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Inside the microscopic world of hadrons
The strong interaction and QCD

Spin in quantum mechanics

Physics of proton spin



The smallest unit in Nature
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Discovery of nucleus (Rutherford, 1911)

Bombard a gold foil with a beam of alpha particles.

o ____‘___Q..__—a—-—
Most of the alpha particles pass through, — o
but some bounced back 180 degrees. - o 5 o
There is a small and hard "core’ = ) :
. . pha particle MuUChEus
inside an atom = gold nucleus — O g
- n n n -

“It was quite the most incredible event that has ever happened to me in my life.
It was almost as incredible as if you fired a 15-inch shell at a piece of tissue paper
and it came back and hit you.”



The nucleons

* Discovered by Rutherford in 1919 (proton)
and Chadwick in 1932 (neutron)

* Basic building blocks of matter, account for
99% of the mass of the visible universe

Moproton = 1.67 x 107 *"kg Dark Matter

Dark Energy



Pion
In particle physics, ‘force’ is essentially the exchange of "‘mediator’ particles

Protons and neutrons are bound together to form a nucleus
by exchanging a pion like “playing catch’

Much stronger than the electromagnetic interaction
Reach of the interaction = inverse of the mass of the exchanged particle.

My ~ = ~ 200MeV /c?

distance = (massor energy)_:L

Predicted in 1934, discovered in 1947 M, ~ 140M6V/62




Hadrons (proton, neutron, pion, etc..)

1950

I E_E" S B L o, J-_..?' RREy £k E_E" L =0 1 r 1
n E_.E" L W [ n ) J-_.E" mee ED E_E" meEE =" 1 r 1
(REEE [} E_..?' L I L) E_.E'_ BEEE i E_E" BEHE =11aa! LY r 1
IRzl EppT omeEm | AN1AG
: S — ,' LIGHT UNFLAWORED AT RaMGE CHARMED, 3T RAMGE T
|I'III = 1 ‘-. EEER “I-_ "_J . . A
Pa -' =1 it E=C=E-1 E— =l C—E-—1 'C—5 +1]
i 160! 12T meee | A 10 ey IR " I arp 15
S RLETEY R R 1707 m@| 1620 0717 T | ei® YT | e 0= alal =) 18]
i ] 360! s rpt meas | oArgag w ! 17T gyl TR T T e i® 11367 -Dl'i u:??! # Yl 1F}
ITETE - Afrey = I.I:II.IT :' = ol 14060 !;!! T T' L LTI I Al s S ".‘-IZ'Il -|.5
_ w ) atla | 2y 1wl | 1z el 17207 | s et Aty LA .JF
i f TR = L J il l I i I
II"u-"I-'-I. LA i s L atis = =1 | aFinrast gttt ! Tt e TAE TR =Y. P
L ] .||'=‘l-'-l. a1 EII-I . il .i'.-j".-_ U.! i "' -
“ . “ { — L]
1900 1910 1920 00T T | e e Ty | e o iy opp?y | emelEs
— iy — % - el
T T A O O O P N T T N A A U T A A N B B 0T M e iz oyt [eoniaeops ooy [ SRS
| | | N I YA EET R T T N B TE S N ke
—_ —_ B ey 1]
T ? PUE T a0l 2T orjwao)E o) Al
e~ P P | eernam) gzt =
I_I_:j._ — “l‘:l'IE:j-'-ll !.‘-\.IE.'I E':TT':H “.-:':.:j-'\'..-'-l!:t
1930 1940 1950 gt — ﬁ,‘ 1,-.-. A E= %l Areoan
L1l 11 1111 I | L1 1 A T A O N A I - b | 1420) !:_m—! = G 207 | # Xl 2
T ? T ? ? ALK b B #1510] !.E‘:??! =" 0T | w2
+ - - + arET ﬁ.::-;wz papaty | e GEET ADMETURE | A13240)
ne | n— K™ LUILE - N I T T s —r | = G, I'.'II I'.-II (HEE X|a0e0)*
B EEn! 11217} P I o
ALK [ i 15— XTURE = 40400
1960 bim = = LS !_.:",E'__ Vg amd Wy THM Ma ;{.1._ '
L L 11 L1 ol sl LR gen Dameets L=

I
¥

“Explosion” of new hadron species discovered in the 1950s.

They cannot be all elementary particles!



Quarks (1964)

neutron

Quarks have fractional electric charges

122,21

373 3

2 11

v v w U=5-35-3

Each quark has its own antiquark.




Gluons

Quarks interact with each other by exchanging massless particles called "‘gluons’,

Quarks have color charge n
(in addition to electric charge)
pion exchange, more fundamental level

All the four known forces of Nature are explained by the exchange of gauge particles.

Electromagnetic interaction (QED) = photon
Strong interaction (QCD) = gluon

Weak interaction 2 W,Z bosons

Gravity = graviton



Theory of the strong interaction:
Quantum ChromoDynamics (QCD)

Gauge theory based on the color SU(3) group
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Confinement of color

Quarks are permanently confined inside hadrons.
Cannot be detected in isolation
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Only color neutral particles (hadrons) can be directly observed.




The mystery of proton mass

Mproton, = 938MeV /c?

@ @ 1MeV/c? =1.78 x 10 kg

m, = 3MeV/c?

@ | myg = 5MeV /c?
m, =0
3+ 3+ 5+ 0=938 !?




ABC PROGEAMS  MILLENMIUM PROBLEMS  PEOPLE  PUBLICATIONS  EUCL EWENTS

Millennium Problems

Yang-Mills and Mass Gap

Exporiment and computer simulations sugpest the cxistenoe of 2 "mass gag® inthe solution to the quantum vorsions of the Yang-#Mills cguations. Bui

nio proal of this progerty is known.,

Riemann Hypothesis
Thez primnc rumbser theorem detormines the sverage distribution of the primes. The Ricmann hypothcsis tells ws about the deviation from the

average. Formalatod in Ricmann's 1859 paper. it asscrts that all the ‘non-obvious® reros of the zcta function arc complex numbers with real part 172,

P vs MNP Problem

it is cosy o check that 2 solution to a problem i correct, is it also casy fo sohec the problem? This is the cssence of the P vs NP guestion. Typical of
the NP problems is that of the Hamiltonian Path Problem: given N citics to visit. ow can one do this without visiting a city twice? I you giee me

solution, | cancasily chodk that it is correct. But | cannot so casily find a solution.

Mavier-5tokes Equation
This iz the couation which poverns the Flow of fluids such as water and air. However, there iz no proof for the mast basic guestions onc can ask: da

solutions cxist. and arc thoy unigue? Why ask for a proof? Bocuse a proof gives not only cortitude, but alseunderstanding.

Hodge Conjecture
Thez amsweer o this conjecture determines bow much of the topology of the solution sct of a systom of algcbraic equations can be defincd in tormes of
further algchraic couations. The Hodee conjecture is known in cortain spocial cascs, oz when the solution sct has dimension less than four. But in

dimeension four it & unknown.

Poincaré Conjecture
In 1904 the French mathematician Henei Paincare asked if the three dimensional sphere is charactorized as the unigue simply connected three
manifald. This guestion, the Poincart conjocturc, was a special casc of Thurston®s geomctrization conjocturc. Perclman's proof tclls us that cwery

throo manifold i built from a sct of standard picoes, cach with one of cight woell-understood poomctrics.

Birch and Swinnerton-Dyer Conjecture
Supporicd by much ccparimental cvidenee, this conjocture relates the member of points on an cliptic curve mod p ta the rank of the growp of
rational paimts. Eliptic curees, defined by cubic cquations in bwa varizsibles, are fundamental mathematical objocts that arise inmany arcss: Wilkes

proaaf af the Format Conjocture, factorization of numbers inko primes, and crypiograghy, fo name threo

Millennium prize problems
Clay mathematics institute
(2000)

«<—— Solved by G. Perelman



~

I'm not interested in money
or fame.

| don't want to be on display
like an animal in a zoo.
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Hadron mass from lattice QCD simulations

Solve QCD on a discrete 4D lattice
using a supercomputer.
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Coupling constant’ is not a constant!

Coulomb interaction
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Electromagnetic coupling gets weaker at longer distances.
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Asymptotic freedom

= QCD

T Longdis

A A Deep Inelastic Scattering
oe ete— Annihilation

¢ Hadron Collisions

® ® Heavy Quarkonia

~confine

In QCD, the slope has an opposite sign
due to gluons’ self-interactions

tance
rment of quarks

Short distance
~perturbation theory

0 (MZ) = 0.1189 + 0.0010
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Probing the internal structure
of proton

Quarks cannot be directly observed.
Can we probe them indirectly?



Measuring the proton size in electron scattering (1953)

Cross section (probability of scattering) of elastic scattering
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Deep inelastic scattering (DIS) (1968~)

At higher energy, elastic scattering becomes inelastic.

The incoming proton behaves like a bunch of pointlike, non-interacting particles,
or partons’ (quarks and gluons).

k,

Due to the asymptotic

freedom, interaction P
becomes weak at high

energy.




Parton distribution function (PDF)

u,d,s,..

0= Z dz fi(z)o;(zP)

/

xf

FE
Number density of partons with energy fraction T = Epa”on

proton

by

xg(x 0.05)

ZEUS

ZEUS NLO QCD fit Q’=10 GeV?
o (M3) =0.118

tot. error

CTEQ eM
MRST2M1
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Higgs particle production at the Large Hadron Collider (2012)

—> Lecture by Elizabeth Brost

Higgs production -

p

- ._,-".""-.% & - H° q W:Z
A q.h_"u,_; ttfusion: W,Z
> W g t
JL > _ - Ho
=

W, Z bremsstrahlung




Spin physics



Angular momentum in classical mechanics

In classical mechanics, angular momentum is a vector perpendicular to the direction of rotation
_)
— — —
L=7rXxp I

It is conserved in the absence of external
force (torque) < rotational symmetry

and it can take any (continuous) value.



Angular momentum in guantum mechanics

In quantum mechanics, the (orbital) angular momentum L = rXp
is quantized and takes integer values

(Planck constant)

) ]
L] =0,1,2,... inunitsof h = 2?

(1

Separately to this, an electron has an intrinsic, half-integer ‘5" — %
angular momentum called spin.

/spin (‘rotation’)
Electron wavefunction in a hydrogen atom (7, 8) = R(r)Yem(8, d)x(5)

\ orbital (‘revolution’)

Beware, an electron is a pointlike particle,
not really like a "ball’ spinning around some axis.

Still, the analogy to a spinning object
is convenient for the sake of visualization.




Conception of spin

In 1925, G. Uhlenbeck and S. Goudsmit proposed the notion of spin to explain some
puzzling phenomena. Completely ad hoc, but it worked.

‘spin-up’ ‘spin-down’
_ 1 1
52 =3 52 = —3

“This is a good idea. Your idea may be wrong, but since both of you are so

young without any reputation, you would not lose anything by making a stupid
mistake.” — P. Ehrenfest



Conception of spin

In 1925, G. Uhlenbeck and S. Goudsmit proposed the notion of spin to explain some
puzzling phenomena. Completely ad hoc, but it worked.

‘spin-up’

1
Sz—§ SZ:_

‘spin-down’

“This is a good idea. Your idea may be wrong, but since both of you are so
young without any reputation, you would not lose anything by making a stupid
mistake.” — P. Ehrenfest

Earlier that same year, R. Kronig came up with the same idea, but he did not publish because

“It is indeed very clever but of course has nothing to do with reality.” ——— W. Pauli

Today, spin is a fundamentally important concept in particle,
nuclear and condensed matter physics.



Spin in particle physics

To really understand spin, you need to learn
1. special relativity

2. relativistic quantum mechanics
3. group theory (Lorentz group)

Every elementary particle has a unique value of spin § = 0

Integer spin = bosons (photon, gluon, W,Z boson, Higgs,...)
Half-integer spin = fermions (quark, electron, neutrino...)

Dirac equation (for spin %) (w“(@u — ZgA“) — m)q =0

What about the spin of non-elementary particles?



Understanding the origin of proton spin

The proton has spin-1/2

The proton is not an elementary particle.

!

=AY+ AG+ L,

guark spin gluon spin orbital angular momentum

The spin of a composite particle can be ultimately understood by combining
the angular momenta (spin+orbital) of elementary constituent particles.



A naive expectation

In the quark model,
a proton consists of 2 up-quarks and 1 down-quark.

DN | —
DO | —
N | —

1
2

After taking into account the motion of quarks inside the proton,

AY ~ 0.7

30



Measurement of AY in polarized DIS

Polarize : orient spin in a particular direction

/ - })¢ }k Spin opposite direction
B %

e Versus
) %7// . })c }‘L Spin same direction
ZEP/ ET}JJ' L o ET'}JT
= A —
P > LL ETPJ’ _|_ ETPT

=1

or, \ 2xg;
~ 1
( + O'T> F2

fol drgi(x) = A + - -

31



"Spin crisis’

In 1987, the European Muon Collaboration at CERN announced a very small value
of the quark spin contribution to proton spin

A =0.12+0.09+0.14 !?

Recent value

A =0.25~0.3

Still significantly less than 1.

32



RHIC spin project

4

;

I*\’—*-J-J*—\ -
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RHIC is the only machine in the world
that can produce a high energy
polarized proton beam.

One of the main physics goals is to pin
down the gluon spin contribution

I 9
S = AR AR+ L
S = ;AN +AG+ L,

For 20 years, RHIC (relativistic heavy-ion
collider) has been colliding polarized
protons to study the spin structure of the
proton (in parallel with the heavy-ion
program —> Lecture by James Dunlop)




Determination of AG at RHIC

Pions and photons production in polarized Direct Photons Point to Positive
proton-proton collisions Gluon Polarization
Results from 'golden measurement' at RHIC's PHENIX
pio n’ p h OtO N experiment show the spins of gluons align with the spin of

the proton they're in

/ June 21, 2023
—f et
. y A w—

Versus
- o 8-
o dot+ — dot+— 1 ¢ '3 I @

- “\“

A new analysis of data from the PHENIX detector at the Relativistic Heavy lon
Collider (RHIC) gives fresh insight into how gluons contribute to proton spin.



Electron-lon Collider (EIC)

Next-generation (2030"~) nuclear physics facility
to be built at BNL

As of now, the only new high energy collider in the
world officially approved for construction.

Dedicated to QCD, in particular the proton structure

The structure of atomic nuclei can also be studied

0

500 ft.

— Lecture by Abhay Deshpande
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Scientific goals of EIC

Finding 1: An EIC can uniquely address three profound questions about nucleons-
protons—and how they are assembled to form the nuclei of atoms:

e How does the mass of the nucleon arise?
e How does the spin of the nucleon arise?
e What are the emergent properties of dense systems of gluons?

White paper
(2012)

NAS report Yellow report SCIENCE REQUIREMENTS

AND DETECTOR

(2018) SUAN ASSESSMENTOF (2021) CONCEPTS FOR THE
1550 520 2L 2l : ELECTRON-ION COLLIDER
((( ))) EIC Yellow Report

Electron lon Collider:
The Next QCD Frontier




Scientific goals of EIC

Finding 1: An EIC can uniquely address three profound questions about nucleons-
protons—and how they are assembled to form the nuclei of atoms:

e How does}b’:‘ occ of 4o o lonss asiand

e How does L
e Whatare{ 1he era of precision QCD study of

nucleon and nuclear structures in
the nEXt >20 yea rS! SCIENCE REQUIREMENTS

AND DETECTOR

CONCEPTS FOR THE
(((€T>)D ELECTRON-ION COLLIDER

~

White paper |[sssass
(2012)

ri EIC Yellow Report

Electron lon Collider:
The Next QCD Frontier




Probing the gluon orbital angular momentum at the EIC

Bhattacharya, Boussarie, YH (2022,2024)

\ k
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Longitudinal double spin asymmetry in dijet production

4 First quantitative prediction for an observable sensitive
to parton OAM

: 3- -
C 2 2 L 2 _ 2 i 2 _ 2
80 Q7 =27GeV'__ oam | Q7 =48GeV" ___ oam 1sfp\ @ 106GV oam
X r —— Helicit N B —— Helicit o —— Helicit
% 60: —— Total ’ % 2: —— Total ’ % : —— Total ’
D] &) C &) 1.0_—
— — 1 ~
Q Na) C Na) L
E) s PN
S b Of--\c---== b \k
s s . hs i
- : 0.0__ _____________________________
C -1 i ﬁ
=200 0 by T N T S R N e R R B
0.0004 0.0006 0.0008 0.0010 0.0012 0.0006 0.0010 0.0014 0.0018 0.0009 0.0013 0.0017 0.0021

§ £ §



Quantum entanglement at the EIC

10

0.0

Fucilla, YH (2025)
YH, Schoenleber (2025)

The spins of the produced quark and antiquark are
entangled in quantum mechanical sense.
Maximally entangled Bell state can be realized

Novel research direction at the EIC?




Conclusion

 QCD as the theory of the strong interaction, full of mysteries
even 40 years after the discovery.

e EIC is the next-generation (your generation) machine that will
uncover the internal structure of the proton and nuclei. The
spin of the proton is a vital part of the program.



