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e Nucleon spin physics
e Physics opportunities with AFTER
e Polarizing the target
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Probing the nucleon structure

Nucleon constituents:
quarks (u, d, s, ...) and
gluons

r Deep Inelastic Scattering (DIS)
/ /

proton neutron

Deep 1nelastic scattering experiments: 1 p — 1 X
scale = Q : virtual photon energy

Drell-Yan experiments: pp — 1" ' X
scale = QO : 1" I invariant mass

and also:

pp— jet

pp— W, Z

p p — Isolated photons

Momentum distribution function fi measurements
— q(x, O°): parton distribution functions (pdfs)
probability to find a parton in the nucleon with a
longitudinal momentum fraction x at momentum
transfer O
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Probing the nucleon structure

Nucleon constituents:
quarks (u, d, s, ...) and

i i<
F

gluons » ¢ # . I )
proton neutron
Deep 1nelastic scattering experiments: 1 p — 1 X R
scale = Q: virtual photon energy Y

NNPDF2.1 NNLO, Q% = 2 GeV?

Drell-Yan experiments: pp — 1" ' X

_ ‘ Deep Inelastic Scattering (DIS)

2.5
scale = O : 1" I imnvariant mass . Bz
- NNPDF Collaboration Nucl.Phys. i_?/ =
and also: 2T B$55 (2012) 153-221, arXiv: %
i 1107.2652 X
p p — Jet 15 S+
XS
pp— W» Z Xs
p p — Isolated photons il
o . o.s 1111 P
Momentum distribution function fi measurements i e
2 . . . . i N -_i,,..w""'T s
— q(x, O°): parton distribution functions (pdfs) of e _
prObability tO ﬁnd a parton in the nuCICon With a :Il | I I | Il | I I | II | | I | II | | I
longitudinal momentum fraction x at momentum 10* 10° 107 10"

transfer O
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The spin puzzle of the nucleon

Nucleon spin = 1/2: how do the partons form the nucleon spin?

~ 30% ~ 0% ?
r A A ~
(Au_+Ad_ +Aq,)+AG+AL? + AL®

Sy =

1 1
2 2

total quark contribution angular momentum

gluon contribution
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Parton distribution functions

8 distributions
- three leading twist pdfs: fi, g1 and A
- depend on (x, Q?)
- five Transverse Momentum Distributions (TMDs)
- depend on (x, Q?, kr) with kr the parton transverse momentum — 3-D picture of the
nucleon
- vanish when integrating over kr
- describe the correlations between the parton or the nucleon spin with the parton
transverse momentum: spin-orbit correlations

quark polarization
=
S
= U | L T
N
% Ul h hi unpolarized targets
? L gL th_L polarized targets: measure
§ 0 n single spin asymmetries
= T | /it | &1 | W hit Ac =c'! - ot
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quark polarization
5
p= U L T I Boer—Mulders)
N =1 .
% Ul h hi unpolarized targets
o 1 : :
S L gL hiL pplanzed targets: measure
s 0 n single spin asymmetries
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Parton distribution functions

8 distributions
- three leading twist pdfs: fi, g1 and A
- depend on (x, Q?)
- five Transverse Momentum Distributions (TMDs)
- depend on (x, Q?, kr) with kr the parton transverse momentum — 3-D picture of the
nucleon
- vanish when integrating over kr
- describe the correlations between the parton or the nucleon spin with the parton
transverse momentum: spin-orbit correlations

quark polarization

S
p= U L T I Boer—Mulders)
N = .
% Ul h hi unpolarized targets
3 L gL hLlL polarized targets: measure
S T n single spin asymmetries
S =o' - gl

1T 1T Ac=cl-0
= T| / K h it

; Sivers '
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Drell-Yan kinematics with AFTER

Kinematics: 7 TeV proton beam on fixed
hydrogen/deuterium target

e +s=115GeV and Ybeam = 4.8
® T = Xpeam Xtarget = (MZ/ S ) = Xmin

®  Xtarget = Xbeam — M/ \/S

xg Kinematical limit for Drell-Yan at 7 TeV on fixed target

1

xB kinematical limit
-—h
o

10

=
o
& 1
""Iwi”""-{-"l-I-I-i-I-Hr---}--I-'I-I-I\il-""i-“l"I"I'i'l-Hl"""I--I-I-I-HH

sl B R
10 02
invariant mass (Ge\})
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Drell-Yan kinematics with AFTER

Kinematics: 7 TeV proton beam on fixed
hydrogen/deuterium target

e +s=115GeV and Ybeam = 4.8
® T = Xpeam Xtarget = (MZ/ S ) = Xmin

®  Xtarget — Xbeam = M/ \/S

xg Kinematical limit for Drell-Yan at 7 TeV on fixed target

1

y>0

Xbeam

xB kinematical limit
-—h
o

Xtarget — Xbeam

Xtarget

10

=
o
& 1
"Iwi”""-i"-l-I-I-i-I-Hr---}--I-I-I-I\il-""i-“l"I"I'|'I-H|'""'I--I-I-I-HH

15 il N I O R

02
invariant mass (Ge\})

iP Cynthia Hadjidakis ~ Orsay ~ December 182013

INSTITUT DE PHYSIQUE NUCLEARE
ORSAY
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Xtarget
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Drell-Yan kinematics with AFTER

Kinematics: 7 TeV proton beam on fixed
hydrogen/deuterium target

e +s=115GeV and Ybeam = 4.8
® T = Xpeam Xtarget = (MZ/ S ) = Xmin

®  Xtarget = Xbeam — M/ \/S

xg Kinematical limit for Drell-Yan at 7 TeV on fixed target

y<0 g
5
Z10°
Xtarget o
Q
=
po -2
§10

Xtarget — Xbeam

Xbeam

10

=
o
& 1
""Iwi”""-{-"l-I-I-i-I-Hr---}--I-I-I-I\il-""i-“l'-I"I'i'l-Hl"'-“I--I-I-I-HH

15 il R
02
1 10 invariant mass (Ge\})

Rapidity boost: good condition to access backward rapidity region and large target Xcarget
and 1ow XF=Xpeam-Xtarget—-1: target-rapidity region
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Unpolarized target: Boer-Mulders effect

Boer-Mulders effect: correlation between the parton
kt and its spin (in an unpolarized nucleon)

&) - @
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Unpolarized target: Boer-Mulders effect

Boer and Pisano Phys.Rev. D86 (2012) 094007
0.8 rrrr o rv¢rrr v o o o o v

.'-_'.‘. * -
07 | #V/o*do dgs ]

Boer-Mulders effect: correlation between the parton
kr and its spin (in an unpolarized nucleon)

Double-node structure of transverse-momentum

distributions predicted for scalar and pseudoscalar

quarkonia — give access to the Boer-Mulders
TMD pdf for gluons
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Unpolarized target: Boer-Mulders effect

Boer and Pisano Phys.Rev. D86 (2012) 094007

0.8 R T LR |
Boer-Mulders effect: correlation between the parton 07 L -.."‘.1/ c *do/ dq% _
kr and its spin (in an unpolarized nucleon) N Xo

os| % (78 =0) % -

Double-node structure of transverse-momentum

distributions predicted for scalar and pseudoscalar

quarkonia — give access to the Boer-Mulders
TMD pdf for gluons

* Experimental probes @ AFTER

- large quarkonium yields expected: scalar and
pseudoscalar quarkonia: yco, %0, Ne, Mo

- PID and modern calorimetry
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Longitudinal polarized target: helicity distr.

parton helicity distribution in a longitudinally polarized
nucleon:

0.4 |- A HERMES
— O swmc
— “on b B COMPASS

x Au(x)

x Ad(x)

x Au(x)

x Ad(x)

lIlI L 1 lIIllII

Z [ — Dssv2008 u=2.5 GeV
« 01 ... LSS2006
N AAC2008
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Longitudinal polarized target: helicity distr.

parton helicity distribution in a longitudinally polarized
nucleon:

CREC

e Experimental probes @ AFTER
- W'~ — individual helicity distribution of
quark and anti-quark

x Ad(x) x Au(x) x Ad(x) X Au(x)

X As(x)

0.1

A HERMES
O s»c
B COMPASS

[ == DSSV2008

— ... LSS2006
—— AAC2008
: = el T
1 l‘ 1 | 1
10~ 10
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Transversaly polarized target: Sivers effect

Sivers effect in a transversaly polarized nucleon:
correlation between the parton kr and the proton spin

O @

dIPN Cynthia Hadjidakis ~ Orsay ~ December 182013 8

IIIIIIIIIIIIIIIIIIIIIII



Transversaly polarized target: Sivers effect

Sivers effect in a transversaly polarized nucleon:
correlation between the parton kr and the proton spin

O @

e Experimental probes @ AFTER
- Drell-Yan — quark Sivers effect

* Large asymmetries predicted in Drell-Yan
for the target-rapidity region (Xr = Xveam - Xtarger
< 0) where the kt spin correlation is the largest
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Transversaly polarized target: Sivers effect

Sivers effect in a transversaly polarized nucleon:

correlation between the parton kr and the proton spin M. Anselmino Trento 2013

AFTER pp! 115 GeV
@ @ O-()5"'l"'l"'l"'l"'l"'

[0 .
£ _

e Experimental probes @ AFTER é’ -0.05 - -
- Drell-Yan — quark Sivers effect o i

* Large asymmetries predicted in Drell-Yan 0.1 i
for the target-rapidity region (Xr = Xveam - Xtarger il
< 0) where the kt spin correlation is the largest

4<M<9 GeV

0.15 L
06 -04 -02 0 02 04 06

XF

see also T. Liu and B.Q. Ma Eur.Phys.J. C72
(2012) 2037
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Transversaly polarized target: Sivers effect

0.2
) ) E p+p — Jy+X at /s =200 GeV
Sivers effect in a transversaly polarized nucleon: O3 o 5216 Gevie (side points) & 2006
correlation between the parton kr and the proton spin 0.1F  <Py>=15 GeVic (middle point & 2008

® 2006+2008

T ;
@ - @ 1To.osé— if [L+

0.1+

sisE |

-0 C 1 1 1 1 I 1 11 1 I 1 1 11 I 11 1 1 I 1 1 11 I 1 1 11
-ﬁ.l 5 -0.1 -0.05 0 0.05 0.1 0.15

Non-zero gluon Sivers function produce

a finite SSA for color-single J/y
Yuan PRD 78 (2008) 014024
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Transversaly polarized target: Sivers effect

Sivers effect in a transversaly polarized nucleon:
correlation between the parton kr and the proton spin

O @

e Experimental probes @ AFTER

- Quarkonia, Open Charm and Beauty (B and D
mesons), isolated y and y-jet, y y — gluon
Sivers effect (unknown and difficult to access
with DIS experiments)

0.2
E p+p — Jy+X at /s =200 GeV
0.15 - <p,>=1.6 GeV/c (side points) & 2006
0.1 :_ <pT>=1 .5 GeV/c (middle point) = 2008
C ® 2006+2008
0.05F J;
= EL
< UF % i 1 +
-0.05 T L
0.1 l
015 [
_0 : 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
-ﬁ.lS -0.1 -0.05 0 0.05 0.1 0.15

X g
Non-zero gluon Sivers function produce

a finite SSA for color-single J/y
Yuan PRD 78 (2008) 014024
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Transversaly polarized target: Sivers effect

Sivers effect in a transversaly polarized nucleon:

correlation between the parton kr and the proton spin

O @

e Experimental probes @ AFTER

- Quarkonia, Open Charm and Beauty (B and D

mesons), isolated y and y-jet, y y — gluon

Sivers effect (unknown and difficult to access

p+p — J/y+X at (s = 200 GeV

<pT>=1 .6 GeV/c (side points)
<pT>=1 .5 GeV/c (middle point)

< 2006
& 2008
® 2006+2008

i

S
S|
SN [TTTT
W

Non-zero gluon Sivers function produce

1 1 1 I 1 1 1
-0.1 -0.05

0 0.0
X5

a finite SSA for color-single J/y
Yuan PRD 78 (2008) 014024

with DIS experiments) ; — ge:Sivers |
_— - TN - — g2 transversity {
.8_ - =TT~ ~ — oo pretzelosity ||
— ] I L . - = qq: Siv I
= Ix10 =~ photon pair N T -
R Vs =500 GeV ]
o i 1

o \

1 \
Ix10°F \ =
= ! 1 ! | [\ ! -
0 1 2 3 4 5 6

y
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Luminosities in pp @ 115 GeV

Intensity: Npeam = 5.108 protons.s-! * Instantaneous Luminosity

Beam: 2808 bunches of 1.15x10!'p = 3.2x10“p L =Npeam X Nyarget = Npeam X (P X € X N, )/A
Bunch: Each bunch passes IP at the rate: ~11 kHz — Nyea= X 108 p*/s

[nstantaneous extraction: IP sees 2808 x 11000~3.107 — e (target thickness) = 1 cm

bunches passing every second — extract ~16 protons

in each bunch at each pass . TIntegrated luminosity

Integrated extraction: Over a 10h run: extract ~5.6% of :
— 9 months running/year

the protons stored in the beam

— 1 year~107s
Target p A L | L

(1 cm thick) (gcm™) wb'shy (b lyrh
solid H 0.088 | 26 260
liquid H 0.068 | 20 200
liquid D 0.16 2 24 240
Be 1.85 9 62 620
Cu 8.96 64 42 420
W 19.1 185 31 310
Pb 11.35 207 16 160

= Large luminosity in pH and pD ~ 0.2 /fb/yr for a 1 cm thick target
= Larger luminosity with 50 cm or 1 m H2 or D2 target (1 m < 20 /tb/yr=LHC 1n 2012)
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Quarkonium yields m pp @ 115 GeV

J/y total cross section

—~ 10%E
& [ x
§ o) :i / . .
£ o5l e Hera-B Inclusive pp cross-sections
; - Bido/dyly=0 @ 115 GeV
=4 Jhy =20 nb
©
: AN ] T
Target ‘dI.L B{( d';,N |v=0 B((?—; o
~ 10cmsohidH 26 52100 10100
ol | 10 cm liquid H 2 4.0 107
10 Vs (GeV) | 10 cm liquid D 24 9610
| cm Be 0.62 : : :
1 cm Cu 0.42 5.3 10° 1.110°
’ 0°
In pp lcmW 0.31 1.1 lO8 231
— RHIC @ 200 GeV x 100 with 10 cm thick  em Pb 8'(')2 g‘z :g7 :g :g:
H target pp low Pr LHC (14 TeV) { 2 1.4 10° 7.2 10°
= Comparable to LHCb (PPR nominal) if Im pPb LHC (8.5 TeV) 10 -4 1.0 107 75 10
H target PP RHIC (200 GeV) 1.2 1072 4.8 10° 1.2 10°
=> Large statistics for detailed studies on dAu RHIC (200 GeV) 1.5 1074 2.4 108 5910°
quarkonium production (different quarkonium dAu RHIC (62 GeV) 3.810°° 1.2 10* 1.8 10

states, ...
> ) Luminosity per year in fb-!
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Polarizing the hydrogen target

e Instantaneous Luminosity
L= Nbeam 8 NTarget beam i (p xexN )/A
— Nyeam=2 X 108 p*/s xp! range corresponds to Drell-Yan measurements

— e (target thickness) = 50 cm

Experiment particles energy /s .rI, L
B B (GeV)  (GeV) (nb~'s™")
. AFTER  p + p - 0l B )
'COMPASS =+ p 160 174 02+03 2
COMPASS = +p' 160 174 ~0.05 2
(low mass)
RHIC p'+p collider 500 0.05+0.1 0.2
J-PARC p+p 50 10 05+09 1000
PANDA p+p 15 55 02+04 02
(low mass)
PAX p'+p collider 14 0.1+09 0.002
NICA p'+p collider 20 0.1+0.8 0.00]
RHIC pl+p 250 22 02+05 2
Int. Target |
RHIC pl+p 250 22 02+05 60
Int. Target 2

= AFTER provides a competitive luminosity to study target spin related measurements
= Complementary x, range with other spin physics experiments
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Target experimental setup: COMPASS example

+ Specifications i
+ Superconducting solenoid : 2.5 T 0

fl
fl

+ 16 trim coils ‘ I 1000 m .
+ Field homogeneity: 104
+ Dipole magnet (long. or , C j
transverse): 0.5 T ¢ '—

+ Temperature: ~50 mK (frozen) ol H [ 1 ° [ 1
+ Materials: NH;, °LiD . Fl L o

+ Dilution factor: ~0.4 & @

+ Performances

+ Polarization: >90%, >50% =i} =
+ Field reversal: 8h, 24h I “‘E% < T

Space constraints for the polarized targets
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Target experimental setup: COMPASS example

NH; material 6LiD material

-

=

=]
g

T T I T
— L ———

=<
o

1
- [ m— —
/,.._—
40 ) Data 2006 upsL average

Data 2006 downst. average  *
Datla 2004 upsl average

=2
o

Illllllllll

Polarization [%)]
3

1 day

N
o o

d & N
S © o

&
=)

Illlllllllllll

.1001|||||||1||||1|||11|||11|||1||||1||||1 N \
10 20 30 40 50 60 70 w0 ’ )

Time [hour]

time relaxation ~ 1000 hours
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Conclusion

 LHC proton continuous extraction with bent crystal on a
fixed (polarized or not) target offers many spin physics
opportunities

e High boost and large luminosities provide access to large
and very large parton x measurements for quarks and
gluons: QCD laboratory at large x

e Space and time constraints for the polarized targets
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Rapidity boost 1n a fixed target mode

* Very high boost:
— With 7 TeV beam

y=s/(2mp) = 61.1 and ycms = 4.8 O -
— With 2.76 TeV beam %\ target

v =38.3 and ycms = 4.3 X1 X2 O

* Yiab=YcM T Yous /
forward region: ycm>0 For a 2 — 1 process (e.g. gg—QQbar)
backward region: ycm<0

projectile

= M/\s e*yCM
e 1 =-Intan 0/2 (=y for massless X1,2

particles)
— With 7 TeV beam yeMm : QQbar CMS rapidity
ycm= 0 <= 0 ~ 16 mrad (0.9°) M : QQbar mass

¢ Yab= 48 oyecm=0—x,=x,

« backward region: ycm <0 — x, <X,
¢ Via(J/¥)~12 - x,=1

* Yian(Y)~24—-x,=1

Good condition to access large target x> and low xg=x1-x2—-1: target-rapidity region
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