Probing the nucleon structure

What have we learnt during the last 30 years?
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Probing the nucleon structure

A brief story of the nucleon

Proton and neutron are the basic building blocks of the visible matter of the universe

Nucleon ldentity card (PDG):

Proton Neutron
Q=+e Q=0
M,=938.27 MeV M =939.57 MeV
S=Y% S=Y

1,=2.79 py  (x,=1.79) n,=-1.91 pn, (x,=-1.91)



Probing the nucleon structure

A brief story of the nucleon

ldentified in 1919 (proton) and 1932 (neutron)
Until 1933: they were thougth as

a point-like particle, like electron




Probing the nucleon structure

A brief story of the nucleon

1933-1960: extented object

1933: Stern (NP 1943) measured
the anomalous magnetic moment
1rst evidence the proton is not point -like

1955: Stanford : e beam of 1 GeV > elastic scattering
Hofstadter (NP 1961) measured the charge radius of the proton =~ 0.8fm



Probing the nucleon structure

A brief story of the nucleon

1960-1980: nucleon composed of quarks and gluons

1964: Gell-Mann and Zweig (NP 1969) postulated that
there are 3 quarks in the proton: uud
-> hadron spectroscopy and classification

1969: Stanford: e beam of 20 GeV —> deep inelastic scattering
Friedman, Kendall, Taylor (NP 1990) found quarks in the proton

Feynman, Bjorken Gross, Politzer, Wilczek (NP 2004)
Quantum ChromoDynamics (QCD)
v'Asymptotic Freedom
v'Confinement



Probing the nucleon structure

In 1980:

We know a lot and we know little

Proton is made of 2 up quarks (e=2/3) + 1 down quark (e=-1/3)
+ any number of quark-antiquarks
+ any number of gluons

Still fundamental questions ?

Origin of mass?
M, ~ 2000 x M,
~10% from Higgs interaction
~90% comes from the motion of quarks and gluons

Proton spin crisis 1987: the valence quarks contribute very little to the proton spin



QCD: still unsolved in non-perturbative region
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o (Q)
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Gross, Politzer, Wilczek (NP 2004)
Asymptotic freedom 0.1}

0.1 E 10 0 [GeV]
Non perturbative regime of QCD
One of the top 10 challenges for physics
Nucleon structure provides much insight about how QCD

works in the confinement regime



Understanding the nucleon structure

Solving QCD

v" Numerically simulation, lattice calculations continue to make advances in
technigues and computing power

v’ Effective field theories (chiral physics, large N, ...)

v' (Phenomenological models, fits of structure functions...)

Experimental probes

v' Require clean reaction mechanisms with photons, electrons

v' through low and high-energy scattering off the nucleon



Probing the nucleon structure

What has been done during the last 30 years?

Old Chinese compass

Exploration



Probing the nucleon structure

What has been done during the last 30 years?

Hand-held compass

Consolidation



Probing the nucleon structure

What has been done during the last 30 years?

—

Dist to Next
| 11.97
Time to Next
eb:4

0 Speed
3 40.07

GPS compass

Precision



Probing: Lepton-nucleon scattering

Hypotheses:
v'One photon exchanged

k E . VM, <<

lepton
Q*=-g°=4EE sin?6/2 >0
p xg = Q*/(2p.q) = Q*/(2M,(E-E’))
in lab.

proton for fixed target

Elastic Scattering: X=proton
s=(p+q)*=M_2- Q2+ 2p.q=M?* => xz=1

at fixed beam energy E, only one variable Q? (E’ and 0 are not independent )
- Form Factors (Q?) => Consolidation and Exploration at higher Q?

- Nucleon radius (from Q?—=>0) => High Precision, but also need of Consolidation



Probing: Lepton-nucleon scattering

Hypotheses:
v'One photon exchanged

k E . VM, <<

lepton
Q*=-g°=4EE sin?6/2 >0
p =Q%/(2p.q) = QZ/(ZIVI (E-E"))
in lab

proton for flxed target

Deep Inelastic Scattering (DIS): the proton is broken in many debris X
s=(p+q)’=M_*- Q*+2p.q > M > => 0<xz <1
at fixed beam energy E, 2 variables (E’, 0) or (Q?, x;)

(eq = eq)

elastlc

We learnt that: opglep 2> eX) = X
incoherent



Probing: Lepton-nucleon scattering

Deep Inelastic Scattering (DIS):

opslep 2> eX) = X Ogugicleq 2 eq)
incoherent

Quark parton model (QPM)

» Point-like, non-interacting partons

» Collinear to the nucleon movement in
photon-nucleon collision (longitudinal direction)

» Each parton carries a fraction x of the nucleon
momentum and for the struck parton: x= x;

» Scaling: observables function of x; (at first order)

longitudinal size contracted
time dilatation
tlrnehadronization >>time v*q interaction

Parton Distribution Functions (PDF (x))
unpolarized => High precision
polarized => Nucleon Spin Crisis Consolidation

More on transverse information
momentum: Transverse Momentum Dependent PDF

position: Generalized Parton Distributions (GPD) => Exploration in 3D



Lepton nucleon or nucleus scattering

Giant
resonance

Elastic _
Quasielastic
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2]
Q2 w=E-E’
2m

Elastic: Ax=hc/\q | exploration of distance of 1fm with 200 MeV

Deep Inelastic: q and o varie independently
At=hc/® 1nstantaneous picture to observe free proton



The main facilities in the world (1980-2015)

+KEK 6 GeV e* (Belle) || + MAMI (Mainz Microtron) 1.5 GeV e-




The main facilities in the world (1980-2015)

+KEK 6 GeV e*(Belle) || + MAMI (Mainz Microtron) 1.5 GeV e-




Kinematic domain (Q?, x;) for DIS
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Elastic Scattering

- Form Factors (Q2) => Consolidation and Exploration at higher Q2

- nucleon radius (from Q?=>0) => Very High Precision and Consolidation



Elastic Scattering

Spin-less point-like electron in a the static Coulomb field given by a charge Z of infinite mass

do Za\’ 1
o= 1@ = (37) s PO [F@ = [ o(PeTd'r

— 2
=0 Rutherford ‘ F (lf) ‘

Relativistic calculation for a spin % electron in the EM field given by a charge +e and finite mass

4 _ < F(D? with o :
d? Mott coil Mot = 4|2 sin*(0/2)
d—g — (d—g) _ X ‘F(@ ‘2 The Form Factor measures
d dS1/ point the deviations from a structure less particle

*Point particle :  p(7) = (%) F(q) =

*Spherical distribution: p(7) = p(r) S [0 ) sin(gr)rdr
=2
i 2y, L4 Ta
—1—— 0+ — M+ ylor expans.
L= Ut )T

2 - — —_—
<T > _ aq2 ‘CI =0 | Quadratic mean charge radius of the nucleon




Form Factors for sphere or nucleus

p(r) 1
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Scattering on a spin % particle: ep =2 ep

a(ks,) | u(k’,s)

_JAflep) — _ ;u _ign'-”" i
l.f'lf == ‘} —gﬂ J

o) 12 1 ep) (2
| M| = 7 Z M)

r
Sc 156 SP:SPI

P(pss pi(psy)

General expression for the hadronic current according symmetries of the interaction

I = (i) ) | @)+ o) 5y

) ?

Dirac and Pauli Form Factors

T qv] u(p)

With Gordon identity

—1€ — ¢ : y . v :
T = Fag, ") [F:L(QE} Py +iou ¢"(Fi(q®) +F2(q2})] u(p)
charge () moment magn. i
Q=-¢>0 Fi(0) = @Q N l

— + K
FQ(U) = K )‘_{N Q



Scattering on a spin % particle: ep =2 ep

do E" | 5 y
lab
do E' | Gpt7Gy 2 haracterize th
ag = O Mot [ + 27 characterize the
(d )Zab ot B 147 magnetic interaction

with a particle of spin 1/2

do B E’ EGQE—I—TG?W

(d_Q)meMOttE[ e(1+7) ] |
» 0

e = [1+2(¢%/Q?) tan*(0/2)]~" T

Electric and Magnetic Sachs Form Factors ( Fourier Transform (TF)
of the charge and magnetization distribution in the breit frame or brick-wall frame)

Gp(Q?) = F(Q°) — T2 (Q%) Gp(0) = ¢
Gu(Q7) = Fi(Q*) + F»(Q7) Gpu(0) = pun




Measurement of Form Factors (Q?)

Rosenbluth separation:

We plotoy= €(1 + 7) dg b1 — eG + TGy,

!
dQ B 0o

Fixed Q? = use of different beam energies to get different ¢

oc

'
e e'0,, q 0.2}

C

D

av

0.15

» Different scattering angles
=> large systematic effects on the slope = G,

> Atlarge Q2 G% < TG?M

= Method to determine GM

0.1

Q? = 0.593 (GeVic)

[ Intercept= G,,
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Measurement of proton Form Factors (Q?)

1. 5
1.2
11
X I 1] L A
1 ¥1‘¥WM15;:—.‘¥-:- R _i}_ﬁ S
YT H AT

0.9 } I
0.8
0.7 4 Qattan * Hohler < Berger

) @ Andivahis ¥ Murphy o Price
0.6 m Walker 4 Borkowski | # Litt

X Simon ¢ Bartel 4= Janssens

0.52 .ZJ.J...JI1 11.1..... s o L L

10° 2210 10 210 1 2 3 4 5678910

) 8 Hceth

11—
1.05

1= {L ---------------------
0.95 q
0.9 — {

Q
S
~
=
0
S

2\ —2 i
+ Qatian W Walker o Berger G D= ( -I— Q—)

0.8
0.75
@ Andivahis » Hohler  Price 0 7 1 { }
0.7 ¥ Sill & Borkowski + Litt
r Bosted > Bartel 4= Janssens
D'ss 1 1 1 1 1 L1 I 1 1 1 1 L 1 L1 I 1 1 1 1 1 L1 1 I 1 1
10° 2107 10" 2:10" 1 2 3 4 567890 20 30
Q2 (GeV?)

Dipolar approximation with G:
Contribution of an effective double pole in the time-like region
FT -> exponential distribution p(r) =exp(-0.84 r) non physical

th separation

deviation from the

 dipolar approximation

TF— p(r)=em

04

1|_5
Q*(GeV %)




Measurement of proton Form Factors (Q?)
th separation
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Measurement of Form Factors (Q?)
New Double Polarization technique:

: . Detectors in the focal plane
polarized e- beam + unpolarized target Rear straw chambers

and a polarimeter

Front straw chambers
- recoil proton analyzed in @
a magnetic spectrometer \

o=o0q[l+ P.PA,0)sin¢’ x
+ Pepz S1n XA (9!) COS (ffﬂ trackers of the C2unalyzer \1//
J/ i charged part|cule polarimeter y
Beam polarization Analyzing power analyzed in the spectrometer
Spin precession

Beam spin asymmetry

0,08 rr—{mrrmr r———

—Tv/2¢(1—¢)GgG < ' ' *-N- . ,
P.'E j— \/_ EGQ (+TG)2 EYTAM ‘£ 0.04 — Q?=8.5 GeV? j#iﬁ#\ — BSA= N N =3 S|n(1) + b cos (I)
517Gy e NN
p, = I, A
¢ T WG tTGy, e h g _ a _Px _ G
o | | b Pzsiny Gy
Proposed in 1967 Akhiezer Rekalo O e o, w0, 20, 300 a0, :
¢ in degrees No systematic effects due to

but only experimentally possible

since high duty cycle facilities advent Beam polar and analyzing power

as they cancel out in the ratio



JLab - Hall A

i .Détec‘reurs
de plan focal

Polarimétres
Compton| [ Moaller

Moniteurs Spectro. de haute résolution
faisceau QQDQ 22




Measurement of proton Form Factors (Q?)

bluth separation

SURPRISE !!!

{
ohalrization technique

e pGEp/ GMP
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Difference persists between two techniques

150 = ! I T
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—0.50 N R TR R B B
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Q* (GeV?)

»Jlab Rosenbluth separation data
confirm earlier data and global analysis

»No evidence for experimental errors
for either of the experimental techniques

»Two photon exchange (TPE) amplitudes
can explain a significant part of the
discrepancy

» Intensive theoretical and experimental
effort on adressing the TPD effect



2 photon exchange proposed as an explanation

Rosenbluth separation

Q%=2.64 GeV?

1.256

Prediction wih two photon exchange
Guichon, Vanderhaeghen 2003

0 0.2 04 06 08 1.0
Polarization technique e

Z — fit

~n— 075 GEp-

n” o . : GEE?“

0.70 - T
= P 1
Co. | Jlab data Meziane 2011

 Q2=2.5 GeV?

1
0 0.2 0.4 0.6 0.8 1.0



What we learnt from the Q2 Evolution?
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What we learnt from the Q2 Evolution?
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Lattice QCD calculations
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Neutron Form Factor as a function of Q2 ° k
p

No stable free neutron target |“ é
Neutron form factors measured using quasi-elastic electron scattering
from deuteron target (p+n) or polarized 3H, target |

~90%
0.1 - . —————2H(Z. ¢'i7)'H 2005-6 MAMI —MIT
" F A Neutron Hecoil Polanzation 5 ! oy
B : o Polarized Deuterium H(e; e'n) 2001 Jlab4
0.08— . O Polarized He-3 347 — 3 T — !, i
® Thiwork He(€, e )_}HE’(L, e'n) 2003 MAMI -Jlab
- caranrn <> 9] 2H(§|1 e’p)n 2008 Blast MIT

BLAST fit

0.06 B _ .
(r2) (—0.1148 £ 0.0035) fm?
] |
0.04 ()= —6 dG(0?)
i dQ* |
= m= = (Glazier [25]
0.021 = = = = VMD + DR [4] _
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Cloudy Bag RCQM [6] 7
0 | . | . |

0.5 1 1.5
Q’/ (GeVic)*



Meaning of G_.P and G;"

The proton and neutron charge distributions obtained from Fourier Transform of G_.” and G;"

—_—
i
= T
Proton & Neutron
i

0.02r 1 2 4
\/T(fm)
-0.001f ud d

neutron=proton+ 7 cloud

Q = Jp(r) 4nrédr=0

<r2 > = [rZp(r) 4ar2dr< 0

(rZ) = (=0.1148 £ 0.0035) fm?
2008 Blast MIT




What is the real size of the proton ?

8 July 2010 | www.nature.com,/nature | £10

OILSPILLS ¥

The battle for e
ival
- £

There's moreg, % 5

to come \) £
PLAGIARISM 5
It's worse than &
you think ?
CHIMPANZEES

F N 002805509 |HH

The Muonic hydrogen Lamb shift
gives the most precise measurement
of the proton charge radius with an
unprecedented precision of 0.1%

This value is much smaller

(5 standard deviations) than

the other measurements using

e-p scattering and standard Lamb shift.

UNEXPECTED !

Publication: 8 July 2010
and quickly spread on all the media

Then:
v'16 theoretical papers in 2 months
v'several planned experiments



Proton Form Factor

Focus on measurements at large Q2

but what is the situation at low and very low Q2 ?

» 2010 (PRL105 MAMI Bernauer et al.) :
The lowest Q? is 4x103 GeV?, super Rosenbluth separation

» 2011 (Jlab Zhan et al.) :
Q? € [0.3:0.7]GeV?, Polarization technique

» Planned experiment Q% [2x10*4 :2x102]GeV? in the future at JLab



Results for the proton charge radius

reP in the 2 last years
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Hydrogen Lamb shift

recommended values

of the Fundamental Constants



Lamb shift

(1947) subtle difference between the binding energies of the
2S% and 2P 2 (pure radiative QED effects such as ‘self energy’ and

‘vacuum polarization’) i l

_ | — There is also extra corrections for hyperfine splitting,
2 recoil and proton structure...
QL p—
— n=3
\ - - <, -
2512, 2P1 2 2P, /2 F=0
= Y
n=1 \ F=1 P
Y o
\ ].Sl /2 s ., E=” o
Bohr Dirac Lamb hfs-splitting I'p
E =R, /n? e~ spin QED proton-spin proton size
V ~1/r relativity HYS ~ i - i Vo 1/r



Muonic hydrogen Lamb shift and proton radius

muonic hydrogen =~ p mass m, =207 m,

8.4me¥:2
4.4 (= ) N Bt i
2(Za)*c* o, up(n=2) levels: 2P, ;—<7—F=1
ma s do F=

35213 r'p

ﬂugﬁnite size (HE) —

206 meV
50 THz
6 um

Lamb shiftin up: AE(2P53% — 2513 =

209.9779(49) — 5.2262772 + 0.0347 ) [meV]

finite size contribution is 2% of the up Lamb shift

fin. size:
3.8 meV



up Lamb shift experiment: principle

New 5keV muon beam line at PSI

Muons stopped in H, gas at low pressure =» excited pp atoms (n=14) are formed

time spectrum of 2keV x-rays ‘prompt” (¢ ~ 0)  “delayed” (¢ ~1 us) Laser
2p tunable
e _ - Laser:
o N 2 5—4 around
ﬁ —
£ 10°= frkev A=6nm
£ F / 50THz
¢ L . ) 206MEV
1']3 = u’/ r
102 =
10 =
3l L1 e W%Mﬂﬂwﬂ_ﬂ

0.5 1 1.5 2 25 3 3.5 4
time [us]



up Lamb shift experiment: principle

New 5keV muon beam line at PSI
Muons stopped in H2 gas at low pressure =» excited pp atoms (n=14) are formed

time spectrum of 2keV x-rays “orompt” (t ~ 0) “delayed” (t ~1ps) Laser

- P tunable
2 F /) Jo9° o ,_SM around
o) — : =
o~ A=6nm
£ 10" = TkeV v 2keV ¥
o E - S0THz
s [ 206mEV
Q 1_5_L
10° = , .
= - delayed K4
— normalize —— = Resonance
— prompt K,
B R i —
102 = =
— E G
— = |
- % 5__ [l
| E E | ||
+;+
— | ]
| E E ! ] %
- kb ESER N
e i
1 z q—H%—HHL‘ T
L D ] * } t
0 -

ELo T P R S
49.75 49.8 49.85 44.9 49.95
laser frequency [THz]
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Delayed / prompt events (104)

up Lamb shift result

Our value

i
!

|

H,O calibration

49.75 49.8 49.85 49.9

Laser frequency (THz)




UNEXPECTED! Skrinking the proton

Conclusion: what is wrong ?

- Spectroscopy: Missing element in the QED corrections
in the bound up system...
- Lepton Scattering: Need of very precise and very low Q2 data...

The proton, already an old-fashioned objet,
but still embedded in exciting challenges



Deep Inelastic Scattering

Parton Distribution Functions (PDF (x))
unpolarized => High precision
polarized => Nucleon Spin Crisis Consolidation

More on transverse information
momentum: Transverse Momentum Dependent PDF

N _ S => Exploration in 3D
position: Generalized Parton Distributions (GPD)



Probing: Lepton-nucleon scattering

w

e
-~

longitudinal size contracted
time dilatation

Deep Inelastic Scattering:

opslep > eX) = X Ogugicled 2 eq)

incoherent

Quark parton model (QPM)

> Point-like, non-interacting partons

» Collinear to the nucleon movement in
photon-nucleon collision (longitudinal direction)

» Each parton carries a fraction x of the nucleon
momentum and for the struck parton: x= x;

tlmehadronization >>time v*q interaction
> Scaling: observables function of x (at first order)

The inclusive cross section is described by 4 structure functions:

unpolarized
F1(x ), F2(x ),
_ 1 2 _ Fax)

a(x) =g (x)+q (x)

probablity of finding a quark with a fraction x
of the nucleon longitudinal momentum

polarized
g1(x ), 82(X )

g1(x) = ! Z eﬁ&q(x) g2(x)=0

g=u.d.s
Ag(x) = q"(x) — " (x)

probablity of finding a quark with a momentum
fraction x and spin // to that of the nucleon



Probing: Lepton-nucleon scattering

longitudinal size contracted
time dilatation

Deep Inelastic Scattering:

opslep > eX) = X Ogugicled 2 eq)

incoherent

Quark parton model (QPM)

> Point-like, non-interacting partons

» Collinear to the nucleon movement in
photon-nucleon collision (longitudinal direction)

» Each parton carries a fraction x of the nucleon
momentum and for the struck parton: x= x;

tlmehadronization >>time v*q interaction
> Scaling: observables function of x (at first order)

The inclusive cross section is described by 4 structure functions:

unpolarized
F1(x ), F2(x ),
_ 1 2 _ Fax)

a(x) =g (x)+q (x)

probablity of finding a quark with a fraction x
of the nucleon longitudinal momentum

polarized
g1(x ), 82(X )

g1(x) = ! Z eﬁ&q(x) g2(x)=0
g=u.d.s

Aq(x) = q"(x) — g~ (x)

o - @



Probing: Lepton-nucleon scattering
Deep Inelastic Scattering:

opslep > eX) = X Ogugicled 2 eq)
incoherent

QCD improved parton model

> at finite Q?, partons interact
=>» PDFs and structure functions depend on Q?
=>» gluons are visible (in the Q2 evolution)

The inclusive cross section is described by 4 structure functions:

unpolarized polarized
F1(x, Q% ), F2(x, Q? ), gl(x,Q?), 82(x,Q?%)
A =2 3 eq(x) =22 (=L T @agx) &) =0
1\X) = zq_ . qd\X) = 2x gi(x) = 5 Zd €q q(x)
=u.d.s q=u.d.s
a(x) = q"(x) + q (x) Aq(x) = q"(x) — g (x)
‘ quark PDF  q(x,Q?) Aq(x,Q?)

and gluon PDF  G(x,Q?) from F, evolution AG(x,Q?) from g, evolution
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Very gentle QCD evolution Still not so well known

Factorisation scale Q2 few GeV?



Unpolarized quark and gluon PDF

MRST2006 (NNLO)
=20 GeV?

Global fit
on the world data




Universality of PDF

Physical cross section = cross section for partonic process (y*q=> q or qq_é v*) x PDF

Deep Inelastic Scattering (DIS) {p=> O'X Drell Yan (DY) np=> (- X

% .- }

,Y*
e c

Factorisation: scheme dependent!




nucleon spin crisis

Aq(x) and Aqg= |, Aq(x)dx
AG(x) and AG= |,! AG(x)dx

Need of longitudinally polarized beam

and longitudinally polarized target



The spin of the nucleon

Naive quark parton model QCD: sea quarks and gluons Orbital angular
AZ=Au, +Ad, =1 Ag, AG momentum
Lo, L8

Note A means J,! dx

=2 AL+ AG+LA+L}E

AX=Au+Ad+As ~ 0.6 QCD with As =0 (Ellis-Jaffe)
~ 0.12+0.17 EMC (1987) surprise!



The structure function g, and its first moment

1
2@ =5 3 &Aq(x) = [ @ da

g=u.d.s

In naive QPM + SU(3)

p _ 1[4 1 i ' —
e — 2{9Au+gAd+9A8} with  Agq fACI(fE)dZU

= %‘(Au — Ad) + %!Au + Ad—2As) 4+ %‘(Au + Ad 4+ As)
a3 ‘/56'-8 @0

General sum rule (OPE)
p,n _ 1 {_ 1 1
Iy =15 (——03 + ﬁCLS) T 520
- }
P Q%%
Neutron decay hyperon decay P
/ gA/gve a3 3F_D9 as ao - AU+Ad+ASEAZ

measured first
by EMC in 1987

ap=0.12+0.17 surprise!



The structure function g, and its first moment

1
2@ =5 3 &Aq(x) = [ @ da

g=u.d.s

In naive QPM + SU(3)

p _ 1[4 1 i ' —
e — 2{9Au+gAd+9A8} with  Agq fACI(fE)dZU

= %‘(Au — Ad) + %!Au + Ad—2As) 4+ %‘(Au + Ad 4+ As)
a3 ‘/56'-8 @0

General sum rule (OPE)

ri”” = 11—2 (::a3 -+ %CLS) -+ %ao

e P 2400
A crisis in the parton model: 7 Q
where, oh where is the proton’s spin? g = AU+Ad+As=AY
measured first E. Leader' and M. Anselmino?®
by EMCin 1987 Birkbeck College, University of London, London, UK

Dhipartimento di Fisica Teorica, Universitd di Torino, 1-10125 Tonno, ltalv

ap,=0.12+£0.17 surprise!

Recerved 18 March 1953



How to solve the spin crisis?

W. Pauli : | In polarised DIS, one measures a, flavor singlet axial
i matrix element at Q%+«

v"  In the MS renormalisation scheme
a,= A2
v While in the Adler-Bardeen and JET schemes
(axial anomaly)

a,= A — (o /2m)n; AG

So a large positive value of
AG (~3 at Q?=3 GeV?)
might resolve the spin crisis ?

¥ . | s
Pauli and Bohr wondering about a tip
top toy (1955)
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Huge effort during
the past 20 years
Today: COMPASS, HERMES, RHIC

» new measurements of g1, Ag
> first measurements of AG

COMPASS points to nucleon spin

NEW PARTICLES CENTENARY
In Majorana: genius

US
elusive axion p19 and mystery p23




Polarized Beam + Polarized Target °LiD(d) and NH,(p)

e to be measured:

Upstream Downstream
il 1 cell cell
alt —a
A= — — | — i Compass
all 4 gt —— —- Ny = Ng | i
L I—beam | spectro
e flux normalization: i’
polarization
. i, ratation
Aexp = 37 | =
_'T\ru —|— _hr fd | <— :

i, || e=m N - N

e acceptance difference:
Polarisation rotation

e take average asymmetry:

A4+ A

1
a’%f::{}: . — =
T Hex > 2(

_'?\r'ru — _'?\"Tn‘ I _'r\"r:r — P{::
i?\rru + i?\'rd *'?\'T.i- + ;?\'r::;

— minimization of bias

elegant and eflicient strategy



Asymmetry measurement

Aexp ~ A A= Dx A B0
fP,PrD ey
u.e E> "L
* Inclusive scattering v 19
= ;
2.9 2 h
Zq qu]. (X, Q ) p ury (C,:C/D

Al =

d ()
Yqegf (x, Q%) \

D depolarization factor
P, target polarization
P;target polarization

f dilution factor



Spin Structure Function g,(x,Q?)

Using inclusive data

0.08

1 2 8~ P
S S =l oo AN
qg=u.d.s 008 . £143 % [ %
0.055 « E155 ;
0.04F| * HERMES lﬁ I 91
> Very precise data 0,03 - SOMPASS }{1 I
0.02F } [ 1 H{Y ' }
> Only COMPASS for x<0.01 (Q2>1) o.o1§—§ . (T 1 i
& 02"
og ) - Jll 1 1 1 11 | lll il il 11
_— 0.04—
» COMPASS Deuteron data Y | = SMC _
fromI'l1 @ Q2 2 «© - u.us% E::z deuteron H}Wﬂh
u.ozé +HERMES d Hie l
a0= A 3= 0.33 + 0.03 + 0.05 |« cowpass o {
As+ As=1/3 (a0-a8) 0.01 { : ]Hﬁ ] {
=-0.08 £0.01 £0.02 05 . % ] { [ﬂ%i _
= B R ?
What makes up ~0,01:r Laal {{ | 1 [ Ll | L1 1 111

the missing 70%? : X



Direct Access to the Gluon polarisation (SIDIS)
tp> U h X

Measured in photon-gluon fusion (PGF)

AG
Al = Rpofaper— + A
| Y pgf 9 pgf G bdf
Fraction l
of process
Analyzing power
calculable at LO and NLO

Background

2 signatures to suppress the background: P
K

» g=c and charm hadronization in meson D° (cu) =2
Detection of D° mesons
Very clean signal but limited statistics

T

> soit q=u,d,s and q q = hadronl + hadron2
Detection of a high p; hadron pair
Physical background, better described at high Q?



Gluon Polarization: from LO to NLO

W COMPASS highp_ Q >1 (GeVic), 02-06
m B ® COMPASS, high Py Q<1 (GeVic)?, 02-04
1 | @ COMPASS, Opeg Charm, al! @ 02-07, NLO
q - | O SMC highp_ Q*>1 (GeVic)
- A HERMES, highp_, all@*
> | | —— Dssv, NLO,u%=3"
—— DSEV, NLO,u?=13
0 5 -_ +/-g(x): MRST2007NLO, uf=3 .
L +/-g(x): MRST2007TNLO, u?=13 .ngh P LO
0 m""’""'""""""""‘""‘""" — -‘;_.4-,
- NLO
- charme
-0.5 — |
- Preliminary
=
| | IR | L1 . .. _
1072 10" X Xg =fraction d’impulsion
g dugluondansle nucléon

< All results compatible with avec 0! (a0=A )

** Confirmed by RHIC results in pp
Let’s go to measure L, !



So far the partons were consider collinear to the nucleon movement
in photon-nucleon collision (longitudinal direction),
but what else about the transverse information?

Transverse spin
and transverse momentum



Proton Sivers effect in tranv. pol. SIDIS: (pT-> € h X

0.05

—0.05

Ao

i : —— x Asgj, sin®
Azimuthal cross-section asymmetry: o Siv S

¢'5 — Oph — Qs

COMPASS 2010 proton data

a COMPASS positive hadrons
I © HERMES®T PRL 103 {2009

i;i‘ﬁ(} ;

=(0.032 preluninary

& COMPASS negative hadrons
= HERMES 7 PRL 103 (2009)

B % B B %
: : :

BRI ] i%g{:ﬁ% """ —Eiai%{%# """ } """" %(}%*% ; """" — }

'1'{'}'_3 10'1 - x 03 '12 03 ip;;‘ (Gel‘;f}c}

After a long debate
this effect is actually
observed



Observation of large transverse single spin asymmetries

Ay (%)

49 GeV
2GS

60 PRL 36, 929 (1976)
mn.

§ . .9
20f T &%
O %

o ------------- 0—--«
) -
-40 |
B0 2 04 06 08 1

Xe

ppT> =/ + X

6.6 GeV
AGS

PRD 65, 092008 (2002)

02 04 06 08 1
X¢

persisting at large energy

19.4 GeV 62.4 GeV
FNAL RHIC
60 PLB 261, 201 (1991) 60 PRL 101, 042001 (2008)
a} TR + 40| BRAHMS
®
é. e

0  alasation 6"0" ''''''' 0‘ s 6 """"""""
-20 - O o -20 O
40} ¢{> 40} N (%
_m aaaall | T PP PP YT P | | . | _w } 1 [ TR R RO TP P P e

02 04 06 08 1 02 04 06 08 1
Xe X
from Christine Aidala, Spin 2008 and
Don Crabb & Alan Krisch in then Spin
2008 Summary, CERN Courier, 6-2009

CERN Courier, June 2009



and what’s next

Focus on transverse structure of the nucleon

» Transverse Momentum Dependent TMD PDF
— Study of SIDIS and DY

>

» Transverse size and orbital angular momentum :
Generalized Parton Distributions (GPDs) —>

- Study of Exclusive reactions

« COMPASS-II programme (2012-2016)
Jlab 11 GeV (start in 2014)

RHIC

JPARC

and more future ENC, eRHIC/ELIC, NICA



from inclusive reactions

Deep Inelastic Scattering

x boost

Parton Distribution q ( X )

PX

to exclusive reactions

Deeply Virtual Compton Scattering
up—> WPy

Y 1, Q2 @fy (or meson)

-

Generalized Partons Distrib. H(X,&,1 )

(Px, bj_)

Observation of the Nucleon Structure

in 1 dimension

in 1+2 dimensions



From 1D

ECG: monodimensional information on heart activity

to 3D

Functional MRI:
tomography of heart activity




Generalized Partons Distributions (H,E,...)

= Allow for a unified description of form factors and
parton distributions
= Allow for transverse imaging (nucleon tomography)
and give access to the quark angular momentum (through E)

singlet pion valence
quarks, gluons / cloud quarks
] ff P : ] fﬁfﬂf
f-"f-_ .H-FF"JF#-F_ "'Ffji -
xP \ |

y! |
1
_____ [ A R S - ! | — I
longitud.

F

x~0.003 x~0.03 x~0.3

Impact parameter b,
Longitudinal momentum fraction x Tomographic parton images of the nucleon



expected nb of events
@

20

2

T g T T

Contributions of DVCS and BH at E.160 GeV

o

Deep VCS

o

:

Bethe-Heitler

do o |TPVCS|2 + | TBH |2 + Interference Term

0.005 < xg; <0.01

[ [BH+DWVCS - = [DWCSE

[ === |[BHP == Interference

-150 -100 -50 L] 50 100 150

b (deg)

BH dominates

excellent

reference yield

0.01 < xg, < 0.03

I — |BH+DWCSE —_ = [DWCSE

£
%25'_—-— = amn Interference
EZU—
s
10:—
.
o LA TEmRITT
_IIIIIIIII-I.I.;-Ill_lllIIIIIIIIIIIIIIIIII
-150 100 -50 (] 50 1000 150
¢ (deg)
study of Interference
> Re TOVSS
or Im TPVGS

expected nb of events

&

Xg; > 0.03

Monte-Carlo

0
T

I
T T T

[ e [BH+DWVCSE
[ == [BH

— = [DWC S

= Invterference

Simulation
for COMPASS
set-up with
only ECAL1+2

Missing
/CS acceptance
thout ECALO




Transverse imaging at COMPASS

d.VcS [dt ~ exp(-B|t|)

B(xg) = %2<r ?(xg) > related to % < b, ?(xg) >
distance between the active quark distance between the active quark
and the center of momentum of spectators and the center of momentum of the nucleon
Transverse size of the nucleon Impact Parameter Representation
mainly dominated by H(X, =X, t) q(x, b, ) <-> H(x, £=0, t)
2 . .
<r, > singlet pron valence
L7 quarks. gluons / cloud y, quarks
0.65 +0.02 fm \
I \
0.5 _|H1 PLB659(2008) o . - . -
i COMPASS
0 | | | 1 -—________.a-' f.____.___.--" __,--""/
0% 10”7 107 107! 1 — -
Xg
x<0.01 x~0.1 x~0.3
0.65 =22 0.8




B (GeV™?)

Transverse imaging at COMPASS

d.VcS [dt ~ exp(-B|t|)

8
6 [ IIIIIIII* IIIIIIIIII * IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

] — w0
. “ ----------- o =0.26

i ZEUS <Q > =32GeV’

I v HI-HERAI <Q > =4GeV’
2 - « HI-HERAT <Q'> =8 GeV’ + ¢ o o

i with ECAL1+2

- « COMPASS <Q’> =2GeV’
or 280 days at 160 GeV

— ¢ o o o

B with ECALO+1+2

i | | 1 1 L1 1 || | | 1 1 L1 1 || | | 1 1 L1 | || 1
107 10~ 107 107" Xg

B(xg) = %2<r,2(xg) >

r, is the transverse size of the nucleon

2 years of data
160 GeV muon beam
2.5m LH, target
8gIobaI =10%
ansatz at small x;
inspired by
Regge Phenomenology:

B(xg) = by + 2 o’ In(x,/Xp)

o’ slope of Regge traject

> without any model we can extract B(xg)



Transverse imaging at COMPASS

d.VcS [dt ~ exp(-B|t|)

B (GeV?)
[

“ O DVCS test in 2012

- -
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

4| “ ........... =026
ZEUS <Q > =32GeV’ | _

I v HI-HERAT <Q'> =4GeV’ 7 With 1 week
' + HIHERAIL <Q7> =8 Gel ¢ o o +/ Using the 4m long RPD

- with FCAI 1+2 the 2.5m | LHD t ;

) ) + _

- « COMPASS <Q’> =2 GeV’ € z.omlong arge
0 B 280 days at 160 GeV

I ¢ o o o 1/40 of the complete

| with ECALO+1+2 . ..
2T statistics

1 || | | 1 1 L1 1 || | | 1 1 L1 | ||

10 107 107 107 Xg

> 2012: we can determine one mean value of B
in the COMPASS kinematic range



The GPD E is the 'Holy-6rail’ of the GPD quest

the GPD E allows nucleon helicity flip &\ q%
so it is related to the angular momentum —> —
= F —
P P

Ji sum rule: 2J = [ x (HIxg0) +E9 xg0)) dx =~ 7%

Constrains on the GPD E

t

Y Fy(1)-E)

-Using a neutron target 4" = Fi(#)-H-

-Using a transversely polarized protontarget

AL o« Fy(f)-H-F(t)-E)



Potential of these experiments

A model-dependent case-study

-1
0.5
0 H.
0.5 F
| A lab |
Modgl VGG
-1hl||||'*"§£"%-" ";iflll
-1 0.5 0 0.5 1
Jd

JHEPO6 (2008) 066

In the near future

Two main actors
- COMPASS (sea quarks and gluons)

- JIab (valence domain,
with a huge luminosity

An important activity
For global fits on the world data
(Mueller, Guidal, Moutarde, ...)



contributions to nucleon spin

Lattice QCD calculations

06— l . . . . b———— :
LAzt a3 | S i
04l * "R . 2 = . 2 0.3; n "
8 !
O
! 3 0.2t
02+ E [
4 ! " - & ) |
o 2 s o1
00 _5 : Jd
1,50 2 00—
ﬂl} ﬂ § ch ;EAZE-O u @t | § I & D]
02} L I |
o e , 0.0 0.1 0.2 0.3 0.4 0.5 0.6
00 01 02 03 04 05 086 GeV?
MS at 4 GeV? mf[GeVE]

Ph. Haegler, 2010



Nucleon Spin is fun!

Still a long
and exciting trip




