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Experimental Prerequisites

(E, p)

«

* Polarized lepton beam
* Polarized target

C I 1O

» Large acceptance spectrometer -
* Good Particle |IDentification (PID)
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The COMPASS experiment @ CERN

Trigger Hodoscopes

ECALs & HCALs

MWPCs
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SM1
Drift Chambers

LiD target Walls
- ~ 350 planes
el | P il - 180 mrad acceptance
y g o - 11, K, p separation
XS Jeto ¢ (from 2,9, 17 GeV up

to ~ 50 GeV)
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HERMES Experiment (12007) @ DESY

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

_—
el
—
-

oap
i jj'?*‘iq"

unpolarized (H, D, He,..., Xe) \ =TS

as well as transversely (H) | B
and longitudinally (H, D, He) | &
polarized (pure) gas targets
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6GeV e @ Jefferson Lab

Reciwculation
Alcs | magnets |
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Inclusive DIS




Inclusive DIS (one-photon exchange)

Spin Plane

Scattering Plane
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Inclusive DIS (one-photon exchange)

Spin Plane
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Lepton Tensor \ \k
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Inclusive DIS (one-photon exchange)

Spin Plane

d*o(s,S) 27Toz y

1z 402 = L, (s)WH(S
\ L
Lepton Tensor'
P Hadron Tensor \
parametrized in terms of

Structure Functions

Scattering Plane
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Inclusive DIS (one-photon exchange)

Spin Plane

d*o(s,S) 27Toz y

1z 402 = L, (s)WH(S
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Lepton Tensor'
P Hadron Tensor \
parametrized in terms of

Structure Functions
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Check the details!

[PRC 68, 034325 (2003)]
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Two-photon exchange

@ candidate to explain discrepancy in form-factor

k

measurements

@ interference between one-
and two-photon exchange :
amplitudes leads to SSAs
in inclusive DIS off transversely polarized targets

@ cross section proportional to S(kxk’) -> either measure
left-right asymmetries or sine modulation

@ sensitive to beam charge due to odd number of e.m.
couplings to beam
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Signatures of two-photon exchange
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Signatures of two-photon exchange
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Beam ASnds SATYS (stat.) SATPS (syst.) (xp) (Q2)
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.. Ythe other polarized SF ...



A2 and xgz on the proton

A. Airapetian et al., EPJ €72 (2012) 1921 A. Airapetian et al., EPJ C72 (2012) 1921
(q] [
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@ rather low beam polarization during HERA II = small f.o.m.
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A2 and xgz on the proton

A. Airapetian et al., EPJ €72 (2012) 1921

A. Airapetian et al., EPJ C72 (2012) 1921
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.. the neutron case

Xg2

Gunar Schnell
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Proton

!
0.02

X

| |
0.05 0.10 0.20

!
0.50

[M. Posik et al., PRL 113, 022002 (2014)]

0.1 | | | | | | | | | | | | | | | | | |
" Panel a) i
i ! i
0.05— —]
"ion” o%ﬁ‘bfﬁlﬁ 1-& iﬁ'--L-;F- ----[-jan%n T IEPNIRE ol S (REEEE _
Y, B . i
: ’ i x X E142 :
005—_ * E154 B
YL 0 EO01-012 (Resonance) |
- o0 E99-117 .
i A E97-103 ]
| | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | |
- Panel b) = This Work (E = 4.7 GeV)._
— 0 e This Work (E=5.9 GeV)
B Global Analyses 7]
0.005— —
. f 4 o | .
= B [ o I N
meN () [~ - - - -m--9---T--- ———l———l——- ——g——— ———’——-T———-T——
N B " | 7 ?5 —
< i T n | I{J m] _
| o I 1 el ]
B [ ! i
-0.005— . -1 __ —
i | | | | | | | | | | | | | | | | | | |
-0.01 02 04 06 03 1
15 X PLIP 2018, Gent



.. the neutron case

[M. Posik et al., PRL 113, 022002 (2014)]

B O EO01-012 (Resonance) 7
001 — /A EI55x —
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@ d; sizable at lower energies Q* [GeV/c?]

@ opposite sign compared to proton case (and SLAC measurements)
(expected, e.g., by M. Burkardt, PRD 88, 114502 (2013) due to
“instantaneous transverse color force")

@ desirable to have more precise large-Q¢ data covering wide x range
Gunar Schnell 16 PLIP 2018, Gent



Semi-inclusive DIS




Spin-momentum structure of the nucleon

1 1 i ijgg L i L
§T1”[(7++>\7+W5)q)} = 5 h +S€‘7k‘7gffT+)\A91+)\SkE91T
1Tr [(,er — s7i0 T s) CID} - L 1+ S”eijlcji fir + Sieijkji hi + s'S'h,
2 2 m m
i (91,1 1.] 2 cijyaj L gl T _
+ s (2K'K’ — k 53)53—2h1T+A3 k"— hip
quark pol. 2m m ]
U
. @ each TMD describes a particular spin-
84 J1 momentum correlation
=
8: L @ functions in black survive integration
= 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

1 1 i i A il
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U - A . ular <bi
- scribes a particular spin-
S i Boer-Mulders ... iotion
S | L
8: @ functions in black survive integration
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Sivers pretzelosity ’ /
Transversity @ functions in red are naive T-odd
worm-gear
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Quark polarimetry

@ unpolarized quarks: easy - "just” hit them (and count)

@ |ongitudinally polarized quarks: use polarized beam

Gunar Schnell 19 PLIP 2018, Gent



Quark polarimetry

@ unpolarized quarks: easy - " just” hit them (and count)

@ |ongitudinally polarized quarks: use polarized beam

Gunar Schnell 19 PLIP 2018, Gent



TMD fragmentation functions

quark pol.
U L T
é D Hi
< 1
S| T |Di |Gip | Hy Hix
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TMD fragmentation functions

quark pol.
U L T
'é = relevant for unpolarized final state
= T
| T |Dyy|Gip| Hy Hiz
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TMD fragmentation functions

quark pol.

= relevant for unpolarized final state

hadron pol.
-

2 Collins FF: Hll,q—m
_____ yordinary FF: DI
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Probing TMDs in semi-inclusive DIS
e(E,p)$ /

quark pol.
U L T
—8: 3 B PDF FF
§ L gir hiy in SIDIS™ COU_D'Z PDFs to:
§ 1J_T gir | hi, hf_T

*) semi-inclusive DIS with unpolarized final state
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Probing TMDs in semi-inclusive DIS
e(E,P)$ /

quark pol.
U
—a* 3 PDF FF
S | L in SIDIS*) couple PDFs to:
: i7 —>Collins FF:  H;"*7"

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

(E’,p)

quark pol.

POF  FF
in SIDIS*) couple PDFs to:

—> Collins FF: ~ H{»%"

nucleon pol.

*) semi-inclusive DIS with unpolarized final state
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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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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 [ ]}
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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)
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1-Hadron production (ep—>ehX)
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.. back to results ...



U L T

J1 hi
L giL hig

ir | o1t | b, Ry

0.4
0.2

-0.2

0.05

-0.05

0.02 f

-0.02 |

-0.04Ff

Helicity density

[M. Alekseev et al., PLB 693 (2010) 227]

XAd

—————
\\\\\

XAU

:_ xAd

1072 10"

1072

10"

X

flavor separation of LO quark-helicity distribution using H and D DIS data
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U L T
Ul fi hi
Ll o i
T 1J_T git hl,th
N .
o [ DS (2)dz
SF —
[ DX (2)dz

Helicity density

[M. Alekseev et al., PLB 680 (2009) 217]

DSS: R.=6.6

.

2

\N_’_,/

&= Stat. uncert. (incl. DIS)
——— Stat. uncert. (SIDIS+DSS)

- Uncert. due to RUF

I:{SF

caveat: potentially large dependences on knowledge of FFs!
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U | L T o« o .
AN Helicity density
L giL hf_L
T | fiz | v | b1, hiy [M. Alekseev et al., PLB 680 (2009) 217]

o 002 DSS: R, =6.6
e,
8 O
(/p)
&-0.02
-0.04
-0.06
KT
Rep = fD§ (2) dz -0.08
f D5+ (2)dz -0 222 Stat. uncert. (incl. DIS)
012 ——— Stat. uncert. (SIDIS+DSS)
NN Uncert. dueto R _
-0.14
-0.16 | | | | |

I:{SF
caveat: potentially large dependences on knowledge of FFs!

w- global analysis of DIS, pp, and e’e” data
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polarized light ions?

@ case for iso-scalar target as less (& more convenient?) FFs
involved:

dZNK (X)
dxdQ?

= K1 (x, Q?) AQ(X)/D (z)dz+AS(x)/D (z)dz

@ measure strange helicity distribution using polarized D
(unpolarized D can be used to constrain strangeness and
fragmentation functions involved)

DS _ DS—)K 4 D§—>K 4 DS—)K__I_ D§—>K_

_|_

DQ — 4Du—>K +4Du—>K _|_Dd—>K _|_Dd—>K 4o
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U L T
U | 1 hi
L girL hf_L
T | fiz | 17 | k1, hip
[Avakian et al. [CLAS], PRL 105, 262002 (2010)]
<1- 0.6 i " . 0
0.4 i ¢ ~~~~ ® | B
N Ty
0.2 1 T Rt o
0 l —@
O E—— o E—— I o E—
_0.1‘ L I S T A A
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,

fi(@, kr) = fi(z) —5 exp (=

gi(z, kr) = g1 ()

Gunar Schnell
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TG Ko

1 k2
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Helicity density
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U L T . . o
la | | Helicity density
L gir hf_L ,A —
T | fix | grr | P, by 0.4 } % Afp% i { 0.4 Alp %‘e}% %

[Avakian et al. [CLAS], PRL 105, 262002 (2010)] ' ' '}}
<‘_ 0.6 7 " 7 - 7 0 et (Y S 3 =
0.5 + T B T B T
0.4 [9... N B
i #Qd’a. S I | | @
0.3 B ‘+L++ + ++*,+n%
0.2 T +++*+ . [ A [ _
01 | 8 + 04 AT, o ggz:::g‘:zz 04 A HERMES Preliminary
0 i ‘L | .* : O 0.100 < x < 0.600 : ﬁ
0.1 L i <l e T _i ________

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

1 fo2
quak :f X )——= exXp __T
k) = )Mﬁ ( M?))
2 . . po
gi(z, kr) = ¢ (:z:)L exp (_k_T) no significant Pn, dependences seen at
T4 1 HERMES and COMPASS
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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
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U L T
fi hi

L 91L hiz
fir | oir | ha, hir

@ since those early days, a
wealth of new results:

COMPASS

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

HERMES

[PLB 693 (2010) 11]

Jefferson Lab

[PRL 107 (2011) 072003]

Collins amplitudes

COMPASS 2010 proton data

w':) 0.1- COMPASS positive pions x<0.032 preliminary g,OMP !
. COMPASS posltm pions x>0.032 preliminary \ / i
0.05+ O HERMES = PLB 693 (2010) rescaled by (1-<y=>)/(1-<y>+<y>~ %) \\_._/ /s
OF---a=----=--=J7 T b e e e o i SERRCEEEEEEEEEPEEEEREEEEEEEEEEE
W%ﬁ LI R Tk b & %{
~0.05- Yo 59 } . %
:—OJ_ | L L i | | | 1 |
~
0.05 et | § %’}
¢ X TR! i {%} ¢
TR A AL T P B
-0.05 - =
COMPASS negative pions x<0.032 preliminary
. COMPASS negative pions x>0.032 preliminary
-0.1 o HERMIES n PLB 693 (2010) ruc.dlc.d by (} ~<y>)/(1- <y"-<)> %)
ol | L1 ! |

S

2(sin((|>h+<|> )) (Collins)

. Neutron

4

= 1= s Quark-diquark
#4444 Phenomenological Fit
Light-Cone Quark

= Axial Diquark
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U L T
fi hi

L 91L hiz
fir | oir | ha, hir

@ since those early days, a
wealth of new results:

S

2(sin((|>h+<|> )) (Collins)

@ COMPASS

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

® HERMES

[PLB 693 (2010) 11]

@ Jefferson lLab
[PRL 107 (2011) 072003]

Collins amplitudes
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excellent agreement of various proton data,
also with neutron results
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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]

[A. Airapetian et al, PLB 693 (2010)11] , f/#
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Collins amplitudes

[C. Adolph, PLB 744 (2015) 250]
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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]
[A. Airapetian et al, PLB 693 (2010)11] , f/#
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Collins amplitudes

[C. Adolph, PLB 744 (2015) 250]
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cancela’rioniof (unfavored) uand d

——— fragmentation (opposite signs of up and

down transversity)?
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® since those early days, a
wealth of new results:
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&

® 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]
[A. Airapetian et al, PLB 693 (2010) 11] ,
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Collins amplitudes
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but relatively large K~ asymmetry on >He?
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flashback
EINN

—n005— A Closer Look at Collins Asymmetries Il

express asymmetries in terms of flavor ratios:

~ 4+ 4+ orH
AT = K(x,
C (z, 2) 41D
- 4H + or
AT, = K(a,
C (z, 2) AD & 1
5 4+ 6r)(1
Ago = /C(a:,z)( +or)d+H)
(4+r)(1+ D)
Polarized Objects Unpolarized Obijects Mixed
D
H D = =
H = H_d Dy (but36d)zHy
f d + 44 IC = FIdD
5d + 454 ro= 15 S
or = — Ut g
ou + +dd

e.g., CTEQ6,R1990 and Kretzer et al.

= 3 constraints and 3 unknowns!l
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- flashback
'EINN |

—n005— A Closer Look at Collins Asymmetries Il

express asymmetries in terms of flavor ratios:

- 4+ 5r’H
AT = K=z,
© (@ Z)4—|—7°D
S A4H + or
AT = K(x,
¢ (z,2) AD+r
~ 4+ 6r)(1
P RN (o T

(4+r)(1+ D)

The three asymmetries are not independent (C'(z, z) = :Egg‘(‘gﬁ):

~ 4+ r A0

= 3 constraints and 3 unknowns!l
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—n005— A Closer Look at Collins Asymmetries Il

express asymmetries in terms of flavor ratios:

- 4+ 5r’H
AT = K=z,
© (@ Z)4—|—7°D
S A4H + or
AT = K(x,
¢ (z,2) AD+r
~ 4+ 6r)(1
P RN (o T

(4+r)(1+ D)

The three asymmetries are not independent (C'(z, z) = :Egg‘(‘gﬁ):

~ 4+ r A0

— ¥ constraints and 3 unknowns!l
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flashback
EINN

—n005— A Closer Look at Collins Asymmetries Il

eliminate /C and relate H to or

= scan solution space for H and dr by sampling set of (A%, A%, , A%

(around measured values according to statistical uncertainty)

«~ 05¢
T -

£°0.25 |

:

0.75

1.25
15
1.75
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[EINN flashback

—2005— A Closer Look at Collins Asymmetries Il

eliminate K and relate H to /r

= scan solution space for H and dr by sampling set of (A%, A%, , A%

(around measured values according to statistical uncertainty)
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flashback

Limits on Transversity and Collins FF

£erd

51 ~ 6d/5u from yQSM look at slice of distribution:

u.

®5000 -

= 4000

Hy/H,

3000 -

2000 -

1000 -

1 8|‘2 07\\\\ I e e e e By !
45 4 35 3 25 -2 15 A1 -0.5 0

strong hint for ‘ H,/H¢ negative I
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flashback

Limits on Transversity and Collins FF

£erd

51 ~ 6d/5u from yQSM look at slice of distribution:

u.

®5000 -

= 4000

Hy/H,

3000 -

2000 -

1000 -

1 8|‘2 07\\\\ I e e e e By !
45 4 35 3 25 -2 15 A1 -0.5 0

but transversity ratio _ _
strong hint for ‘ H;/H; negative I
hardly constraned
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the "Collins trap”

Hl fav —
thus

~ (4h} —

Hl ,dis

(sin(¢ + ¢5))Frr
(sin(¢ + ¢5))Fr

hd) Hl Jfav

— (4h — hY) Hi- v

clearly need precise data from
"neutron” target(s)

(valid for all chiral-odd TMDs)

Gunar Schnell 38

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

0.3 . —rrre
= 0.2 Q2=2.41 GeV?
= 0.1 C
g 0 p——""-—------ _
P4 : :
0.1 f :
0.1t -f
= [ |
s O
& 01}
> :
-0.2 t
0001 0.01 0.1 1
X
[Z.B. Kang et al. PRD93 (2016) 014009]
B 0.3
X 502 A0
- ~ o\
i 0.1 \\\’\.
0 . ~

0.05
0 )
2 2
005 R 2 e Q =24 GeV
© Q% =10 GeV?
-0.1 — —. Q%=1000 GeV>
0.15 |- | | | | |
0 02 04 06 08 1

X PLIP 2018, Gent



Transversity's friends
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@ first direct evidence on:

cos(¢,-0,)
LT

-0.05}

-0.02t

0.057

0.02f

3He target at JLab

® H target at COMPASS & HERMES

[PRL 108 (2012) 052001]
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7.3% scale uncertainty [PRL 103 (2009) 152002]
5 0.1F E E
= T [ [
N B L L
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I K [
'\:‘7’/ I + I -, %e@ S
N 0__ """""""" It _—+ ---------------
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Sivers amplitudes for pions

2(sin (¢ — ¢s))yr = —

Gunar Schnell

1,
Zq 63 1Tq($7p2T) Rw D(1J<Za k%)

>, e fi(x,p3) ® D (2, k7)
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AR Sivers amplitudes for pions
L 91L hip
T f1J_T giT hlphf_T 2<Slﬂ(¢—¢ )> o _Zq 63 f_’fq(xyp%) ®W Di](z7k%)

Ve Ty e fi(w, p3) ® DIz, k)
- 0.1 _7.3% scale unce_rtainty [PRL 10?1 (2009) 152002]
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s [ ! * X %e@fé scattering:
o O I I
i Of—:ﬁfwg S (@ ph) ew DT (2 k)
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7;’% 0_++++_+ +++++_+ ______ ] :
A | | /= U-quark Sivers DF < O
o el
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I by b L
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AR Sivers amplitudes for pions
L 91L hiz
T | fi+ | o1r | ha, hip (i B Zq 63 ffq(xap?r) Ow D%(Z,k%)

OO = TS (e 08 ® DY )
- 0.1 _7.3% scale unce_rtainty [PRL 10?1 (2009) 152002]
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s [ * AR Ve scattering:
N 0 """"""""" T Tttt Tttt Tt
. = = fit'(@ph) ew DI (2,4
2 i [ (x.p3) ® Dy (2, k%)
= *++++ +++++++++++ .
G Oty SAA T = u-quark Sivers DF < O
o e
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[A. Bacchetta et al.]

@ cancelation for D target
supports opposite signs of
up and down Sivers
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Sivers amplitudes
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AR Sivers amplitudes
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@ cancelation for D target
supports opposite signs of
up and down Sivers 5 01 o COMPASSm 0o%  [PLB 744 (2015) 250]
o HERMES =t PRL 103 (2009) ({J
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Sivers amplitudes
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Sivers amplitudes
pions vs. kaons

t
%eéé somewhat unexpected if

dominated by scattering of f
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(x,p%) @y DY E (2, K3)

target (but zero for K'?!)
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conclucions

@ first round of SIDIS measurements coming to an end
@ various indications of flavor-dependent transverse momentum
@ transversity is non-zero and quite sizable
@ can be measured, e.g., via Collins effect
@ d-quark transversity difficult o access with only proton targets
@ Sivers function also clearly non-zero

@ opposite sign for up and down quarks in line with their
contributions to the nucleon's anomalous maghetic moment

@ precision measurements at ongoing and future SIDIS facilities
needed to fully map TMD landscape

@ in particular, several intriguing results for neutron targets motivate
program with polarized D and 3He
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