, resolves convolutions
[A. Kotzinian and P. Mulders, PLB 406 (1997) 373)]
@ requires excellent control of detector efficiencies
@ often no full integral (low- and high-Pn. missing)
<13 - COMPASS 2010, preliminary g
< 0.15- e SIDIS, S
LT o soIs, u :
T E [ 2
m‘:::l O]__ %
0.05F
OF S
_xf
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modulations in spin-independent
SIDIS cross section

8%

d°c 2 ~2
= 1+ — | {A(y) F B(y)F
dx dy dz dgbh dP}%J_ ijQZ ( T 2£E> { (y) Uu,T T (y) UU,L

+C(y) cos ¢p s Pr 4 B(y) cos 20, Fi 2¢h}

BOER-MULDERS
EFFECT

o tst - - -
%n el 2(B,, -kp)(B,, - Dr) =k
MM,

CAHN EFFECT

Interaction dependent
— “|terms neglected

il _PhJ_'pTthJ_HJ_ P“'kalel+./

l — L

M, M

(Implicit sum over quark flavours)
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signs of Boer-Mulders

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

= ot tep—enX ;
~=0.05 °7T" i .
~ T 3 ) ' - ] L) {
~ [ ) [ ] S 1 I
@ ! 3 [ 8
O 0 0 I
L I S S R A A
N L 4 1
? 3 I I -
-0.05F T ]
D R B S e o s e e e o
107 0.4 0.6 0.8 0.4 0.6 0.2 0.4 06 08 1
y PhL [GeV]
@ not zerol
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@ _ @ signs of Boer-Mulders

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

5 e fep—enX ;
P 1 1 1
R 0.05; [ 3 [ ¢ ¢ | 3 I
Q [ : ) i o I I I
2 1 I [F ._
R & R o e
N g i - ﬁ ;O 3 3
-0.05 T T T ? ]
10’ 04 06 0.8 04 0.6 0.2 0.4 0.6 0.8 1
X y z P, [GeV
@ not zerol

@ opposite sign for charged pions with larger magnitude for m
-> same-sign BM-function for valence quarks?
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signs of Boer-Mulders

-.h'

K E b

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

2(cos(20,)),,

RENSE

o02f ep—~eh X 1

**ﬁrﬁ Hi
N R

@ not zerol

0.4 0.6 0.8 0.4 0.6 0 2 0 4 0 6 0 8
y y4 P, [GeV]

@ opposite sign for charged pions with larger magnitude for m

-> same-sign BM-function for valence quarks?

@ infriguing behavior for kaons

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

@ _ @ signs of Boer-Mulders

S b Lt

AT R TR

'0-2-_.e.p.?.ﬁh).( N TR BT A B B B | | I I

T | AP BRI PRI AP AP
10! 0.4 0.6 0.8 0.4 0.6 0.2 04 06 08 1
X y £ Pn, [GeV]

2(cos(20,)),,

@ not zerol

@ opposite sign for charged pions with larger magnitude for m
-> same-sign BM-function for valence quarks?

@ infriguing behavior for kaons

@ available in multidimensional binning both from HERMES and
from COMPASS
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_ signs of Boer-Mulders
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_ signs of Boer-Mulders

h
0.10 0.30 0.50 0.64 D7 (GeVie) 0
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[10.1016/j.nuclphysb.2014.07.019]
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signs of Boer-Mulders

(SPIN-2018) A. Moretti for COMPASS P
7 - COMPASS preliminary | - v L~ beam 1 /’Sli
= 3 0.1- positive hadrons : -0 Ut beam N
< - B r
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@ _ @ signs of Boer-Mulders

(SPIN-2018) A. Moretti for COMPASS L~
o o = r 111 C C - g%
@ in 2016/17 extensive j;‘“; 0.1 ggg;s:ggdgg;ﬁymmm; M beam -
- 0.05- . . F 2 .
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® in 2016/17 extensive ¢
data set collected on

liquid-H target
(DVCS program)

@ will allow precision
studies of
multiplicities and
Auu & ALy
modulations

Gunar Schnell

signs of Boer-Mulders

(SPIN-2018) A. Moretti for COMPASS R
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hon-vanishing twist-3



subleading twist I - <sin(¢)>uL

< sin gb)SL — < sin qb)(IJL + sin 0.« << Sin(¢+¢5)>:ﬁ —- < Siﬂ(gb—gbg))

[Airapetian et al., PLB 622 (2005) 14]

g J_|:+ B '25i"9Y*(<s!"(¢+¢s)%LT +
N sl t # * i (sin(¢-0g))yr )
44 I
0_'l.. """"" + """" L I _ I . """
-0.05 - —
_/g o A 2(sing),,
S 005l fl ® 2(sing)j.
O-m-®---® A B | PR I
1y oy |
-0'05_....|....|...|._| | |

Gunar Schnell

X

03 02 03 0.

A B B
0.5 0.6 0.7
Y4

56

®

@ experimental Ay dominated by
twist-3 contribution

@ correction for Ayt
contribution increases purely
longitudinal asymmetry for
positive pions

@ consistent with zero for -

INT-18-3, Seattle



subleading twist I - <sin(¢)>uL

2(sing)
=

4 LUL

< sin gb)SL — < sin qb)(IJL + sin 0.« << Sin(¢+¢5)>:ﬁ —- < Siﬂ(gb—gbs))lI]T)

[Airapetian et al., PLB 622 (2005) 14]

m

BN

(= -2sineY*(<sin(¢+¢s)>LT +

<Sin(¢'¢s)>IUT )

@ experimental Ay. dominated by
twist-3 contribution

@ in contrast to WW-type
approximation [1807.10606]

OF W B SRRREREEEEED! " EEEEEEEEEEEEEEE
L " + . . M
-0.05 - E
AP B R R | | L]
0.06 — ® COMPASS preliminary ht [ 7>02 h™
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- - = arXiv:1807.10606 [hep-ph]
0.04 j +
[ % ¢ o
or —mm—
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subleading twist IT - <sin(¢)>Lu

My, M
1 1 h 1 1
—hy E & xg Dy & — LG~ & xeH;
Mz M z
= ¢ [ [+ CLAS o [ * HERMES PRELIMINARY
.\% E 0.1 B e€H —enX 5 © B 'éH—>enX_
] T 2.6% scale uncertainty
Al { T . ii% ; E§+ o+ §+ P ¢
o——'}——{'_i___. ________ o _°_°__8_f_+ _____ I +___¥__
: :
[
01f s | g
i i +
SN - SRS
- T 1 - l —{ * *
P e
| RN
oA g 0 LE
llll | | ll:llllllllllllllllll :l | | | I | | | | I |
107" 02 04 06 0.8 0.5 1

P, [GeV]

@ opposite behavior at HERMES/CLAS of negza’rive pions in z projection due
to different x-range probed

@ CLAS more sensitive to e(x)Collins ferm due to higher x probed?
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subleading twist IT - <sin(¢)>Lu

Mh Mh
hLE ® xgTDy D G+ @ zeH
M 2 Mz L
/;31:? 010 ot Lo COMPASS e HERMES PRELIMINARY
£ \§ L R°LD —uhX - eD—>enX
(\\l/ 0_05__ ‘ . } - 2.7% scale uncertainty
SR B ST S SO N B IRIE,
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-0.05 : :
-01F
01
o.osf—
ofF----- -3
—o.osf—
oab

|
1072 107" 02 04 06 058
X z P, [GeV]

@ consistent behavior for charged pions / hadrons at HERMES / COMPASS
for isoscalar targets
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subleadmg twist ITIT - <sin(¢s)>ut

_| L
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- : N L : C I g'm i -
005 " T P Tety BT | % Soosf L etpl et X
- - +: < : .
-0.1F 3 3 0.02 - g
l=—s— e 0.01} 3 T ll| . |
C C C [ [ o
= 02K 3 3 obt—+rtg— T4t 4
n . C I C - s |O | || | .l ®
£ 0'1: - T B -0.01¢ o | C|)| T II
c - L L T ' - ' [ o
.\CT)/ 0E—'+"]II'L+'T'JII'3"5—;"*"*"!'*'"':'E—+'T!'+“+"'+""+' -0.02;— -
N 01 e — 03— f Cro
0.1:—K' n n 3.........—.._:.....| ] L
Of— S [ T N ] T 10;‘ 13 . :Elazlsticfraction . c
z+’“+¢Tz+;++l 5+¢++’+ - caL T e :
0.1 | - ! o I (O] 1 ‘_.-l" 10" £
: : : = . et o
0 P 1 G - oof 2
10~ 0.4 0.6 0.5 1 Y
Gunar Schnell X z P, [GeV]y 10" 10 10" B 10

)



subleadmg twist ITIT - <sin(¢s)>ut

HERMESE
7.3% scalef

FPRELIMINARY
F uncertainty

1 X (Xf%Dl —

Gunar Schnell

@ significant non-zero signal
observed for negatively charged
mesons

vanishes in inclusive limit, e.g.
after integration over P, and z,
and summation over all hadrons

various terms related to
transversity, worm-gear, Sivers
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subleadmg twist ITIT - <sin(¢s)>ut
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subleadmg twist ITIT - <sin(¢s)>ut
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conclusions

@ 1st round of SIDIS measurements coming to an end

various indications of flavor-& spin-dependent transverse momentum
@ transversity is hon-zero and quite sizable
@ d-quark transversity difficult to access with only proton targets

@ Sivers and chiral-even worm-gear function also clearly non-zero

various sizable twist-3 effects
@ highlights still fo come
@ HERMES transverse-target, ALu & ALL asymmetries

@ COMPASS transverse d; high-statistics data set on unpol. pure H;
multi-d asymmetries

@ precision measurements needed to fully map TMD landscape (fully
differentiall)

@ need also program with polarized D and *He
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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(MZ)H™ (2)

e WYL ‘:> Ay might depend strongly on M”I
m(GeV)
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p = Transversity

-

giL hiLL

o s (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 € 035 (2012) 02]

COMPASS 2007/2010 proton data

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

x <0.032
¢ HERMES data mult. by —Dnn

Bacchetta, Radici —

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

f— = — - - = —— e e === === = o]
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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 —

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

HERMES data by

changed sign
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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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U L T °
P Transversity
L girL hiLL °

L oe (2-hadron fragmentation)
A ' l., THEP 06 (2008) 017
@ HERMES, COMPASS: COMPASS 2007: [cF’l\d’l'uEipZI'ﬁf,‘fhis. Lett. B71§ (201)2) 10%
. COMPASS 2010: [C. Braun et al., Nuovo Cimento C 035 (2012) 02]

for comparison scaled COMPASS 2007/2010 proton data

o 0.1 ! gl o
HERMES data by = o x> 0002 &M, <15 GeVle?

¢ HERMES data mult. by —DIln

. . 2 o 0.05F i Bacchetta, Radici —
depolarization factor and £ : — MaeraSue

. ~ 0

changed sign
—-0.05
® °H results consistent with 0.

Zero —0.155.,..] T T | . LE | |
ok [A. VdEsen et al. PRL 10§ (2011) 072004] 10 10 - b +1_ -
g e B X z M? " (GeV/c?)
=1 . . @ data from e'e by BELLE
m::‘;, — v - m, [Gevic

m, [GeVic?] m, [GeVic?]
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T

hi

fi

-

giL hiLL

giT

ff_T h17 hf_T

0.3/

0.00 0.05 0.10 0.15 0.20 0.25 0.30 035‘

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)

INT-18-3, Seattle



Di-hadron vs.
Collins fragmentation

U | L T
1
f1 hi
1
giL hlL
L L
1T aqiT h17 th
0.10 2007 & 2010 proton data
o h'h
O Collins A"
0.05 O Collins h

el
e %\\
: \f«
M
(A,)
(@)
[,
(@)
|
N
B
=
b

2010 proton data h'h~ A
® Ay, (9. sind

O Ayr,(9,, ) sind

0.05 — %

0 froe e T B e —
i é % é g % O _'""""'"_"""é'"é'"é """""""""""""""""""""
v ;
- [C. Adolph et al., PLB 736 (2014) 124] 00517 % %
e IIIIIII| | IIIIIII| IIIIIII|
107 1
@ apparent similarity of Collins and di- 919 | i 'Tdc"lphlelf ’ :'[|P|LB 73|6 (|20|14|) |1|2|4|]|
hadron asymmetries 10~ 107 N
@® suggested common origin of Collins and
di-hadron FF in PLB 736 (2014) 124
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T Di-hadron vs.

L giL hiLL

7 Lo M Collins fragmentation

a2y 2 v
§ 0.10 = 2007 & 2010 proton data \\\.-/ J/ < 0101= 2010 proton data h'h~ A
e h'h
O Collins i %} ® Ayp,(9,.) sin6
005— © Collins i
+ 5 0 0.05
Q
°5.8.°
0 I i D e R
§ % ¢ ¢
¢ g 0
e
-0.05 — \ + %
-0.05
[C. Adolph et al., PLB 736 (2014) 124]
_0.10_IIIIIII| | IIIIIII| | IIIIIII|
107 107 1
¥ |
T . . B [C. Adolph dt al., PLB 736 (2014) 124]
@ apparent similarity of Collinsand di- %19 Ll ]
. -2 , -1
hadron asymmetries 10 10 N

@® suggested common origin of Collins and “Collins angle" of ‘RN = Pt — Proa-
di-hadron FF in PLB 736 (2014) 124 | |
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T Di-hadron vs.

L giL hiLL

7 Lo M Collins fragmentation

a2y 2 v
§ 0.10 = 2007 & 2010 proton data \\\.-/ J/ < 0101= 2010 proton data h'h~ A
e h'h
O Collins i %} ® Ayp,(9,.) sin6
005— © Collins i
+ 5 0 0.05
Q
°5.8.°
0 I i D e R
§ % ¢ ¢
¢ g 0
e
-0.05 — \ + %
-0.05
[C. Adolph et al., PLB 736 (2014) 124]
_0.10_IIIIIII| | IIIIIII| | IIIIIII|
107 107 1
¥ |
T . . B [C. Adolph dt al., PLB 736 (2014) 124]
@ apparent similarity of Collinsand di- %19 Ll ]
. -2 , -1
hadron asymmetries 10 10 N

@® suggested common origin of Collins and “Collins angle" of ‘RN = Pt — Proa-
di-hadron FF in PLB 736 (2014) 124 | |
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e 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 DL 0:4,,'2; L [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
g—n favored width 1'3 .
< 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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