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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 Pilot DY run
PT DY run
DY run

muon beam LH2 target DVCS & unpol. SIDIS
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Muon beam: SIDIS setup

* high energy beam
» large angular acceptance
* broad kinematical range

10/24/2018

two stages sgbaierSaheter

Large AnglatBesbotin@erZ SVl
Small Angle Spectromelz(te~r J(%ﬁ%c

L
40

p (GeVic)




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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Spectrometer top view
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Two stage spectrometer

Large Angle
Spectrometer

Small Angle
ectrometer
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Large Angle Spectrometer

10/24/2018

Drift

Straw
chambers < Tubes

ECAL1

Opening angle = £180 mrad
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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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DCO0 DCO1 DCOA BCOS
N sT03
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Spectrometer elements
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Spectrometer: momentum determination

Magl’leﬂ,ect on OOdeg Run 20079 Event in burst 13503 Trlgger(s) g 2 Nhlts 1348

RICH
Magnet2
irget :

Q\Hm \E
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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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Typical cycle of a “field rotation”

N
\ 1.5A/s 1.5A/s
R/
0.1A/s

) 200 400 600 800 00 1200 1400 1600 1800 2000 IDipole
1A/s
\ 1A/s

N—

|IB|=20.5 T during rotation
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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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Kinematic distributions

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

preliminary

,_.
o
[y

COMPASS 2010 proton data COMPASS 2010 proton data

preliminary

—




Kinematic distributions - 2

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

preliminary

COMPASS 2010 proton data

preliniinary

20

15
W (GeV/c?)

COMPASS 2010 proton data

preliminary




Selected COMPASS results on TMD
effects



Importance of unpolarized SIDIS

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

- p, generated in the quark fragmentation

q kL £
- 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 d and on p (Hermes only)
- No COMPASS measurements on p since on N H; (~p) nuclear effects may be important

- =>COMPASS-II, measurements on LH, in parallel with DVCS
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Positive vs Negative charged hadrons

F(.}IlU(x' z, Pér; QZ) = xz ec? f dzzldzﬁl(s(ﬁl + ZI_C)J_ — ﬁhT) flq(x; k%, QZ)Df%h(Z; pi;0?%)

q
§\0.2<z< 0.3 03<z< 04
. \,.
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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

gr>Q

—_

data/theory(NLO)

(3] (=2}

—
b = S 00 © B = S 00O
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Azimuthal distributions in exclusive events

1 |
2

|
2.5

L PRI N B
3
|p3| (rad)
|3| distribution for h+in Correlation between z and
exclusive events |¢3| for h*in exclusive events

* |@n| distributions show very large modulations
» Strong correlation between z and ||
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Modulations in the azimuthal distributions

UU excl

l
Nexci(¢n) = NO[]- + a(l:]olé fbxhc cos ¢pp + Agos 2¢n
Pr(GeV /c)

1.0

_______t__l_l____l______
Prelim

LU excl

ms‘tp*
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Subtraction from the measured asymmetries

— excl excl SIDIS UU excl
r = Nt /(Ng*et + N5TPPs)

Cos ¢p,
Pr(GeV/c)
0.3 0.5 0.64 1.0

Preliminary

“—'('2 . ‘-?\J’, a

_____ L WP

S R N ——

F---h- -8 -
107
X

B
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Subtracted results

UU excl UU excl
cos bn Acos bn AP (Acos 2¢n — Tlcos 2¢n

PT(GeV /c)
0.5 0.64
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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' 5 /"hh X “two-hadron” asymmetry

“Interference” Fragmentation
Function

A polarisation
Fragmentation Function of g1=A

IN' 50 A X
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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

® 01ept 1<Q(GeVieY<1.7 I COMPASS preliminary I Proton 2010 data
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COMPASS preliminary
102 = Proton 2010 data

Q* (GeV/icy

16<Q /(GeV.

One dense plot out

of rany

p. (GeV/c)

T

COMPASS preliminary
Proton 2010 data

~ : ©o
rlzNh/ddeZ (au.)




Interplay among dihadron and single hadron asymmetries

/E 010 B roton data
« Collins asymmetry for h+ and for h- S o o pend
“mirror symmetry” O Collins K" +
. 0.05 O Collins h
- dihadron asymmetry 5 0
only somewhat larger than h+ Collins '} 5 .
T @%c}%% ””””””””””””””””””
° 9
-0.05 — L + %
hints for a common origin
of the Collins FF and DiFF ool
Como 2013, DSpin2013, PLB736 (2014) 124 — ""]'('),z — "'1‘!)71 — "'”l
X
y A
A look at
A the Ap = ¢; — ¢,
6, | 4 - dependence of the asymmetries .

Pra

\.\
=
“a
e
.f"’- + _-h\
~




Azou on proton and P, model for FF

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

O m COMPASS

A T COMPASS
L ® 1w MC

’ A T MC

%&44}

‘M%QH‘ s ‘%‘

i

“oisd%

:L .
T

| \ \ |
02 04 06 0.8
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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
® MNC

;}?i.é

'#%%..% .

e

| | | | \ | | |
02 04 06 08 0.5 1 1.5 2

z M. (GeV/c?)

i

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

Zl+Z2

10/24/2018 INT-18 Symposyum Week



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 ,a® D,

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) g eqxflT (x, kJ_)®D1q(Z pi)
FUU(x'Z) Zq eqxfl (X k2)®D (Z pJ_)

- 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

L(1)q
Leading t0:Agy,q (x, 7) = —Ym__Zacd i (x)Zqu(Z) with £z (x)
Folitigron o IoPk@

- fdsz 2M2f1 q( kT)
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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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Transverse Spin Asymmetry in Drell-Yan

190 GeV/c nwbeam, transversely polarized NHstarget

il — L
flT,DY - —flT,SIDIS

COMPASS 2015 data [ e COMPASS 2015 data T
43 <M, /(GeVie?) <85 C

(Sivers)p&(f1)x

(Pretzelosity)p® (BM)x

(Transversity)p@(BM)x

PRL119, 112002 (2017).
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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)

10/24/2018 INT-18 Symposyum Week

Ag,(x,z) =




The weighted Sivers asymmetry

1(1
Zq egxfﬂ( )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: hy extraction from Collins asymmetries

Transversity extracted as in
PRD 91(2015) 014034
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From °LiD ('02 —'04) to NH,('07 —'10)

- Many improvements from 2004

data taking:

New 3 cells target / 1.3 gain due to
larger diameter

New superconducting magnet /
Factor 2.5 increase of acceptance at
large x

New large x trigger with LAST / Factor
2 increase at large x

+ larger integrated luminosity
(partially lost given the less favorable

figure of merit ToPpr _ 0.6)
fpPpT

ALL IN ALL A TOTAL FACTOR OF >10
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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
<

INT-18 Symposyum Week



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 + )
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New deuteron data

, fpPpr _ 0.155X0.8
- 1 full year (same as 2010). We also gain from 22— = = 0.6
fpPpT 0.40X0.5

—~

= 04f-

Fees Cbriesiad —— projected

02

0.0

—— present

-0.2

1

gainin h precision

Transversity extracted as in
PRD 91(2015) 014034
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New QCD facility at CERN M2

https://arxiv.org/abs/1808.00848
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August 3, 2018

Letter of Intent:
A New QCD facility at the M2 beam line of the CERN SPS

0.Yu. Denisov
on behalf of the working group:
“A New QCD Facility at the M2 beam line of the CERN SPS™

Contents
1 Introduction

2 Hadron physics with standard muon beams

2.1 Proton radius measurement using p — p elastic scattering
2.1.1  Experiments targeting the proton radius puzzle: the M2 beam linecase . .. ..
2.1.2  Formalism of Elastic lepton-proton scattering
2.1.3  Measurement at the CERN M2 beam line

2.2 Exclusive reactions with muon beams and transversely polarised target
2.2.1 Motivations for a measurement of the GPD E
222 Measurements of Deeply Virtual Compton Scattering
223  Measurements of Deeply Virtual Meson Production

3 Hadron Physics with Standard Hadron Beams

*The final author list of the Lol will be finished in October 2018, Please send e-mail to NQF-M2@cern.ch for questions
and requests.

Program

Physics
Goals

Beam
Intensity

[s™")

Trigger
Rate
[kHz]

Earliest
start time,
duration

Hardware
Additions

Hp
elastic
scattering

Precision
proton-radius
measurement

100

2022
1 year

active TPC,
SciFi trigger,
silicon veto,

Hard
exclusive
reactions

GPDE

2022
2 years

recoil silicon,
modified
PT magnet

Input for
DMS

P production
cross section

2022
1 month

LHe
target

P-induced
Spectroscopy

Heavy quark
exotics

2022
2 years

target spectr.:
tracking,
calorimetry

Drell-Yan

Pion PDFs

2022
1-2 years

Drell-Yan
(RF)

Kaon PDFs &
Nucleon TMDs

2026
2-3 years

“active
absorber”,
vertex det.

Primakoff
(RF)

Kaon polarisi-
bility & pion
life time

non-exclusive
2026
1 year

Prompt
Photons
(RF)

Meson gluon
PDFs

non-exclusive
2026
1-2 years

hodoscope

K-induced

Spectroscopy
(RF)

High-precision
strange-meson
spectrum

2026
1 year

recoil TOE,
forward
PID

Vector mesons
(RF)

Spin Density
Matrix
Elements
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https://arxiv.org/abs/1808.00848

Longitudinally polarized target results

e | O |

10/24/2018

2006
2007
2008
2009
2010
2010
2010
2013
2013
2015
2015
2017

2018

A2 Q% < 0)
gL,
Ah+—h—

Al,d' 1drA

g1 (x),
Avg ATq, AKX, ALy, AT, A

sing, sin2¢,sin 3¢, cos ¢ asyms
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Ag/g
I'4,Ax
Au, + Ad,,
Au, + Ad,,, Ati + Ad, As(= AS)
EF%|9A/9V|
Au, Ad, Ai, Ad, Ad, As, AS
hy, fi i firo Py, b, By, 950 Gar

Ag/g
Ag/g inLO and NLO

NS, A%, Au + At -
NLO QCD fitsfor Ag/g
Final result + BJ sum rule

Small x and Q?




Transversely polarized target results

Y | obs |

2005

2006
2009

2010
2012

2012

2012

2013

2014

2014

2015

2017

h h
ASiv,d' ACol,d

h h
ASiv,d' ACOl,d

nt, Kkt k?  wt KE K

ASiv,d ) ACol,d

h h
ASiv,p' ACol,p

sin¢R5 sin¢R5
AUT,d Z AUT,p

h h
A.S‘iv,p' AC ol,p

sin(¢p=¢s) ,sin(¢p=¢s)
uT,d +Ayr,p

(Pp.9s) A(¢p'¢8)
ur,d ' “uTp

A

A

Singrs ,Singrs
Ayra AUT,p
nt, k*Kkd m* KE K

ASiv,d ) ACol,d

singrs h
Interplay Ayr ™ Vs Acorp

sing
ADY

w,h
AS iv,p

First 6LiD data
Full 6LiD statistics

Full 6LiD statistics

2007 NH, data
Full 6LiD

Full NH,statistics
Exclusive p°
Exclusive p?, all asyms.
Full LiD and NH,
Full NH, statistics
Full NH, statistics

Siversin DY

Pr weighted Sivers



Unpolarised target results

R -

2013 dn"/(dN*dz dp?) Unpolarized multiplicities on d, 2004
A5 1, 4508200, 450 0 2004, part

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

dn"/(dN*dz dp?) Unpolarized multiplicities on d, 2006

dn® /(dN*dz) Unpolarized multiplicities on d, 2006

dnk” /dnk~ Multiplicity ratio at high z

/(rf) Transverse p extension at (x) = 0.056
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SIDIS access to TMDs

Ma, Yuan,
Qiu & Vogelsang, Collins & Metz...) /
chiral odd

T odd Nucleon polarization Hadron polarization
U T L U T

Dl DlJ_T

Cc

f fir

hi- hlr h%T

-]

Hy , Hip

gir Gir

C
O
+—

©

N
—
)

o

o

c

O
)

| -

©
ol

Parton polarization

= NOT directly accessible
= Their extractions require measurements of x-sections and asymmetries in a large

kinematic domain of x,Q?,z, Pyt
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Is correlation having an impact?

10/24/2018 INT-18 Symposyum Week



hadron physics with hadron beams

- New Drell-Yan experiment with 190 GeV it beams and C, W targets

- Determine pion valence and sea quark distributions (both m beams charges) Study
direct photons and charmonium == gluons in 1t

- Study flavour dependent nuclear effects (2 beam charges, 2 targets: C, W)

- Important: good beam charge balance and PID in beams

projections: 2x 140 days; i+ : m—time 10:1; C, W targets
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Hadron correlations

Interplay between
Collins and IFF
asymmetries

common hadron sample for Collins and 2h analysis

2007 & 2010 proton data x10’ 2010
e I'h =
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Asymmetries for x > 0.032vs Ap = ¢+ — -

sin(¢2h+ ¢S- )

2h,CL
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Proton 2010 data
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Aod(rad)

—— a2(1-cosA¢p)
—— a(l-cosAg)

—— a(l-cosAg)
a=-0.017£0.002, %*/n.d.£=0.98

a=-0.015£0.003, 3*/n.d.£=0.65
a= 0.017+0.003, x*/n.d.f.=0.80

Hints for a common origin of 1h

ratio of the integrals compatible with 4/ and 2h mechanisms
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Global Analysis: Transversity

Q2=2.4 GeV?

Q*=2.4GeV?
—_— Q*=10GeV?
— —. Q*=1000 GeV?

02 04 06 08 1
X

Z.-B. Kang et al., M. Anselmino etal., M. Radici and A.
Phys. Rev. D 93, Phys. Rev. D 92, Bacchetta, arXiv:
014009 (2016). 114023 (2015). 1802.05212[hep-phl

10/24/2018 INT-18 Symposyum Week




Kinematic coverage

Q? (GeV/e)
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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 ~

10/24/2018 INT-18 Symposyum Week



modulation
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Boer-Mulders in cos 2¢ and in cos ¢
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Importance of unpolarized SIDIS
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Statistical correlations

orrelation coefficients

charged pions
also available for
charged hadrons

charged kaons
have to be taken into account

10/24/2018

rrelation coefficients

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

orrelation coefficients
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Low P, behavior
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The weighted Sivers asymmetry

1. weight w = P;/zM A% (z) 01<z<1.0

=

v
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The weighted Sivers asymmetry

1. weight w=P;/zM A%, (z) 01<z<1.0
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For 0.1 < z < 0.2 the asymmetries for kT and h~ show the same behavior
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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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Interplay among dihadron and single hadron
asymmetries

Apr, € =aj + aycosAg

sin CDC o .
_ Acly = a2+ a1c0sAd  agreement with
mirror symmetry dataif a, =—a,=a

0.1f
sin q)Zh,S

Aoon = a\/2(1 — cosA¢)

analitically

Ad(rad)

ratio of the A¢ integrated 2h
and 1h asymmetries: 4/n
slightly larger than h*




Interplay among dihadron and single hadron
asymmetries

A, € =aj + aycosAg
sin CDC o .
cLz = az+ 21€08A¢  ggreement with

mirror symmetry data if
0.1

0.055 % @

ASCT;Zh‘S =a+/2(1 — cosAg)

analytically

agreement with data

a very simple relationships among the
asymmetries in the “2h sample”

they are driven by the same elementary
mechanism.

ratio of the A¢ integrated 2h

and 1h asymmetries: 4/n
slightly larger than h*

Ad(rad)
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