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E = Energy of photons (units GeV = 1.6 x 10710 joules)
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The concept for the above figure originated in a 1986 paper by Michael Turner. PO rHCIG DOfO GrOU p, LBNL @ 20 ] 5
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(6 types of quarks:

up, down,

charm, strange, top and bottom)

Fr
=|

credit:JLab

> O[EYE (IS TETWVWBEDH?

ORABRTE=DHEE

R"MNSE

79 5.

Z, “RAD”EHRIT



TR AR
7-E 1N n 7 From Wikimedia commons

Standard Model of Elementary Particles

- - - -
three generations of matter interactions / force carriers
pe -
£ Dmitri Mendeleev (1834~1907) (ferm IOﬂS) (bOSOﬂS)
In 18689, the chemist Mendeleev of the Saint Petersburg State University
»y. in Russia found the Periodic Law and created the Periodic Table of the
group 1 ' n - ° Elements using the 63 elements known at the time by arranging them in
the order of (1) their atomic weights, and (2) the oxidation states, i.e., | l I I I |
o the composition of compound bound with oxygen or chlorine (for example,
[] sodium makes NaCl and magnesium makes MgClz). He found that the
o elements with similar characteristics appeared periodically in the same
S Nl=+ “TH - ey - . {~—{F y - 7 . o D At op CharaSteStcs, Atouh MendbIocy s Beriol ‘
Natunejand|lifejare)written)injthejsymbolsjofithejelements) Tl i1t i a1, e Sl Sz mass ~ =2.2 MeV/c? ~1.28 GeV/c? =173.1 GeV/c? =124.97 GeVic?
1 became trusted world-wide. Nowadays, the Periodic Table is the basis of
et e e O charae B2 2. 2 0
System of the Elements by Mendeleev. © J 3 3 3
15 16 17 spin | % Y 9// Y 0
‘ | Flavor Mass
g.ms(aeg;rh\:;ts : ( Ca(06)  [AI(04) i
08
: Gy | e, T charm higgs
AN e
E ©07) Ca 7 Others (0.60)
=AY
4Beryllium o012 o 7 Nitrogen 1401 9 Fluorine 1900 )| | 10 Neon 2018 u ~ 2 - 2 5 M eV
]
(@he Earti's orust) Qi =4.7 MeV/c? =96 MeV/c? =4.18 GeV/c?
E &
4 / "l ] =14 -4 -5
@ @ |- @ | d | ~45-5MeV
powder (sod = i = -
11 Sodium 2299 5 6 . 14 Silicon : 17 Chlorine 3545
- S ~ 90 - 100 MeV
o
«
L gent bl 0 M V / 2
~
19 Potassium  39.10 20 Calcium 40.08 21 Scandium 44.96 22 Titanium 47.87 23 Vanadium 50.94 24 Chromium 52.00 33 Arsenic 74.92 83.80 l 5 o 66 e C
c ~125-1.3GeV
D s . .
/ Zr
Used n the tipof
th space shute

N
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38 Strontium 8762 39 Yttrium 88.91 40 Zirconium ~ 91.22 45 Rhodium 48 Cadmium 124 51 Antimony 1218 52 Tellurium 1276 b ~ 4 1 5 — 4 2 G eV
] L]
Lanthanoid e
57~ 71 s

=80.39 GeV/c2
+1

t ~ 173 GeV

E
(
g
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¥

by et in alloys for sprinki

80 Mercury 83 Bismuth : 84 Polonium (210)

55 Cesium 1329 72 Hafnium 1785 73 Tantalum 1809 74 Tungsten 183.8 75 Rhenium 1862 76 Osmium 1902 78 Platinum 195.1

GAUGE BOSONS

VECTOR BOSONS

LEPTONS

S
actnais s electron | muon
_ , . W boson
7 l 104 Rutherfordiumes7) | (105 Dubnium (268) 107 Bohrium @2 | 108 Hassium (217) n e u t rl n o n e u t r I n O

87 Francium (223) JohanGadolin

4_:\
Gd

honor o Europe.

goggl

59 Praseodymium 140.9 60 Neodymium 1442 61 Promethium  (145) 62 Samarium 1504 63 Europium 1520 65 Terbium 1589 68 Erbium 167.3 69 Thulium 168.9 70 Ytterbium 1730 71 Lutetium 1750

IA—=DETIL—AVDEHALASD :

atomic number

][One Periodic Table in Every Home]

https://www.mext.go.jp/stw/series.html \
p g0.Jp XYM Z FFD.
Baryon Summary Table Meson Summ
This short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. Only the baryons with 3- or See also the table of suggested gq quark-model assignments in the Quark Model section.

4-star status are included in the Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in the table
are not established baryons. The names with masses are of baryons that decay strongly. The spin-parity J© (when known) is given with each

particle. For the strongly decaying particles, the J¥ values are considered to be part of the names.

e Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being «

LIGHT UNFLAVORED STRANGE CHARMED, STRANGE
(5=C=B=0) (5= +1,C=B=0) (C=5=+1)
p 1/2F #%kk | A(1232)  3/2T #kkk | T+ 1/2F ke | =0 1/2F keex | At 1/2F #kkk 1°(JP6) 1°(JF6) 1(JP) HJP) o 1(15)
n 1/27T ¥kxx | A(1600) 3727 *¥x | 50 1/27T wkkx [ =- 127 *kkx | A (D5QE)+ 1/27 kk ot 17(07) | ep(1680) 0 (1~ )| ek* 1/2(07) | e D 0(07) | ed/¥(1S)
N(1440)  1/27T ®kkx | A(1620) 1/27 *kxk | 5 127 #kkx | Z(1530)  3/27 kKK | A (2625)F 3/2 kkx o7’ 17(0 7 T) | e p3(1690) 17(37 7)| o K° 1/2(07) | e D™ 0(?") | ®Xco(1P)
N(1520)  3/27 *¥%* | A(1700) 3/27 *¥kx | 57(1385) 3/2T *kk* | =(1620) * Ac(2765)1 * 1 0T (0~ )| ep(1700)  1T(1~ )| o K2 1/2(07) | & D, (2317)F 0(0F) | ®xa1(1P)
Particle Data G N(1535)  1/27 *¥¥* | A(1750) 1/27 * ¥ (1480) * =(1690) R | A(2880)F B/2T Hkx ¢£(500)  0T(OTF)| a(1700) 17T T)|ek? 1/2(07) | o Dyy(2460)=  0(1T) | © he(1P) 3
articie Datd UTOUP| yoesoy 12— #0xx | a(1000)  1/2— ** | $(1560) # | Z(1820)  3/27 *** | A.(2040) *okk «p(770)  1T(LT 7) | #h(1710)  0T(OT )| K;(800)  1/2(0T) | e Dyy(2536)F o(1F) | *xe2(1P)
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Color confinement
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CT = Computed tomography Rutherford scattering (1911)
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Source of
o particles
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strong coupling constant
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[ T decay (N°LO) +=
low Q? cont. (N>LO) e
0.3 [ HERA jets (NNLO) 1
T Heavy Quarkonia (NNLO) ' |
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Modern Rutherford scattering (1968-)
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Fig. from hep-ex/9702012
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Hadron mass spectrum from lattice QCD A.S Kronfeld, Ann. Rev. Nucl. Part. Sci. 62, 265 (2012)
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Standard Model Production Cross Section Measurements ' fLdt
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QCD®MDJ/NX )L & RRE (1/5)

> BFDAE >V (1/2) DR

1
5=Sq+Sg+Lq+Lg

Jaffe and Manohar, Nucl. Phys. B 337, 509-546 (1990)

TJA—TDAEY (~30%) + JIL—A>DAN) T+ + BEHEFHSE
o 3RTC/\— b mEAE & RER (18 1980s
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QCD®MDJ/VX )L & ZRRE (2/5)
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QCD®MDJ/VX )L & ZRRE (3/5)

> “NZ 7T ERFZEE EDHEEER

s RFRBEBIIERZAT—T1I)LY.
e No—ma&EaRFD2UA—7,0IL—A>, I-

-y NRLF I

NZ7NWBHEERTIRILF—ZERT 5

e QCDEZFR & IEBEFTO/\ KOV{LEEDIEL.

> A= TN —A VDS RERFERGARREDRK

s QCDNMEFDEWIH S [EFELEEIRE DR = IBfE C=

DD

« Strong (Color) van der Waals Force D’ FRIc@# < (9.




QCD®D /N X)L & RRE (4/5)

https://u.osu.edu/vishnu/2015/07/22/photon-emission-from-relativistic-heavy-ion-collisions/
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Supernova Remnant
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pho‘rons https://www.bnl.gov/newsroom/news.php?a=121192

thermal radiation

made by Chun Shen
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NAS report

Proton Spin

CT14 NNLO

0.8

=2 GeV

x f(x.Q)at Q
=)
N =S

0.2

~ i
-~
-

0.-
0.001

0.003

2
dk,

-'j Parton Distribution Functions

L <HI-TWS (BBEICHHE L TWVWD)

Form Factors

A.V.Belitsky and A.V.Radyushkin,
Phys. Rept. 418, 1-387 (2005)

+ Flaer)

1.6 | T
1.4 F ;
12 F T [ |4 |
L L[4 24 L
(52 1.0 ; 0 l} M; {
Zeos | ey
306} LYy o
0.4 F | H}
. Unpolarized
0.2 E Polarization data -
. Super—Rosenbluth data :
0.0 B L
0 2 4 6
Q® [GeVZ]
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TMDs : Transverse Momentum Dependent Distributions

ERI\ROYVOEEFHENNT VNVES : Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(L) (T)
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Elastic scattering:e +p — e’ + p’

Elastic electric form factor

vvvvvvvvvvvvvvvvvvv

1.5

o(b) [fm?2] 1} \ proton
0.5

0() 05 115 2 « EXCIRAFHI SERMDE (FF) hohs.

b [fm] 5B HS—FREFIbINIE, BMFRZD S

| S —DTEHNhMNBDTIE?

L e \ROVIEHZT—IVTLY N, DDTIL—FVIE
neutron | HS—FREBIDT, Ho—FREFIFEEL L,

..................

16




GPDs : Generalized Parton Distribution Functions

Y electron meson

/
anti-quack " J/ v, ...

gluon back
in nucleon

electron

Deeply Virtual Compton Vector Meson Production

Scattering (DVCS)

quark out
of nucleon

quark back gluon out
in nucleon of nucleon /

BEttRy 7 A& R

proton ¥ proton proton — proton
momentum transfer momentum transfer
A e+p—oe+p+JiY
Xy 16.8 < Q2 + Mj,, < 25.1 GeV? L.Frankfurt, M.Strikman and C.Weiss, PRDS&3, 054012 (2011)
6 = 1 L} I T 1 i I 1 ] L] T 1 111 I 1 I 1 | N B B I §
i Exponential ¢-slope y + p — J/p +p |
E 0.12 [ ]
: 0.1 |
1t 0.08
2 L/ 0.16 <xy <0.25 'F—\_\//+ 8'83 _
g > 0 02 04 06 08 1 1.2 1.4 1.6) 0:02 i ‘ d
(=) =5 01.2 1.4 1.6 -
o 0.12 S B - d
= 0.1} > e~
[ 5| 1} 0.08 | 3 —E =
g : ; ——— 0.06 O L ]
-g . , 0016 <xy<0.025 S~ ) T \/’ 006 \ 3
S 0O 02 04 06 08 1 \ 12 14 16, 0.02 | >
é’ 3t T e 01.2 1.4 1.6 m\ B —+— H1 2005
2 EASIID wIRAL € =
2| 0.12 - —>— ZEUS 2002 ¢*¢’ 1
o - —=— FNAL 1982 ‘
1 ., 008 . : -
0.0016 < x, < 0.0025 e 0.06 e H1/ZEUS fits .
0 e 0.04 l ' ——— parametrization =
0 02 04 06 08 1 (12 14 }) 0.02 R i
e i W \ N RN I
= %2 1.4 1.6 I JIb—A>DEFETDOY 1 X
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1.5 +EICDIS /s = 45 GeV
1 Room left for potential OAM N EICDIS /5 = 45 _6140 GeV
— g q T T 8 1.0f T
H T4 T, T L, T L ﬁ g
3 . e
T iy
Spin: measured at RHIC, COMPASS,... ;& dr =
1 (! 1 S —0.5
— — i
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0 0
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* 06 —04 02 0.0 0.2 0.4
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0.30

—— DSSV 14
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~ 30 %
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Flavor Mass
-

u ~2-2.5MeV
P % : MIT Bag Model
S ~ 90 - 100 MeV

m C ~1.25-1.3 GeV

Quarks b ~4.15-4.2 GeV

t ~ 173 GeV

e JA—TUDEE MeVRAT —IVIEBFDE=Z (GeVAT —

JLV)EEER D & ERIRIICER L, 3DDY A+ — 2 DEET X)L+ —
+ Bag constant B
s INETHRALB Y 7O—F THANEHASNTEL. (B/IMk) > M ~ 4/R ~ 1 GeV
o j] /]/ 3)L§(§|-$f-\ll\_/:-z@ﬁxn@§j]%‘j:q 7“}1}_j— > @%‘5’-‘317 A.Chodos, R.L.Jaffe, K.Johnson, C.B.Thorn

and V.F.Weisskopf, PRD9, 3471-3495 (1974)
K.Johnson, Acta Phys. Polon. B6, 865 (1975)
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QCD energy-momentum tensor

1
1" = Ell'fiD”y”l/f — 8" w(iD"y, — m)y — F¥PF ¥ +

— THY 1 THY Traceless + Trace

A Kk—LZF/TY—
— (T =
M, (™) =H, +H, (T I—F > DB FIHE)

LA (0 + — B8

BT —IFRZEICHHETESHD LI — T TR,

f51) Ji’'s decomposition

M,=Mgp+M,+M,+M,

EHTRILF— T I7A—VEBEE
NL—Z7/ Y= Fo F

Proton’s mass decomposition in the rest frame

A

— 0.40 -
© 0.35-
< 0.30-
S 0.25 -
S 0.20-
o

£ 0.15-
§ 0.10-

a 0.05 -

0.00

1
—gHV P Fpa

Ha/4
Hm

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
m2 (GeV)?

Proton’s mass decomposition from Lattice QCD
Yang, et al., PRL121, no.21, 212001 (2018)
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Quarkonium production near threshold

e JIy ¥ Y(IS) FTIL—F 2V EHEE L, BN
T HA—7T7 DEFSLTRLN.

o BEVTE TDJ/y photo-production @JLab

t
Y(IS) @EIC j: Trace anOmaIyOD Iiiﬁ Q Momentum transfer: A% = — ¢
(nb)
. CQ|Or Van der WaaIS forCGOD % T J/l/jt *?- i | Y.Guo, X.J1 and Y.Liu, PRD103, n0.9, 096010 (2021)
51
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Y

+ 5T, GPDSPENHREAFOBREME

7b§ |:|_ (%20@@3§A) g.égs e Cornell
had SLAC
o GlueX

0.01 W(GeV)

40 45 ~ 50 55 60 21



JIL—F >

()? :const.

DIFER & Bl

()
= W/ "

large-x

BIRILF¥—

TIW—AYDRREBBEESDHRES = 7 )L—7 2 EdFl

small-x

BILRILF¥—

xHS5—FSABEEMEND T &5 3)

BEELEZ0
1/ODMEAFED

—_ 7‘

B (5

~ 1/0
YT ity

EHEICH T2 BHEBT: O [GeV]

(W
-

(W

RFEHPDHZ—7 5 AEHECGC)EBDIRR

/

SFHROCGCEHBOER ‘ﬁ%ﬁﬁﬁj ‘

FEIRE)TRIN

10~/ 107> 1073

10~1

HEICBTIZ/IN—FDOBFICHIT BEEZLL: x

TP ppi

EFT R D Sk

FENRN

22



Part Ill :
FRFZANTDOQCDY 1 F

ST ADMERE




7 )L—7 >V EFFER@EIC

10% E
= Measurements with A =56 (Fe):
% <001 . ~ e eA/pADIS (E-139, E-665, EMC, NMC)
. - JLAB-12
. EIC Vs, = 90 GeV (eAu) 103 =~ = +vADIS (CCFR, CDHSW, CHORUS, NuTeV)
. = o DY (E772, E866)
= DY (E906) .
perturbative regime > &; 102 & . (]

) — oooog ?@' .:' ,
oT 0.5 1 15 2 2: 0 [ 4 soco g il AR AT
/\2 Qg (Gevz) N | Q\é 00000 0 © wes ems v E ;:.::

~LHC (p)  ~ LHC (A) O 10 G FAE
— it .
© i bativ: e P>
RFROKE BN —)L e I A
1/3,.—0.3 i f i
0.1 ] | lllllll | I lllllll | | Illllll I,/IIlIllll | | I I
x ATX 107 10 1073 1072 107 1
X
o« ZIL—7 VRS AT —ILIZEFEH 1D DY IL—F Y BEICEKTE.
o« XDMBERAVIC/INS KR THODBEIGRAT —IVICIED , iRRBEBRAEICEEZ 52 5.

BRI (r = 1070 = 107%) ;AN

B LENTEIEERERZRHET 5.

24



AZ7—dk—L2X

H7—DBEFARICHE 1 5
ftLIcma - OEMC  AE136

Q0O e L

small-xD 7 IL—A > I3 FARERICHBEIL U TULVE L

;
BRFALDIIN—FIiE O i
B W\ CABBIAR LY m& 09 | _
(‘:LN I
0.8 [ :
07 [ : |
: 1 BEFAREEOTIL—H
0.6 [ 1 R RIS
| 3. BFIERIC H S —

050 2 . .0
001 0.001

Jﬁﬂza&%ﬁawbt e - RF(E T 737 :'t b/Zh‘@ @

FEFILTHE D AZAMFDLS ICIEZES FREFZDY A ARZEDISZE

DRI S" (color leak)




BZEEANY N E20F1HE

? ?
) w IS (long-range rapidity correlation) 0_' ‘_0 ~ 0_' b
CMS 2010, \/s=7TeV
MinBias, 1 .0GeV/c<pT<3.OGeV/c N>110, 1 .OGeV/c<pT<3.OGeV/c
s
X
= >
3 5 N
-
3 3
o7 =
1 P n~y=In £
E—p,
A
; Pr
P; <

* pp, PA, and AABZE TR/ K S BMBRENRE Z 5.
c JA—D - JI—F2 - T3 AIHppPpABE THERL TWLWBILEN?

« FETZEMHIDIES Z (CGC) or/and #IRREH A 1ER (QGP flow) D#H&.

 Multi-parton interactions (MPI) O S 1ERIRIBEENGE. 26




EICANDNRYFI—2

A Badea ef al., PRL123, no.21, 212002 (2019) [.Abt et al. [ZEUS], JHEP04, 070 (2020), JHEP12, 102 (2021)
ZEUS ZEUS

ALEPH e*e” — hadrons, Vs = 91GeV

> 30, |cos(6. )| < 0.94 Thrust coordinat (s =318 GeV N @P<1GeV®  [5=318GeV N 0?>20GeV?
Ny 2 30, [cos(6 )| <O. ust coordinates 05<p <50GeV -~ S\ Nep =20 05<p_<50GeV -~ N\ Nep =20
Py > 0.2 GeV 15<n<20 ™ 15<n<20

Lab coordinates

—

—
—_
.

dAd

© ’é_\ 2 fé_\ 2

2|2 101 ] = on

o i £

Eg > O O
2z

-1 3 -1 3
-2
o - (a) Photoproduction. (b) NC DIS with Q? > 20 GeV?2.
¢ e~ @ LEPTIldridgeld R Z 7%\ (Belle®). :
ep @ HERATTHridgeld R 2750,
P gl A il =< ST <A <00 — T — s i — P — s
VSyn = 5.02 TeV, OnXn VSy = 5.02 TeV, OnXn i \ / " . \ g

(

ZAn>25

\ e SRR

2An>25

Rapidity Gap partially
gap filled
=052 S0.82{ " 2 /
<'- 0-5- 4“ 0-8-"'- <
A Z psS 37 Y
< 0481 SRR < 8;3 \ \
R 07
O 0.461¢ O 0.74- No rapidity No rapidity
4 gap gap
/ /
s {/\ . : (/\ i
\J\ F \/\
Nucleus breaks up Nucleus breaks up
04< p# < 2.0 GeV _1 4 04< p_?_ < 2.0 GeV 1 4 Multiple neutrons Multiple neutrons
0.4 < pg <2.0 GeV 0.4 < p? <2.0 GeV

G.Aad et al. [ATLAS], PRC104, no.1, 014903 (2021) UPCTIX{AID DB ZTLS. 27



BEFEERTO/\NO1E

e EZERTCOM/\ N OV 1{biERs (X KEK-BelleZz H/0)

[CRBARYIC

N -
1=

« RFZIEE

LD XA

HE5NTWSE (BRIEEE D)

E

XUV EEWVWAFTIER/\ MO

“ALTERANRNBZHDEERE.

s RFZEE

TIEEDELODBREENRER B

250 IXR)LF—EBELLEE

1.50

1.10

Ratio of particles produced in lead over proton

0.30

0.0

1.30

0.90 .

0.70 .

0.50 .

1-0 pion

4 systematic

uncertainty

® DO mesons (lower energy)
® Pions (lower energy)

O DO mesons (higher energy)
=1 Pions (higher energy)
Wang, pions (lower energy)
----- Wang, pions (higher energy)

systematic
+4> + uncertainty
Hi_.Jt!i,.: -
=]

0.01 <y <0.85, x> 0.1, 10 fb™
Higher energy : 25 GeV< Q< 45 GeV: 140 GeV < v < 150 GeV
Lower energy : 8 GeV< Q<12 GeV?, 32.5 GeV< vV < 37.5 GeV

0.2

Z

0.6 0.8 1.0

28



TXYFwvI)\ROV4EER

>””"'”ﬁ-\ e

Molecule? or Tetraquark? or perhaps Pentaquark?

* EICTIRRRTEZANEH T =327 L g 12—
N . =< [e+'® e+*2Cu e+'9Au
ER%_:I'U(/L;\ /}sz—a_%) ’C\Tg 1;-". """"""" " """""""""""""""""""""" '. """

- 7 N § ‘3:)08:—
B RREORETERENEDS. o

0.6 @
Vg - ®

« TXYF W IIRREBHERT DN, FiF 0.4 2
IREEDNEREEE (TS U T, B F AR E) ; 25_ ® Compact X(3872)
THEOLPTENRB S, e | = S

t e o e bV e g lssaa g lasalss e e el asiadaasagl g9
Q™20 40 60 80 100120140160 180200220
Nuclear target A

29



=)

e EICIZ, %?W*F%L

D7 12 it

75QCD3

.

o
W
H

Luminosity (cm™@ s™)

—4

o
W
W

—

o
W
A

:@71Ahﬁ4lyzt%¢%%ﬁtggfl

100

10

Internal Landscape |
of Nuclei ensit ‘ tion 1

Annual Integrated Luminosity (fo™)

0 50 100 150

Center-of-Mass Energy [GeV]

e EIC/ElT T4 < ,J-PARCEH RS &9 3/\ROY - EFERZSIIFENICHB U, kA

b%€§§JU )

i R

G5 ET, H7—PTIL—F > DERE|DIE

——7R7O77

fEx H1ig9 .

30



Backup



NPDFs

f;p/A(X, QZ)
fY(x, 0%)

« R4 > 1 for x > 0.8: the Fermi motion region.

Ri(x, Q%) =

e R4 < 1for0.250r0.3 < x < 0.8: the EMC region.
e R4 > 1for0.1 < x <0.250r0.3: the antishadowing region.

« R4 < 1 for x < 0.1: the shadowing region.

Low scattering energies: incoherent sum
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ElectroWeak & Beyond Standard Model Physics

_ _ : o G.Gwinner and L.A.Orozco, Quantum Sci. Technol.7, no.2, 024001 (2022)
Running of Weinberg’s weak mixing- angle
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