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U.S. - based Electron-lon Collider

1 OnJanuary 9, 2020:
The U.S. DOE announced the selection of BNL as the site for the Electron-lon Collider

=) A new era to explore the emergent phenomena of QCD!

[ A long journey — a joint effort of the full community:

AN A T OF
/S -BASED ELECTRON-ION

COLLIDER SCIENCE

The 2015
LONG RANGE PLAN
for NUCLEAR SCIENCE

0w

“...answer science questions that are compelling,
fundamental, and timely, and help maintain U.S.
scientific leadership in nuclear physics.”

... three profound questions:
How does the mass of the nucleon arise?
How does the spin of the nucleon arise?
What are the emergent properties of dense systems of gluons?



Emergent Hadron Properties from QCD

O Mass - intrinsic to a particle:
= Energy of the particle when it is at the rest

< QCD energy-momentum tensor in terms of quarks and gluons

T l@ [Z'D(M,YV)} W+ lgW F? — FHeR v Operator - Same for
2 4 all hadrons
< Hadron Mass: V() — (h(p)| [ d32z T () |h(p))
(h(p)|h(p)) Rest frame
h=mn, K, pn,..
 Spin - intrinsic to a particle: Depending on the state

= Angular momentum of the particle when it is at the rest

< QCD angular momentum density in terms of energy-momentum tensor

MOV — AV e Ji ‘_(_Uk /dsmi”ojk. Operator - Same for
2 . all hadrons

<> Hadron Spin:

5, (0) = \p): LT () |h(p). 5)

(h(p), s|h(p), s)
If we do not understand hadron mass & spin, we do not know QCD!

Rest frame



The Proton Mass

J Nucleon mass — dominates the mass of visible world:

‘ Dynamics of gluons

_‘ Proton
\  Mass = 168x1026 g

Higgs mechanism

®
~——
Quarks

Mass =~1.78x1026 g

~ o
~ 1% of proton mass 99% of proton mass

Higgs mechanism is not enough!!! “Mass without mass!”

1 How does QCD generate the nucleon mass?

“... The vast majority of the nucleon’s mass is due to quantum
fluctuations of quark-antiquark pairs, the gluons, and the energy
associated with quarks moving around at close to the speed of light. ...”

REACHING FOR THE HORIZON
The 2015 Long Range Plan for Nuclear Science

How to quantify and verify this, theoretically and experimentally?



Nucleon Mass vs Pion Mass

Martin Savage @ Temple meeting

J Nucleon mass from Lattice QCD calculation:
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Mpy = 800 MeV + m;, Unexpected behavior !!



Hadron Mass from Lattice QCD

J Hadron mass from Lattice QCD calculation:
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How does QCD generate this? The role of quarks vs. that of gluons?



The Proton Mass: from Models to QCD

O Dynamical scale:

< Asymptotic freedom === confinement:

1
m=) A dynamical scale, Aqcp » consistent withE ~ 200 MeV

d Bag model:

o < Kinetic energy of three quarks: K, ~ 3/R
Bag
® o, | < Bagenergy (bag constant 2): 1y = gﬂRS B
< Minimize K, + T},: M, ~ W197.3(Me\/fm)
1
< Proton radius: < Proton mass:
R(PDG) = 0.8414(19) fm mm) M, ~ 936 — 940 MeV

M,(PDG) = 938.272 MeV
Meson is different, especially the pion!

d Constituent

quad rkl . - Massless quarks gain ~300 MeV mass
moael. * when traveling in vacuum

mh M, ~ 3mgt ~ 900 MeV

< Spontaneous chiral symmetry breaking:



Pion, Kaon and Proton Mass in QCD

d QCD:

1 — ..
Lqacp(m) = 3 P P+ [£(7"' Dy )iz — mois] ¥,

O Hadron mass (in any frame):

(h(p)|T* |h(p)) o p*p” (h(p)|T%|h(p)) x p* = Mj;
Same T"” for:  (P(p)|T"|P(p)) = M. ~ (938 MeV)?
(m(p)|Th|m(p)) = M7 ~ (139 MeV)? < M
(K(p)|IT%|K(p)) = M§ ~ (497 MeV)?
d Poincare Invariance:

0, TH =0
 Global scale invariance for Lqcp(m =0): T — e %z
Classically, Dilaton current: D, =1, ="
T g, =T =0 O*Dy =0 =[0"T ] a" + T} g™
v p

No massive bound state!



Pion, Kaon and Proton Mass in QCD

1 Sources of hadron mass:
Vacuum expectation

Quantum mechanically, breaks chiral symmetry

59) | !

o g v,a a A
Toz_lgF'u F,uu—i_ Z mC](l—'_/ym)?quwq

) =u,d,s | )
Y ! Y

QCD trace anomaly Chiral symmetry breaking
B(g) = —(11 — 2ns/3) g/ (47)? + ...

Need to know:  (h(p)|F*"*F5,|h(p)) and (h(P)1Y,¥qlh(P)) independently!

 Isolate the traceless term:

—_—

THY — Ty + Tuv

Traceless term: Twv = TH _ % gtvTe,
: — 1
Trace term: Th = — gt T2



Decomposition and Sum Rules

 Mass in hadron’s rest frame: X. Ji, PRL (1995)

<> Hadron state:
|P)  With the normalization: (P|P) = (E/M)(27)*6°(0)
<> Hamiltonian:

Hoep = [ #FT™(0,3)  (P|HqeolP) = (E*/M,)(2r)°6°(0)
< QCD energy-momentum tensor:
THY — Thv 4 Tuv (P|T*"|P) = P*P" /M, No 9" term!

I Bladd v 1 v Ty 1 v
m) (P|T"|P) = (P'P" — M} g")/M,  (P|T" |P) =7 Mpg"

4
oy (L E2TT|P) (P| [ d*x T*|P)
<P|P> at rest <P‘P> at rest
“Traceless” term “Trace” term

d Sum rules for Proton Mass:

Relativistic motion x Symmetry Breaking Quantum fluctuation

/

| |
= M, + M, + M, + M,
at rest/l f \

Quark Energy Gluon Energy Quark Mass Trace Anomaly

(P| ] = T*|P)

Mo = " p Py




Decomposition and Sum Rules

4 Identities:

(P [ d*eT5|P) _ (PI[d=T0P)| 4 (P|[d«T"|P)
(P|P) Py | T3 (e |
O Traceless terms:
™ =T, +T, T/ = %z,ﬁz“l_)’("'ﬁf% — 3—1 g hmap, T = % g"F? — FrepY.
(PITY|P) = a(u®)(PRPY — M2 g) /M,

(PITY|P) = (1 a(u)|(P*P — L M3 g") /M

—00 —00

(P| [dzT, |P) 9 3 (P| [d°zT, |P) 2\ 3
— = =1 — — M
PP a(p )4Mp R [1 —a(p”)] 1

at rest at rest
O Trace terms:
~ . . ~ 1 N 1

THY = THY 4 THv (P|TH'|P) =b ZMp gt (PITI|P) = [1— 0] ZMp g’

(P| [ d*x TR |P) iy (P| [ &= TP |P) _n-yluy

(P|P) R S (P|P) . B 47"




Decomposition and Sum Rules

1 Roles of quarks and gluons?

<> Quark enerqy contribution:

= (a —b)

X. Ji, PRL (1995)

3

:(l—a)ZMp

= bM,

1 Mo

3

1
:<1_b)1Mp

Quantum fluctuation

Hy= [ 4(=iD-a)s, M, - (PIH,|P)
. . <P’P> at rest
< Gluon energy contribution: (PIH.|P)
1 P|H,|P
H :/d3f—(E2+B’~’) M, = L
? 2 ’ <P’P> at rest
< Quark mass contribution:
H . /dS'_"-'_ i M — <P‘Hm‘P>
" ~ PR <P|P> at rest
<> Trace anomaly contribution:
9ox (P|Hq|P)
H, P72 (E*-B?) M.=
/ ]_67'(' ) <P’P> at rest
> Relativistic motion x Symmetry Breaking
(P| [ d®xT"|P) l A ) ‘/
v (PP ~ et Mo M+ M

at rest / f \

Quark Energy

Gluon Energy Quark Mass

Trace Anomaly

m=) Need to connect “a” and “b” to physical observables independently!



Decomposition and Sum Rules

d Physical meaning of “a”
M2 ) /M,

T w l .
']"{; — —?/)ZD 'lr/) _ _gl 'l[)m'l/) T/w . Zg/LuFQ . F“QFI:X-

g

(PIT™|P) = a(u?)(P*P¥ -

Let # >+ and v — +:

= a,%) = [ doa o) +awt)]  ay) = [ do o gla?)
Total momentum fraction carried by the quarks & gluons are measurable

d Physical meaning of “b”:

. 1 P|fd3 ¢m¢|P>
/’I’V p— —_ ,’LV p—

Need independent measurement of the trace anomaly!

B(g)
29

T =

(67

SEEFRCES Y mg(1 4 ym) Y, wq

J u,d,s |
| = |

QCD trace anomaly Chiral symmetry breaking




Decomposition and Sum Rules

d Quark mass contribution - the “b”-term:

b M, = (P|m,iu + mgdd|P) + (P|ms3s|P) + ...(heavy flavors)

0.3

d The first term — N o-term: gobal it ——
- 025 I'5p) —o— :
o.n = m{N|tu + dd|N) 0o 48 A . 4%
with M = (m, + mg)/2 015
01 : . -
Both lattice QCD and phenomenological Light quarks: u+d
analyses give: 0051 0.046(7)(23) GeV
0 1 1 1
~ _ 0 0.05 0.1 0.15 0.2
o-N ~ 45 — 50 MeV 2 eV
d The second term - strange scalar charge: YBY, PRDS4, 054503 (2016)

Light strange quark:
orn = (M + my){Nl|iu + dd + 25s|N) /4

Both lattice QCD and phenomenological
analyses give:

oxn ~ 360 — 400 MeV
Need measurement and calculation of trace anomaly!



Pion and Kaon Mass

 The derivation of above decomposition is valid for all
hadrons except “massless” one:

At the chiral limit, m, =0

<7T(p)’TZ|7T(P)> = qur — 0 DCSB - see Roberts’ talk

d Do not have to choose the rest frame:

T'a = MFMV’GFSV + D mg(L+7m)bgy  mh (h(p)|T2|h(p)) = M2

2
g q=u,d,s

Need to know:  (h(p)|F*"F3, |h(p)) and (h(P)1Y,¥qlh(P)) independently!

d Contribution from the traceless term:

Ia Aludd v 1 v
(PIT" |P) = (P"P* — M2 ) /M,

We do not have to choose “00” components and the rest frame
We could choose ¢ —+ and v — — (or LL ): Ji, 2003.04478

M, =2 (h(p) [T (0) |n(p)) o o

In preparation

Need to find new observables sensitive to these high-twist operators!



Pion and Kaon Structure

 Pion decays, and there is no stable pion target

O Pion beam:
Talking advantage of time-dilation, ™ +p — ¢*0~ + X prell-Yan process

Precision of pion structure depends on our knowledge of proton structure

L Lattice QCD:

- using a vector-axial-vector correlation as an example

[Tfsu(f p) + T35, (€, p)] = 5 (h(p)| (T(€/2) T3 (—€/2) + T5'(€/2) T (—€/2)) |h(p))
= GMVQB paéﬁ Tl (w’€2) + (ﬂigu - 5” )TQ(wa£2)

< Collinear factorization: Vanishes under T

Tiwe) = Y / = fla.p?) Cf (@.6% 2.4%) + O[J¢]/fm)
f=a.9.9
<> Lowest order coefficient functions:

C;?(O) (&),&2; 1.) — Tr_g T (eu:w + 6—:.tw)

, k=xp k=xp k=xp k=xp
~ W —u:w
T\(&,¢) = [ 5 Ti(w,&?)
1 Sufian et al.
(¢(Z, p?) — (T, p?)) = qv(:l: p?) PRD99 (2019) 074507

- 2



] “Lattice cross section” of V-A current correlator:

 Extracted pion valence quark distribution:
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m
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Comparison of pion PDF from different approaches

J#* Good LCSs:

[R. Sufian et al. (JLab - W&M),
Phys. Rev. D 99 (2019) 074507,

arXiv:1901.03921]
s ¢ Conway et al
WRH
—— ASV
0.4 7 s JAM
—— LFHQCD

0.3 1

zqy(x)

0.2 A

01l p? =27GeV?

0.0+

—— DSE

xr
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m, = 416 MeV ,P=0.6-— 1.5GeV

% quasi-PDFs:

[J.-H. Zhang et al. (LP3),
Phys. Rev. D 100, 034505 (2019),

arXiv:1804.01483]
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= |AM [16]
&= This calculation
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Phys. Rev. D 100, 034516 (2019)
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Summary and outlook

1 Hadron mass is an emergent phenomenon of QCD dynamics

0 Decomposition of hadron mass (or sum rule) is not unique:
Individual terms are local matrix elements of quark/gluon operators

None of the individual terms are physical, owing to the confinement

A decomposition is valuable iff individual terms can be measured or
calculated independently with controllable approximations

O Good decomposition should work for both proton, pion, and ...
(P(p)|T%|P(p)) = My ~ (938 MeV)?
()| Th|m(p)) = M7 ~ (139 MeV)?
(K(p)|T%|K(p)) = M ~ (497 MeV)?

O We can also get mass decomposition from traceless term, and

calculate new sets of operators in LQCD or match these HT matrix
elements to experimental observables, ...

Thanks!



