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Spacelike gravitational form factors and radii for pion
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Spacelike gravitational form factors and radii for pion

1
4’

pir)

-  ImF 1=
FM:GﬁL&ﬁLFm:LMmE ) ;Lﬁmf@hmm

et |dqe " F(g)=

T @ny

This is the first report on gravitational radii of hadrons from actual experimental measurements.

Vit
[(r*)

1'1' ! { mass

=032~039 fm, [(r’)  =0.82~0.88 fm €——{ First finding on gravitational radius

1‘.! \ { mech ;
from actual experimental measurements

&3 " it . =0.672+0.008 fm
charge

mass (energy) distribution

0.1 /6,0)
1 P YT N H/////

0.8/ EhﬂPgE pAr)
‘,-'111 pressure and shear force
0.6- abbdd distribution
I mass |
0,(1)
Vet A dad.
&
u-z_//
| e
-10 -8 =" :
t (GeV2)

0,(t)=4A"(t), ©,(t)=-D" (!



(N(P)|TE IN(p)) =T(P)| A, (0)7°p? +C, , (O)M7™ Ju(p)

) (N |{d xT0°|N>
<Hq'9>: J‘<|\|||\|> (Aq (O)+ng(0))

H :Hq+I:Ig= jd3X1//T(—iD-a+m,[5’)w foee J‘dsx%(EZJrBZ) +

M =gda 0t Mas :(o%,’go(.g)“-:&’zg,(c?g)l\/l

[ dxx[a(x, ) +Tq(x 1)) = At =0, 1)
global QCD analysis at NNLO

A, (t=0, 1, =1.3GeV)=0.613 118 e o aPDF)
_ 0 ACA () +ny (A (0.1) 1) ( @, () e
A, (0, 1) = iC.+n, T [as(uo)j s

C,(0,.1=1GeV)=-C (0, u =1GeV) =-0.180+0.003 NNLO QCD [kT, JHEPO3, 013 ('23)]



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, Meifner, PRL115, 092301

1
T = (N(P)|

. :ﬁm(pﬂmﬁsl N(p)) = 45.6+ 6.2 MeV.
Alexandrou, et al., PRD102, 054517



(N(P)|TE IN(p)) =T(P)| A, (0)7°p? +C, , (O)M7™ Ju(p)

) (N |{d xT0°|N>
<Hq'9>: J‘<|\|||\|> (Aq (O)+ng(0))

H=H_ +H_ = Jd?’XWT(—iD-a—I—m,B)W feee _‘.dg’x%(EerBz) +

M=M, +M, Mg =(A,(0)+C,,(0))M

0.4 06 0.6, 04 —02 02
v :(Mqo.sM )+I>)/I1 +IC\)/I6 I;)/I;:<J‘d3x mW>:GﬁNM+GS M
M =(M,-M_ ~AM_)+M_+(M;—AM_ )+(AM, +AM)

0.3 01 904 0.2

£(9) 2 1.
AM, BLZAM = <jd x[ ’ F +7/m(g)mww]> 4(|\/| M, )




Ji’s proton mass
decomposition

trace anomaly

quark energy

quark mass

gluon energy



((P) | Tyg | 2(P)) =2A7,(0)p°p° +2M°C; , (0)1*

. (| |d XTOO 72) ]
<Hq,g> I(ﬂ|72'> (Aq (O)+ng(0))

H :I:Iq+I:Ig= jd3X1//T(—iD-a+m,[5’)w foee J‘dsx%(EZJrBZ) +

M =M, +M, Mq,g:(Aig(O)JrC(;fg(O))M



1
A (1) = jo dxx[q” (X, 1) +T" (X, ,Uo)] global QCD analysis at

070+002  JAM ('18)
A (o =13GeV) =1 ¢ g1 xFitter ('20)

061008 JAM (21)

5(;” (0, =1 GeV) =-0.04+0.02 NNLO QCD with NLO input [KT, JHEPO3, 013 ('23)]

(z(p) | myy | Z(p))
=M;+0(6%)  4PT

Gasser, Leutwyler, Annals Phys. 158, 142
Colangelo, Gasser, Leutwyler, PRL86, 5008



((P) | Tyg | 2(P)) =2A7,(0)p°p° +2M°C; , (0)1*

. (| [d°XT g | 7 ) _
<Hq,g> j(ﬂm =M (A7, (0)+C7,(0))

H=H_ +H_ = Jd?’XWT(—iD-a—I—m,B)W feee _‘.d3x%(E2+BZ) +

M=M, +M, Mq,g=(/\;ﬁg(0)+6;fg(0))|v|

06 04 06 04 -00, 0.0
oMMl lly g
M =(ManMm—A|v| )+|(\)/|5 +(M, ~AM, )+(AM, +AM, )

AMq -I—AMg = 4<Id X(ﬁz(gg) F2+7/m(g)mgywj>:i(l\/l —Mm)



Ji’s proton mass Ji’s pion mass
decomposition decomposition

trace anomaly

trace anomaly guark energy

quark energy

quark mass glugn energy

guark mass

gluon energy



(N(p) T IN(p)y =T(p)[ A, ()7 p” +C, o (O)M7* Ju(p)
7, (N(P) T IN(p)) =2M?(A,,(0)+4C, ,(0))
2M? =7, (N [T | N)

M2=MZ+M; M2, =(A,,(0)+4C,,(0))M?

-0.2 1.2 0.6, 04 -02, 02 nucleon
05 05 0.6 04 -0.04, 0.04



(N(P)| T IN(p)y =T(P)[ A, (@)7“p" +C, , O)M7n™ Ju(p)

7, (N(P) T IN(p)) =2M? (A, ,(0)+4C, ,(0))

2M? =7, (N [T |N)

~

2 2 72 12 ~ 2
M _Mq +M9 Mq,g_(Aq,g(O)+4Cq,g(O))M
-0.2 1.2 0.6, 04 -02, 0.2 nucleon
05 05 0.6, 0.4 —0.04, 0.04

H=H_ +H, = jd3wa(—iD-a+m,B)w +eeel jd3X%(E2+52) +oee

M =M, +M, M, =(A,4(0)+C, 4 (0))M
04 06 0.6, 04 -02 02 nucleon

06 04 0.6, 0.4 0.0, 0.0



@ mass Ji, PRD52 271 ('95)
decomposiﬁon Lorce,Moutarde, Trawinski, EPJC79, 89 ('19)

Metz, Pasquini, Rodini, PRD102, 114042 ('20)
Ji, Liu, Schafer, NPB971, 115537 ('21)

@ pressure M Lorce, EPJC78, 120 ('18)

Cas v Liu, PRD104, 076010 ('21)
@) nucleon's transverse spin sum rule Hatta, KT Voshida,
1 I JHEP 02 ('13) 003
Jog ZE(Aq,g T Bq,g)+ 2(p° + M) Cog

@ yPp— J/ v P near threshold JlLab, EIC

AT Y j—J/W

C (=_C Y. Hatta, D. Yang, PRD98, 07400:
g (__ Q) Y. Hatta, A. Rajan, D. Yang,
i i PRD100, 014032




nucleon

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

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

Cq (0, 2 ~ 0.63 GeV) =0.014 Instanton [Polyakov, Son, JHEPO9, 156 ('18)]

Eq (0, #=1GeV)=-0.021+£0.008 LCSR [Azizi,0zdem, EPTC80, 104 (‘20)]

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

C = =-0.180+0.
Eq (0, 11=1GeV) =-0.180+0.003 NNLO QCD [kT, JHEPO3, 013 ('23)]
C,(0, =2 GeV)=-0.163+0.003

pion

_C’I’ (0, #=1GeV) =-0.04+0.02 NNLO QCD with NLO input [KT, THEPO3, 013 ('23)]



(N(P) [T IN(p)) =T(P)| A, ,(0)y“p” +C, , (O)M7* Ju(p)

7, (N(P)| T2 IN(p)) =2M?(A,,(0)+4C, , (0))

2 14 14 14
2M =77W(N|T“ |N>:77W<N|Tq“ |N>+77W<N|Tg“ | N>

~/

2 2 7 2 12 ~ 2
M*==Mq +M, Mg =(Ay4(0)+4C, ,(0))M
0.2 1.2 0.6, 04 -02, 02 nucleon
05 05 0.6, 0.4 —0.04, 0.04

v 1_ (il v) v 77W 21 _ v v
T :Zt//y“lD wi+| F7F "+ 1 Foi=T," +T/

/i =%F2 +(1+ 7, (9)) My [ﬂ(g>suj—i, m(g)=—%j—2j

S 1&2-loop Hatta, Rajan, KT, JHEP 12 ('18) 008

Tuva.9 3-loop (& all orders) «rv, JHEP 01 (19) 120
4-loop Ahmed Chen, Czakon, JHEP 01 ('23) 077



trace anomaly separately for q, g THEP 12 (18) 008

p (4CFm1ﬁw+inf sz
A1

3 3




trace anomaly separately for q, g MS scheme Hatta, Rajan, KT, JHE

a4 _ 1 a. ) 61C, 68n, ) 4c2) _ (17C,n, 49C.n,
T* =myy +—| —=C.myy +=n.F* |+| —=| || C A —— Impy + + F?
Tula =TWY 47[(3 SRR j (4;;) H F( 27 j 27 |V T 7 54

812C, 22n, +85C,§ —— 28C ,n; _17(:; .\ 5C.n; £
27 27 27 27 3 54




trace anomaly separately for q, g MS scheme KT. JHEPO1 ('19)120

a (4 1 a 61C. 68n 17C,n. 49C.n
T" =myy +—=| =C.mpy +=n F? |+| —= | || C A T ZF impw + L ) § =
T i 471(3 SR j (4%) K F( 27 j ] ( 27 54

a ) 64£(3) 8305)., 2 8 2
+(4ﬂj H”f (( 9 729 )CF 243(8644(3)+1079)CACFJ g (9720 (3+143C,C¢
76

+(324 @, 6611JCE\CF AN +i(648§(3)—125)c,§}my7w

9 729 243 729
+{nf (( 52£(3) 401j CCs (@ 4 (3)j ct s ( 2407 164“(3)) c: ]m? (_ 697C, 169C, j} FZ}

9 324 27 1458 9 729 1458

., o, (14 _ 1 )
Mg :EK?CFmV/‘//_ECAF j"‘(

a, j { {nf ((3684(3) - 25229) c_ % (49682 (3) +1423)C.,C. j +(32;(3) - 91753j c.C:

22n 2 28C,n 2 5C.n
& CF 812CA _ f + 85CF ml?l//+ alls _17CA + Flls E
A 27 27 27 3 54

Ar 9 729 3 1458

+
1458 9 243 729 9

1123 52£(3) 293) ., 16 ) 2(655CA 361ch 2857C% | _,
+4N - C,.C.+|44(3)+—— |CL+——(B1L(3)-98)C; |+n — - F
{{(162 9 j ATF (4() 36) A 729( < (3)-98) F] "\ 2016 729 108

294929 325(3)) cic. B +(95041 64 (3))(;2 } —




2M? = (N |(%Q)F2+(1+ym(g))mwjl N =N S D F N
2M2 =77, (N [T [NY+77,,(N | T | N)

a, N = a, (_11CA sz
2-loop (as jz 17C,n,  49Cen, o, 28C,n, 17C; L 5Cen )
4rr 27 54 47z 27 3 54
3-loop (a_f i (525(3)_401jc - (a_f i ((1123_525(3))(3 c
4 U9 324)7MF 4n 162 9 )*F
134 2407 _16¢(3) )2 (4 3) + EJCZ 16 81-(3)-98 czj
(2 4g(3)j (1458 9 jo} @+ SOHORED
2(_697C A 169C. J e +nf(655C . 361C, j_zgsm;}zz
f 729 1458 2916 729 108
nucleon -1 : 6

2M =1, T |7+, (7 T4 | )

KT, JHEP1901, 120



Summarly Gravitational form factors can be accessed @EIC
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Summary Gravitational form factors can be accessed @EIC
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