Proton Spin and Mass Decompositions and
Neutrino-Nucleon Scattering from Lattice QCD

Synopsis of Lattice QCD

Proton Spin Decomposition -- Quark and Glue Spin,
Orbital Angular Momentum

Proton Mass Decomposition — Quark Condensate,
Quark and Glue energies, and Trace Anomaly

Neutrino-Nucleon Scattering -- Hadronic Tensor
* Inverse Problem
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Theory of Strong Interactions : QCD

The force between quarks becomes weak for small
quark separations--- a phenomenon known as

Asymptotic Freedom. «ssss0s INODel Prize 2004
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Quark Confinement
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Lattice QCD

Why Lattice?

e Regularization

— Lattice spacing a
— Hard cutoff, p < n/a
— Scale introduced (dimensional transmutation)

L Renormalization
— Perturbative
— Non-perturbative

Regularization independent Scheme
Schroedinger functional
Current algebra relations

e Numerical Simulation

— Quantum field theory =) classical statistical mechanics
— Monte Carlo simulation in Euclidean space (importance sampling)




Continuum and Infinite Volume Limits
at Physical Pion Mass (Systemic Errors)




Where does the spin of the proton come from?

Thirty years since the “spin crisis”

d EMC experimentin 1988/1989 - “the plot”:
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U “Spin crisis” or puzzle: AD = Z Aq -+ Aq ~0.3
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Scanned at the American
Institute of Physics
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Anisotropy at a surface

» Free atomic spin is rotationally invariant:
all spin orientations are degenerate.

» Loss of rotational symmetry breaks
degeneracy of spin orientations.

w w 2
H=-gu,B-S+ DS,

Magnetic field dependence varies with angle of magnetic field.
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Lattice Calculations of Quark and Glue Spins

® Quark and Glue Momentum and Angular Momentum in the
Nucleon iy, Du+dy,D,d)?)

Connected

Z@' wie—Eit insertion (Cl)

Disconnected
insertion (D)

@ LijﬂDV\P(t)(u, d,s)




Quark Spin Compoments
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-0.053
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(18)(30)
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(62)(72)

C. Alexandrou
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(34)(10)
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(12)(15)

-0.035
(6)(7)
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(16)(18)
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(16)(30)

0.405
(25)(37)

NPPDFpol1.1
(Q2=10 GeV/?)

-0.10
)

0.76
(4)

-0.41
(4)

1.17
©)
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DSSV

(Q2=10 Ge\V/?)

-0.012
+(56)-(62)
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+(28)-(34)

-0.416
+(35)-(25)

1.209
+(45)-(42)
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PNDME, Ng=2+1, Clover fermion, multiple ensembles, m,,= 315 - 135 MeV
C. Alexandrou et al., Ng=2, twisted mass fermion, , m,; = 131 MeV, one lattice

¥ QCD, Ng=2+1, Overlap fermion, , m;= 170, 290, 330 MeV, 5 - 6 valence quarks for
each of the three lattices - non-perturbative renormalization and normalization with

anomalous Ward identity

Expt. ga3 = 1.2723(23); CalLat: g3 = 1.271(13)




Momenta and Angular Momenta of Quarks and Glue

Energy momentum tensor operators decomposed in quark and

glue parts gauge invariantly --- Xiangdong J1 (1997)

Ir_ = - 1 R 9 =
ij = Z[IW“DVW +(U < v)} - J = Jd3x El//}/ysl// + X Xyy,(—iD)y

THgV:F F —15 F’ —> fgzjd%[ic’x(ExB)]

UL~ Av 4 uv
Nucleon form factors
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Proton Spin Decomposition
(2+1 Flavor)

1Qp D
/D/"e / /./77/',7
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Au: 85(4)% gOAM: 12(9)%

A2: 40(4)%

g: 48(8)%

As: -4(1)%

Ad: -41(2)%

Approximate by setting T, =0




Symbols for Proton Spin Components
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Where does the proton mass come cfrom?

Proton mass

The Universe 4% m:; .
is Made of... -

. 21%3:#&

749, oaRK

Higgs mechanism Dynamics of gluons

N
.

% Proton
\ -26
Quarks Mass =168x10"g

Mass =1.78x1026 g

-~ v)
~ 1% of proton mass 99% of proton mass

Zein-Eddine Meziani, INT talk (2018);




Motivation

Where does the proton mass come
from, and how ?

The Higgs boson make
the u/d quark having

masses
‘@L@b (2GeV MS-bar):

Proton

But th f e

ut the mass o s U _=p Quarks

the proton is - my = 2.08(9) MeV
938.272046(21) MeV. ma = 4.73(12) MeV
~100 times of the sum of the quark Laiho, Lunghi, & Van de Water,

Phys.Rev.D81:034503,2010

masses!




Quark and Glue Components of Hadron

Mass
1 Energy momentum tensor

1 .
:ZW’}/(HDV)W-FG G ——5 G* (P|T,|P)=FF /M

uo — vo

1 Trace anomaly

T :—m(1+y )W+@
2g

Vo

1 Separate into traceless part7 and trace part T,

(PITSE |P)=(0), UEXE ~ 8, P M, (), () +00), () =

(T)=-3/4M; (T )=-M




Proton mass decomposition

1
M= - <T44> — <Hm> + <HE>(,M) + <Hg>(ﬂ) + Z(Ha>

~ X. Ji, PRL74:1071 (1995)
M= - (TW) — <Hm> + <Ha>

[ _ NISTEIN)
quark mass  |(H,)= ) [d%mu‘fw] o = ‘0 o) = M(N|N)
ud,s,...
r [, 1] < 1 -
quark energy |(Hg) = 7 ((x)qM — (Hm)> ’ i=0,1,2,3

k n 3 1 2 2

e : TS, = de(E — B?)
glue energy éHg) = Z<x>gM :

anomaly  (H,) = (Hg) + (H}) (HE) = Jd%ﬂ (E>+ B?)
8

I ient
ngredients (HY) = 2 [dz‘xymml/'/l/f
4 proton mass wd.s....

<4 scalar charge
4 momentum fractions (both quark and glue)

4 renormalization of momentum fractions including mixing X



Non-perturbative Renormalization and Mixing

® Renormalized <x>;and <x>4in MS-bar at p

A
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e Renormalization of glue operator in gluon
propagator is very noisy - Cluster Decomposition
Error Reduction (CDER)




Comparison with Global Fitting of <x>
MS-bar at 2 GeV

u, 31(4)%

T T i
Q [GeV]

S. Dulat et al, Phys. Rev. D 93 (2016), 033006

xQCD, preliminary



Proton Mass Decomposition

36(6)%
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Y.B. Yang et al (yQCD), PRL 121, 212001 (2018)



PRL as Editor’s Suggestion

(Y.B. Yang, PRL 121, 212001 (2018))

AR Physics ~

Viewpoint: Dissecting the Mass of the
Proton

André Walker-Loud, Nuclear Science Division, Lawrence Berkeley National Laboratory,
Berkeley, CA, USA

November 19, 2018 «Physics 11, 118

A calculation determines four distinct contributions to the proton mass, more than 90%
of which arises entirely from the dynamics of quarks and gluons.

nd glucn A

Anomalous glwon Quark
kinetic ensrgies ®”

comtribution

AP Alan Stonebrakoe

Figure 1: The proton Is comprised of two up quarks and one down quark, but the sum of these
quark masses Is a mere 1% of the proton mass. Using lattice QCD, Yang and colleagues determined
the relative contributions of the four sources of the proton mass [1). ... Show more

NS Pypsicists fioally calculated where the proton’s mass comes from | Beience News

ScienceNews

News: Particle Physics
Physicists finally calculated where the proton’s mass comes
from

Only 9 percent of the subatomic particle's bulk comes from the mass of its quarks
By Emily Conover 6:00am, November 26, 2018

MASSIVE UNDERTAKING Using & lechnique called allice dCD, scientists figured out how protons (ilusirated here in the nucleus of an
ahom) gel their mass
kisdesign/Shutlersiock
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Hadronic Tensor in Euclidean Path-Integral Formalism

® Deep inelastic scattering d’c _OCZ(E')ZWW

In Minkowski space dE'dQ q' E .

= = 1 = d4 iq-x =
W (q,p,\/): —ImTw = <N(p)|'[—x e J‘U(X)]V(O)|N(p)>spinavg
T 4r

’%
- : ':|(27r)364(p11_p_q)<N(ﬁ)|‘]u|n><n|‘]v|N(ﬁ)>spinavg
pi

: : KFL and S.J. Dong, PRL 72, 1790 (1994)
e FEuclidean path-lntegral KFL, PRD 62, 074501 (2000)

J (@) J)()
X—X

0 ! 0 t—(t, 1)

Inverse problemAwith Laplace transform




Hadronic tensor on the lattice

four-point function with 3-dimensional Fourier transform

— > — - > —>
C,= Z e—lp-XfZ o~ id-(5=x]) <)(N(}}, tf)J;()Tg, tz)Jy()T;, 1IN0, t0)>

- —>—
Xy X)X

Euclidean hadronic tensor defined as a function of time difference between the currents

g E, Tr[",C
W'uy(p’ 7a 7’-) — 4 [ - 4]

= N e—la)()?;_fl)) ,S J .?,t J ?’t ,S
my Tr[I',C] ; (P, s1J,000 ), (X1, 1) | P, 5)

Solving the inverse problem of a Laplace transform to get back to Minkowski space

i - - -t
W, (p, q,T> = [dvW,,,, (p, q,V>e
K.F. Liuand S. J. Dong, PRL 72, 1790 (1994)
K.-F Liu, PRD 62, 074501 (2000)

J. Liang et. al., EPJ Web Conf. 175, 14014 (2018)

J. Liang et. al., arXiv:1906.05312



Cat's ears diagrams are suppressed by O(1/Q?).




Inverse problems are ubiquitous

4 Extracting spectral functions from lattice data: c,(?) = dee_‘”’p(w)

Y. Burnier and A. Rothkopf, PRL 111, 182003 (2013)

4 Gilobal fittings of PDFs: F; = Z C'®f,

~ 2P S —1xP3z
4 Lattice calculation of Quasi-PDFs: G(z,P3) = =— Y e P hp(Py,2)

Z=—"Zmax

J. Karpie et. al., JHEPO4, 057 (2019)

o, P) = [ V2 (2, L) atw i) + O (820, 7 (P

X. Xiong et. al., PRD90:014051 (2014)
<4 Lattice cross sections:

on(w,&E2,P?) = Z/ fu T, 1°) X K4 zw, &2, 22 P?, 1% + O(&? AQ( D)

Y.-Q. Ma and J.-W. Qiu, PRL120, 022003 (2018)

1
4+ Lattice calculation of Pseudo-PDFs: 95 (v, u?) z/ dx cos(vz) qu(z, u?)
0

K. Orginos et al., PRD96, 094503 (2017)



Sketch the hadronic tensor

/

k

2
k a Q

02=—q2=q>—1? ¥ =

P,M W * * C 2my

fixed by momentum setup| |(comes from solving the inverse problem

L q|
2 e
1
1
1071 - " 14
F IL Il )
5,
F s, GeV T T
| 2 s 10 2 5 100 2 elastic peak DIS region (working region)
quasi-elastic contribution 02<0

v > (E,-o— E,) + AE (away from the elastic peak)

v < |q| (physical x and Q?)



Hadronic tensor and neutrino-nucleus scattering

4 New long-baseline neutrino experiments are in preparation: T2K, NOVA,
PINGU, ORCA, Hyper-Kamiokande, DUNE...

4 Be
nu

G. Zeller

- =

4+ Ch
Crc

3 the

o O O « -l
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IIIIIIIIIIIIIIIIIIIIIIIIIIIII

v cross section / E, (1 0% cm?/ GeV)

BT 102
E, (GeV)

elastic form factors Parton distribution functions

-
<
-
- C

inclusive hadronic tensor! inclusive hadronic tensor!

J.A. Formaqgqgio and G.P. Zeller, RMP84, 1307 (2012)




Hadronic tensor

. d? 2 a?
k for lepton-nucleon scatterings = ? ﬂy ZWJU‘”WJ

W ( G )— 7 [JT()J(O)] o1 [T]
w \P> 4,V _472_ ze' pP>S 12y p,S m(f,,
13P

4,4,
w_ =|- Fi(x,0% + 2 2F,(x,0?
v < 8w T 7 ) 106, %) P.g »(x, 0%)

The hadronic tensor and structure functions encode the non-perturbative
nature of the nucleon.

2m q°
Elastic form factors: F£' = 8(g> + 2myv W G2(g%)———G2(qg>
+ (q* + 2my )1 o lam? < £ 4M2 w(q”)

<4 Neutrino-nucleon scattering

4 PDFs from DIS: F;= Y ¢! ®/,



Elastic FFs

W44(F’ a)’ T) = Z

- >
Xo X

e~ FrF0(p g J (X0 ) (X1 1) | p, s) = Z A e
n

Ay ={(p.s|J(@)In=0)n=0[J(=q)Ip,s) = GXQ?)

+

4

g-

% d3PF
u 3PF
d 4PF
u 4PF

+

%

0.0

0.2 0.4 0.6
Q2 (GeV?)

0.8 1.0

FFs extracted from 3-point
functions and 4-point functions
show consistency.

(32IF lattice, a ~0.063 fm, pion
mass ~370 MeV)



Le Taureau of Pablo Picasso (1945)

Dynamical chiral fermion P Quenched approximation
Physical pion mass

Continuum limit

Infinite volume limit




Summary and Challenges

® Together with experiments on LHC and EIC and global fitting of PDF,
lattice QCD calculations of hadron structure (proton spin and mass

decomposition, moments of PDFs, form factors, efc.) can advance our
understanding of the nucleon properties in more detail.

Hadronic tensor calculation from lattice QCD involves a numerically
challenging inverse problem. It can address the low-energy neutrino-
nucleon elastic scattering, the inelastic resonance region, the shallow

inelastic as well as the deep inelastic region. The latter will require
large lattices with lattice spacing as small as 0.02 fm. Together with
experiments from DUNE, they can help us understand the salient
properties of the neutrinos.










Hadronic Tensor

9 =4y T qcs dps =

Q2 Gottfried sum
rule violation --
Liu and Dong,
PRL 72, 1790
(1994)

A C

> [

0\,/00\,/0

v+cs —CS

Cat's ears diagrams are suppressed by O(1/Q2). q =(, —{; + q — q + q




Correlators

® One point collerators > (V¥).(G,, Gp) ..

® Two point correlators - hadron masses,
decay constants ...

® Three point correlators - parton moments
form factors, nucleon matrix elements ...

e Four point correlators = hadronic tensor,
PDF, GPD, TMD, nEDM...
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Viewpoint: Dissecting the Mass of the
Proton

André Walker-Loud, Nuclear Science Division, Lawrence Berkeley National Laboratory,
Berkeley, CA, USA

November 19, 2018 «Physics 11, 118

A calculation determines four distinct contributions to the proton mass, more than 90%
of which arises entirely from the dynamics of quarks and gluons.

Anomalous gluon Quark and gluen A
comtribution kinetic ensrgies 4

AP Alan Stonebrakoe

Figure 1: The proton Is comprised of two up quarks and one down quark, but the sum of these
quark masses Is a mere 1% of the proton mass. Using lattice QCD, Yang and colleagues determined
the relative contributions of the four sources of the proton mass [1). ... Show more

ScienceNews

News: Particle Physics
Physicists finally calculated where the proton’s mass comes
from

Only 9 percent of the subatomic particle's bulk comes from the mass of its quarks
By Emily Conover 6:00am, November 26, 2018

MASSIVE UNDERTAKING Using & lechnique called allice dCD, scientists figured out how protons (ilusirated here in the nucleus of an
ahom) gel their mass
kisdesign/Shutlersiock
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