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Muon beam: SIDIS setup

* high energy beam
» large angular acceptance
* broad kinematical range
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COMPASS target area

COMPASS-I
1997-2011

COMPASS-II
2012-2020

CAMERATecovI proton detector
&g strrounding the 2.5m long

LH2 target
\ ~

N
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Operations on the target area
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Targets
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Hadron beam: Drell-Yan setup

polarised
target absorber
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Muon beam — DVCS setup

VO +
VIO1VO001 VI02

Sl01 0203

FIO1 FI15 Flo2
+ startCounter
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Spectrometer elements
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Spectrometer: momentum determination

Magnelt;’egtion 0.0 deg. Run 20079 Event in burst 13503 Trigger(s) O 2 Nhits 1348
. : . . . : .

RICH
Magnet2 I l
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the polarized target system (>2005)

3He —_ 4He dilution refrigerator (T~50m K) COMPASS 2007 transverse proton deta (part)

1000 mm

track vertex distribution along beam direction

[~ COMPASS 2015 data
L 43 <M, /(GeV/ie?) <85

W

counts/1.25 (cm)

—

LI R S B B
| |

solenoid 2.5T
dipole magnet 0.6T
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Vertex determination

®  Privsey vestices after all cung

COMPASS prcliminary @ Prmary vertices after all curs except tarpet and bem track selecson
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COMPASS data taking

muon beam

deuteron (°LiD) PT

80% L/20% T target polarisation

L target polarisation

proton (NH;) PT

50% L /50% T target polarisation

Hadron

LH target

muon beam

proton (NH;) PT

T target polarisation

L target polarisation

Hadron

Ni target

Primakoff

muon beam

LH2 target

Pilot DVCS & unpol. SIDIS

Hadron

Proton (NH3) DT
PT

Pilot DY run
DY run
DY run

muon beam
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LH2 target
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Measurements with the target longitudinally

polarized:
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2006
2007

2008
2009
2010
2010
2010
2013
2013

2015
2015

2016

AFE(Q* < 0)
gi (),
A
Ava ATq, AK
gy (x),
ALd'AfZ'Afi'ALp»Afi'Afi

sing, sin2¢,sin 3¢, cos ¢ asyms

2h
ALL

sin ¢, ,sin 2¢py, ,cos Py,

Pan Pacific SPIN 2019

Ag/g
I, A

Au, + Ad,,

Au, + Ad,,, Al + Ad, As(= AS)
E§%|9A/9V|
Au, Ad, Ati, Ad, Ad, As, AS
hL:fth1,fI%,hil:th,hfllgfvg1r
Ag/g
Ag/g inLO and NLO

IS, A%, Au + AT -
NLO QCD fits for Ag/g
TSA on L polarized NHjtarget




Measurements with the target transversely

polarized:
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2005

2006

2009

2010
2012

2012

2012

2013

2014

2014

2015

h h
ASiv,d' ACol,d

h h
ASiv,d' ACOl,d

nt, ktKkQ ,nt KK

ASiv,d 2 ACol,d

h h
ASiv,p' ACol,p

singrs ,Singrs
AUT,d ’ AUT,p
h h
ASiv,p’ ACol,p
sin(¢pp—ds) Asin(¢p—¢5)
UT,d '““UT,p

(¢p.®s) A(¢pr¢$)
ur,d ' “utp

A

A

Sl"nd)Rs Sl"nd)Rs
AUT,d 'AUT,p

nt, Kt K0
Col,d

nt, Kt,K9

ASiv,d

A

sindps h
Interplay Ayp ™ vs Acorp
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First 6LiD data

Full 6LiD statistics
Full 8LiD statistics
2007 NH, data
Full 6LiD
Full NH,statistics
Exclusive p°
Exclusive p?, all asyms.
Full °LiD and NH,
Full NH, statistics

Full NH3 statistics




Measurements with the target transversely
polarized :

2016 Pyr-weighted A%, , 2010 NH, data

Ag

g
2016 A Colp

Siv,p’ 2010 NH, data, gluon Sivers

2017 Pr(x,z) Transversely transmitted A 2010 NH,
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Measurements with unpolarised targets:

2013 dn"/(dN*dz dp?) multiplicities on d, 2004

cos ¢ ,C0Ss 2¢p ,Sin ¢pp
AUU,d ’AUU,d 'ALU,d

2016 dn™/(dN*dz) multiplicities on d, 2006

2014 2004, part

2016 dn"/(dN*dz dp%) multiplicities on d, 2006
2016 dn® /(dN*dz) multiplicities on d, 2006
2017 [dnK+/(dN”dz)]/[dnK_/(dN”dz)] Multiplicity ratios for k on d, 2006
2018 SDME modulation for w Liquid H,, 2012 data

2018 AZO;‘C?", AZO;’;%, Aziun’:fh Liquid H,, 2016 data, part

2019 dn™XP /(dN*dz) multiplicities on p, 2016

2019 dn"/(dN*dz dp?) p%-dep multiplicities on p, 2016
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Kinematic distributions

DIS cuts: Q2> 1 (GeV/c)?
0.1<y <0.9
W > 5 GeV/c?

preliminary

b b b b b b b e P B alnl
107 107! 1

X

COMPASS 2010 proton data COMPASS 2010 proton data

,_.
o
n F

preliminary

—
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Kinematic distributions -

DIS cuts: Q2> 1 (GeV/c)?
0.1<y <0.9
W > 5 GeV/c2

hadron selection: Pjr > 0.1 GeV/c,
z>0.2

COMPASS 2040 proton duta

pl

preliminary
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COMPASS 2010 proton data

preliniinary

20

15
W (GeV/c?)

COMPASS 2010 proton data

preliminary




QCD fits- World data on g* and g4

> g,(x,Q?) as input to global QCD fits dg, 5
for extraction of Aqs(x) and Ag(x) W o< —Ag(x, Q%)

12488 deuteron

(i=10) 5 oEmc ¥ suC
FiN-ITT] { Ei55

x=0.0055 £ HERMES B COMPASE 0T (160 Gev)

%=0.0045 * sw

] x=0.0045 {i=1)

_‘_%i_ x*=0.0055
x=0.007

cou

_—l—!-i—)}—_ *=0.007 ) cLaswezSGev i COMPASS 11 (300 GV
x_ﬂ ﬂag —— COMPASE NLO 1t
—
K ]
x=0.012

‘éﬂ'.’_.—‘?i %=0.017 € =121-0.7.i
&g wa uiey — x-002

=#=0.035

6 =12.1-07 i
x=0.017

x=0.024
x=0.035
x=0.049
* x=0.077 {i=10)
x=0.12

%f
E:

—
e
E__.—-o—d*ze——

ool A — my . ne x=0.41
R G PP gl g m g ¥=0.57 x=0.57

ey e — T x=0.74 _
— ﬁn:ﬁﬂ | 10° | L ey @8 e —e e *S008

. Q” (GeVic)* " Qﬁeewmﬂ
x and Q? coverage not yet sufficient for precise Ag

Can be improved by constraining from pp data (as DSSV, NNPDF...) PLB753 (2016) 18
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Quark helicities from semi-inclusive DIS
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Leading order extraction of quark helicities from spin asymmetries:

04F
0.2f
of
02F

* COMPASS

PLB693(2010)227, using DSS FFs

L ....mIT o 0 HERMES

PRD71(2005)012003
| DSSVatNLO

102

:_Illllll | IIIIIIlll

102 10"

e I°p~ > L htX

Q2=3 (GeV/c)?

* Full flavour separation = x~0.004
» Sea quark distributions ~ zero
» Good agreement with global fits

What about As? Integral is found negative from inclusive data, when imposing SU3
while here from semi-inclusive data, x > ~0.005 As is compatible with zero.

NB: - The extraction assumes quark Fragmentation Functions known (DSS here)

- No measurement at lower x

Pan Pacific SPIN 2019




A NLO pQCD fit to g4 DIS world data

* Assumes functional forms for AX, AG and
Aq"S and SU3 symmetry

» Use DGLAP equations.
- Fit g¥, g¢, g} DIS world data

—> Quark spin contribution :
AY = 0.31 + 0.05 at Q% = 3 (GeV/c)?

X X X
0.82 < AU £ 0.85 —0.45 < AD < —-0.42 —0.11 < AS < —0.04

Uncertainties are dominated by the bad knowledge of the
functional forms.

- Gluon spin contribution: AG not well constrained, even the sign,
using DIS only

Solution with AG>0 agrees with result from DSSV++ using RHIC pp data

PLB 753 (2016) 18
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Gluon helicity Ag /g from SIDIS

Extraction at LO:

AG/G(x =0.1) =0.11 + 0.04 + 0.04

COMPASS, all-p_, Q2%>1 (GeV/c)?, 2002-06
AG>0
AG<0
Ag/g total uncertainty

£”p~ — £ hhX

—_
(@]

EPJC 77 (2017) 209
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Photon Gluon Fusion
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Summary on nucleon SPIN

1
3™ (Auy + Auy, + Aqg) + AG + Lg + Ly

Quarks %AZ~0.15 from g;measurements and global analysis at NLO. Largest uncertainty on AZ due to

uncertainty on AG

Gluons AG~0.2 integrated between 0.05 < x < 0.2: precise result from RHIC. AG/G positive at x~0.1 (from
data of yg fusion process, at LO). Low-x contribution to integral still unknown. Not enough
constrain from g, global analysis at NLO.

Orbital momenta: L, + Lq =? Ongoing studies of GPDs.

Promising results from lattice QCD calculations:

- The main question raised in ‘Nucleon spin crisis’ is resolved:
* Quark spin represents a non zero fraction (0.3) of nucleon spin
(measurements and lattice QCD calculations)
* The hypothesis of very large AG (2 to 3, associated to L~ — 2 + —3) rejected

= Puzzle still pending: share between AG and L
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The spin content of the proton: where we stand

Gluons PDF are accessed using DGLAP! Equations

1
d dy
E AZ(.X, t) = azn (; as(t)> AZ(y, t) + anP (; , as(t)) Ag(y’ t)]

X

1
d s(O) (d
aAg(x; t) = azn. yy qu (gras(t)> AZ(}/, t) + ng (g’as(t)> Ag(y’ t)]

X

as(t) dy
2T y

X

With t = In Q?/A?, AX(x,t) = Z?il Ag; and Aqys(x,t) = Z:Zl(eiz/(ez) — 1)Aq;,

where (e?) = niZ?fl e?
L=

d
—Aqys(x,t) =

" P <y, s(t)) Aqns(x, t)

A very powerful tool access Ag, but limited by the present experimentally available phase space
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To answer to this we need and EIC

1 -
bR World Dataon F,>  World Data on g, World Data on h,P
L = ) — T UEREREY UL B ) B R
05+ :.s —— ZEUSNLO QCDfit N 14— —— x=0.0007 8 o~y L
: E'_? —— HL PDF 2000 fit o : x=0.0025 *  suc i
i WF_:'N sk . H19100 1 | - x=0.0036i = 0) a B4
0 - 4 HL(preL) 9900 b 12+ x=0.0045 ¢ E155 L
—_ » LEUS 9697 s! I x=0.0055 4  HERMES
- . ‘COMPASS 160 GeV
current data ¢ meons + | daps %=0.007 0 CLASW:25Gev
I (global analysis) gl E665 & 10—, x0009 " cowPAssZ00GeV
-05 |- *00G2 s nMc O_ i —t %002 = E
L >
02 _ 10 GeV2 =005 Q\‘/‘_ —_ x=0.017 i
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R Lo by e b 3| L 0. i
! 0.15 0.175 0.20 0.225 ) w0013 - m* ::::49
Quark Contribution to Proton Spin . w0021 6 b4 X007 = 10)
o W w=00m [ alamerta—itga—es X012
g M s 4 codrmsee—pei—taX=017 & E
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c x o R T S E——— =
o T P ;;:J! 2»- P e i LAY I
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Importance of unpolarized SIDIS

- The cross section dependence from Py results from:
- intrinsic k, of the quarks

- p, generated in the quark fragmentation

q ki
- The azimuthal modulations in the unpolarised cross sectiofws\cjomes from:
« Intrinsic k, of the quarks

» The Boer-Mulders PDF

- Difficult measurements were one has to correct for the apparatus acceptance

- COMPASS and HERMES have
- resultson °LiD (~d) and preliminary on p from COMPASS

« dandpfrom HERMESS

- =>COMPASS-II, measurements on LH, in parallel with DVCS
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Positive vs Negative charged hadrons (
F(.}IlU(x' Z, Pf%T; QZ) = xz ec? f dzzJ_dzﬁJ_a(ﬁJ_ + ZEL - ﬁhT) flq(x; kii QZ)Df%h(Z; pii Q%)

a
?\.'0.2<z< 03 | 03<z< 0.4
s :\ﬁ
]

: (0%)=1.25 (GeV/c) | (0*)=1.40 (GeV/c)
3 (x) = 0.0062 3 (x) = 0.039

(GeV/ey™

hT

2

EMYdzdPE, (GeViey”
S o
Lo L

d*Adzdp

,_.
<
(5]

b s, 285 2 b g T

(0*)=8.33 (GeV/c)

s

[S—

T AMINNAAANAAA A B A g

[T 2 Tha T T__&a r—

0 1 2 3 0 1 2 30
Pl (GeV/cy

P2T (GeVie)
(0?) = 9.78 (GeV/c)?and (x) = 0.149
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Positive vs Negative charged hadrons (p)
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COMPASS preliminary
0.40 <2< 0.60

0.032 < x <0.055
7.0 < Q*N(GeV/c) < 16.(
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L
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0.055 <x <0.100

7.0 < Q*(GeVic) < 16.¢

0.100 < x < 0.210
7.0 < Q*/(GeV/c) < 16.

0.020 < x <0.032

3.0 < Q°/(GeV/c) < 7.0

0.032 < x <0.055
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]
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: i
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.
‘ .
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Positive charged hadrons (p)

COMPASS preliminary — <° 105 |

positive hadrons
+02<z<03
003<z<04

04<z<06

10° F

10}

107}

0.032 < x <0.055

7.0 < Q(GeVieY < 16.0

0.055 <x <0.100

E

Fw,
i%%aﬁ
: "

B &

E

7.0 < Q*/(GeV/c)* < 16.¢

0.100 <x <0.210
7.0 < Q*/(GeV/e) < 16.(

0.020 < x <0.032
3.0< Q*/(GeV/eY <7.0

0.032 < x <0.055

3.0 < QX(GeVlc) <701

0.055 < x <0.100
3.0 < Q*/(GeV/c) < 7.0

Py (GeVlic)
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Negative charged hadrons (p)

COMPASS preliminary g‘“ 10°¢

0.032 < x < 0.055 © 0055 <x <0.100 L 0.100<x<0.210

negative hadrons 5 5 : s ) ; N A
7.0 < Q/(GeV/c)y <16.6 7.0<Q/GeV/e)y <16.¢ 7.0 < Q/(GeV/c) <16.(

»0.2<272<0.3 L
103<2<04 10°}
04<z<0.6

10F

107"}

0.020 < x < 0.032 i
3.0 < Q¥(GeV/icY < 7.0 0.032<x <0.055 0.055 < x < 0.100

3.0 < QM(GeVicY <700 3.0 < Q¥(GeVic)} < 7.0

P} (GeV/cy

~
e,
Vse
] .
e

*
.

A,

-

1 2 30 1 2 3
P, (GeV/icy Pir (GeV/e)y Py (GeVie)
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The matching problem (qr/Q > 1 region)

A

COMPASS 17 ht N. Sato

data/theory(NLO) vs. ¢p (GeV) | Q- o2G?

PDF : JAMI8 FF: JAMI8

—
oo

—
=

Q
—
=
=
&5
< 10
=
~+~
T~
E
=
~
g

gr>Q

S} [=>]

—
e}
T

—
.
T
—_

data/theory(NLO)

(3] (=}

—
b = S 00 © B = S 00O
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Unpolarised Azimuthal Modulation

When looking at the content of the structure functions/modulations in terms of
TMD PDFs for the cos ¢, and cos 2¢;, we can write:

oM |h-k k, Pyr —z(h -k
FSOSh — _ C[ L p, — Pk Par = 7 l)thll + twists > 3

w0 Mt M zM,M

1 .
= hiH:L| 4+ twists > 3
uu MMh 1441

FCos 2¢n C [(ﬁ ) zJ.)(ii ) ﬁJ.) - ﬁJ_ ’ I_é

In the cos 2¢;, Cahn effects enters only at twisty

cos2¢p
FCahn ~
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Azimuthal modulations on p

F COMI
I~ positiy

9/2/2019

COMPASS
preliminary

® ]
3%2 e ¢
R WS SV S W A S

08 02 04 06 08
z P,; (GeVic)
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04 06 08
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Contribution of diffractive VMs

Determined from z; + z, > 0.95 Py (GeV/e)
. . 0.5 0.64

. 0 ' ‘
Selecting p* and ¢ o, ; [ comass| Preliminary

TR e T

Smaller, but not negligible, effect for
cos 2¢y

The diffractive pO production
and decay. ' R PP ——
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Transversity PDF

hcll(X) = qTT(x) — q” (x) q = Uy, ‘_lv: qse?
guark with spin parallel to the

nucleon spin in a transversely
- polarised nucleon

 probes the relativistic nature of quark dynamics
* no contribution from the gluons - simple Q2 evolution

* Positivity: Soffer bound Soffer, PRL 74 (1995)
- first moments: tensor charge 8q(Q?) = fol dx[h?(x) — hd ()]

* is chiral-odd: decouples from inclusive DIS Bakker, Leader, Trueman, PRD 70 (04)
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Transversity

is chiral-odd:

observable effects are given only by the
product of h‘ll (x) and an other chiral-odd function
can be measured in SIDIS on a transversely polarised target

via “quark polarimetry”
A , “Collins” asymmetry
IN' > "h X “Collins” Fragmentation Function

/N" 57" hh X “two-hadron” asymmetry

“Interference” Fragmentation
Function

A polarisation
Fragmentation Function of g1=2A

IN' 50 A X
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Azou on proton and P, model for FF

Albi Kerbizi @ DSPIN17 http://theor.jinr.ru/~spin/2017/
Phys. Rev. D 97, 074010 (2018)/ar Xiv:1802.00962

O m COMPASS

A T COMPASS
L ® 1w MC

’ A T MC

%&éé}

‘Mﬂéﬁ.é s ‘%‘

i

A

“oisd%

A A
L8°
T

| \ \ |
02 04 06 0.8

9/2/2019
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The curves are fits of the Monte
Carlo data, scaled by
A~(h¥/f)~0.055

Agreement with the measured
Collins asymmetry is quite
satisfactory



http://theor.jinr.ru/~spin/2017/
https://arxiv.org/abs/1802.00962

2h asymmetries on p and >P, model for FF

q 2
Asin(cj)R+¢5—Tc) _ Zq ih (x)Hq—>h ho (Z' Mhlhz)
uT h
Zq qu(x)Dql Z(Z;M}ih?)

O COMPASS

'#%%..%

|

\ | | |
0.5 1 1.5 2

M. (GeV/c?)

i

= (sin(¢p + ¢ps — ) and R = 22Pm=21Phz o0 as before A~(h¥/ f¥)~0.055

Zl+Z2
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A transverse spin transfer from COMPASS

COMPASS preliminary

A - all candidates Zq eg hf (X) H]{\(K) (Z)

Pax(x,z) = —
A (X, 2) STy f( P

dN
e d cos 60"

X
COMPASS preliminary

x A(l + aP g cos 9*)

A - all candidates
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Sivers Asymmetry

Sivers: correlates nucleon spin & quark transverse momentum k; /T-ODD
at LO: 2 ¢4 h
) Yq€; fqu® D,
2 h
2.q€,4® Dy

pp' - puXh*

ASiv -

The Sivers PDF

J. Collins proofs fi% = 0 for T invariance

J. Collins shows that(fi+)py = —(fi+)sipis
COMPASS on d: A%, = 0and AT, = 0
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Sivers Asymmetry

qu)sw( X,Z) Zq eqxflT (x, kJ_)®D1q(Z pT)
Fyy(x,z) 2 €qxf1q(x k2)®D (2, pi)

To evaluate it we need to solve the convolutions (i.e. make

hypothesis on the transverse momenta dependences of the
TMDs)

Agiy (x,z) =

_kJ_/<kJ_>S —PJ_/<P >
Gaussian ansatz: f77(x) ——— 1q(z)

S

1(1)q
Leading t0:Agy, ¢ (x, 2) = —222 Zq 4 *ir (x)Zqu(Z) with £y =
Judigrtor)  Tacaeh 0Pk @

J a2k 32 7 e k)
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Sivers asymmetry on p

COMPASS positive pions x<0.032 preliminary
COMPASS positive pions x>0.032 preliminary
HERMES #* PRL 103 (2009)

% ;i@# i

el e . 1
COMPASS negative pions x<0.032 preliminary
COMPASS negative pionsx>0.032 preliminary
HERMES = PRL 103 (2009)
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The weighted Sivers asymmetry

- If we weight the spin dependent part of the cross-section

Fo'®s(x, z) = 3, €2 j d?PrPrF,(x, 2, PF)

with w = Pr/zM, i.e.

2

j P
Psiv, p - T
F;’;n S W(x’ Z) = Zq eé j dzPTﬁFq(x: z, P%) =9 Zq eqxfl (1)q(X)D1q(Z)

Prk
and F,(x, z, Pf) = dekadz 52(PT _ZkT PT) - Txfl I(x, k) Dy4(z, PT)

we have no longer a convolution but a product of two integrals and we can
write

Foi®so® (v, 7)  BqedxfirP1()DE, (2)

FUU(x Z) - Zq eqxfl (X)D (Z)

with 2P = | deT f1 LA 12)

9/2/2019 Pan Pacific SPIN 2019

Ag,(x,z) =




The weighted Sivers asymmetry

Zq eéxfllT(l)q(x) f D{lq (z)dz standard cuts

2q eéxflq (x) [ qu (z)dz w = Pp/zM 7>0.2

Ag,(x) = 2

both £+

contribute

and flJ%(l)d
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The weighted Sivers asymmetry

1(1)
Zq egxflT q ) f D{lq (2)dz standard cuts
2q eéxflq (x) [ D{lq (z)dz w = P, /zM 7>0.2

Ag,(x) =2

o 4(x)/mtM(zP;)

1072 107! 107 107
X

The ratio between weighted and unweighted Sivers asymmetries follows the
average of 4(x)/mM(zP;) of the unpolarised sample
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Sivers Asymmetry for Gluon from SIDIS

deuteron

Xe

deuteron

Xg

j ' X 1 0-1 Xgi

)

ASV — _0.14 4+ 0.15(stat.) + 0.10(syst.) OWP — _0.26 + 0.09(stat.) = 0.06(syst.)

(xg) = 0.13 (xg) =0.15

C. Adolph et al. (COMPASS Collaboration), Phys. Lett. B 772, 854 (2017).
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2021 Deuteron run

- Benchmark: h; extraction from Collins asymmetries

L
<X

Transversity extracted as in
PRD 91(2015) 014034
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2021 Deuteron Run

- COMPASS proposed to CERN to run a full year with the
transversely polarized deuteron target and this proposal has been
approved

U
<

Pan Pacific SPIN 2019



New deuteron data

p . .
- 1full year (same as 2010). We also gain from TpPpr _ 0155X08 _ ¢
fpPpr 0.40%0.5

—~

= 04f-

Geeeevs b | beiesiid — projected
021 + [

o

0_0,,,,,@,9,9”g,g ,,,,,,,,,,,,,,,,,,,,,,

—— present

-0.2

1

gainin h precision

Transversity extracted as in
PRD 91(2015) 014034
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COMPASS deuteron data in 2021

- Expected gain in precision on u- and d-quark transversity

.03 .03
E =
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<k

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

D)

N

CERN-SPSC-2019-XXX

SPSC-P-XXX
May 31, 2019

Proposal for Measurements at the M2 beam line of the CERN SPS
Phase-1: 2022-2024
COMPASS++"/AMBER’


https://arxiv.org/abs/1808.00848




FACTORISATION

- DIS/SIDIS off polarized p, d, n targets ,
Cern/Hera/Jlab otPot X< q(x) ® 6714

future: eN colliders? )
P2 ~q(x) ® 6797 ® D§ (2)

a"PHE~ G () @ qp (xr2) @ GIITHE(S)

CERN(COMPASS/LHC)/RHIC/FNAL
future: FAIR, JPark, NICA

O.e+e‘—>h1h2~6.{’{’—>(jq(§) R Dgl(zl) ® DC};Z(ZZ)

LEP/SLAC/BELLE/BES
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TMD Distribution Functions

_°.> -— _°.> flq (x)k i) ° unpolarised

transversity

1 2
@ B -@ x Nucleon I; (x’k T) - @’

pretzelosity @ Sivers

® twist-2 2
: ) @ - @

helicity

worm-gear L

Boer-Mulders

O’ nucleon with transverse or longitudinal spin

- @ parton with transverse or longitudinal spin

—) parton transverse momentum

Proton goes out of the screen. Photon goes into the screen k; — intrinsic transverse momentum of the quark
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DIS around the world

._
<

I|T| IIIIIIII| IIIIIIII| IIIIIIII| IIIII|T|| IIIIIIII| IIIIIIII| T TTTI]

JLAB-6+12 [ ] Past ep Colliders
.- - Projects for ep Colliders
- Past/Present Fixed Target

o~
l"l
T
=
o
o
=
-
—
X
=
£
e
<
B
S
—_
~]

CEIC
“HERMES

HERA

10 10 10°
CMS energy (GeV)
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Kinematic coverage

Q? (GeV/e)
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From Collins asymmetries to transversity

Following Physical Review D 91, 014034 (2015), in the valence region

1 1
Ty | A i Ap) 3 el AL = i)

(efi 47 = xf 00 = (e A% = xfy 43)]

1 4
h(1—a) [5

With a% and @ constants

~

whinp: £ = 4 (4 2L A )G A4 A7) + T + )
_ . D = D -\ D _
nTinp:f," =4 (—g;fﬁu + f1u)+(f1d + ;;f f1d) + _;;f (ff + )

Pan Pacific SPIN 2019
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Hadron correlations

Interplay between
Collins and IFF
asymmetries

common hadron sample for Collins and 2h analysis

2007 & 2010 proton data %10’
e h'h

o Collins h*
| o Collins h

“X 0100
,::0.0

~

2010 proton data 'k
o Ay, (0,) sind

o AUTvP(q)zh,S) sin@

I:l 2010 proton data

—
w
(=]

Ih pairs/(7/200)

g

LR

H%

_\\\IH\‘ L L \\HH‘ L \IHII\‘ _\\\\IHl L L \\HII‘ L \\II\H‘
1072 107! 1 1072 107 1
X X
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Asymmetries for x > 0.032vs Ap = ¢+ — -

Proton 2010 data
1| COMPASS preliminary *2h eh'
L x>0.032, z>0.1

¢

ol

sin(¢2h+ ¢s' )

2h,CL

A

—— a,/2(1-cosA¢g)
—— a(l-cosAg)
—— a(l-cosAg)

B
‘o
=2
+
!
s
—
g
w

-
o
!

a=-0.017+0.002, z*/n.d.£=0.98
a=-0.015+0.003, %*/n.d.£=0.65
a= 0.017+0.003, x*/n.d.f.=0.80

Ad(rad)

Hints for a common origin of 1h
ratio of the integrals compatible with 4/ and 2h mechanisms
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TSSA Ay studies at PHENIX

1.4<n|<2.4 1.25<pT<7.0 GeVic
—— p’+ p - h*+X {s=200GeV
—=— p"+ p— h'+X {s=200GeV

;

#

I

% Mwﬂ LI
f 1 Eﬁ

—
PH ENIX
preliminary
<p>= 1.6,1.7, 2.1, 2.8, 3.7 GeVlc (xF>0}
Scale uncertainty : 3% (not shown)

fb

005 0 005 0.1
Xg

Described by twist 3 collinear approach (1 scale, high pr)
Suppresion in pT A expected by gluon saturation (o< A1/3)

0.15

[ 1.4<[n|<2.4

[ (a) prp—h +X 1s=200GeV |
[ 0.1<x,<0.2 <p >=2.9GeVic

— Ay Si“(q’;o,"b)
A,=0.030+0.003(stat)
¥?*=9.82 NDF=15

Not corrected for smearing

Hybrid approach: twist-3 and CGC

9/2/2019
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+
— p+p(A)—h"+X 1.4<|n|<2.4
0.1<x,.<0.2 <pT>=2.QGeVIc
Aﬂ
— f(A13) = 2N
A" AT
+ _ +1.00(stat) +0.40(sys)
P*P 0 =121 42(stat) -0.30(sys)

—
PH: -ENIX
preliminary

p+Al

p+Au

—e— PHENIX Data and 5A5™
8ys
[ 8Ay




Is correlation having an impact?
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Statistical correlations

orrelation coefficients

charged pions
also available for
charged hadrons

charged kaons
have to be taken into account

9/2/2019

rrelation coefficients

el P2 p3 p4 - h PG p7 P8 P2
D+

orrelation coefficients

Pan Pacific SPIN 2019
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Low P+ behavior

(x) = 0.006 (x) = 0.043

(0" =4.52 (GeV/c)
B 04<z<06
e (06<z<0.8

(0% = 1.25 (GeV/c)*
B 04<z<0.6
e 06<z<0.8

—

a
—~
J
>

L
@)
—

e
A
")

3%
=)
=

o -

=
-

Iil

PR T N PR R S R
0.8 . . 0.8
P, (GeV/c) Pl (GeV/e)
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Global Analysis: Unpolarized TMD

Global analysis of semi-inclusive DIS, Drell-Yanand Z production data with
TMD evolution

SIDIS multiplicity (example) Z production

(Q%)=15 GeV? (Q%)=1.8 GeV? (Q%=2.9 GeV? (Q%)=5.2 GeV? (Q%)=9.2 GeV?
(x)=0.061 (x)=0.096 ()=0.15 (x)=0.24 (x)=0.41

2
/N
. *

%

o
———

DO CDF
Vs=18TeV Vs=1.96TeV Vs=1.96TeV

. 1 AL
N Ts
1 \
5 ¢
0.2 04 06 08 02 04 06 08 02 04 06 08 02 04 06 08 0.2 04 06 08 510 15 20 5 10 15 20 5 10 15 20 5 10 15 2

5 10 15 20 5 10 15 20
Prr[GeV] Ppr(GeV] Prr[GeV] Pr(GeV] Pur{GeV] ar(GeV] ar(GeV]

-

port

Muttiplicity [GeV~"]

N o (=] o o
1/o doldqrGeV "]

3 5.8 ® 8

5 10 15 20 5 10 15 20
qr(GeV] qr[GeV]

Drell-Yan cross section Transverse momentum distribution

E288, Vs=19.4GeV E288, v's=23.8 GeV E288, Vs =27.4 GeV. E605, s = 38.8 GeV.
- M 1=0.4 I n=0.21 )
‘

it ' 1
sf § } T

HEE
0| <

(it
5 ™~
i 2 ] p 7 i pl 40 10!

qr[GeV] qr[GeV] 7[Ge’ qr[GeV]

A. Bacchetta et al., J. High Energy Phys. 06 (2017) 081.
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qr-(Ed%/d%q) (normalized)
(k2)GeV?]




Q
F(x,b;Q) = CQF(x,c/b") exp{ j/f dH (A gf + B)} X eXp[_Snon—pert(b» Q)]
c/b*

QCD evolution of TMDs in Fourier space (solution of equation)

Non-perturbative part
has to be fitted to
experimental data

The key ingredient is
spin-independent

Evolution of
transverse
part (Sudakov
form factor)

Evolution of
longitudinal/
collinear part

Polarized scattering data comes as ratio: e.g. 4, m(th Ps) = F;iTn((ph_(pS)/FUU

Unpolarized data is very important to constraln/extract the key ingredient for the
non-perturbative part



Effect of QCD evolution

- What evolution does
- Spread out the distribution to much larger k. At low k  , the distribution decreases due to this spread

o
—

P

entation
rization

Q 4

Current fragmentation Soft region - Target region
TMD factorization e Fracture functions

Fp(5=09.k)) (GeV?)

:

IJIIIII| | IIllIlIl 1 llIIlII|

=]

10
kr(GeV)

gaussian fit does not capture the effects of
evolution quite well

Echevarria, Idilbi, Kang, Vitev. Kang, Prokudin, Sun, Yuan
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modulation

<2cos(p)=> h"
<2cos(9)> h

—— <2cos(¢) >
- << 2cos(§) >

x" from P
n” from P

=7 = = 0.45

!

Q% = 1.74 GeV?

<Q%> = 2,74 Gev?

2. — 6.61 GeV?

<Q = 2.26 GeV?

=Q% = 419 GaV?

<Q* = 7.73 GeV?

i

e

1

1

l

=% — 2.79 GeV?

=Q%> — 6.71 GeV?

=Q% = 1.91 GeV?

=Q% = 3.52 Gev?

=Q% = 6.49 Gev?

Q% = 1219 GeV?

e

<Q%> = 6.84 GeV?

<Q"> = 2.85 Gev”

<> = 6.06 Gev*®

<Q*> = 1.82 GeV”
| 1 1

== = 2.02 Gev?
| 1 1

<Q*> = 7.06 Gev?
1 1 1

=Q% = 2.82 GeV?

<Q% = 5.10 GeV?

<@ = 9.68 GeV?

ey

e

L

Q% = 1.99 Gev? +

Q% = 3.6[’1 GeV

T<Q2; = 6.62 Gev?

e S R - :{

=

0.3 0.5 0.7

0.3 0.5 0.7

P (GeV)
1

0.3 0.5 0.7
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Boer-Mulders in cos 2¢ and in cos ¢

——  <2cos(20)>> h’
-r:zh:‘ -+ <2c08(2¢)>> h
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02| L
oat ot} IR
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Collins asymmetry on proton

COMPASS positive pions x<0.032 preliminary
COMPASS positive pions x>0.032 prellmmdry
ES " PLB 693 (2010) rescaled by (1-<y=)/(1-<y>+<y>")

COMPASS negative pions x<0.032 prellmmdry

COMPASS negative pions x>0.032 preliminary

HERMlES e PLB 693 (2010) rescaled by (}-<y>)f( | -<y=+<y=>?)
s |

05 1

X 4
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Collins asymmetry on proton. Multidimensional

" 0.1Fsht 1<Q(GeVieY<1.7 I COMPASS preliminary I Proton 2010 data = L = CONPASS iy i
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TMD PDFs

Parity and Time reversal invariance =

The theoretical expression of TMDs has a more complicated structure of the
gauge link, connecting two space-time points with a transverse separation

(NP, r )y WIr™, 7.5 01g(O) NP+ <1 /50

The Wilson line W is no longer on the light-cone axis and may introduce a
process dependence

(f 1LTQ)DY = —(firq )SIDIS

Most critical test to TMD approach to SSA
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