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« Heavy Mesons (Qq):
-- Hadrons with single heavy quark (anti-quark) and a light anti-quark (quark).

-- Described in framework of heavy-quark effective theory (HQET) where operators
scale in powers of Aqcp/my.

-- The light quark orbit a static source of color in 3 representation.

* Double Heavy Baryons (QQq):

-- Hadrons with two heavy quarks (anti-quark) and a light quark (anti-quark).
-- Hierarchy of energy scales characterized by the relative velocity v of heavy quarks:
mg > myv > mov?

-- Described in framework of nonrelativistic QCD (NRQCD) with power counting of

operators determined by V€|OCIty. Bodwin, Braaten & Lepage (1994), Luke, Manohar & Rothstein (2000),
Brambilla, Pineda & Soto (2000)

-- Attractive Coulomb force between the heavy quarks.

-- Ground state is a spin-1 diquark in 3 color representation.

-- Recently observed by the LHCb experiment E/.7(3621) LHcb collaboration (2017) 5



o Heavy quark-diquark (HQDQ) symmetry

-- Relates doubly heavy baryons and heavy anti-mesons.

--Inmgy — oo limit, the light quark (q) in both hadrons orbit around static source of
color in 3 representation.

Spin-1 Heavy anti-quark in 3
diquark in 3
HQDQ symmetry
< >

Light quark
Light quark et
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Effective theory for heavy quarks and diquarks

L=htiDgh+THiD, T+ bt - Bhl|2Tt.BxT
ZmQ QmQ

1 |

Chromo-magnetic coupling || Chromo-magnetic coupling
of heavy quarks of diquarks

+ ...

M. Savage and M. Wise, PLB 248 (1990) S. Fleming and T. Mehen, PRD 73 (2006) N. Brambilla, A. Vairo, T. Rosch, PRD 72 (2005)

Hyperfine splittings

Mass hyperfine splitting relation due to HQDQ symmetry

3
Mmzx — Mg, = Z(mp* — 'mD)-z 106 MeV
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Hyperfine splittings

* Mass hyperfine splitting relation due to HQDQ symmetry

3
Mmgzx — Mg, = Z(mD* — mD)% 106 MeV

Corrections to chromo-magnetic coupling of diquarks

¢

Corrections to HQDQ symmetry ??



* Brambilla, Vairo, & Rosch: Corrections to HODQ predictions for Hyperfine Splittings

MEZ}Q — MEQQ = Z (Mpé — MPQ) |:1 + O (Oés, )ﬂ

ma

N. Brambilla, A. Vairo, T. Rosch, PRD 72 (2005)

* Mehen & Mohapatra:

s

) ~ O(a?) perturbative correction.
r

- Explicitly compute O (1/m2 X
Q

Bottom quark =~ 1.4 x 1072
Charm quark = 3.1 x 1072

: , A2
- Argue that nonperturbative corrections scale as O ( QCD) not O (AQCD)

2

Bottom quark = 1%
Charm quark = 10 %

T.Mehen and A. M, arXiv:1905.06965 [hep-ph] 9
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o Interested in calculating the LO and NLO chromo-magnetic coupling of diquarks.

o Use nonrelativistic QCD (NRQCD) formalism with velocity power counting rule
for operators.

o NROCD Lagrangian :

1 0 (P—"’JD)2 g
Lo=—=F"F,+> ¢(iD° - + 0B |p
Q
P

1 2mgq 2m

1 9 tA ot A

o Use color and spin Fierz identities to group the heavy quark field ¥ in
spin-1, 3 color and spin-0, 6 color representation.

o Composite diquark operators:

Spin-1, 3 color Spin-0, 6 color
i ip-r 1 ] mn ip-r 1 mn
Ti=) e®s ¥ (y_p)jeo(tp) 20 = T di"™ (p)ie” (¥p);
P 2 P \/5
Mehen & Fleming ( 2006) 10

Brambilla, Vairo & Rosch (2005)
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o NRQCD Lagrangian in terms of composite diquark operators :
L=Lo+= / Brv® ) (T” Ze—'*q ik = (wg)Jae(w ) ( Zeﬁpr-e,;m(;b )gea(?,!)p)m)

1 ; 1 mmn mn ip-r 1 mn
+§/d3rv(6)('r) (E&“’”"’*—Ze‘mﬁdi-j )(%)iE(w—q)j) (Ef, )~ iR \/5 7 (_p)s T(sz)j) :

qaq p

- 5 :
Anti-triplet potential V(3) = — 5% ISextet potential V(6) = 5%
o Coupling of diquark to heavy quarks :
p.Jja
T —je~pr V(B)(r) (ae)aﬁ
r

p, i«

(mn)

¥ (mn)

r —ije”PT V(ﬁ)(r)i Eap

V2
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!!!romo-magnetlc coup!lng

o O(v?) diagrams contributing to the chromo-magnetic coupling of diquarks:

0. B quark coupling Digquark chromomagnetic
interaction

o Leading order chromo-magnetic Lagrangian of diquarks :

q Mehen & Fleming ( 2006)

LB = 2— / d3ri TiT . B¢ T;’ X Tg_ L Brambilla, Vairo & Rosch (2005)
mQ

o O(1/mg) correction to heavy spin symmetry.

o Responsible for hyperfine mass splittings in the ground state of doubly

heavy baryons. e



ervuroative correction

o Corrections to chromo-magnetic couplings ot diquarks scaling with powers of aj.

o Perturbative corrections from Effective 5-point operator: matching diagrams in

QCD and NRQCD.

: g T '§<+ %5566" +
> 5 > > >

_|_

6 more with gluon attached to each external quark

NRQCD
= + 3 more with gluon +
attached to each
external quark

Effective 5-point |
operator

Y
y
Y

Y

AM & Mehen ( 2019)
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o Effective Lagrnagian for 5-point contact operator:

3
g 1 a a (& C a
Lofs =~ > yh TP, yh, (T°T° +T°T°)
Q P1,P2,P3,Py

o - BC¢ 1
P,
2mq (Pgq — P2)2

O 5-point contact operator contributing to the chromo-magnetic coupling of

diquarks:
. i O(v*) diagram
T it T ’ in velocity power
r - r counting of NRQCD
¢ —e

o Corrections to chromo-magnetic coupling of diquarks from 2-loop diagram:

! 190 3 it 1 c e '
A d’r T . —B°TS x TY.
c.B Gm% / r i, r 1) r

o Next-to-leading order (NLO) Lagrangian: O(1 /2 X @s/T) corrections
Q

to heavy spin-symmetry. AM & Mehen ( 2019) H
enen



! €er !lll’ I!a!lve correc !lOH

o Inmg — 0o, ground state spatial wavefunction of diquarks in doubly

1 1/2 Bohr Radius:
gb(r) - (_) 6_T/a0 onr adlus:

ﬂag ap =3/asmg

heavy baryons:

o Chromo-magnetic coupling of diquarks from 2-loop diagram:

Suppression from Enhancement from

Heavy quark mass | | Coloumb exchange

AM & Mehen ( 2019) 15



! €er l!lll’ I!a !1ve correc l!lOIl

o Inmg — 0o, ground state spatial wavefunction of diquarks in doubly

1 1/2 Bohr Radius:
gb(r) - (_) 6_T/a0 onr adlus:

71'(1,8 ap =3/asmg

heavy baryons:

o Chromo-magnetic coupling of diquarks from 2-loop diagram:

[’;.B _ 190 /d31‘ T;:.T .

Suppression from Enhancement from
Heavy quark mass | | Coloumb exchange

~

Overall 0(“? / mQ) order chromo-magnetic coupling of diquarks !!!

AM & Mehen ( 2019) 16



o HODQ symmetry relates mass hyperfine splittings of ground state double heavy
baryons and heavy anti-mesons.

o Correction to HODQ symmetry due to the O (a2 / mg) order chromo-magnetic
coupling of diquark from eftective 5-point operator.

o Relation between mass hypertfine splittings:

4

Qg 1
mp+ —mp = = (Mx» —mx) (1+ <—>) ,
3 122mQ r

4
Hyperfine spIitﬁng/ = 3 (my+ — my) (l + %)
in heavy meson

o Correction to hyperfine splitting of diquarks from 0(a$/m,) coupling :

Bottom quark ~ 1.4 x 1072
Charm quark ~ 3.1 x 10~2 (as(me) ~ 0.3, as(mp) = 0.1)

AM & Mehen ( 2019) 17
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o HODQO symmetry relates mass hyperfine splittings double heavy baryons and heavy
antl-mesons.

o Correction to HODQ symmetry due to the O (a2 / mg) order chromo-magnetic
coupling of diquark from eftective 5-point operator.

o Relation between mass hypertine splittings:

m m—4(m my) | 1+ e =
R T 12mg \7/ )"

4 o’
— . 1 s
3 (my my) ( L 9 )

o Correction to hyperfine splitting of diquarks from O0(aZ/my) coupling :

Bottom quark =~ 1.4 x 1072
Charm quark = 3.1 x 1072

Small correction to hyperfine splittings of doubly charm / bottom quark systems !!

AM & Mehen ( 2019) Small correction to HODOQ symmetry!! 18



o Corrections to chromo-magnetic couplings scaling with powers of Agcp/my.

o Spin Symmetry breaking HOET(-like) Lagrangians for heavy quarks and diquarks

Heavy quarks: ZmQZﬁbfﬂ' By, +1 g%zp:tbLJ-{D}{E—EKD]i,bp
\ }
|

0(A6CD/m6) term in Heavy quark effective theory

T.Mehen and A. M, arXiv:1905.06965 [hep-ph] 19



o Corrections to chromo-magnetic couplings scaling with powers of Agcp/my.

o Spin Symmetry breaking HOET(-like) Lagrangians for heavy quarks and diquarks

Heavy quarks: QmQ Z ﬁ.bf o-By,+1

5’2 Y who |(Dx E—-Ex D)y,
-

Coupling to different background field
But similar color and spin structure

B - i(D x E — E x D)/4m,

T.Mehen and A. M, arXiv:1905.06965 [hep-ph] 20



©Non-Perturbative Corrections

o Corrections to chromo-magnetic couplings scaling with powers of Aqcp/my.

o Spin Symmetry breaking HOET(-like) Lagrangians for heavy quarks and diquarks

g . g
Heavy quarks: mzpj¢iﬂ'3¢p+igmngpjtb$ﬂ"(D){E_E}{D“ﬁ'p

B - i(D x E — E x D)/4m,

Diquarks: fd% T, - BT}, x Ti — J /dar Ti'- (D x E°—D x E°) T}, x TL.

1
2mg Sm?;.

o 3%/4 prediction still valid: coetficient of the two Lagrangians same after
) - 17k a a
Oap — 1677, 17 =T

O O(A%CD / m?é) terms in HOET: many with different color structures:
will break 3/4

o Nonperturbative Corrections scale as O(A%ICD / m(zl)

T.Mehen and A. M, arXiv:1905.06965 [hep-ph] 21
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N.Mathur, M. Padamanth, PRD 99 (2019) 031501

=rn — Zbb 34.6(2.5)(7.4) MeV vs. 34 MeV

Z.S. Brown, et. al., PRD 90(2014) 094507

AQCD/’I’)’LB ~ 0.1

Q. — Q. /(DX° — D?[Expt]) =0.58(4)  z5.Brown,et.al., PRD 90(2014) 094507
o — Qup/(BX° — BY[Expt]) =0.74(12)  sara Collins, 2019 QWG Talk

22
Adapted from T. Mehen’s talk



onciusions

o Heavy quark-diquark symmetry: (_Iq g QQq

o Perturbative Corrections to HODQ symmetry from effective 5-point contact
operator scales as O(a?) .

Bottom quark =~ 1.4 x 1072

(@s(me) 03, as(ms) =~ 0.1) Charm quark = 3.1 x 1072

o Small corrections to HQDQ symmetry from O(aZ) coupling.

o Non-perturbative Corrections to HODQ symmetry scales as O(A%QCD / m(zl)
and not as O(Aqcp/Myg) -

Bottom quark = 1%
Charm quark = 10 %

Future Directions

o RG evolution coupling constant of effective 5—point operator due to one loop ??
23
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