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. Electromagnetic Polarizabilities

Electromagnetic polarizabilities describe the second-order ’

response of hadrons to external electromagnetic fields:

J

1 1
H® = —§4mEE2 — §4W5MH2. 4 4

F. Hagelstein, Symmetry 12, 1407 (2020)

Extracting polarizabilities via low-energy Compton scattering amplitude in forward limit:

M

_Z2 2
7(2) _ e-e’( ¢ n ww’aE) +H(e x k) - (€ x k’)ww’6M+(9(w4),

V4

where

(n|D:|0)]*  Z%e*(rg) | n\M OF  ox~ @ 42, (DY)
=2 =2 -
=20 T s 2 —C 2 G,
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. Electromagnetic Polarizabilities

@
a2y DO | 2260 V>
E,. — Eq 3M g i \|
n#0 ; > ¢ g
YA S SRRl
— 9 _ 2y _
’ Zo En—Ey ¢ 2Bm\ T am o)
n# 7 ® 5

Experimental data for the nucleon system (10~* fm3) :
ap,>~11.2(4), a,, ~11.8(11); B,~2.5(4), Bn=>=3.7(12)

® A pure constituent-quark picture cannot fully reproduce the observed polarizabilities.

® Pion-cloud fluctuations and low-lying excited states are essential.

ChPT naturally resolves this discrepancy[1]: |acp >, o>

[1] V. Bernard, et al, Nucleons with chiral loops: Electromagnetic polarizabilities, Nucl. Phys. B 373, 346 (1992).
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. Spin-Dependent Polarizabilities

For a massive particle with spin s, the number of independent polarizabilities is
2(s+1)(2s + 1). We can organize the structures according to the irreducible spin

structures formed by the initial and final polarization vectors.
gre, > € ED o P Q;
o=£"x¢
Qij = €76 + €576 — 20, €7 &
In a multipole expansion ordered by the photon energy, the corresponding effective

interaction Hamiltonian is written as

Hint — Hscal + Hvec + Htens:
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. Spin-Dependent Polarizabilities

Hint — Hscal + Hvec + Htensa

1 RS :
HSC&1:—§47T [(XEE2+,3MH2], } Span

1 - :
Hyee = —5 4m ['YElEl o (ExE)+yvmio-(Hx H) —  spin1/2

+ 2vp1are 0 BV Hyj + 2901 E0 O'iHjEij} a

1
Hiens = —3 4 [aElEl Qi i By + apnrin QijHi Hj ~

+agape QijEirEir + anone Qi Hik H g

+ag1p3 QijErEk ij + amims Qinka,ij} :




. Spin-Dependent Polarizabilities AR R

As in the scalar case, the amplitude can be systematically expanded in terms of a

complete basis of 12 independent structures:

12
MZZA@'(W,Q)M ol =€ et €
i—1 p2 — S,*' 85,*' gj
1 o ps = (€7 x &) (€" x e),
H,,; = _Ai(w,g)’w:g):o, . ! * _ ! *
41n;! Qwmi ps= (&7 x&) (8" xs),
o ps= (€7 % &) ks e— (€ x&) ke s,
2, 1:1,2,7,8, p6:(£’*><£)-k’81*-€—(£,*Xf)-kel* S,
ni=+<3, i=3,4,5,6, -
4, ©=9,10,11,12.
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. Spin-Dependent Polarizabilities
=€ et € ek T e
ps = €S s € s s — € £ s,
po=€ k(€7 K& et ce k)
bek (€0 ke e rgt e k) - € g hek,
pro=8"k (€K& s+ s& k)
ts k! (g’*-i’ég-s’*+£’*-s’*g.1%) —gg’*-gs'*.ks.k'j
pn=e’*-e[&’*-ks-k+£'*-i’é’£-k’—%5’*-5],

~ A ~ ~ 2
p12 — SI*'S [&I*kgk-l—g’*k’gk,— gg!*g] )
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Heavy Hadron Chiral Perturbation Theory




Bl Chiral Perturbation Theory

Singly Heavy mesons Qq:
JF=0"

P= (D" D,D7)

P = (B*",B° BY)

Doubly Heavy baryons QQq:

]P — 1/2+

B = (B4, B, Q).

l—lcncn ] h_iC-C,

P¥ =

i

P’ =

i

B, =

7

(

P =1"

x0 * — * —
(Du ’Du ,Dsu).

* - *x0 *0
(Bu : Bu : BSM)

]P — 3/2+

R O

h—l(’-(’-ﬂ 5 "_‘CC,H’

ccp )

B Je X
5 5=
T89¢% PEKING UNIVE

RSITY

Heavy Diquark-Antiquark
symmetry (HDAS)

Triplet representation
P— P =hP
D,P =09,P+1I,P

10
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Bl Chiral Perturbation Theory

TABLE VIII. Masses of the J© = %+ baryons without identical
quarks in MeV. The notations are the same as those in Fig. VIII.

Doubly Heavy baryons bcgq:

ALl FTI FTII

J” = 1% channel EXP[65]
]P _ 1/2+ ]P _ 3/2+ DMC VAR FAD [15] DMC DMC
x5 (12;3) 2466 2465 /2537 2470 2469
Ec(nsc) x5(12;3) 2470 2569  / 2643 2573 2579
ir _ (=t =+ + * _ (mEtt ot *+ mixing 2465 2464 2467 2535 2469 2469
bC palr T = ('_‘[bc]u’ —[bec]d? Q[bc]s)’ BM o (“{bc}u,u’ —{bc}dp’ Q{bc}s,u) £

Y2(12;3) 5803 5802 / 5870 5806 5794

Chiral eigenstate B = (E{,5,., Efc1a: Qoers): Zy(nsb) xS(12;3) 5042 5941 /6014 5944 5935

mixing 5802 5802 5806 5870 5806 5794

i (12;3) 6915 6914 |/ 6968 6911 /
e _ (ot =t - R R o Een(neb) [x5(12;3) 6960 6959 | /7014 6955  /
cqg pair: T = (E50 Sopea jes)) B = (Cpienyn Soiedt Lofesin)

mixing 6914 6914 | 6915 6967 6911  /

A
: 7N E— n x2(12;3) 7003 7002/ 7052 7004  /

Mass eigenstate B = (Zj w1 Engeay Dogesy)s i
Qep(scb) 9(12;3) 7041 7040  / 7091 7040  /
mixing 7002 7002 7003 7052 7003  /
[2] Y. Ma, et al, Ground state baryons in the flux-tube three-body confinement model using diffusion Monte Carlo, Phys. 11

Rev. D 107. 054035 (2023). |
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Bl Chiral Perturbation Theory

The Degrees of Freedom Perturbation Expansion
Neutron Proton
‘-") P ~m,; 0.1GeV
. L
I Ay ~ 4nf; 1GeV
(QCD coupling
Chrgn:jgg;%?mics Constant)

\ \,, 2 Consistent with the Symmetries of
the Underlying Theory (QCD)

==

,,é
g
Neutron Virtual

Lorentz Symmetry

‘ / w2/ ‘ Chiral Symmetry
o

Nuclear Few-

and Many-Body (il il AR = Baryon Number Conservation

Problems e
o C, P-parity invariance

Fig1. The degrees of freedom in ChPT
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Heavy Hadron Chiral Perturbation Theory

B Je X
5 5=
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L=V —EI)\IJ + ga Uy, y5ut U — % Vol F,,W.

Heavy-hadron masses m > m, break naive chiral power counting.

. 1
o Bn()C) :ezMBv-x ;ﬁwm
Non-relativistic expansion
: . T—
(FW transformation) | |H,(x) :e’MB”""Tﬁyf,,, integrate out the heavy component
e(1+ k) DA

[JFW:\TJ(?:D|—N—29AS-’U,—Q—Z [SM,SV]FMV—

2m

: 2
T tg9A g 2
_YArs D weuy = TA u)? |
2m m{ VU Zm(v u) )
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Chiral Lagrangian for Singly Heavy mesons

2) _ TDQ *T D2 * -~ ¥ Tu prv L+
(1) [:H},——P — P+ P"'—P" +4iaP"""P™F,
Ly ="2iP"v-DP—2P"(iv-D—A)P* mp Mp:
+ ZQ(IP;TMHP 4 HC) _ ZﬁiEHUpﬁM#P:TP;ﬂM + 4iaP*T#P*UTr(F;U) + ZfaeﬁWPGP;TPUUFIU

+ H.c. + 2iae"° P, Py, Tr(F,) + Hec.,

Chiral Lagrangian for Doubly Heavy baryons (N2 2 i D2 _ )2
Eg{; _ B(’U D)*—=D B_ B (v-D)*—D B,
2M 2M*
ES‘% — Biv - {)B —B*(iv-D — 5)15:* +2¢,BS - uBB _4;J;IN Bsk, SV, B - 4’:{4; Bs*, $|BTx(F+,)
+ g (ButB + H.c.) +2g3B*S - uBB*, ifs

4M y

_|_

BF},S*B* + H.c. + Zk BS'B*Tr(F,)
g 4M
if3 s if3 -
Hec. s *,uF—|— *U _J D U *UT F—l—
+H.c —|—4MNB wB —|—4MNB B*Tr(F},),

14
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Fig2. The Born and loop diagrams contributing to the electromagnetic polarizabilities up to 0(p3) . Wavy,
dashed, and solid lines denote photons, Goldstone bosons, and heavy hadrons, respectively. The single and

double lines represent the pseudoscalar mesons (spin % baryons) and vector mesons (spin % baryons).
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Results and Conclusions
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TABLE III. The numerical results of singly heavy meson electromagnetic polarizabilities (in unit of 10~ fm?).
The values in parentheses represent the uncertainties of the results.

ag-'l =91) agz—gz) agot g’;z) 521 -91) ﬂggz—gz) Lgt
DY 0 1.50(36) 1.50(36) 11.24(191) 0 0.21(5) 11.45(191)
D~ 0 1.22(29) 1.22(29) 0.69(25) 0 0.17(4) 0.87(26)
D; 0 0.47(11) 0.47(11) 0.09(6) 0 0.05(1) 0.14(7)
B* 0 1.78(41) 1.78(41) 22.64(470) 0 0.21(5) 22.85(470)
B 0 1.49(35) 1.49(35) 7.01(131) 0 0.17(4) 7.19(131)
B 0 0.44(10) 0.44(10) 2.71(50) 0 0.04(1) 2.75(50)
o) o) ol (83 (c1~4) (c-93) Tot
D 2.15(52) 291(105) 294(106) —3.75(64) 0.22(5) 0.98(25) —2.55(70)
D= 1.81(43) —0.39(9) 1.42(34) —0.23(8) 0.18(4) —0.06(1) —0.11(4)
—64.5(155)i = | —64.5(155)i +0.62(15)i | +0.62(15)i
D*- 0.34(8) 0.39(9) 0.74(18) —0.03(2) 0.03(1) 0.03(1) 0.03(3)
B  1.65(38) 1.24(29) 2.89(67) ~7.55(157)  0.16(4) 0.10(2) —7.28(157)
B*0 1.38(32) 1.12(26) 2.51(58) —2.34(44) 0.14(3) 0.09(2) —2.11(44)
B0 0.26(6) 0.19(5) 0.46(11) —0.90(17) 0.03(1) 0.02 —0.86(17)

17
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(c\~9)) (ch=95) Tot : .
7 ag %E Threshold singularity
D  2.15(52) 291(105) 294(106)
D*~ 1.81(43) —0.39(9) . 1.42(34) . A =mp —mp ~ 142 MeV
—64.5(155)i | —64.5(155)i
my, =~ 140 MeV
(@) () (b5)
oo |y | e | e
(€ @ (@) @
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Results

TABLE V. The numerical results of doubly heavy baryon electromagnetic polarizabilities (in unit of 10~* fm?). b[cq]
denote scalar Sy, = 1 state 7 and axial-vector S;.,1 = 1 state B, respectively. Uncertainties are given in parentheses.

and b{cq}

g | a e N
Chma 0.60(12) 2.85(57) 3.44(69) 0 2.40(49) 0.06(1) 0.36(7) 2.82(50)
B 0.50(10) 2.23(45) 2.73(55) 0 1.74(22) 0.05(1) 0.29(6) 2.08(23)
Q. 0.09(2) 0.62(12) 0.71(14) 0 1.38(11) 0.01 0.07(1) 1.45(12)
=0 0.60(12) 3.72(74) 4.31(86) 0 9.74(175) 0.06(1) 0.41(8) 10.22(246)
= 0.50(1) 3.03(61) 3.53(71) 0 1.83(50) 0.05(1) 0.34(7) 2.23(71)
Q- 0.09(2) 0.69(14) 0.79(16) 0 1.26(34) 0.0] 0.07(1) 1.34(49)
B reu) 5.00(100) 0.96(19) 5.97(119) —1.97(40) 4.37(56) 0.46(9) 0.11(2) 2.96(97)
0 ey 4.31(86) 0.79(16) 5.10(102) —1.43(18) 0.13(5) 0.39(8) 0.09(2) —0.83(25)
0 et 0.69(14) 0.18(4) 0.87(17) —1.13(9) 0.05(2) 0.07(1) 0.02 —0.99(11)
e 1.36(27) 2.32(46) 3.68(74) 1.97(40) 2.25(46) 0.15(3) 0.28(6) 4.66(87)
cr 1.11(22) 1.84(37) 2.94(59) 1.43(18) 1.63(20) 0.13(3) 0.23(5) 3.42(39)
Qg 0.26(5) 0.48(10) 0.74(15) 1.13(9) 1.29(11) 0.03(1) 0.05(1) 2.50(20)
o) %) alet P P (ci=) gl ) plot
Chams 2.98(60) 7.97(159) 10.95(219) 0 ~1.20(25) 0.30(6) 0.42(8) —0.48(28)
Ches 2.50(50) 7.49(150) 9.99(200) 0 —0.87(11) 0.25(5) 0.38(8) ~0.24(17)
Q:t 0.47(9) 0.48(10) 0.96(19) 0 —0.69(6) 0.05(1) 0.04(1) —0.60(6)
=h) 2.98(60) 3.34(67) 6.32(126) 0 —4.87(87) 0.30(6) 0.28(6) —4.29(88)
Zhe 2.50(50) 2.93(59) 5.43(109) 0 —0.92(25) 0.25(5) 0.24(5) —0.42(27)
Q- 0.47(9) 0.42(8) 0.89(18) 0 —0.63(17) 0.05(1) 0.04(1) —0.54(17)
Zrt 2.98(60) 4.86(97) 7.84(157) 0 ~3.31(5) 0.30(6) 0.34(7) —2.68(14)
=50 2.50(50) 4.41(88) 6.92(138) 0 —0.88(8) 0.25(5) 0.29(6) —0.33(13)
Q0 0.47(9) 0.22(4) 0.69(14) 0 —0.67(4) 0.05(1) 0.04(1) —0.58(5)

ez XY

PEKING UNIVERSITY
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Results

TABLE II: Scalar, spin, and tensor polarizabilities of the D* mesons obtained from Eq. (11). The entries for ag,
Bar, ap1e1, and a1 are in units of 1074 fm3; the four ~ polarizabilities are in units of 1074 fm4; and agopo,
aron2, Ap1Es, and aysqass are in units of 1074 fm®. Numbers in parentheses denote propagated uncertainties.

Polarizability Meson Born P*¢ loop P¢ loop Total
D*° 0 2.15(52) 291(70) 294(70)
aE D*~ 0 1.81(43) —0.396(95) — 64.4(154) i 1.41(34) — 64.4(154) i
D:~ 0 0.341(82) 0.395(95) 0.74(18)
D —3.75(64) 0.215(52) 0.98(23) —2.55(70)
Bum D*~  —0.229(83) 0.181(43) —0.057(14) + 0.62(15) i —0.105(88) + 0.62(15) i
D:™  —0.031(21) 0.0341(82) 0.0259(62) 0.029(25)
D0 0 —0.64(15) —1.29(31) x 10" —1.29(31) x10*
Yeim1  D*T 0 —0.61(15)  40.180(43) — 1.10(26) x10°f —0.79(19) — 1.10(26)x10% i
D:~ 0 —0.0325(78) —0.147(35) —0.179(43)
D*0 —7.81(132) —0.129(31) —67.5(162) —75.4(163)
Yaimr DT —048(17)  —0.122(29) | —0.0390(94) + 16.0(38) i —0.64(18) + 16.0(38) i
D:~  —0.064(44) —0.0065(16) —0.0185(44) —0.089(44)

20
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D*° 0 —0.129(31) —67.5(162) —67.6(162)
Yvige DT 0 —0.122(29)  |—0.0390(94) + 16.0(38) i —0.161(39) + 16.0(38) i
D:~ 0 —0.0065(16) —0.0185(44) —0.0250(60)
D*° 0 0.129(31) 67.5(162) 67.6(162)
YE1me DT 0 0.122(29) 0.0390(94) — 16.0(38) i 0.161(39) — 16.0(38) i
D:~ 0 0.0065(16) 0.0185(44) 0.0250(60)
D*Y 0 —0.65(15) 288(69) 287(69)
apipr D*” 0 —0.54(13) —0.169(40) — 66.8(160) i —0.71(17) — 66.8(160) i
D~ 0 —0.102(25) 0.291(70) 0.189(45)
D*®  —5.62(95)  0.323(77) —2.94(70) —8.23(114)
amivi  D*T 0 —0.34(12)  0.272(65) 0.171(41) — 1.86(44) i 0.10(16) — 1.86(44) i
DI~ —0.046(31) 0.051(12) —0.078(19) —0.072(32)
D*Y 0 —0.55(13) 9.70(233)x10° 9.70(233) x10°
apap2  D*” 0 —0.54(13) —0.116(28) + 835(200) i —0.66(16) + 835(200) i
D:~ 0 —0.0081(20) 0.0329(79) 0.0247(59)

21
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D*0 0.220(53) 1.11(27)x10° 1.11(27) x 103
amenz DT 0.217(52) 0.104(25) + 127(30) i 0.321(77) + 127(30) i

D:~ 0.00325(78) —0.0061(15) —0.00290(69)

D*° —0.220(53) 3.64(87)x10° 3.64(87)x 10°
apips  D* —0.217(52) —0.049(12) + 312(75) i —0.266(64) + 312(75) i

D:~ —0.00325(78) 0.0128(31) 0.0096(23)

D*° 0.110(26) 38.7(93) 38.8(93)
arvims DT 0.109(26) —0.045(11) — 8.66(208)]  0.063(15) — 8.66(208) i

D:~ 0.00164(39) 0.00395(95) 0.0056(13)
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. Results

In the long-wavelength limit, second-order perturbation theory gives

[(n|D.|i)|* [{(n| M. |d)|?
= 2 em ; =2 em .
GE = o Z E, - E far = 2a Z E, - E,

nF#1 nF#£1
The dipole operators associated with the pion cloud can then be written classically as
1 . :
Do = [@rrpslr) M= [ Errae) dalr) = p(r)os(o)

We can estimate the characteristic momentum and velocity scales as

dr
Y Z\XZQ —_ AQ al Y T Y 0.17
q \/ T ? "U | M

T

23
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4r \<n|ll4ﬂ z|3>| (Mqu)
’Uﬂ- ~ —— Y 0.].7 ’ ~J O - ~J O 2
| | M |(n|Dﬂz\z)\ (U )’ agé) (UW)

TABLE II: P¢-loop contributions to the selected scalar, spin, and tensor polarizabilities of the D* mesons. The
entries for ag, Bar, agi1E1. and aypga are in units of 10~2 fm?: the entries for veE1e1 and Yarq a1 are in units of
10~*fm®*. Numbers in parentheses denote propagated uncertainties.

Polarizability D*° D*~ D~
aE 291(70) —0.396(95) — 64.4(154)i  0.395(95)
B 0.98(23) —0.057(14) +0.62(15)i  0.0259(62)
YE1E1 —1.29(31)x10* —0.180(43) — 1.10(26) x10*i —0.147(35)
YM1M1 —67.5(162) —0.0390(94) + 16.0(38)i  —0.0185(44)
aE1E1 288(69) —0.169(40) — 66.8(160)i  0.291(70)
aMiMi1 —2.94(70) 0.171(41) — 1.86(44) i —0.078(19)
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Pion-cloud dynamics: Chiral loops dominate electric polarizabilities.

Giant electric polarizability of D* : the exact kinematic coincidence (4 = m,;) induces a
threshold singularity in the chiral loops, leading to anomalously large polarizabilities.

Doubly heavy baryons: Electromagnetic properties depend strictly on the heavy-flavor
composition, with the bcq system dominated by mixing with the scalar state T.
Spin-dependent polarizabilities of D*: M1M1-type polarizabilities are suppressed by
momentum of pion.

More precise calculation: Further segregate energy scales in proximity to the threshold and
reconduct power counting.

Benchmark: Our rigorous estimations offer explicit quantitative benchmarks for future lattice
QCD studies.

25
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