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A, (1) :joldxx[q(x,yo)JrcT(x,yo)] global QCD analysis at NNLO

A, (1, =1.3GeV)=0.613 CT18
(MMHT2014,NNPDF)

(N(p)| M7y | N(p)) = (N(p) | m,du+m,dd + m3s| N(p))=2M (o, +0,)

m, ;md (Tu+dd)|N(p)) =59.1+3.5MeV

Hoferichter, Elvira, Kubis, Meiiner, PRL115, 092301 ('15)

1
T = (N(P)|

1
o, :N<N(p)|ms§s| N(p)) =45.6+6.2 MeV
Alexandrou, et al., PRD102, 054517 ('20)
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at t = O:

C,(0,~0.4 GeV)=0.25 Bag model [Ji, Melnitchouk, Song, PRD56, 5511 ('97)]

Cq (0,u=2GeV)~-0.11 Phenomenological [Lorce, EPTC78, 120 ('18)]

. (0,41~ 0.63 GeV) =0.014 Instanton [Polyakov, Son, JHEPO9, 156 ('18)]
C,(0,£=1GeV)=-0.021£0.008 LCSR [Azizi,Ozdem, EPTC80, 104 (20)]

C, (0, t — ) =-0.15 Trace anomaly [Hatta, Rajan, KT, JHEP12, 008 (‘'18)]

C,(0,£=2GeV)=-0.161£0.010 LO QCD [Liu, PRD104, 076010 (21)]



nucleon

C,(0, 4 ~0.4 GeV)=0.25 Bag model [Ji, Melnitchouk, Song, PRD56, 5511 ('97)]
C,(0,4=2GeV)~-0.11  Phenomenological [Lorce, EPTCT8, 120 (18)]
C,(0,4~0.63GeV)=0.014  Instanton [Polyakov, Son, JHEPO9, 156 ('18)]
C,(0,£=1GeV)=-0.021£0.008 LCSR [Azizi,Ozdem, EPTC80, 104 (20)]

C, (0, t — ) =-0.15 Trace anomaly [Hatta, Rajan, KT, JHEP12, 008 ('18)]

C,(0,£=2GeV)=-0.161£0.010 LO QCD [Liu, PRD104, 076010 (21)]

C =1GeV) =-0.180+0.
(iq(O,,u GeV) =-0.180+0.003 NNLO QCD [ ]
C,(0, 2 =2 GeV) =-0.163+0.003

pion

—;, (0, £=1GeV)=-0.04+£0.02 NNLO QCD with NLO input [ ]
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Gravitational form factors can be accessed in hard
SummarY_ processes @ JLab, HERMES, COMPASS, EIC

N mass & energy . spin_
f"’ig I distribution / distribution
- N PG A
@ | (NOITEINGE) =T(E)[A 0P 4By ()
h(p) h(p,) A,uAV . ,uVAZ .
+ Dy (1) 7 +Cy g (t)MUW]U(p)
force & pressuy
distribution mass & pressure
o distribution
p— —> e —/7 -

e

t B T

JLab, HERMES, COMPASS, EIC

fldxx"' T(x,17,t) = A (t) +47°D, (1) j_lldxxEq (x,7,t) = B, (t) —417°D, (¢)



Summarly Gravitational form factors can be accessed @EIC

mass & energy . spin :
 graviton® distribution- y/distribution
(N(P) TS | N(p)>=u(p')[Aq,g(t)7(”PV)+Bq,g(t) Y =
T +D, A TN & My u(p)
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P ?) distritF))ution - mass\& pressure
distribution
C, ~ (dga), Cy ~(999)
C \ C . +trace anomaly for g/g part of energy-momentum tensor
q g Y q/9 p gy
— — 1 —_—
C,(0,4)=-C,(0,11)=LO+NLO+NNLO A= dxx[alx, o) +q(x )]
. NNLO term is ~1% level (NCp) [myy [ N(p))

- quite different behaviors between nucleon and pion
mass formula  2M? =7 (h|T/ |hy+75,, (W[T/ |h)
nucleon -1 : 5



nucleon

C,(0, 4 ~0.4 GeV)=0.25 Bag model [Ji, Melnitchouk, Song, PRD56, 5511 ('97)]
C,(0,4=2GeV)~-0.11  Phenomenological [Lorce, EPTCT8, 120 (18)]
C,(0,4~0.63GeV)=0.014  Instanton [Polyakov, Son, JHEPO9, 156 ('18)]
C,(0,£=1GeV)=-0.021£0.008 LCSR [Azizi,Ozdem, EPTC80, 104 (20)]

C, (0, t — ) =-0.15 Trace anomaly [Hatta, Rajan, KT, JHEP12, 008 ('18)]

C,(0,£=2GeV)=-0.161£0.010 LO QCD [Liu, PRD104, 076010 (21)]

C =1GeV) =-0.180+0.
(iq(O,,u GeV) =-0.180+0.003 NNLO QCD [ ]
C,(0, 2 =2 GeV) =-0.163+0.003

pion

—;, (0, £=1GeV)=-0.04+£0.02 NNLO QCD with NLO input [ ]
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Symmetric energy-momentum tensor

- a
TﬂV:%—y(uiDv)w n Fuprv+774 F* + (ghost) + (gauge fix)

UV

1_ .. n
= 20y - FR0' A +

F* + (ghost) + (gauge fix)+@ixw‘]vj

Z -~ Vg, — gL
— 00 Pn)

KV _ T VM
oo 77 =T

T (X)= 2 1%
T g 59" () 0,17 =0




trasnlation T 8yT =0

Lorentz tr. M*“* =x"T* —x* T 8ﬂ|\/| S

scale ftr. D =x T aﬂDﬂ _ Tﬂu

conformal tr. C*" = (pr nvaZ)T “9,CM =2X TN
1

v
T 47 ZW/(”le)w + F#F " +’74 =

— KV v
= Tq + Tg




1 KT, PRD98, 034009

T =2y Dy 4 F”prV+774 =

(N(p)| T, | N(p)) = %uv(p') |7 (—i0" +i0" +2gA" ) y'y | N(p)) +(u <> v)

—10"y (X) = [IS” , l//(X):| A (z7) = %r; dz'" sgn(z' —z )F*" (2")

infermediated states: "partonic”

A, (1) +7°Dy (1) =R (), B,(t)-7"D,(t) = (x)F(t)

] PWMUI\EIP')“( PLD, (1) = (N(P) | 79AL Y v I N(P))

=~ [ d2sgn(2)n, (N ()] gF (m)i7(O)ty v ()N (p);




KT, PRD98, 034009

A, (1) +7°D, (1) = ()R (t), B, (t)-»"D, (1) = (x)F,'(t)

IR R b (1) = (N(P) 1 70AL aw | N(P))

= [ 42 sgn(a)n, (N(P) gF” MOy (@) IN(P)

[ >

A, (1) ~

1 e
Stk,)

3 2o
L %

1
2 D, (t)

R oy B anl <y =
T
ESRE O S

Tong, Ma, Yuan, PLB823, 136751 ('21)



v 1 _ (L[ v) 1% 77W 21 _ % v
T =2w7/”|D i+ F7F "+ 1 Foi=T1/"+T/

Oq = il?)/(ﬂDv)w ’ Oq(4) ="' myy , Og — Fupr v 09(4) — 77WF2
O

T»=0,, T =0,+ Z(“)

R
0, =2,0,+2,0, ,+2,0,+Z;0,,
O, =2,0,+2Z0,, +2:0,+Z,0,,
O,4)=ZrO, 4+ Z:0

R —_—
Oaa) = Ot



v 1 _ (L[ v) 1% 77W 21 _ % v
T =21//7/”|D wl+| F7F, "+ 1 Foi=T1/"+T/

Oq = i,);?,(ujjv)w ’ Oq(4) =" mipy Og — Fﬂpr Y0

O
v o v 9(4)
Tq“ _Oq , Tg” _Og+ A

subtracting traces:
OFf . = zZ,0
OF, =Z.0

+ ZQO
+ 2.0

a(2) a(2) 9(2)

9(2) q(2) 9(2)

renorm. constants can be determined
by DGLAP splitting fn. up to 3-loop



v 1 _ (L[ v) 1% 77/“/ 21 _ % v
T =2wy“|D i+ F7F "+ 1 Foi=T1/"+T/

Oq = iWV(”ﬁv)W ) Oq(4) =n""myy Og = Fﬂpr ",

T/=0,, T/=0,+ 01(4)
O;=2,0,+ Zx Oy +2,0,+Z50,,
O, =2,0,+Z40,, +2,0,+Z,0,,
Oi 0 =20y +Z0,,

Ota) = O



Z.,Z are obtained by Feynman diagram

calculation up to 2-loop
Tarrach, NPB196, 45 ('82)



Z.,Z are obtained by Feynman diagram

calculation up to 2-loop
Tarrach, NPB196, 45 ('82)

Z.,Z. can be determined up to 4-loop
by RG-invariance of total anomaly
g, T" =%§)F2 +(1+7,(9)) maq

KT, JHEP1901, 120



v 1 _ (L[ v) 1% 77/“/ 21 _ % v
T =2wy“|D i+ F7F "+ 1 Foi=T1/"+T/

Oq = iWV(”ﬁv)W ) Oq(4) =n""myy Og = Fﬂpr ",

T/=0,, T/=0,+ OZ(“)
O;=2,0,+ Zx Oy +2,0,+Z50,,
O, =2,0,+Z40,, +2Z,0,+Z,0,,
Ogta) = ZrOg(a + ZcOyy
Oy = Oy



v 1 _ (L[ v) 1% 77W 21 _ % v
T =2w7/”|D i+ F7F "+ 1 Foi=T1/"+T/

Oq = igﬁy(“ﬁv)w , Oq(4) =n""myy , Og :F”prV , 09(4) =77WF2
O
T7=0,, T,/7=0,+ o)
4
R
Oq = Zqu + ZKOq(4) + ZQOg + ZBOg(4)
O, =2,0,+Z40,, +2Z,0,+Z,0,,
R _
Og( 2 = ZFOg( ) +ZCOq( ) b
R d C
Oatey = Oate Iy ="ttt g+
X =K,B,S,M d=4-2¢



v 1—(""1/) 1% 77W 2 1% 1%
T =21//7/“|D v+ F”pr + 1 F :Tq“ +Tg“

O, =igy“D, O,,=n"mpy, O,=F"F,, O,,=n"F
T»=0,, T =0,+ 01(4)
taking trace parts:
O(f =2,0,+Z0,,+2,0,+Z,0,,
O, =2,0,+Z40,, +2Z,0,+Z,0,,
O,4) = Z:O, 4+ Z:O,
Oyt = Ot Zx = agx + sz er, +
X =K,B,S,M d=4-2¢
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