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e Part. 3: Beyond collinear
> TMD measurements
> GPD measurements
> Future opportunities

*Special thanks to J. Roche for the materials
on GPD measurements.



Collinear PDFs

® Collinear parton picture: three parton distribution functions
unveil the information on the 1-dim structure of the proton

q(x)

Aq(x) L P = P
A 4

(Sq(X) | ‘ - V .:

Unpolarized parton
distribution functions (PDFs)

Helicity PDFs

Transversity PDFs



Collinear PDFs

® Collinear parton picture: three parton distribution functions
unveil the information on the 1-dim structure of the proton

4(X) £9(x)=q° (%) +q~(x)

A £100=0()—q"(x)

sq(x) h'x)=q"(x)-q" (x)

Unpolarized parton
distribution functions (PDFs)

Helicity PDFs

Transversity PDFs



2+1D Imaging of Nucleon Structure

2+1D
. dx
1D dk,
v Y
Parton Distribution Functions Form Factors
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Transverse Momentum Dependent
Functions

Leading twist TMD PDFs

Quark polarization SIDIS Dreli-Yan and W, £
Unpolarized Longitudinally Polarized  Transversely Polarized lepton lepton &
had
(V) (L) (T) TThY— . adron . /lepton
J ; ) hll - T B l proton—K \khadron protonAK ~~ lepton
' Boer-Mulders
HERMES, COMPASS, JLab COMPASS, STAR, SpinQuest
L g,z (o= = ht= 2= = O~ e+e- annihilation pp collisions
%
Worm Gear
Helicity (Kotzinian-Mulders)
’ ’ electron \ hadron hadron pion,..
) h,= 4 - 1)
L= (e _ o) ' ' Transversity . -
T fll ' gl] - ( @ - -0 | h . ; } pOSItI’On \k hadron proton |ept0n
Sivers ir T - ‘
Worm Gear :
Pretzelosity Belle, BaBar, BESIII STAR, PHENIX, BRAHMS
and FFS: Dls Gl’ HIJ- adapted from A. Prokudin et al. C. Reidl (D|82021)

» Sensitive to confined motion of quarks and gluons inside the nucleon

e Connection to OAM: Off-diagonal part vanishes without parton’s transverse motion
> Pretzelosity: Link to quark OAM (model-dependent)

e Accessed via various processes (SIDIS, DY, e+e-, p+p)

» TMD factorization and universality test
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TMDs from SIDIS

e Semi-Inclusive process is ideal to study TMDs
Naturally have two scales: Q2 >> pr2, Aqcp?

* Access all 8 leading twist TMDs via spin (in)dependent
azimuthal modulations

do

drdydzd Pidondos

_ 2y (L
ayQ?2(1 —e) 21

X {Fc-pj + eFpur +\/26e(1 + €)% cos oy, + €Ffg; 2P cos 20, 4+ Ao/ 2€(1 — G)in{l Pr sin oy,
~ ; ; sin @ . sin 20 . A ~y ¢ o B 0S Qp, - 4
+ Sp[V2e(1 + ) F 1 sin gy, + €Fpp " sin 20y, + AoSp[V1 — 2Fpp + /2€e(1 — €) F7 7" cos ¢y

sin(op—@ sin(op—@s) sin(op sin(3¢p

+ St [([(;T_T ) 4 efyr T ) sin(¢n — ¢s) + €L +9s) sin(on + ¢s) + €Lyp —#s) sin(3¢p — ¢g)
+ /26(1 4 €) Fjn?S sin ¢g + /2¢(1 + 6)1"{};(2(")"_O‘\') sin(2¢y, — ¢g)]
+ AeST[V1 — €2 [‘E(}S((:)”_':)‘\') cos(op — odg)

+ v/26(1 — €) F779% cos g + 1/ 2€(1 — 6)]*‘2(}”2[)}*7(""“) cos(2¢y, — (;‘)S)] }

20



* Access all 8 leading twist TMDs via spin (in)dependent

TMDs from SIDIS

e Semi-Inclusive process is ideal to study TMDs
Naturally have two scales: Q2 >> pr2, Aqcp?

azimuthal modulations
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Sivers from HERMES

e HERMES “TMDs bible”

[HERMES, J. High Energ. Phys. 2020, 10 (2020)] 0.20 <z <0.28 0.28 <z <0.37 0.37 <z <0.49 0.49<z<0.70
35 02, F = 3
/\3 2’ 0.1 T ' ‘ ’
Zofue v M 3 T PV YA VI
& 0.15 - - £ -0.1
E 0.1 - + u +++i u & 0'2 f
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- o__+__+_____+ _______ e ++++++++
; |
-0.1 ‘
02 e e
02 - . -
" : : 01 4 . } R +
e Large positive amplitude, clear evidence of of++ - | LI TS| SRR AN S Y
non zero u-quark Sivers 0 |
. . . . . -0.2 - . — A - | —
* Detailed information from the 3D binning LE Y
(X, Z, pT) 0.1 ‘ " : ! oy
. . . ' ’ a ‘ ' 4
e Continuous rising of K+ amplitude due to 0 f+* dahhhhbb S |
different contribution from exclusive vector ~ °| ] ] 3
meson decays (less pronounced for kaons) 0 05 005 O s oo o

8EL'0> X>8600 860°0>Xx>2L00 2L00>X> €200
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Sivers from COMPASS

COMPASS positive pions x<0.032

< O 8 RS R ooy - PLB 744 (2015) 250

&
0.05F z ééé#(% ~ 5 i (})ﬁ { ~ : é* i l% ! ;"’ 0.1 TMD evolution
(X’ ?{»{.i g}}%* ! o= HERMES 4
O ==mmmr s R + """"""""""""""""" %’ £ o1 COMPASS 1
_005—1 RPN B 1 . L ] 1 | <
SFOT L COUmAS b 00 - :
O HERMES K'PRL 103 (2009) {) + 0.05
0.1 7 : 1 + S
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Modified universality

S/IhI?IS( kT’ Q ) — _f?:ﬁ/ WH/Z (X, kT, Qz) [Collins, PLB 536 (02)]

« Sivers sign change: fundamental prediction from the gauge invariance of QCD,
direct verification of QCD factorization

[COMPASS, PRL 118 (2017) 112002] [STAR, Phys. Rev. Lett. 116, 132301 (2016)]
z 1 z 1
- o COMPASS 2015 data ) < [ STAR p+p 500 GeV (L =25 pb™) < [ STAR p+p 500 GeV (L =25 pb™)
Sign change = o
- = DGLAP 9 g 0815 <P7 <10 GeV/e 0815 <P <10 GeV/e
0.1 = T™D-1 | - 0.6}
[ eeee TMD-2 ) s
L /—-———‘\ 0.4r
: _________________________________________ 0.2F
0 of
- -0.21 -
L C AW STy - BEW v
-0.1 i -0.45 , run17 proj. (L=350pb™, P=55%) 045 ', run17 proj. (L=350pb™, P=55%)
—0.6F — KQ - no TMD evol. —0.6F — KQ - no TMD evol.
- No Slgn Change X EIKV - TMD evolved X EIKV - TMD evolved
C_| U R A -0.8 - 3.4% beam pol. uncertainty not shown -0.8 - 3.4% beam pol. uncertainty not shown
0.5 0 0.5 P | A R
X -0.5 0 0.5 -0.5 0 0.5
F yw yW

» Measures SIDIS and DY with the

Fully reconstructed W kinematics via its
same detector

recoil compared to curves with sign-
> COMPASS DY results favor the change scenario

sign change hypothesis Agree with the sign change, improved

precision data expected. 21
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[HERMES, J. High Energ. Phys. 2020, 10 (2020)]
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Collins asymmetries

* |t can be also measured from hardons within jets in p+P  [s7aR, PRD 103 (2021) 92009]

STAR, Phys. Rev. D 97, 032004 (2018)

e _ pl+p—=jet+a + X {s=500GeV STAR Projection
"o | O0<n <1 ¢ =31.0 GeVic B o+o. s = 200 GeV (2015+2024)
=~ 0.05 n;et pTﬁl) — |l pip. is = 510 GeV (201742022)
-% IS B ® STARZ2011ax" 0.05 - pt+Au, Is = 200 GeV (2015+2024)
< [ [CIsTAR2011x
= ;I ,
0 ';_cn B
- = = 0
| w2
<
—  Model Curves Positive: »*
Model Curves Negative: x
| e=e= DMP+2013 %9+ KPRY =332 KPRY-NLL -0.05 —x7~0:13
T I B PR S SR SR AN TN TR N SR NN AT ST SR U N T PR R ) Closed points: n*; Open points:
0.1 0.2 0.3 0.4 0.5 0.6 02 04 06 0.8
7 Z

* Transverse spin asymmetries of the azimuthal distribution
of pions inside of jets

e First Collins asymmetry measurement in p+p

 Compare with models based on SIDIS/e*e™ : universality
and factorization

* Generally good agreement with STAR data
* No sign of strong TMD evolution in the asymmetries
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Transversity

> One of three standard PDFs, however least known due to its chiral odd nature

> Can be observed in combination with additional spin dependent final state
effects (e.g Collins asymmetry ~ Transversity x Collins FF)

- Tensor charge ‘ Lo i
- lowest moment of transversity 77 = | /0 hi(x) — hi(x)] da
> Fundamental quantity of nucleon. Can be compared with Lattice QCD

calculation.
[JAM, Phys.Rev.D 102 (2020) 5, 05400 (2020)]
6d GLOBAL * JAM20 ’":‘.—': : Pitschmann et al (2015)
€ Goldstein et al (2014) | * ® Hasanetal (2018)
SIDIS + SIA # Radici, Bacchetta (2018) | © B Guptaetal (2018)
SIDIS # Gupta et al (2018) I %l Alexandrou et al (2019)
0.2 F ¥ Alexandrou et al (2019) _.—h | Anselmino et al (2013)
#x Pitschmann et al (2015) J+ Goldstein et al (2014)
:.: ] Radici et al (2015)
) _.—‘ | Kang. (?t al (2015)
L w7 = + —.—r " Radici, Bacchetta (2018)
—-0.2 F > P —r | Benelet al (2019)
—_— D’ Alesio et al (2020)
| — & SIDIS
JAMZ20 e SIDIS + SIA
e~ GLOBAL
—0.6 1 1 1 I . 1

04 06 08 10 Su 0f5 1.'0 1_'5 2,'() gr

Spin and 3D Nucleon Structure, S. Park
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Transversity

> One of three standard PDFs, however least known due to its chiral odd nature

> Can be observed in combination with additional spin dependent final state
effects (e.g Collins asymmetry ~ Transversity x Collins FF)

- Tensor charge ‘ Lo i
- lowest moment of transversity 77 = | /0 hi(x) — hi(x)] da
> Fundamental quantity of nucleon. Can be compared with Lattice QCD

calculation. S S
World vs. Sol.ID JLab12 vs SoLID
0.3} ‘ 1 0.3r ] '
6d 02F L7 N ! 1 02l N :
I N\ I I I
GLOBAL - JAN20 ~ | 1/
€@ Goldstein et al (2014) = 0.1f j// \I\. = 0.1r :// \l\ 1
SIDIS + SIA # Radici, Bacchetta (2018) = ol | \\ T ol N
LUKy = o . I S A
SIDIS # Gupta et al (2018) ; : !
0.2F ¥ Alexandrou et al (2019) —0.1F, - . —0.1} : 1
#x Pitschmann et al (2015) . :’-?2 = 2.4 GeV? - : | Q = 2.4 GeV?
_I"'- | L 1 1 1 ] - l"'- l L 1 i L
T T
- = Y + o 2()-5 nv.-. Y 1 =) 20+ :
—0.2 > > A A N - A
15— 15}
:— ’ E —— ”Tarl
Z 10} . f 10
00 04 06 08 L0 Bt A N B il LLT T ‘
5“ 00 02 04 06 0% T l).(]l 02 04 nff} 0.8 T

Spin and 3D Nucleon Structure, S. Park



Unpolarized TMDs: Boer-Mulder

 Unpolarized DY angular distribution e SIDIS measurements from COMPASS

e Pion-induced DY from COMPASS > Trgnsverse momenjcum distributions and
azimuthal symmetries

d 3 1 : : :
d; * - 1+ A cos® g + p 5in20 cos¢cs+%sm29cs cos2¢ g > Clear signal and kinematic dependence
T
——— Fcosz¢h
® [ o COMPASS, - 190 GeV/c, W, preliminary - Af](;f 2¢n _ uu
- 0 NAIO, - 194 GeV/e, W - Fyyr + €Fyy,L
[ o E615,m" 252 GeV/e, W N o
1 | DYNNLO ‘ | COMPASS preliminary
°3 0.05F * ;{
- ! I I B I )
0.5_— I l 7] ’ ; ::0’6 *esstt i Q}::’of
; : b ﬂ o ] ~0.05- ",; . TT IR ‘oi: ;
0 —:Bn?—q;’r’"/u//_- -0.1r . o 1 1 i . * .
asyst ~ Ogiat, - ?g o
, } i ;
1 2 3 bogogtt T3 Fop gttt
gy GeVie R e ety
-0.05- {
> Tend to deviate from pQCD calculation, ol -
indicating nonzero BM effect 5 h
005 + | j E H ﬂ } #ﬁ .
- - 0__{_*E+# S G _i# J ................ «Q*&‘} f
e First photon-induced DY results at 003} ! _
SeaQueSt 102 ml_l,\- 02 04 06 018 05 , -



Transverse Single Spin
Asymmetries In p+p

Transverse single spin asymmetry (TSSA)

. o -0’
Nese 1 |
O +0
AN: o0t [
04f - K 0.4:. :'} 0.4 ; * 0.4
0.2 o® 0.2} S 0.2 oo? 0.2 o ®
P % [ Y *. ®
Of-ccoooo 2T A----|  Of--ooo-- Ror - oo Of---Boemeaaeoe Of - - oo cooeooe
-0.2f % ~0.2} ’:“A -0.2} “a -0.2| A
~0.4f ANL —04l BNL } _04l Fermilab 2 % _04FLRHIC 2
- (5=4.9 GeV - {$=6.6 GeV # ' y$=19.4 GeV S=62.4 GeV
06t 0 b 06t 06t

"0 02 04 06 08x. 0 0204 0608y 0 0204 0608y 0 02 04 06 08y
C. A. Aidala, S.D. Bass, D. Hasch, and G. K. Mallot, Rev. Mod. Phys. 85 655 (2013).



Transverse Single Spin
Asymmetries In p+p

e Twist-3 multiparton correlation in collinear framework:

e Need one hard scale (pT), relevant to most inclusive
hadron productions in p+p

* ggqg correlation function: interference between
scattering off of quark and gluon versus a single quark
of the same flavor

* ggg correlation function: two gluons versus one gluon

20



0.01

—0.01

Ay: direct photons

[Phys. Rev. Lett. 127, 162001 (2021)]

- pl+p o Y% + X, Vs =200 GeV, l<0.35
PHENIX

T T 1 I T T

fezee qdg Contribution

— — ggg Contribution Model 1, min/max

............. ggg Contribution Model 2, min/max
[

5\._6 7 8 9 10 11 12
P, [GeV/c]

[Phys. Rev. D 103, 052009 (2021)]
" p'+p — 1+ X, Vs=200 GeV, |n|<0.35

PHENIX

- ——— qgq Contribution
- — — GPM

-

I P TT CGI-GPM Scenario 1 s
i CGI-GPM Scenario 2

> 4 6 8 10 12 14
pT[GeV/c]

First measurement of direct photon
An at RHIC

Direct photon channel is sensitive
to initial state effects only
Constraint the trigluon correlation
functions

Indirect access to Sivers function

Neutral pion measurement sensitive
to both initial and final state effects
Mid-rapidity measurements are
sensitive to gluons

Asymmetries consistent with zero,
new data significantly improved
precision compared to previous
PHENIX results

21



22

TSSAsS In nuclear environment

e First time polarized p+A collisions in 2015
e Study nuclear effects in An



Charged hadron AN

¢ (rad)

0.1 p'+p — h™+X | p'+Al = h*+X | p'+Au — h* x
> Ommﬂg (.?ng é¢¢?¢+:
| I HENIX i :

_0 1_ 1 SN = 200 GeV 1 i
Bl (a)1 0.1<xp<0.2  (b); (©):
3524012335401 2333540 123

O (rad)

e Inclusive positively charged hadrons TSSA in the forward region
o Particle composition 71/ K™ /p: 45%/47%/5%
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Charged hadron AN

Z
<€ 0.04- PHENIX ®©
o 03-_ D+D s:NN= 200 GeV
| n, ‘:-lzxig-i  Suppression of An in p+Au observed
A< <2.
0.02— e Suppression in p+A is sensitive to
001 saturation scale
- e Al/3 suppression in models with gluon
0_ p+Au | saturation effects:
_0.01- 0 PRD84 (2011) 034019, PRD95 (2017) 014008
- — (A" = Af‘,ga e <pT> of this measurement > saturation
_0'02_1 L .( | ). | | | scale in Au 21
1 2 3 4 S 6
A1/3

® No A dependence observed from mid rapidity

QY z .
X 20p (b) pi0 measurements
15— _ +0.69(stat) +0.06(sys)
10l 0 =110 _ g 35(stat) - 0.05(sys)
5
0 [ I L | L |
0 1 2 3
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Generalized Parton Distributions

e Nucleon Tomography

GPD (U | L T
T\ 5z, ~1/0 T \ oz, ~1/Q T \ U' H E 7
8¢, .@&°. .m0 L | |&| i
"' " o h /“ &£ .
_ | - . _ ,
/ ¢ \4 2 / - \: ,/j;jj;;;‘..i?.‘: z P x { & F 1D H T, H g
i - X g l z « : p
p ?
o | e Leading-twist GPDs:
‘ 4 chiral-even GPDs H, H,E,E
g o - DVCS, DVMP, Pseudoscala mesons
. r, 0 AI‘l “| 4 chiral-odd GPDs HTa ﬁT, ETa ET
Trﬁng;erse position of partons ) I:c])ng. Momentum distribution GPD - p production, ..
Elastic FFs PDFs S
e Quark OAM contribution to the proton spin
1. ! 1 .
Jq — 5 thn% dr » [Hq(a:, £, t) + Eq(x, £, t)] Jq = EAZ + Lq [X. Ji PRL 78, 610 (1997)]
—VJ -1

e Accessed via exclusive processes;

e DVCS, DVMP, TCS
* cross section and asymmetries (beam charge, beam spin)
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GPD Program

Collider mode e-p forward fast proton faliitu: 2007

Polarised 27 GeV e-/e+ e e e
Unpolarised 920 GeV p Ry
~ Full event reconstruction

Fixed target mode siow recoil proton §2

Polarised 27 GeV e-/e+
%| Long, Trans polarised p, d target
S Missing mass technique
2006-07 with recoil detector

High lumi, highly polar. 6 & 12 GeV e-
Long, (Trans) polarised p, d target
Missing mass technique (Hall A)

~ Full event reconstruction (CLAS12)

Highly polarised 160 GeV p+/p- =5 S ( =
p target, (Trans) polarised target > S BRSPS g
with recoil detection

Slide from N d’Hose, Tranversity 2014



Deeply Virtual Compton scattering

g e SensitivetoHand E
v ¢ « GPDs appear in the DVCS amplitude through CFFs

i it - : /1 H(z,¢ t)( 1 )dm
Hot(6,8) 1 VNE—x—de £+ —ic
P MEGEY) E(SN P

oEep — epy) = |IDVCS|* + |BH|? + Inter ference

—_— - —_—
ﬁq(.r,é.t) Eq(x,g,t)
[EIC Yellow Report, arXiv:2103.05419]

.
t:(l)'_l)) T lll]]l T T T IIIIII. T T T IIIIII T T T VT T I ,’ 1 T T LI L
Current DVCS data at colliders: g

103_—0 ZEUS- total xsec O H1- total xsec ’
g = (pu — p,,s): 4-momentum of virtual photon [ @ ZEUS- dofdt B i gok \\ o

D
AN
Lol

Current DVCS data at fixed targets:

" A HERMES-A; A HERMES-AcU

t=(pp — pp/)zz 4-momentum transfer to nucleon squared - A HERMES- Ay, Ay., AL
A HERMES-Ayr * Hall A- CFFs
¥ CLAS-Ay ¥ CLAS-AyL

Q? = —g?: virtual photon virtuality

x: average longitudinal momentum fraction

2

-~ 10° .
&: half of longitudinal momentum fraction transfer S " Planned DVCS at fixed targ.: ]
) - (2222 COMPASS- do/dt, Agsu, AcsT -
Q) i JLAB12- do/dt, ALy, Aut, ALl Q°=50 GeV?
S I~ i
N B —

@]
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DVCS cross section

Measuring DVCS to access GPDs information

k electron k’
,):@,’ R C> + A s A
proton p’

ep—>epy DVCS Bethe-Heitler

d*e(lp—lpy) _ , BH DVCS DVCS
dxgdQ?dtdg =do +‘d0-unpol T Pl dapol | + el(‘:Re(I) + Pl ilm(I)')
! i

v v

Known if
Nucleon FFs are Linear combinations
known of GPD/CFFs and FFs

Bilinear combinations

of GPD/CFFs P, : polarization target or beam

e, : charge of the lepton beam o8
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[nb (Gevic) 7]
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dit|

do{vp — vp')

10!

I IIIIHTI

I TTTTTT

o

dO'DVCS/dt ~ €_B|t|

t-dependent cross section

COMPASS |

1(GeVic)® < Q® < 5 (GeVic) *
10 GeV < v <32 GeV

1 1 l 1 1 1

1 I | 1 1

0.1 0.2

e-BIt

B=66+06,, +03

1 ] 1 1 I A |

0.3

x gV = (ImH)?

[(Gevic)? ]

Il [(GeVic)? ]

B ((GeV/c)?)

® COMPASS: <Q?> = 1.8 (GeV/c)?
ZEUS: <Q?*> = 3.2 (GeV/c)?
A H1: <Q?*> = 4.0 (GeV/c)?
[COMPASS, PLB 793 (2019) 188] _— <> — 8.0 (GeV/e)*
W HI1: <Q?> = 10. (GeV/c)?
4+
3}
i <Q?’> = 1.8 (GeV/c)?
2r . <Q*> = 10. (GeV/c)? } RMLS modet
— — —  <Q*> = 1.8 (GeV/c)? } del
1| <Q?*> = 10. (GeV/c)? GK mode
O N ! L PR S | T | L
107 107° 1072 10~
Xg; /2

t-slope of DVCS cross section related to

distance between struck quark and

(rf(xs;)) = 2B(x3;)

2
spectator c.m. (r,,,.,
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DVCS at large-x

e JLab HallA arXiv:2201.03714 [hep-ph]
First experimental extraction of all four helicity-

conserving CFFs

N
4]

(pbarn/GeV*)

[

d‘g‘;g (ol

Q?=3.67 GeV? 1=-0.33 GeV’

= Total fit
—— pvcs®

~—— Interference
BH
KM15

Yo raa——
50100150 P00 #0400 950
@ (deqg)

(pbarn/GeV*)
R

@%=3.67 GeV? t=-0.33 GeV”

d‘gégg‘
IRARE

el

50 100 150 200 250 300 350
@ (deg)

e DVCS off neutron
» Flavor separation of CFFs (combined with proton

data)

» Sensitive to GPD E

(pbarn/GeV*)

d*

gt +d'c
2

d

Q7=5.36 GeV” 1=-0.51 GeV~

1 L I 1 al 1 L
50 100 150 200 250 300, 350
@ (deg)

(pbarn/GeV*)

d'o* - d'c’

@%=5.36 GeV? 1=-0.51 GeV?

(pbarn/GeV*)

1 ! I 1 1 1 o1
50 100 150 200 250 300 350
@ (deg)

[Benali, et al., Nature Physics 16, 191-198 (2020)]
6 GeV data from HallA, NLO and HT analyses

(pbarn/GeV*)

d's* +d'c”

o

d'e* -d's”
o 2

Q’=8.45 GeV” t=-0.91 GeV’

1 1 1 L ot
50 100 150 200 250 300 350
@ (deg)

Q%=8.45 GeV? t=-0.91 GeV?

1 1 1 ol L L L
50 100 150 200 250 300 350
@ (deg)

-5 Pravious data [19]
- @ This work
— KM15
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Timelike Compton Scattering

l+
* Time-reversal conjugate process of DVCS
! ., “ " e Both Im(H) and Re(H) can be accessed
IS S jg e Comparison with DVCS: Universality test of GPDs

* Real part of the CFF and nucleon D-term:

pressure distribution in the nucleon  [Burkert et al., Nature 557, 396-399 (2018)]

e First measurement by CLAS12 [CLAS, Phys. Rev. Lett. 127, 262501 (2021)]

E m
Forward angular bin: <

< [ __Forward angular bin:
061 0 < [50°80°%, ¢ € [-40°, 40°] 0.6 [~ o ¢ [50°,80°], 0 € [-40°, 40°]
0.4 |- ‘ 0.4
02 g b e 0.2
0 ;' -?-- A gimimint® *‘ ----- " 0 :_
02 - ~4- DATA [] Tot. Syst. 05 - ~4- DATA [] Tot. Syst.
e & -+ BH -=+ GK, no D-term e - -+ BH - GK, noD-term
04‘,,,,1,,,,1,,“[,,—VGG - =' VGG, no D-term 04_1....|....|...1|.._VGG - =+ VGG, no D-term
01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08
-t (GeV?) -t (GeV?)
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Exclusivity

e Example: DVCS process

e+p—>e’+y

e \Would be ideal to have full event reconstruction

e Can measure recoil proton?
e Forward detector at collider * Fixed target: slow recoll

A very simple event :

ep — ey (p)

Run 63191 Event 30127 Class: 8 9 12 14 20 22 23 Date 29/04/1994

QED Compton

Photon

@
Detect proton \.
using forward ) [Il——E

tagger Proto:n Ieaveé D D H E‘El "

unseen dpwn the 2.
beam pipe
PP S

=N LW\ A
v s (;AMEmgée'oil proton/detector
Y& i sarrounding the 2.5m 1068
LH2 target
e :

Electron

H1 Events Joachim Meyer DESY 2005



Exclusivity

e Example: DVCS process

e+p—e+y @

e \Would be ideal to have full event reconstruction
e No recoil detector?
 Missing mass reconstruction

JLab HallA DVCS
. ¥

10000 J 5
wv

€ 9000} w g
3 All events ‘;W o
(o]

) w OO

ep — epy
70001 . MMcut - ﬁ '\6;0\

\
e‘ede
s@&‘ E
. 6000} LM,E v \ H(e,e"Y)X
85% polarized beam : .

v o *p:ep - epy
. *yp:ep —epn’,n® - yy

dp/p~ 10~% B ' j' x cont. & X can be
a4 LH2/LD2 prp . 5 'ﬂ‘q,w;v Pty 2
— : . .0“’. & "o

.0
o o *Nmn:ep - eNyn
% ,.v”" &Qjﬁ%) After n° & p 14
O » subt.
L ‘o, .‘.\" O

accidental

1000
DVCS MC
0 1 01 I T N S A B (s e o |
0 0.5 1 1.5 2 25

AEJE ~3.6% at 4.5 GeV
PbF2



Exercise: measure JZ'O

 VIP as an observable (VIO?) of its own measurements, but also
very useful for detector calibration, background suppression
when looking for other final states.

e From Lecture 1:

e Neutral pion lifetime is ~107!8 sec.
* Neutral pion decay modes:

e two photons decay (BR: ~0.988), Dalitz decay (BR: ~0.0117)
Q1: How would you detect the pion?
Q2: What detector would you use?

Q3: How do you know you detected pions?



Exercise: measure JZ'O

e |nvariant mass of pion: 135 MeV/c2
* |n two-particle collisions

M? = (Ey + E»)* — ||p; + po° p,: 6.0-6.5 GeV
— m% + m% + 2 (El E2 — P p2) - . Prob P
B I(‘.I po 2.362e+04 + 1.349e+02
~ A pi 0.1364 £ 0.0000
m— 2 1 — COS 0 . - . ‘. p2 0.00995 + 0.00005
p]_ p2 ( ) 20000~ | "l p3 1028 + 97.4
(for massless) ﬁ e
* For collider: 10000~
M? = 2pr1pra(cosh(n — n2) — cos(¢r — ¢2)) : J L_ )
el
% 005 01 015 02 025

m,,, [GeV/c’]



Exclusivity : the CLAS12/JLab scheme

The full exclusivity of the event is insured by:
* Electron detection: Cerenkov detector, drift chambers and electromagnetic calorimeter
* Photon detection: sampling calorimeter or a small PbWO4-calorimeter close to the beamline
* Proton detection: Silicon and Micromegas detector

Micromegas

(2]

« Forward Tagger Calorimeter

Events

— All events
— 710 events

—— nevents

—— After subtraction

20

===&=Eo
3 4
econe (deg)
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e Current and future experiments for hadron
structure experiments

ZTS
claSs i“ﬁ“‘ Lite

Jeff.e’-lzon Lab

HallA, HallC SPHEMIX (NIC A;
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OUTER HCAL

SC MAGNET

INNER HCAL

MAPS

ENDCAP
FLUX RETURN

sPHENIX Cold QCD Program

Detector

Year | Species snn | Cryo | Physics Rec. Lum. Samp. Lum.
[GeV] | Weeks =~ Weeks |z] <10 em |z] <10 em
2024 | ptpt 200 |24(28) | 12(16) 0.3 (0.4)pb~! [5kHz] | 45(62) pb~!
4.5 (6.2) pb~1 [10%-str]
2024 | p'+Au | 200 - 5 0.003 pb~! [5 kHz] 0.11pb~"
0.01 pb~1 [10%-str]

Jet, Heavy flavor,
and direct photon
measurements will
allow us to detailed
iInvestigation of the
transverse structure
of the proton and
nuclear effects

z
< L sPHENIX Projection, Year 1-3 >
pl+A — h'+X \s=200 GeV 8
0.1<x.<0.2 0
i 6.2 pb'in p+p 2
0.02+ 10 nb™" in p+Au =
p+Au P=0.57 ©
>
0
= p+Au
20-50%
+A
" m PHENIX PRL123, 122001 zzol:/
—0.02+ ® sPHENIX proj et
s s s l s e s l A 'S A l A A l NS
0 2 4 6 8

coll

=z0.015
<
0.01

0.005

o

Illll]lllllllll.

1

-0.005

-0.01

-0.015

.Illl[llllllll

frrryrryrrrerr T T re T T rr e T Ty
SPHENIX Projection, Years 1-3
62 pb ' samp. p'+p— v + X, P=0.57

lllllllllllll

l —

I

=== qgq Contribution (D.Pitonyak)
Trigluon Contribution Model 1 (S.Yoshida)

llllllllllllll

Trigluon Contribution Model 2 (S.Yoshida)
s Ly by b s by a o L g L

L

1 PR Y
6 7 8 9 10 1" 12
P, [GeV]

[6,]

SPHENIX BUP2021 [sPH-TRG-2021-001]

10°
10°
10*
10°
10?
10
1

1 01 0 T T I T T l LU I L I T
10 o SPHENIX Projection p+p
108 hg Years 1-3 O Jets
0 E-D O Direct Photons
107 .D 0O Charged Hadrons
o

A

LJNLINL N L L L L L L L B BN

p+Au

® Jets

ODD ® Direct Photons

® Charged Hadrons

oo oo oo Lo A o L e

ooy
0 10 2

o
30 40 50 60 70
p, [GeV]
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STAR Forward Upgrade and Cold QCD Plan

Si disks sTGC ECAL HCAL Mid Rapidity Forwarm

o ERcn-i3 N

Physics Topics: Physics Topics:
Improve statistical precision: » TMD measurements at high x
2 | > Sivers effect in dijet and W/Z | | * Transversity, Collins;
N < production; * Sivers through DY and jets
2 s * T » Collins effect for hadrons in » UPC J/W GPD at forward
| | jets; rapidity;
» Transversity and IFF » Nuclear PDFs and FF:
» Diffractive studies for spatial * Rpa for direct photons & DY,
imaging of nucleon and hadrons
»Measurement of GPD E, » Gluon Saturation through di-
through UPC J/W hadrons, y-Jets, di-jets
At 2§<dnk: 4 stip Thin Gap Chamber (STGC) £ . » Nuclear PDF and All of these measurements are
* | AISKS + small-stri N Ga amper (s or trackin 2 . . iti i ifi
* Electromagnetic anlii hadron?c calorimeters. : fragmentation function; ;glfjltzztt:iiicelfsr;:x ::écess .
ECal ~10%/VE ~20%/VE | _ _ _
HCal ~50%/VE +10% Slide from T. Lin (RHIC&AGS Meeting, 2021)
Tracking Charge separation 0.2< pr < 2 GeV/c, with
Photon background 20-30% 1/py

suppression



COMPASS++/AMBER

Conventional
beams

Run 3

RF-separated
beams

|

Phase-1

Proton charge radius

Antiproton production cross-section

Pion structure

- =
Phase-2

Kaon structure

Nucleon TMDs

High precision strange-meson spectrum
Spin density matrix elements

Nucleon GPD E
Heavy quark exotics

Physics goals

Nucleon Indirect Pion Kaon Strange-meson  Heavy quark Spin density
structure DM search structure structure spectrum exotics matrix elements
K-induced DY
(-p elastic scattering
m-induced DY K-induced
p production J /v production K-induced p-induced meson-induced
DVCS/DVMP cross section spectroscopy  spectroscopy  vector-meson
on polarised target  on H and He Prompt photon production
production
m-induced
p-induced DY J /1 production K-induced
on polarised target Primakoff
Hardware challenge
Active TPC
Liquide Vertex Active absorber Recoil detector
SciFi trigger H and He detector Calorimetry
targets Calorimetry Forward PID

Recoil detector

COMPASS detector +
Several upgrade

Hadron mass

Hadron radii

Pion and Kaon Structure
Meson polarizabilities
Strange sector hadron
spectroscopy
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Solenoidal Large Intensity Device

Take full advantage of JLab 12 GeV Upgrade

High luminosity (1037 - 1039)
Large acceptance with full azimuthal coverage

Rich physics program

EM,Calorimeter

EM,Calorimeter,
‘ (large’angle)

Target || IR I

- G—

Collimator |inmss

Q®=2.4 GeV?
x 5 (x, k; ) - ”
e o
1 0.35
0.8 //% /& < //gs
| < Qweak + APV
0.6 / 0.25 X e -0.06 B SLAC-E122
0.4 / / b 0.08 JLab-Hall A
02. /\4/ / 0.2 ? : I 2!l published
<l SM
% oz o.4/ o6 08 1 0.15 S o B SoLIO (propossd
k| (GeV) & 042
- . - C;L 014 — = A search for new
Precision in 3D S o6 5 physics in the 10-20
. . o, 3§ TeVregion,
=
iImaging of the g 018 complementary to
¢ -0.20 the reach at LHC.
nucleon g
® 022 -0.76 -0.74 -0.72 -0.70 -0.68
weak coupling 1: [2¢°* — ¢*¥av

Electroweak couplings

Cherenkov Cherenkov

) / /;Quark

. . /E
J/Y production cross section /| ..

33%

2 10f
o " Anomaly
I \22% 349%
16 o
E § ~ —
10" z} ¢+ Comell 75
E A SLACTS E .
& SLAC 76 (Unpublished) i - Constrain
0 CERN 87 K
102 t-channel (2-gluon) - the QCD trace
t-channel + P,(4450) E
o SolID 50 days 3-foid : anomaly,
3l SoLID 50 days 3-fold with P (4500) _
107 3 sondmzed Proton mass,
0 SoLID 50 days 2-fold with P:(4500) I.ch charmed
-4 i " i
10 10 pentaquark

E, [GeV]

Near threshold J/psi production



Summary

e Part. 1: Basics of hadron structure experiments
e Accelerators and particle detectors
e Deep Inelastic Scattering experiments
e DIS Kinematics reconstruction

e Part. 2: Collinear observables and measurements
» Continue on DIS data - PDF extraction
> Parton distributions at large-x
> Flavor asymmetry of sea
> Polarized spin structure

e Part. 3: Beyond collinear
> TMD measurements
> GPD measurements
> Future opportunities
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