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Spacelike gravitational form factors and radii for pion
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This is the first report on gravitational radii of hadrons from actual experimental measurements.
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%(A](onBq(0)+Ag(0)+Bg(0)):% (N(p)SIN(p)S) 2
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M 4% = xPTHo _ xOT #°

Cq (t) + Cg (t)=0 0,17 =0
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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, Meifner, PRL115, 092301

1
T = (N(P)|

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



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)

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

Gasser, Leutwyler, Annals Phys. 158, 142
Colangelo, Gasser, Leutwyler, PRL86, 5008
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mass & energy angular
Summar.y distribution momentum
T / distribution
graviton® , , P (/‘|G‘/)0‘A
(NP Ty IN(PY =T(P)[ A, 7P +B, (0~
Tuv LAV MV A2 .
i) e +D,, 0" —9+C, , Mg Ju(p)
force & pressuy S~ trace anomal
distribution y

Cq related to trace anomaly for q/g part
C of energy-momentum tensor
9

C,(0,11)=-C,(0,£) =LO+NLO+NNLO  Alt)=[,dx[ax ) + 00 16)]
(N(p) | myy | N(p))

* NNLO term is ~1% level
- The approach to the asymptotic value is quite slow

(N(p)|myy |N(p)) gives impotant contribution
- quite different behaviors between nucleon and pion



nucleon

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

C,(0,4=2GeV)~-0.11 Phenomenological [Lorce, EPTC78, 120 (18)]

Cq (0, 1 ~ 0.63 GeV) =0.014 Instanton [Polyakov, Son, JHEPO9, 156 (‘18)]

5q (0, #=1GeV)=-0.021+£0.008 LCSR [Azizi,0zdem, EPTC80, 104 ('20)]
C,(0, 4 > ) =-0.15 Trace anomaly [Hatta, Rajan, KT, JHEP12, 008 ('18)]

C, (0, £ =1GeV) =-0.180+0.003
C, (0,4 =2 GeV)=-0.163+0.003

NNLO QCD [ ]

pion

C7(0,4=1GeV)=-0.04+0.02 NNLO QCD with NLO input [ ]



backup



Explicit quark/gluon separation of QCD trace anomaly is available at 3-

loop in the MSbar scheme
c. 61(;A_68nf _4c§ — 17CAnf+49CFnf 2
27 21 ) 27 27 54

’ 22n 2 28C,n 2. 5C_n
gﬂVTg”V=&(ECFmﬁq—%CAF2j+(%j KCF(mZCA— f}+85CF mqq+( e 176, | S ijZ
T

y _ o (4 _ 1 o, i
9 Tq :mqq+E(§Cquq+§an2j+(_j

5 A

s 27 27 27 27 3 54

Huv o q I

{Ej -] g T +g Tﬂvz%gg)F%(lwm(g))mﬁq

1. hadron mass formula 2M; =g <(h|T/"|h)y+g, (h|T/" |h)
nucleon -1 : 5
pion 1 : 1

2. gravitational form factor 6q,g (t)

— —~ NNLO ~% level corr.
Cq (0, 1) = —Cg (0, 1) =LO+NLO+ NNLO .

" asymptotic” is quite slow

pion (Nambu-G6Goldstone boson) nucleon



[ dxxH(x,7,t) = A (1) + 47°D, (1) |

5> XD, (t) ~ d,(t)

d,(t) = d,(0)(1 - t/M?)<

d,t)

(N(P) I T*(©) IN(p)) ~(a'A* —5*a2)D(R), TH(r)=(

r2p(r) (x102 GeV fm™)

5

10

V. D. Burkert et al, Nature 557 ('18) 396
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