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INTRODUCTION

The familiar (?) 1D world of Nucleon longitudinal structure:

» Take a nucleon
* Move it real fast along z

= light cone momentum

P, =Py + P, (>>M)

 Hit a “parton” (q, g,...) inside
* Measure its |l.c. momentum

p. = pg + p, (M=0)
« = Momentum Fraction E=p, / P,”)
* In DIS: £=(q,- v)/M = xg; = Q?2Mv

- Probability: F(x)= %Ee,-z%(x)

l

In the following, will often write “f,(x)” for q(x) ") Advantage: Boost-independent



INTRODUCTION

Introduce two more quantities of interest:

* Proton spin S

» Parton spin s

- Now we have 3 vectors: 2, 5,5

- But: Every observable must be a scalar
* And: Spins are axial vectors!

 Finally: Must treat longitudinal and
transverse directions differently (boost)

- Can form two pseudoscalars: H=S-Z,h=5s"
and one scalar: Transversity T (see later) T =

Z

S -5

+ 2nd Structure function &(x)=1 Y ¢ (hH)q,(x)=1 Y e/ Aq,(x)
Agi= gt ()-gfl(x) "

In the following, will often write “g,(x)” for Aq(x) ") Not measurable in DIS



INTRODUCTION

So there we are: Parton model: DIS can access

2
Fi(x) =% ¥ ¢/q;(x) and F(x) = 2xF} (x)
i
g1(x) =3 ¥ ¢fAg;(x) and g5 (x) =0
i
ComplicationS' pQCD evolution and radiation

500 Ze [(Aq+Ag)®(1+% (Q)ac) “(QZ)AG® v

= access to gluons. oC,,6C; —Wilson coefficient functlons

SIDIS: allows flavor tagging = separated

N2 .2 qQ;, Aq;
q(x;0%),(h-H)q(x;0°) o | |
Complications: Higher Twist and resonances:
Traditional “1-D” Parton = Non-zero R = F /2xF,, g, 1
Distributions (PDFs) .

(inclusive, integrated over
many variables)



3-D Picture of parton flavor,
spin and momentum (TMDs)

q(H, Sl,x kl Jh, SJ_,Q )

INTRODUCTION

Now let’s put our 3-D glasses on!

q(x;0),(h-H)q(x;0%)

Traditional “1-D” Parton ?\m\ \ y x
Distributions (PDFs) P \'

(inclusive, integrated over

many variables) 3-D parton orbits (GPDs)

S —



TOWARDS A
COMPLETE PICTURE:

HOW can we access the full 3-D spin-flavor structure?

W production

Electroweak Probe to “see” partons...

L SN R SN g

> >
DIS = DVCS
Fi, 9 = GPDs

(1D only, no flavor tagging)

Hadron Production

Drell-Yan



THE THREE-
DIMENSIONAL PICTURE

What CAN we observe?

TMDs

> Have 2 pseudoscalars (h, H), 2 vectors(%,li)and 2 axial vectors (S,,5,)
» Observables depend on x (and Q?) and must be scalars!
> 3 possible moments without & :
* 1 (ordinary PDFs = unpolarized structure function f,)
* H-h (helicity PDFs = spin structure function g,)
. S’L 'S, (transversity PDFs = structure function h,)
> 4 possible momeﬂntsﬁlinear ink;:
. H(k 'S ) ( ' ) (“Worm gear” PDFs g., h, )
. S (k xz) (k xz) (Sivers, Boer-Mulders PDFS frt, hyt) L
» Further possibilities quadratic in k
« <k,?> moments of first three..

* “Pretzelosity” h, * (k S ) (k 5) 3(S, 5, )k} ]

1 [h |sy




A MORE DETAILED LOOK

quark
U L T
uin@” ' ®-@
L 21(&--@- b @--©-

200 —0C 5

b0 nd-é|nO@

*

N

...and <k 2> moments



A MORE DETAILED LOOK

T qLuark =
nuin @ h@®-@ 1 . ” —
n —olie Transversity” h, S R
ol Tl ®-@ s o- hld}@
{7 bg -6 HEG

") ...and <k, 2> moments

= 0" moment of transverse momentum, akin to f, and g,

= Different from g, because Lorentz boost does not commute with
rotation

» |nteresting in its own right: no mixing with gluons, sum rules and
bounds exist

» [naccessible in DIS, but as fundamental as the other two

» Requires SIDIS, Drell-Yan or hadronic reactions to access

= First results from HERMES, COMPASS, Jefferson Lab, ...



A MORE DETAILED LOOK

- Ta¥ " q . (]g % ") . .
. Sivers S, |k x2 Slice at fixed x
LN LEOMNO) 1.0f; : ' ; ' 1.0f; ' : :
¢ L a1 G- h @@~ down
e ®-©
g T féé)'@ ngé'@ l:#é@ 05} 0.5¢
> >
& ool & oo}
2 ;‘
May explain large single _osl 05
spin asymmetries in '
hadronic reactions; 10l , ‘ , ! 10l _
may be related to orbital o s 0, T 10 05 j oc.';ov 05 10
. x x (GeV)
motion of quarks Fig. Credit: A. Bacchetta, M. Contalbrigo, "The proton in 3D," to

appear in "ll Nuovo Saggiatore," bulletin of Italian Physical Society
Odd under time reversal T:

- all 3 vectors change sign
- But not a problem: T reverses initial state < final state

- Predict sign change between SIDIS and DY



A MORE DETAILED LOOK

quark
U L

sere  TEEL «Boer-Mulders”  §c(kox?)

®
O @
o| Tl®-0 e ®- b
:«: 1T®@ éé hﬁé)_@

= Correlation between quark spin and
transverse momentum even in unpolarized

nucleon
= Has subtle effect on unpolarized SIDIS

(cos2¢p moment)



A MORE DETAILED LOOK

“Worm Gear 1”7

U L
long. pol. target

L g1(&- @)~ b

o-&@lo|.
@@

=
ok

§ Tfé@- ng-é) n g -
" i : H(kl-sl)
“Worm Gear 2”

h(k, S, )

s Y



ky (GeV)

A MORE DETAILED LOOK

1.0F; 1.0F;
<k, %> moments
quark 0.5} 0.5}
U L T
0 S — C | .
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Beyond <k, 2>... Flavor dependence? Spin (h-H) dependence?
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Gaussian bell... ...or donut?
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A MORE DETAILED LOOK

quark
u L T
nujn@ SORO) 1] PR |
i heeree Pretzelosity
el Lo | 1 wdd Ly . .-
: Tf@@gé@m (kJ_.SL).(kJ_.SJ_)_%(SJ_.SJL)kf

Connected to
other TMDs




OBSERVABLES

E|€c+fon SCQ'«'QJ;VQJ — whet can we

Mmeasure ¢

TARGET

What o He [kelihood +o
He elechron caftered in

Pr~ngl= a7

™N Det'
EI N
Vv %40.0
find

fo que c(géfr‘[,,;“‘l’.

M,L,_ﬁ_r*

A

= cal AE = P/(lk) (erw secin)

Ae DEFENDS on the kinemates (E}E;Gz)

and e = /)rafaﬂ‘fohd,/

kinewmahe brn ;,a:umea/

9
*Noh: % = yfcﬁsl’Lc‘

Vo SIZE o}
bﬁ the dg/zg(-or'

A\M anO
Sk Atomic Ueight [l

Count rate (L = luminosity):

N=P-n, =Ao-&ne, a0 Nl _poor
A A e

In general:

Ao=A0(E'..E'+AE'6,..0,+A06,,¢..¢+Ap)
Limit of infinitesimal acceptance:
3
- 49 (£6.0)AE'AOAp =
dE'd0 dg
(use Jacobian to transform variables)

In case of more particles/observables and
finite phase space:

do
dE'dQ

AE'AQ

n

d'o
Ao = Pf hf f T (k..k,) Acc(k,..k, ) dkdk,...dk,

Space

where Acceptance is defined by detector
boundaries and bin sizes as well as
number of observed particles

(inclusive = only 1, semi-inclusive, exclusive)




KINEMATIC VARIABLES

ve-E=fi-f] Inclusive

G=k-k'; q"=(,§)=kK-k"

\

0> = ( _ ) =q’2—v2z4EE'sin%

Semi-=-lnclusive

9P, v ‘e Q’ _ 0’

k'P E’ _2q"PH 2Mv

so|qelieA uoyda

|

Hadron variables

W=\(B,+q")* =M*+(1/x-1)Q

P~ (ZV’\/ZZV2 - P b, )
z=E, /v
P, = ‘13” (sin6, cos¢,,sinf, sing,)
X =71= b g

P; ™ (max)

E+|ple
—|ple

Ip|c
E

Rapidity artanh—-

1
2
Pseudo-Rapidity n=—1In [tan(



A NOTE ABOUT SPIN OBSERVABLES

1.

e

“Little known” fact: A single spin-1/2 particle is always “100%
polarized” along some direction — can be represented by P
An ensemble of spin-1/2 particles (target, beam) can be fully
described by the average of all P's = P (0 <length < 1)

(related to density matrix p; any ensemble with same p is indistinguishable)

Any observable can only depend on A - P (A= analyzing power)

If ensemble has a quantization axis (e.g. B-field in target), P will be
along that axis (e.g. z-direction), and we can write P, =(N' —N*)/(NT +N')
Spin-1 ensembles (like polarized deuteron targets) have both a
vector polarization (P,) and a tensor polarization (P,,) along
quantization axis. In general, one has a vector and a symmetric
tensor to describe all components; they rotate following usual rules.
Example: P.=(N'+N'-2N°)/(N'+N°+N') . General form of cross section:
o=0,[1+3p A, +4p A +2p A ++(p, - p WA, -4,)] (x in the scattering plane)

This can be generalized to double-spin asymmetries, e.g.

o=0, 1+%PZ(A§ +hAjd)+%Pzz(A;z +hAjf,)]

Rotational and parity symmetries dictate spatial dependence of A's:
A, and A, must be odd functions of ¢, A, must be even in ¢ etc.



ON TO SIDIS

Trento Conventions

- § Phys.Rev. D70, 117504 (2004).
, Kk’ T

Q% = (k—K)?
y=v/E

r = Q?/2Mv
z == Eh/l/

U unpolarized

L long.polarized

Target polarization T trans.polarized

l \ .
o = oyy + Pioyrsin(é — ¢s) + PyPropr cos(¢ — ¢g) - ..
ASin(Qb_QbS) — ouT

UT —_ sin(q)—q)s.) moment of the cross section for
ol unpolarized beam and transverse target



SIDIS CROSS SECTION

do _ Bacchetta, et al., JHEP 2(2007)093
dx dy dv dz dgy, dP2 |

? ’ ? K K "4
a Y v COS Py,
1 F 2¢(1 + F
2yQ2 2(1 — &) ( + 21:) { vur +eFyur + 2e(1 + €) cos op Fyyyy

¥ ¥
+ € cos(2¢p,) F,‘}?j-%" 4+ Xe V2€(1 — ) sin ¢y, Flsllz}‘p" Leading Twist
- ¥ ¥ _ _
+8) | V2e(1 + &) singp By ® + esin(2¢n) Fypp 22" Sub-Leading Twist
! P ¥ (extra factor of 1/Q)
+S)he | V1 —€2 Frp + /2e(1 — €) cos ¢y, Bf5 0 (i.e. R=0U/071=0)
15y 'Sin( o — d) (FEE09) 4 c EGN—4)) Ay = {UL terms}/ {UU terms}
i ’ ’ A, = {LL terms}/{UU terms}
+& sin(gn + ds) Fipp ") 4 ¢ sin(3¢p, — ¢5) Fypp0n %) etc.
. . {
+v/2e(1 + ) sin pg FIR95 1 \/2¢(1 + ¢) sin(20n — dg) Fomeen—9s) Each F now
depends also
1810 [V o o) 20 4 Vi comos e | B anSVerse
momentum Ph.
+v/2e(1 — &) cos(2¢n — ¢g) Froe@or—os) } ‘ . J




STRUCTURE FUNCTIONS vs TMDs

2(h-ky) (h-pr) — k-
Fyur =C[fiDy] Fyur=0  Eo*n= C’[— (h-kr) (MJI\Z) L pTthf]

oM [ h-k M, . DY\ k- My, H
B’ = c[— e (thiL+ - 1 )— o (:cle1+ 7 hf;)]
7

Gin 2M h-k ML Gt h- M

’Q My, M M

FSin20n _ C 2 (Fka) (’AL'PT) - kT'pT
UL o MM,

- oM [ h-k M, G+\ h- M, , H
[S]L¢h:—C[— MhT (CUhLHl +ﬁgu;—)+ JT(Qﬁfi'Dl hh'lLL ):|

hi H1]

Frp = Clg1.Ds]

oM [h-k M D+ h. M E
- B[Rk (it - S 2 ) - M2 (i + G )|

+ ...




WHICH OBSERVABLES
ARE POSSIBLE?

Use similar symmetry consideration as for the TMDs
Have now 3 vectors:

2=Glq;Roc(k+k)=2 (k+k"2; By I Py y
2 axial vectors:
y=kxk";S,

2 pseudoscalars:

h,—h;H=S"?

Once again, observables must be scalars...



AZIMUTH @, &,

= Scalars:
cosp=P,.-x/P,
sin® =-S5,

= Pseudo-scalars:

—

Sin¢=PhT°)A’/PhT

cosP,=x-§,

= Scalar combinations
cos’ ¢ —sin” ¢ = cos2¢;
cos¢gsin®; +sinpcosP =sin(¢p + P )= Collins Moment;

cosgsin® —singcos P = sin(¢p - P ) = Sivers Moment



MORE POSSIBLE
COMBINATIONS

= Can also combine pseudoscalars with h, H:

AL

Bacchetta, et al., JHEP 2(2007)093

Leading Twist

Sub-Leading Twist
(extra factor of 1/Q)

0 (i.e. R=0/07=0)

L= {UL terms} / {UU terms}
L= {LL terms} / {UU terms}

etc.

do
n hyH : da dydy dz dpy dP2,
_ 2 2 2 "4 "4 ¥
hVH COS¢ % 2(1y_ 5 (1 + ;_.’17) {FUU,T +eFyu,L + v 2e(1 +¢) cos ép, Fl(}(;j'd)h
— ALL ¥ ¥
. + € cos(2¢p) Flcfsw" + e v2e(l —¢) Sinﬁbth‘l{;(ﬁh
= hysing P P
— ALU +8) | V2e(1 + &) singn Ep?" + esin(2¢n) Fip 22
= H-sing: : ¥ o
] ¢ ’ + 8N | V1 — €2 Frp+ /2e(1 —€) cos ¢y, By o
H-sin2¢ :
— AL +18.11 | sin(on — os) (Fgre ™ + e Bygpy )
= _..and more + e sin(6n + 65) Fyp T + € sin(3n — ¢s) B %)
cosines . (26, —55)
) +/2(1 +¢) sin ds Fgpp®® + /2e(1 + €) sin(2¢n — bs) B+ %S
and sines

+181 e {\/1 — €2 cos(gp — ) FER@n=5) 4\ /92(1 — €) cos pg FERS

++/2¢(1 — €) cos(2¢p — ¢s) Fz;s(zqsh_‘;,s)] },

( Each F now
depends also
on transverse
hadron

momentum Pn.
. J




BUT WHICH OBSERVABLE
MEASURES WHAT TMD?

This is where | have to leave it to the experts... (time’s up ;-)

The measured final state hadron momentum is a
complicated convolution of initial k;, hard scattering, final
state interaction between struck quark and nucleon
remnant, and hadronization — cannot study independently
(except in e*e’)

Need models not only for TMDs but also for FFs

Things get even more messy: pQCD evolution (actively
worked on), higher twist (lots more TMD PDFs!), current
vs. target fragmentation, “gauge link”...

Experiments are also challenging!

... S0 it ain’t as easy as | (hopefully) made it seem



THE PRESENT
SITUATION - TMDS
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WHAT’S MISSING?

» Tensor charge of the nucleon (analog to vector and axial
charges)

> Full mapping of all 11 TMD PDFs as a function of quark
flavor in the valence region

> Test of universality

> Test of prediction that time-odd TMDs (e.g., Sivers
asymmetry) change sign in Drell-Yan processes

» TMDs of sea quarks and gluons

» Towards a “wave function” of the nucleon including
angular orbital momentum
(Wigner distribution? Lattice comparison?)



WHAT DO WE NEED?

(Polarized) Beam

Electrons or muons — y*; pions, protons, antiprotons?...

(Polarized) Targets (or counterrotating beams)

Protons, deuterons, 3He [for n], antiprotons?...

Detectors

For scattered/produced electrons/muons and hadronic debris
= Need to distinguish e’/py/m/K-... and e*/y*/T*/K*/p..., measure y/n, reconstruct m°, n,...

= Cover relatively large acceptance for both scattered particle and produced hadron/photon;
usually require moderate kinematic resolution

P

Facilities coyarss
{ } —

%% ..!effe?son Lab [Fands  E|C




SUMMARY: COMPLETING
THE PICTURE

>

Y VYV

£|O>

Au/u and Ad/d at high x still poorly constrained JLab @ 12 GeV X

What is happening with the strange sea polarization?
>0? =0? <0? Zero crossing? (Tension DIS — SIDIS) COMPASS, JLab

Is the sea polarization isospin-symmetric? JLab high x; RHIC W, COMPASS

Gluon helicity distribution at large x and a small x? What is
the integral AG? JLab + COMPASS (NLO), RHIC, COMPASS

What happens at really small x << 0.01?
Tensor charge of the nucleon ALL

Full mapping of all TMD PDFs as a function of quark flavor in
the valence region JLab @ 12 GeV

Test of universality RHIC

Test of prediction that time-odd TMDs (e.g., Sivers RH|C, COMPASS,
asymmetry) change sign in Drell-Yan processes  a|R JpARC..

TMDs of sea quarks and gluons



ADVERTISEMENT






ACCELERATORS

Surf the
microwaves!

Accelerating cavity: disk loaded cylindrical wave guide
use TM,, mode to get a longitudinal electric field
match phase and velocity

INPUT QUTPUT
COUPLER COUPLER

MATCHING 1RIS APERTURE ‘\,

ﬁ .; m:{-ﬁq»«'m’m’mrwh -i new

old

DESY Jefferson Lab



ACCELERATORS - 2 EXAMPLES
» Superconducting Linear Accelerators (CEBAF at J Lab)

add new hall
- 2K niobium cavities, very low resistive losses
- Recirculate few times, 100's of LA "W°"‘°"”'e‘°‘\

double cryo

- High gradient (5-50 MeV/m = 4-12 GeV) worate / o cavecty
- CW extracted beam on external targets \ A "{ upgradelgnets
- Thick targets = high luminosity - ; e ponersspRies

- STor'age rings (HERA at DESY, RHIC at BNL)

- Large circulating currents (mA)
- Recirculate millions of times
- Require only modest (re)acceleration

- CW internal beam on thin gas targets
or counterrotating beams
(typically lower Luminosity)




POLARIZED ELECTRON BEAMS

Insertable Rotatable  yqcyym
Halfwave Pockels Cell Halfwave Window
Plate Plate

- l | GaAs
Photocathode

Laser Linear
Light Polarizer

L a

JLab polarized electron source

List of Ingredients:

Circularly polarized laser light
» Ti-Sapphire or Diode lasers
» Polarizers, Pockel cell, A/2 plate
Photocathode (Semiconductor covered by
Alkalide, e.g. Cs)
» Historically: Bulk GaAs (<50% Pol.)
e Strained GaAs (breaks degeneracy of 2
energy levels)
« State of the art: “Superlattice” - Thin GaAs
on top of GaAsP (> 85% Pol.)
Beam transport
» Wien filter - crossed E and B fields to rotate
spin direction arbitrarily
* Injection into main accelerator
Acceleration (account for precession)
Beam diagnostics (emittance, phase lock,
polarization...)



POLARIMETRY

» Mott polarimeter (e-Nucleus scattering) at
low energies (injector)

*  Spin-orbit coupling in electromagnetic
interaction (electron magnetic
moment “sees” current due to moving
nuclear charge in its rest frame)

» Moagller polarimeter (e-e scattering) in
experimental Hall, use magnetized iron
foils (spin-polarized €e’s)

» Spin-spin coupling in electromagnetic
interaction

« Asymmetry can be calculated as
function of electron energy and
scattering angle from QED

» Compton polarimeter - polarized laser light
interacting with electrons

« Similar to spin structure functions —
electron can only absorb photon with
opposite spin direction

Don Jones, 2" prize 2011 Poster

-70m

TOP VIEW

Low Energy: focusing
High energy: defocusing always defocusing

Quadrupoles

A H :{

Magtized
Fe target

Competition JLab UG meeting

" beam pipe

10" particle
exit flange -




OTHER POLARIZED BEAMS

Polarized muons: Create pion beam (proton-nucleus interaction), pions
decay via weak interaction => muons are “naturally” polarized via parity
violation in weak IA (select polarization kinematically). Example: CERN

Electrons and positrons

in storage rings: Strahlrichtung _ HERA-B '- Transversales Polarimeter
Spin-dependent part of : $—( o4 :
synchrotron radiation : :
emission leads over time W

to build-up of transverse zeus ( S~ —N H1
polarization (Sokolov-Ternov : 0 : |
effect). Spin rotators at ; Spmrol ator 2 :
interaction points -> o () e s
Iongitudinal polarization. Longitudinales Polanmeter HERMES Ll

Example: HERA/HERMES

Polarized protons: Atomic Beam sources (HFS of H, D...); avoid
depolarizing resonances while accelerating!

More exotic: Polarized anti-protons (spin filters),...



-
Beam

4-94

POLARIZED PROTON AND DEUTERON SOLID
TARGETS

Microwave

NMR

Signal

Input

To Pumps To Pumps
- —_—

Iy ' l
[li LN2 LNo j]]
Liquic Liquid
[] Helium Helium []
T3 Al
Il N\EAANIP I

Magnet
NMR Coll
—=B
Target —= 5T
(inside coil)
1°K
[[[ I

7656A1

Frequency

List of Ingredients:

\k )
0 o Signal Out |—

| | Refrigerator
n_ & L__:L;E

Polarizable Material (high H content) with paramagnetic
centers = unpaired e (irradiated or chemically doped)
e Alcohols (e.g. butanol)
¢ Ammonia - ®NH; and >ND,
e HDIce
(Very) Low Temperature
e About 1 K for (continuous) dynamic polarization -
pumped-on liquid “He bath at low pressure
e 100 mK or less for frozen spin mode - 3He/*He
dilution refrigerator
Dynamic Polarization in high B-field
e About2.5-5T ->unpaired e- 100% polarized
» Polarization transferred to nuclei via HF transitions
(simultaneous electron and nuclear spin flip);
requires 70-140 GHz microwaves (few 100 mW)
Holding Field (for frozen spin mode; can be lower)
NMR system to monitor polarization
Insulation vacuum, beam and scattered particles ports

Considerations:

Possibly significant “dilution” by “inactive” nuclei
Beam must be rastered to avoid local depolarization
Target must be annealed repeatedly to alleviate
radiation damage (electron beam)

Total dose and current limitations (e.g., 100 nA max)
Transverse DNP targets -> large deflection of electrons



POLARIZED PROTON AND DEUTERON SOLID
TARGETS

Example:
CLAS polarized NH;/ND; target.

Typical polarization 0.7-0.9 (p) and
0.3-0.4 (d)

Polarized NH3 {

Carbon disk

Empty Cup
Cross Hair



TRANSVERSE POLARIZATION?

Top View

beam
ol

gzsloolm

<z

N

Room
Te,m Fem(:w.

Access

—

P

Acceptance:
OTrans < 22.5 degree (forward cone)
55 < OTrans < 125 (transverse)

O©BendPlane ~ full coverage (except for support

structure)

et —
H__IIJ‘.-—

Goal:
Let beam exit in
horizontal direction

Issue:

Strong
electromagnetic
background from

synchrotron
radiation

Chicane system

s

e
=

i

e
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OTHER EXAMPLES FOR SOLID TARGETS

ﬁ } 1000 mm |

SMC/COMPASS target —

Largest in the world
(3 cells with opposite polarization)

3He — “4He dilution refrigerator
(T~50mK)

SLiD or NH; 50/90% polarization
2.5 T solenoid

Future longitudinally polarized
target for CLAS12 (11 GeV

program at Jefferson Lab)
» Horizontal “He evaporation cryostat
« 5T B-field provided by central detector




OTHER EXAMPLES FOR SOLID TARGETS - HD ICE

Frozen solid of HD molecules

Polarize (brute force) at 0.010 Kand 15T
Store + transfer at 2K, run at 0.05K
Advantage: little background material, can
measure H and D simultaneously
Disadvantage: Don’t know yet whether it will
work with electron beam...




POLARIZED PROTON AND DEUTERON GAS JET
TARGETS

Example: HERMES

» Atomic Beam Source (Stern-
Gerlach separator, HF
transitions using RF circuits

» Open storage cell to get
densities of up to a few times
10" nucleons/cm?

« Differential pumping system

* Circulating beam

e* beam
magnet coils storage cell
storage cell " Hermes Targetzelle
: iron yoke
sextupoles : P p— Polarisationsmessung
RFT . -
nozzle chopper
n

chopper E} - IJ}
- I
II . /</\

n { n detector

e

sextupole detector

ABS B TGA BRP




POLARIZED 3HE TARGETS (APPROX. POL. NEUTRON)

Collisional Mixing

il;eemdn Splhitting

M=-1/2 M =+1/2




POLARIZED 3HE TARGETS (APPROX. POL. NEUTRON)
f [/l Diode Laser

e

% [/l Diode Laser
f |Z| Diode Laser

3x30W @795nm g Photo—-Diode for EPR

] Helmholtz Coils
Oven
7, -

Cell

Pickup Coils
Cell: L=40cm
windows: ~100um

_———

Polarization History |

E06010
65 A
Jefferson Lab. s
60
SLAC

8

a E02013
-8pA

Polarization (%)
& 8

5

E9911A7 A E97110

IS
S

IIIIII|IIII|IIII]IIII|\Illl\HI‘I\

El54 ~12pA
A AE94010

=
=
» 8
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o A
.\

Polarized 3He Gas Target "J) z) ")

To extract information on neutron,
one would assume :

*He' =0.865-n' -2 x0.028-p'

—— — —

* 10 atm 3He, Rb/K mix. 15 uA electron beam: L(n) = 103 cm?/s
* 3D holding field, fast spin flip (20 min). Polarization ~60%.

* 4 target spin configurations: up, down, left, right.



TYPICAL DETECTOR ELEMENTS

Wire chambers measure position (and angle)

2.

3.

4

7\ -HV (thin foil or wire grid)
gas L
. / . o +HV (thin wires)
/ -HV (thin foil or wire grid)
charged
particle

Charged particle passes through wire chamber and knocks out
electrons from the gas.

Electrons drift in the E field fo the cathode wire, colliding
with gas molecules

Close to the wire, the mean free path times the electric field
is large enough to ionize the gas molecules. Avalanche!

Read the signal on the cathode wire (time gives distance)

SII’T\I'GF‘ GasElecTronMulhpl er's IJMEGAS

Applications: VDC, Multi-layer drift chamber (track —>[3 ), TimeProjection Cramber



TYPICAL DETECTOR ELEMENTS

Scintillators: time (= f = particle type) and energy measurement
(typical resolution: down to 50-100 ps for plastic)
» Typically a doped plastic or crystal (eg: Ge, Nal, BaF,)
» Charged particle passes through scintillator (or neutral particle
interacts) and excites atomic electrons. These de-excite and emit light.
« Minimum energy loss (when By = 1) is dE/dx = 2 MeV/(g/cm?)
Cherenkov counter: threshold velocity measurement.
* Typically an empty box with smoke (ie: a gas) and mirrors
 Local light speedisv=1/n<c
* Particles travelling faster than v will emit Cherenkov light
(an electromagnetic ‘sonic boom’ ) = threshold CC (yes/no)
* The opening angle of the Cherenkov cone is related to the particle’s
velocity = RiglmgnsCHeenor (Measure f = particle type)
AlsSO: T ansiionRadiatonDetector, . .



TYPICAL DETECTOR ELEMENTS

Electromagnetic shower counters:
measure energy (also time), discriminate electrons and detect neutral particles
* Electrons and photons passing through material shower
« After one radiation length of material on average:
* Electrons emit a bremsstrahlung photon
* Photons convert to an electron/positron pair or Compton-scatter
» After =10 radiation lengths, one e~ or y is now ~1000 particles
 Simple design: alternating layers of lead (R, = 6 mm) and scintillant
Higher resolution: Heavy metal glass (Pb glass, PboWO,) combine both
*Particles shower in the lead A
*Charged particles deposit
energy in the scintillant

Also: Hadronic Calorimeter, y counter...



HIGH RESOLUTION SPECTROMETERS

Jefferson Lab Hall A

Typically small acceptance but high
resolution, very good shielding
(— high luminosity)




LARGE ACCEPTANCE DETECTORS

Trigger Hodoscopes %

Drift Chambers
°LiD target

Multipkeity/Vertex
tector

Time Expansion
hambers

Pad Chambers

%
1 E
CENTRAL MAGNET

! § : Ring-Imaging
Muan Trackmg ‘ \ Cherenkov Detector

- Chambes [Time-of-Flight
| Detector

Muan lde‘nﬁﬁer Electromagnetic | P Hl/‘ —E NIX

Calorimeter

He-Target

Magnet

\E\erenkov

Magnet Back
Chambers || Chambers

Front

Chambers

| TRD | |Hodoscopes |

.| Calorimeter

QL

IRRRRRI

HERMES

.....
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CLAS12

Base equipment

= Forward Detector

- TORUS magnet

- Forward vertex tracker
- HT Cherenkov Counter
- Drift chamber system

- LT Cherenkov Counter

- Forward ToF System

- Preshower calorimeter
- E.M. calorimeter

= Central Detector

- SOLENOID magnet

- Barrel Silicon Tracker

- Central Time-of-Flight

Proposed equipment

- Micromegas (CD & FD)
- RICH counter (FD)

- Neutron detector (CD)

- Small angle tagger (FD)

Under construction; expected to begin data
taking in 2015 with upgraded 11 GeV beam

i Region 3 7 v \l

3y
[ -] Region 2 i

I 1 Region1 -

o

Central
cror| Detector

== :
A ' :
\ s Forward
| 127‘ Detector !'
*1- |
| i
|

| ”
7 L aw A
1! /" ‘

2m |

S

Solenoid

HTCC
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EXAMPLE DIS ON SPIN-1/2 TARGET

O' N
T o8|
do 402E"? (Fy(x) o0 Fi(z) . 56 < sl
— - 2 ] — 1+hP A F e, B
dE'dQ Q4 ( v oS 2 T M st 2)( r ) :.:z ++ u
2| |
A =D(A, +14,), target polarization along beam direction  ,;\g, f bt
A, =d(A +CA,), target polarization perpendicular to el ] LSS:E%ES
beam direction, in scattering plane Rl TR A .-
D, n, d, € are functions of Q% E’, E;and F, / F, 01 02 03 04 05 06 07 05 05 4
=7
S of
+ 5t 0<x<0.01
:~247 ﬁf% 0.01<x<0.03
3r Af é Ogsofsx:&g%s

............. 0.08<x<0.12
2i2ez-25.012<x<0.18

: ’ R o
Spin BN
= 540
Structure iR N T
: 08V
Functions 7lq * Ja - 0sscecoss
) T 0.5 Pk
gl(x,Q ) =—(A1 +LA2)F1 04'@ SMC + COMPASS
1+7 \/; V2 03 A EI55 i gi“i -.}.___‘_____E)A65< «< 1
) T T=—0 YMJILabEG] V.
gz(X,Q )= —(\/%A2 - AI)FI 0 10" 1 10 ,  10%,
I+7 Q° (GeV")



ANALYSIS STEPS - RAW ASYMMETRIES

beam target

++

Define n" = P d[aall + GHPIJ++Pt++ (aALL + ﬂALT)] etc.
[ Lat
Integrated luminosity potentially time-dependent detector acceptance, efficiency,

(charge) uncorrected luminosity

++ -+ — +-
n -—n n —-n

Amw = T+ or A = _

++ —+ raw —_ +—
n +n n +n

Note: it is very important to properly treat integrated luminosity (beam charge).
Watch out for dead time, truncation and pile-up.

For typical electron DIS experiments, lepton spin flips frequently, and any changes of
acceptance and efficiency tend to cancel out if one calculates asymmetries separately for
each target polarization (take average to cancel false and PV asymmetries)

M beams have fixed polarization, so one has to be more careful about systematic
uncertainties from variations of acceptance and efficiency that vary on the time scale of
target spin flips (or over the length of a target).



ANALYSIS STEPS - CORRECT FOR DILUTION

“Rest” contains nitrogen, liquid helium and foils for cryogenic
DF = "u DNP targets; Al wires for heat removal in HD ice targets, and
n, +ng,.,  contributions from N, and glass windows for 3He targets. Note:
Some of the above may be slightly polarized! (e.g. nitrogen)

Typical procedure:

750
R T @ Measure distances, thickness/density and composition
__________ of all target components as precisely as possible
"". @ Develop accurate models for (radiated) cross sections
5675 ' 5825 from all elements found in the target
i | Kaptor @ Use auxiliary measurements on well-defined targets
__________ -le (e.g., “empty” cell and a Carbon slab) to calibrate and
Nindow =7 : to fit unknowns (e.g., the packing fraction of ammonia
S675 © 5825 beads inside the cell)
: @ Get smooth representation of ng. as function of
__________ kinematic parameters (E, E’, for xand Q?) i~
; ® Divide measured asymmetry by DF ;
d s
Al Banjo Windows (gray) L~ 2.18 cm o o
Helium filled (gray shading) o1 o Q-2
Note: Plan ahead to have enough o
Example: EG1 in JLab’s CLAS auxiliary runs! ’ -

3
W(GeV)



ANALYSIS STEPS - NORMALIZE FOR
POLARIZATION

Polarizations must be either measured directly — e.g., beam polarization via
Maller or Compton polarimeter, and target polarization via NMR — or inferred

from auxiliary measurements.
One example: Exclusive H(e,e’p) reaction has well known double spin

asymmetry — measuring it gives product P, P;:

A

Pth = ﬁ IPhi between e and p p{e.e'p) | ﬁ
Making use Of the fact that the 500 :_f ........ .........................
exclusive reaction is 4-fold T O W DR
overdetermined, one can apply tight :
CutS that reduceS the unpolarized m;_ .........................................................................
(nuclear) background and makes DF & @ &l b
close to 1 (and very well-known). s

b b po e S o1 i e aos

Pré 172 174 176 178 188 182 184 188 188 198



ANALYSIS STEPS - CORRECT FOR BACKGROUND

Possible sources of background:

» Particles misidentified as electrons
* Most likely 1T
* Need to carefully evaluate acceptance and rejection efficiency of
cuts on EC and CC signals as function of kinematics
» Misidentified hadrons
* Need to understand performance of ToF, CC and other PID
detectors; most likely problem: separating K*’s from both 1" and p
» Electrons that come from other processes than scattering
« Photons converting into e*e- pairs; Dalitz decay m° — ye*e-
« Charge symmetric — correct by measuring e* rates
» Polarized nucleons in the non-H target material (e.g., N in NH; is slightly
polarized)



ANALYSIS STEPS - CORRECT FOR HIGHER

ORDER QED CONTRIBUTIONS

ik 0.5
04
VOI“lOUS codes

“RCSLACPOL” developed
at SLAC or POLRAD

Internal radiative

=
=

-
(\®]

Asymmetry
>
() ek

=
=

corrections - Kuchto & 0.2
Shumeika
-0.3
External radiative
corrections - Tsai 04

\\\\‘\\\\‘\\\\‘\\\\5\\\\‘\\\\‘\\\\‘\\\\‘\\\\

— Born asymmetry
----- Radiated asymmetry
O A, measured (radiated)
® A, Born (radiatively corrected)

EG1 parameterization

o[
p—

The radiative correction includes an

additive piece and a dilution.

12 13 14 15 16 1.7

W(GeV)
Meas

Born ||

= + Agc
Fre



ANALYSIS STEPS - MODEL INPUT

» Need parametrizations of cross sections on various nuclear species for
dilution factor

» Need parametrizations of unpolarized structure functions to convert
asymmetries into cross section differences and polarized structure
functions

» Need model for all types of structure functions for Monte Carlo
simulations and radiative corrections (often iterative)



ANALYSIS STEPS - PHYSICS RESULTS

— 002
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UNTANGLING DOUBLE AND SINGLE SPIN
ASYMMETRIES

beam target
\ / N*™ " ( 1
—d oy

det DF”

+Pb++ALU + R++AUL + Pb++Pt++ALL) etC_
tlme -dependent detector acceptance, efficiency, uncorrected luminosity

In electron SIDIS, beam helicity can be flipped so rapidly that conditions can
only change on the longer time scale of target polarization reversal =

SR (W 2V Yo )
LL ~ " Tt port _ +
‘P’?Pf b | T DF" DF P (n +n” )+E+d_(n +n" )
d
- ++ —+ d+ + —_ +—
Rl e -e)
Sl L e M L Gy
Pl |P
. DF: br- n*en _d(n+_n ) " en _Z(n+_n )
(Pt +Pt) P (n+++n_+)+ P Z_(n"+n+_) <DF> P (n+++n_+)+ P Z_(n"+n+_)




DILUTION: ADDITIONAL CONCERNS

> Dilution Factor depends not only on x and @2, but also on z, P, ;
and possibly even ¢,
« “Smearing” of all kinematic variables due to scattering on a moving
nucleon inside nucleus; nucleon off-shell (“EMC?”) effects
* In addition to EMC effect on parton distribution, nuclear environment
has strong effect on hadronization: v and z-dependent suppression
(transparency), P, broadening, secondary interactions...
* Much less well-developed models (but important data from HERMES
and Jefferson Lab)
> Requires fit to ratios of rates on o}
physics/reference targets with
several parameters that are

reasonably well constrained. sl

Dilution Factor
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DILUTION: ADDITIONAL CONCERNS

Rati PNH3 * pf * rpp * -137 + pHe * atthe = (bl — pf) % rdp + ppj * attal = al * ralp + PNHg * attn * pf * rdp * %—4
atio_, =
7r PCyp * attc * cl * rdp + ppye * atthe x (bl — cl) = rdp + ppj * attal * al * ralp
p * pf * rpp * 3
Dilution__, = NH3 17
™ PNH3 * attn * pf * rpp * % + pHe * atthe x (bl — pf) * rdp + p 5 * attal x al * ralp + PNH5 * attn * pf * rdp * %—‘71
2 2 2 1+F
rpp(Q°, xb, z) = (4 * u + Ds(Q", xb)) + (4 * Us(Q“, xb) + d) ¥ ————
(1+ G *2z)2
2 2 2 1+F
rnp(Q°, xb, z) = (4 * d + Us(Q“, xb)) + (4 = Ds(Q“, xb) + u) ¥ ——— ———
(1+ G *z)2
2 2 1+ F 2
rpm(Q°, xb, z) = (4 * u + Ds(Q“, xb)) * ————— + (4 = Us(Q", xb) + d)
rpp + rnp (14 G * z)?
rdp = ———
2 2 2 1+ F 2
rnm(Q ,xb’z)=(4*d+ US(Q ,Xb))* _ +(4* DS(Q ,xb)+u)
(1+G*z)2
13 * rpp + 14 * rnp
ralp = u= UV(Q2,Xb)+US(Qz,Xb);

27

d = Dv(Q?, xb) + Ds(Q?, xb);
rpm + rnm

dm = ——
rdm > B 27 % [ pt ° ]
attal = 1+ —— e (E) c+l_oa] lJ
13 % rpm + 14 * rnm (25)7 > (04 +2) N
ralm = L b
57 B (4 )§ pt
atthe = 1 + - 1. A -1
(Z)A = (045 +2) \12 C+ 3(z—0.4)
1 D
attc = 1 + £ (2)3— — mE
(Ze)A % (0.45 + 2) \12 C+ 3(z—0.4)
B 14\ 1 pt P
attn = 1 + (_) 1. A -1
(5)A * (0.45 + 2) \12 C+3@z-029




WHAT ELSE DO WE NEED?

» Target and Beam Polarization
« Can use similar methods (Mgaller/Compton scattering, NMR, inclusive
and exclusive scattering)
» Backgrounds
« Same as DIS...
* + misidentified hadrons (11* vs. K* vs. p)
« + combinatorial background (1% — yy)
« + accidental coincidences
» Radiative Corrections
» More complicated but less pronounced than for inclusive scattering
« POLRAD, HAPRAD and various generators... oo o 0.008099 + Al

> Extract moments (sing, cos®, sin2¢, cos2¢,...) < ot b 01555 - 0005759

p2 0.001555 + 0.009759

« Fine binning and fit o:: /'/*LLM
 Moments; correct for acceptance MZ; 1 w
» Monte Carlo simulations for acceptance etc. ME A trom NH3 part B
» Models = TMDs, GPDs,. 5 0 m% ' '
> Final results, Toos| -
. . o ﬂ] b S
publications, S ;H
-0.05 - |
talks,... . T . 4

P L - =-0. L L L L L L
0.25 0 0.25 0 0.25 0. 0 0.5 0 0.5 (] 0.5 1
X P, (GeV/c)



SUMMARY

Polarized beams

+ Polarized targets

+ Detector Elements

= Data

- Backgrounds

| Polarization*Dilution

apply radiative corrections etc.
= Observables

Use models to interpret

= FINAL RESULTS



