National Nawral Science

Foundation of China

NSRS |
W g

Grantno. 12135007
NSFC

jueduXn/

~

WhEt /B

/[ NJ A 3

Gt
e il
AR e

\ X AN 0

ﬁfﬁn&

R,

\/ \\
1

G
FBA e,

, !
i
A,

TR i AT
& T T,

(AN ...,%b

Y

e

s

1902 - 2022

NANJING
UNIVERSITY

2K F 120 SEBER
ANNIVERSARY

Z
b3
120t

NANJING UNIVERSIT


http://inp.nju.edu.cn/

Emergence of Hadron Mass

U Standard Model of Particle Physics has knewnmassgenerating mechanism
=HiggsBosoX A YLJ} Od&a INBE ONRGAOIE G2 S@2f dz
U However, Higgs boson is alone responsible foru¥oof the visible mass in the Universe
U Proton mass budget
roton mass budget

Only 9 MeV/939 MeV is directly from Higg—s\p> 5
T ——

U Evidently, Nature has anotherery effective
mechanism for producing mass:

Emergent-Hadron'Mass(EHM)

V Alone, it produce94%2 ¥ (1 KS LJ

V Remainingb%is generated by constructive
iInterference between EHM and Higgeson

882
m chiral limit mass = EHM+HB feedback = HB current mass
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Emergence of Hadron Mass - Basic Questions

proton mass budget

U What is the origin of EHM? o ‘9

Does it lie within the Standard Mode
l.e., within QCD
u ° K I l] | NB l:I K S é 2 y = chiral limit mass -88EZHM+HBfeedback = HB current mass
¢ Gluon and quark confinement? ]

¢ Dynamical chiral symmetry kaon mass budget 0= chialimit mass plom mass BUJBEL .~ hirl i s

breaking (DCSB)? % ‘ il
¢ NambuGoldstone modes = K#?

U What is the role of Higgs in - N
modulatlng Observable propertles Of u chiral limit mass = EHM+HB feedback = HB current mass = chiral limit mass = EHM+HB feedback = HB current mass
hadrons?

C Crltlca”y, WIthOUt ngg S position. There are crucial differences. The proton’s mass is large in the chiral limit, i.e. even in the
. . absence of Higgs couplings into QCD. This nonzero chiral-limit component is an expression of emergent
meChanlsm Of mass generatlon’ hadronic mass (EHM) in the SM. Conversely and yet still owing to EHM via its dynamical chiral sym-
and K WOu Id be |nd |St|ngu |Shab|e metry breaking (DCSB) corollary, the kaon and pion are massless in the chiral limit — they are the SM’s
Nambu-Goldstone modes [24-27]. (See Eq. (2.22) below.) (Units MeV, separation at ( = 2 GeV, produced

u Wh ence mass? using information from Refs. [8, 21-23].)
‘ Craig Roberts: cdroberts@nju.edu.cn 414 "Emergence of Hadron Mass and Structure”
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FIG. 1.1. Mass budgets for A—proton, B—kaon and C—pion, drawn using a Poincaré invariant decom-
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All mass is interaction.

— Richard P ?elfn/man —
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Quantum Chromodynamics

b 20 @0 @ [ ORI 6@ @

0,(0 ~1,00 (0 1,0/ (® Q"0 (@0

Oneline Lagrangiag expressed in terms of gluon and quan&rtons

Which are NOT the degrees$-freedom measured in detectors

dzSai A 2y &

2 KIgG FNB GKS | aéYLIRANMSS RSYUKS Ol 0f S RS
| 26 I NB (GKSeé odzZAf i FANRNESSRBYKFINI yIAL
La v/5 NBIffteée GKS GKS2NEB 2F adNRy3I Ay
La v/ 5 NBMILYLIIA QIKISA22MWMEEK T NJ 60 Seé2y R {0
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Modern Understanding
Grew Slowly fram Anciebnigins

U More than 40 years ago

Dynamical mass generation in continuum quantum chromodynamics,
J.M. Cornwall, Phys. Rev2BMm by m 0 [mm 1p witatddns

U0 Owing to strong selinteractions, gluorpartonst gluon quasiparticles,
described by a mass function that is large at infrared momenta

3-gluon vertex

0 /,5 :g%zg : na f dz2 y TN
& 4 eize |  Trulymass from nothing
Gluon propagator An interacting theory, written in
el _
e | S e ey, 20D
2f lattice QCD agree ]
0 ’ are characterised by a mass fun(?é’énco_ntmu_um th_eory and
b that is large at infrared momenta  lattice simulations:agre:
9 i 5 3 ; V Empirical verification?
k [GeV]
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Modern Understanding

CIFI\IA' ClAavaidyv: froAvan Annlmrqins

U More than 40 yee E I I M

Dynamical mass ¢ dynamics,
J.M. Cornwall, Phy

0 Owing to strong s m e a_n S uasiparticles,

3-gluon vertex

described by 2d momenta
| | 4-gluon vertex
Gluons-are
)cilg(;)r:liﬁ V QCD fact

lattice C

Q | -
Ak, 1) \
= £ B L2 B eh

m aSS Ive “t:(i{,t{nCo_ntinu_um theory and
ta lattice simulations agre

V Empirical verification?

0 1 2
k [GeV]
@ /NIAT w20SNIaY ORMBYSNESYPE8dz@3RUz@WRY alaad I yR {dNHOGdNSb
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0.5
A A Deep Inelastic Scattering
04l oe e¢te— Annihilation Il
) o Hadron Collisions
This is where we live | B Ry N —

o (Q)

g
2 Kl Qa KIF LIS
out here?!

=QCDh o,MZ)=0.1189%0.0010

1 10 100
Q [GeV]

OCD’s Running Coupling
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R LA PSS ANOREATR S and Physics (DSEMP2014) Trento, Italy, Septemb26,22014
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| DysorSchwinger Equations indModern-Mathematics

Procosciedspsndann d
e/fefriecccharon e charge =

v A y A “ 2 - A v .| Jhab (202
a2RSNYy GKS2NEB Syl of Sa togz/A u.j‘”“ %dﬂzbﬁigéjdz
D Sk yof 246 d ' 4 & JlLab EG1dvcs _
< A P . ,708}L @ Hall AICLAS ‘jlg Al - .
NHzy y Ay 3 OKINBS (2 05" Nhedladthapid eNIRSTAY SR
<0 f & LA E . [ = JLabCLAS (2014) % .
Ol f Ode I U SR e Ex 06} a DEaSYHERI\/IES ‘53,>
VIt ears 2FdzvS 5580021 |[v CERNCOMPASS | iRl
L 4, q
& )\ S £ L5 AN F YESNIESSI LINE R 246 i AERNBPAL B t
p . . @ SLAC E142/E143 o ‘
b®. & vdz t A GN dOA KISy K Y 3 3 E154/E155 : n«’_ j
: D | & ¥ JlLab RSS T
bz [FYyRFdz t215S * stz /} 2%
¢ AN FNINERADGHRBSIBENI cwgdSRedwALE 7 v
O2NNBOdion SELI Ay GAZ2Y 2F BF SYS[GyVi]j L
a3 ity sy 't o A = 1% q
Stems My:(iSNI OGrzya 6502Y8 A0HTS

AYVRSLISYRSY(uxX 2dzad | é (R S @odsogrdS NGRS P Rt s (4G50 7]

Progess independent strong runing coupling

a2 v/ 5 0S0O02YSa LINT O0 »@efnofe o aii612@pBugfhi Fr2rNJYE forf) 0540241 3

Effective charge from lattice QCZhuFang Cui et al., NANP 014/19arXiv:1912.08232

. Craig Roberts: cdroberts@nju.edu.cn 414 "Emergence of Hadron Mass and Structure" [hep-phl, Chin. Phys. @4 (2020) 083102/110

10
9th Intern. Conf. on Quarks and Nuclear Physics (QNP2022) 2022(0®/(31)


http://inspirehep.net/record/1504060?ln=en
http://www.google.com/url?q=http%3A%2F%2Finspirehep.net%2Frecord%2F1771514%3Fln%3Den&sa=D&sntz=1&usg=AFQjCNET20BeXjPH93dCyyROC0b_FEzg6w
http://www.google.com/url?q=http%3A%2F%2Fcpc.ihep.ac.cn%2Farticle%2Fdoi%2F10.1088%2F1674-1137%2F44%2F8%2F083102&sa=D&sntz=1&usg=AFQjCNG6FBW7FVAvE_kugoNC2xYymh1WmA

U!oasyag | A33a

EHM Basics

62az2zy O2dzL) Ay3asz 0K

SXi
cal 83af Saa 3Jfdzzya 0S02YS YI
C ! Y2Y§R§W¥VR&$EU&$E§?
OKI NES A a LJN\ERdOSt'
cal aaft$aa ljda Nl a 6802 ¢
91 a A& SELINBAaASR Ay
99w, auNRBYy3d AYUSNI O.
/ KEEtSy3as iz ¢KS2NE T
9f dZOARI UGS FEf 20&SNDI
YR KAIKEAIKE (GKS LI (K3
/ KEttSy3asS G2 9ELISNRAYSyd T

¢Sad G4KS 0
(KS 062dzyRI
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QCD Fact Pion (NambuGoldstone modes) and mass

01 A33a 06232y & EHM demands equivalence between
one-body mass and twody correlation strength

U Pion exists and is massless x b b dZNE O 3 bl Golldavidbbsge
U Pion BetheSalpeter amplitude y UrazNb Qa - WanaliGottisiay syres

Pion wave function guark mass function

SBThis identity Is the most basic expression of the Na
Goldstone Theorem In the Standard Mg

. & Craig Roberts: cdroberts@nju.edu.cn 414 "Emergence of Hadron Mass and Structure”
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QCD Fact Pion (NambuGoldstone modes) and mass

Ul A33a o62az2y O
U Pion exists and is massless
U Pion BetheSalpeter amplitude y

91l a RSYlFIYyR&a SljdzA gt SyOS
2Vib2Re Y| a®2RER O NSt | U
A

5
F A2
b@ (i ¥ZRB (i T doyf RIMDEBIYRIA G2y S

Pion wave function guark mass function

SENntalls, enigmatically, properties of the nearly massless
are the cleanest expression of EHM in the Standard Mc

. Craig Roberts: cdroberts@nju.edu.cn 414 "Emergence of Hadron Mass and Structure”
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All mass is interaction.

— Richard P ?elfn/man —

In QCD, so Is the absence of mass
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AMBER —
oy ,
e Jefferson Lab

CERN SPS OThomas Jefferson National Accelerator Facility

ELECTRON-ION COLLIDER
EIC Yellow Report

EHM:at ’
Existing:and Future:FacHities
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Baryon Structure and QCD
R.T. Cahill, C. D. Roberts, J. Praschifka
Austral. J. Phyg42(1989) 129145

Structure of Baryons
- diquark correlations

¢ Craig Roberts: cdroberts@nju.edu.cn 414 "Emergence of Hadron Mass and Structure”
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N
Structure of Baryons

U PoincarécovariantFaddeevequationsums all possible exchanges and interactions that can
take place between three dressepliarks

U Direct solution oFaddeeweguation using rainboviadder truncation is now possible, but
numerical challenges remain

U For many/most applications, diquark approximationgieark+quarkscattering kernel is used
U Prediction owing to EHM phenomenatrong diquark correlations exist within baryons

CLINRG2Y | YR v Sdzi NB V-vedtor @cﬂna:k&areap@hehtl NI YR | E

V CSM prediction =
presence of
axialvectorn(AV)
diguark correlation in
the proton

V AV Responsible for
T  of proton charge

AV AV

/N A3 w2o0S8NIay ORMNPYSNESYYVEdz2SRUzpAGNRY al

: .
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Diguarks & Deep Inelastic Scattering

The ratio of neutron and proton structure functions at
largewis keen discriminator between competing
pictures of proton structure

0.9
Example:
¢ Only scalar diquark in the proton (no axvactor): 07 1
=i |
o~ () L |
¢ No correlations in the proton wave function (SU(4) |
spinflavour) | _I_) - 03 1 Solid blue circles :Jtab MARATHON
0 () | Open red squarés : JLab BoNuS [
Experiments have been trying to deliver reliable data ,, | =" /
on this ratio for fifty years! Pt 03 N "4y

MARATHON a mOI’ethan ten—yeal’ effOI’t, US|ng a FIG. 2: The F3'/F? ratio plotted versus the Bjorken x from
.y . . the JLab MARATHON experiment. Also shown are JLab
tritium target at JLab, has delivered precise reSultS  g.i'B BoNuS data [56], and a band based on the fit of the
SLAC data as provided in Ref. [46], for the MARATHON
D. Abyraens al ., Measur e@lel®t odct @ kinematics [Q® = 14-x (GeV/c)?] (see text). All three exper-
Function Ratio by the Jef f er-3ene imentaldatasetsinclude statistical, point to point systematic,

Unel astic ScatzaerrXiiavg 4 EQ[pBee@ e nt  and normalization uncertainties.

Phys. Rexn022iemntpr €ss.

Craig Roberts: cdroberts@nju.edu.cn 414 "Emergence of Hadron Mass and Structure”
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gl - Valence Quark Ratio in the Proton @
EE e vsrn s MARATHON EXPERIMENT
' N N Schlessinger point method
0 bSé YIFLUKSYIFGAOIE YSiK2R ¥2NJ )\yuSNJ_sz FGA2Y
YR SEGNI LRt GAZY 2F R
¢col aSR 2y oz YOliMmyerdsS RS LINE
2 ¥ FdzyOGAz2yasz +daAYSyds
al YL Ay 3 og}
U Delivers modelndependent prediction for all 2
ratios !
¢ No reference to models or physics theories  o.4[
U Provides benchmark against which all pictures |
of nucleon structure can be measured o S A
i Probability:that:scalar diquark-only:models of 0002 040608 10
nucleon might-be consistent withavailable B , DX
data is /7,000,000
_ 4. Craig Roberts: cdroberts@nju.edu.cn 414 "Emergence of Hadron Mass and Structure”
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https://www.google.com/url?q=https%3A%2F%2Fiopscience.iop.org%2Fjournal%2F0256-307X%2Fpage%2FExpress_Letters&sa=D&sntz=1&usg=AOvVaw1wr4Zzihwh798kH9caBrrC

Composition of low-lying J = %i A-baryons .

ecctciraome xic |

boayoryr@mmanree s
b Theground state proton is;not enough

Ground state of the hydrogen atom did not give us QE

Phys. Rev. D 105, 114047 — Published 27 June 2022

Wave functions of (I, ) = (1/2,3/2") baryons
Langtian Liu ( ), Chen Chen ( ) and Craig D. Roberts, NJUINP 064/22, e-Print: 2208.12353 [hep -ph]

Langtian Liu (X3E7K), Chen Chen (B&&), Ya Lu (FEIL), Craig D. Roberts, and Jorge Segovia I I

20 U Studies of the proton alone cannot reveal all the

15 | wonders of QCD, if QCD is truly the theory of strong
10 | Interactions in the Standard Model

0 U Modern and planned higluminosity facilities provide
0.0 °

unprecedented opportunities to move beyond the 100

year focus on the structure of just one (or two =
Exposing orbital angular momentum structure of, neutron) hadron(s)

eg.3(p X ITIX LINBYARAYI Y2Up GhIARYA KIYR AdAIB NG KS Fdz £ |
for extensive baryon resonanggogrammeat JLab greatly enrich our store of knowledge!

U Poincaréecovariant Faddeev equation is shedding new
light on the structure of ALL baryons

Roper resonance: Towargearsoeluzizien to the fif
Craig Roberts: cdroberts@nju.edu.cn 414 "Emergence of Hadron Mass and Structure” \/ g | k e r D

N - . Burkert and Cr ai ¢ 2200 J)GRL01bOEDSS , Rev. Mo d . Phy:
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Parton Distribution Functions

‘ Craig Roberts: cdroberts@nju.edu.cn 414 "Emergence of Hadron Mass and Structure”
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Proton and pion distribution functions in counterpoint

massive almost massless
U Today, despite enormous expense of time anc A proton B pion

effort, much must still be learnt before proton
and pion structure may be considered
understood in terms of DFs

U Most simply, what are the differences, if any,
between the distributions opartonswithin
the proton and the pion?

U The question of similarity/difference between
proton and pion DFs has particular resonance

tOday as science seeks to eXpIain EHM Figure 1: Left panel—A. In terms of QCD’s Lagrangian quanta, the proton,
N . . ] p, contains two valence up (u) quarks and one valence down (d) quark; and
U How are obvious Macroscopic differences also infinitely many gluons and sea quarks, drawn here as “springs” and closed

loops, respectively. The neutron, as the proton’s isospin partner, is defined by

between prOtonS anqblonsexpressed In the one u and two d valence quarks. Right panel—B. The pion, 7", contains one
structural features of these two bounrstates? valence u-quark, one valence d-quark, and, akin to the proton, infinitely many

gluons and sea quarks. (In terms of valence quarks, 7~ ~ dit and 7° ~ uit —dd.)

/' N} A3 w20SNIiayYy ORNRPYSNESYYPEdz2SRUzp@WRY al &a | yR { GNHzOG dzNB b
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Proton and pion distribution functions in counterpoint

Proton and pion distribution functions in counterpokdlLu () et al,
NJUINP 056/22, éPrint: 2203.00753 [heph], Phys. Lett. B 830 (202237130

U+ f SyddSN] R2YIAYY¥Y (KFINSB ¢
U0- ayY Gty "I o 1 F ¢ I

¢DtdzZ2yI (5Ch Y p
¢{ Sl 15:;CarYs ¢

~1
)‘% dP(x; L), uP (33 {3) o< (1 = x)°

= ~1
A7 L), 0 ) o (1= x)?
V These are simple consequences of DGLAP equations

L
V Argument can be reversed.:
if large-x glue or sea DF exponent is smaller than

U Further, no simultaneous global fits to that of valence DF at any given scale, then it is
proton and pion data have ever been smaller at all lower scales.
performed V DF with lowest exponent
¢ Largely because pion data are scarce defines the valence degreaf-freedom.

. . : : V Proton is supposed to be a stable boustdte of
U Existing approaches are unlikely to yield three valencequarks

definitive answers because practitioners
: : . Yet, modern global analyses of proton DIS and
typically ignore QCD constraints related data encompass fits with role of glue and
valencequarks reversed!
Proton has valence glue but no valence quarks!

Craig Roberts: cdroberts@nju.edu.cn 414 "Emergence of Hadron Mass and Structure”
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Proton and pion distribution functions in counterpoint

Proton and pion distribution functions in counterppidlLu () et al,
NJUINP 056/22, éPrint: 2203.00753 [heph], Phys. Lett. B 830 (202237130

x=]
s 5 o a AP Ep), P (0 Ep) "o (1= x)?
U = f Sjydad SNJ R2YlIAY Y 0K S$ NS é)&i%‘_[ s -
y , N " lar), 15 (% < (1 —x
¢Dtdz2yl ;5CRY p}
¢{ Sl T5:CalYs G V These are simple consequence of DGLAP equations.
(i Further, no simultaneous global fits to CTi8:large L2 GSNJ 2F 3t dzS RA &
proton and pion data have ever been mass; 1S (almost) identical to that of valenapiarks.
performed With this behavior, proton has valencguon
Laraelv because bion data are scarce degrees of freedom at all scales. That would make
S o gely P _ _ the proton a hybrid baryon, which it is not.
u EXI_St!hg approaches are unlikely tO yield CT18Z: larga power of glue distribution ia,=1.87
definitive answers because practitioners whereas that on the valence quarksais3.15
typically ignore QCD constraints e  Indss,),,valencequarks aresubleading

degreesof-freedom. Instead, gluons dominate on
what is typically called the valencpiark domain.

Craig Roberts: cdroberts@nju.edu.cn 414 "Emergence of Hadron Mass and Structure”
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Proton and pion distribution functions in counterpoint

Proton and pion distribution functions in counterppidlLu () et al,
NJUINP 056/22, éPrint: 2203.00753 [heph], Phys. Lett. B 830 (2021237130 A 5 OF

O {eYYSINGEASNIDBAY3I | yltéeasa d-

Tdzy OQOiA2y YSUGUK2RaE c')/{aau R:;’;gms-
FANBS GAUK v/5 O2yauNIAyd X, .|

-3 1.0
0+t SydrSN] RFNBSR2 Y OF ENE kX
Y2 Y SY U dzY(x) =0.687, <x>f{j =0.313, (x)7 = 0.5 -
05Aldz N O2NNBtFdAz2ya Ay LI 20—
P 0 W Q’Q (W " X
Ot NBO2Y FyRjldA N SICESRKOPS 10f -
RAFFERUBIY @A 2 dzN) S ogf din broton |
270 W} A4 bAIWABG RAfF OISR 5Q>3<‘06_ uinpion |
A®hoGKaBDI(dzad B> @) 0 SKIE GA T o4 [N\ diation
5 LINBASNDI GA2Y 2F GKAA& ozt N\ -
AAIDE KA RETS v O NP ER @D AR 0o NB | ool e
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Proton and piron distribution funct
gl ue and sea .

A T
~ o e o ~ ~ o :3\0.8:
0/ {a LNBRAOKKRZYFIQJ B2 gBANNSR & |
AAYdzZ FGA2Y o4l
wWSIAFNRAYI (GKS RAAGHER G @AA 2Kl FPARDI B AWEME Y @080 o |
HMAC OHKRIRE / KA Y do \iyokideiay | S o //,fﬁé‘)(—).m SRR .
UDfdey 5C LIaasSaa aAIYATFTAONyUf ¢ T x J2
R2YMKa ym)d KIy Ky SHE dzS T =
U { Sty 5C LI2ZaasSaa aArAayATAol y-it
R2YIlI AYy Kl ¥ Ca ol
U ar yGa Sl 5Ca IINB O2YYSyadzNI s N
|j dzl NJ]. 3 S | 5 C & 0.001 0.01 0.1 1
U C2MIYE do¥ NJ aX (223
adzLJL2 NI 2y GKS @l
0 ¢KS&aSm2 dziO2.Y:S@ ol NB :
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Proton and pion distribution functions in counterpoint

0

N £ A
<y
diad

CSMs have delivered gver unified body of predictions for all proton and pion DFs
¢ valence, glue, and fodtavourseparated sea.

Within mesons & baryons that share famiflavourstructure, lightfront momentum
fractions carried by identifiable, distinct parton classes are identical at any scale.

On the other handx-dependence of DFs is strongly hadron dependent
Smokmgggunée e EHM

v
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All CSM DFs comply with QCD constraints on endpoint 8ogvhighx) scalindehaviour
However, existing global fits ignore QCD constraints, so:

¢ Fall to deliver realistic DFs, even from abundant proton data

¢ Meson data almost nonexistent and controversial results from fits

Only after imposing QCD constraints'on future phenomenological data fits/'will it be possibl
to draw reliable pictures of-hadron structure.

Especially important for attempts to expose and understand differences between Nambu
Goldstone hosons and.seeminaly less .complex hadrons.
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Many, Many Other Expressionsof EHM
U EHM: formation of nonpointlike diquark correlations within baryons | .| _
¢ All baryons, including those with one or more heavy quarks :
U Proton possess isoscala& p isovectorcorrelations 1 only B -
¢ Marathon datat Probability that proton contains - N
scalardiquarkonly = . B S
U Nucleon resonances eioion :3:::.;,;:::;-‘15::2.{i‘é’:;:;’.; e o s DI

35): l) vson S h rir gcr equation anal

O2y il Ay Y2NBn S&MbP fisbstalafsy dsovictor  wuw i e

U Nucleonelastic & nucleosto-resonance transition form factors can test these and other
structural predictions

U Electroweak transitionieavy+lighsystems (Higgs boson dominant mass mechanlsm) to
light (lighter) final states (in which EHM dominates) Y § SNF SNBYy OS o0S06S.
massgenerating mechanisms

U Progress demands Synergy between-Experiment-+Phenomenology + Theot

[\'(‘s (Dsl:) [57. 58]:
59]; ¢ >
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