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Why Bc? / -

* Unique heavy-heavy system
* Unequal masses

* Rich spectroscopy

* Growing experimental information
—  Orbitally excited states (Phys. Rev. Lett. 135 (2025) 231902, arXiv:2507.02149 [hep-ex])
- B* (arXiv:2605.16228 [hep-ex])

e (Confinement? ‘



The usual spectroscopy workflow

Data Fit parameters One parameter set Predictions

B. less data. Deterministic. Correlations? Uncertainties?
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Deterministic Fits

Parameters Set-12  Set-IIP

a 0.371  0.479
: CORMELL
NTIA

o (in GeV?) 0184  0.149 POTE
p (in GeV) 3.999 1.409
V. (in GeV) —0.068  0.001

a Inputs: B.(11Sp), B.(21Sy), n5(11S0), T(1351), n5(21S0), T(2351), Y(32S;), T(435,), Y (53

T(6%S1), T(1%S1) — mp(1'So), T(2°S1) — me(250), he(1' 1), xoo(1*Fo), xe1 (1°P1), Xe2(1°P2), hy(2' P1),

xe0(28Po), X61 (22 P1), X52(23P2), x61(33P1), x02(3P2), T2(13Dy) (Navas et al., 2024), and

B} (1381) — B.(1'Sy) (Mathur et al., 2018).
b Tnputs: B.(11Sp), B.(21Sy), B.(21Sy) — B.(11S) (Navas et al., 2024), and B (139;)

(Mathur et al., 2018).

Sl)a

- Bc(llsﬁ)

State Set-1I Set-11 s
(Navas et al., 2024)

1Sy 6377 6274 6274.47(0.32)
1351 6445 6329
218y 6964 6871 6871.2(1.0)
238, 7004 6892
3150 7368 7246
3351 7400 7261
418y 7706 7554
438, 7735 7566
5150 8008 7826
551 8035 7836 (M — Mexp)‘z
615, 8285 8074 ; AMPP)?
6357 8310 8083

X%et—l ~ 1.3 x 10° However...

Xset—11 = 3 % 107"




Bayesian parameter estimation

Priors Likelihood Posterior

0, Orin < 0 < Hmaxa Nwalkers =8 X Nparameters
log p(0) =
—o00, otherwise, , Correlations!
anheo(@) _ X'_EXPt
2 _ 7 7 . .
x(8)= Z ( AXTP ) Uncertainties!

log £(©) = —5x°(©)
a, € [0.20,0.56], o € [0.10,0.23] GeV?, log P(©) = log p(©) + log L(O)

V, € [-0.250,0] GeV,  p € [1.00,4.00] GeV,

’ emcee package
0 €[0.05,0.50] GeV, o € [0.05,0.50] GeV. D. Foreman-Mackey et al., PASP 125, 306-312 (2013) [arXiv:1202.3665 [astro-ph.IM]]

Affine invariant MCMC
i = 1.0 Ge¥, my = 4.8 GeV. J.Goodman and J.Weare, CAMCSc 5, no.1, 65-80 (2010) doi:10.2140/camcos.2010.5.65




Posterior distributions

Parameters  Potential 1

o 0.38 0%,

o (in GeV?)  0.19707;

p (in GeV)  2.28%0%)

V, (in GeV) —0.1870:10

- Tint ~ 560 - 620 over 55000 steps
per walker (32 walkers total)

- Flattened chain ~ 1.4 x 10% samples
(after discarding initial 20%)

- ESS of ~ 2300

- Mean acceptance fraction ~0.3
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C. Mony A. and R. Dhir, [arXiv:2604.04846 [hep-ph]].



Posterior distributions

Parameters Potential I  Potential 11

0.06 0.05
o 0.38%0 03 0.3975 02

o (in GeV?) 019757 015703

p (in GeV) 2287080 9 gt069

Vo (in GeV) —0.18%39 0197510

o' (in GeV) - 0.2270-17

Co (in GeV) - 0.237015

- Tint = 3400 - 7200 over ~390000 steps
per walker (48 walkers total)

- Flattened chain ~ 1.5x107 samples (after \H\
discarding initial 20%) A\ S

- ESS of ~ 2000-4300 FEFE FIES PP FLIEI P IS TP P

R as o P Ve o Co
Mean acceptance fraction 0.09 C. Mony A. and R. Dhir, [arXiv:2604.04846 [hep-ph]].




Why modify confinement?

V(r) (GeV)

4o

Br

+or+V,

Vixe(r) =V (r) + Coln(1 + o'r)

—— Cornell Potential
—— Modified Cornell Potential

0 2 4 6 8 10 12 14

r(Gev-1)
C. Mony A. and R. Dhir, [arXiv:2604.04846 [hep-ph]].
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Parameters

Potential 1

Potential I1

O
o (in GeV?)
p (in GeV)
V. (in GeV)
o' (in GeV)
Co (in GeV)

0384003
0.191510;
2281038
—0.1810- 82

0.390:03
0.151503
2.0975 3
—0.1915-82
0221217

+0.16




B. Spectra

V(r) =

Vet (1) = V(r) + Coln(1 + o'r)
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—— Cornell Potential
—— Modified Cornell Potential
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C. Mony A. and R. Dhir, [arXiv:2604.04846 [hep-ph]].




8750

PDG LQCD LQCD
State Potential I Potential 11

8500

(Navas et al., 2024) (Mathur et al., 2018) (Dowdall et al., 2012)

627410 6274.47(0.32) 6276(3)(6) 6278(9) =11 1
633017 , 6331(4)(6) 6332(9) ol -
687111 6871.2(1.0)* 2 6394(19)(8) IE ff
689812 - 6922(19)(8) el
315, 728219, 726811 . ¢ |
P8 TSN GE Be (ariv:2605.16228 fhep-ex]) S
‘ 64.5 + 1.4 (stat.)™ ", (syst.) MeV R N 7 e
418 7626755 759575 6339.0 + 1.4 (stat.)*1-0 (syst.) + 0.3 (mp) MeV o i
485 e4aTi  Te1td - - - -
548 7983, RSBt - - - olo 18
535, 7952+30 7899+l - AMjg =AM =567, MeV . .
6'Sp 82161737 814675 - - : -
655 823213 816073 - . . -
» Used as input, along with M. (1) — Mp_(1s) = 55(3) MeV from LQCD (Mathur et al., 2018). —

C. Mony A. and R. Dhir, [arXiv:2604.04846 [hep-ph]].



State Potential I Potential 11

LQCD
(Dowdall et al., 2012)
(Davies et al., 1996)

LQCD
(Mathur et al., 2018)

8750

8500

8250

8000

7750

Mass (MeV)

7250

7000 A

18P, 6706753  67091% 6712(18)(7) 6707(14)(8)

1P, 673713 674218 6736(17)(7) 6743(30)

LRy oyast? ety - 6765(30)

18P, 675617 6762118 : 6783(30)

dm B : 33.4(1.5)°

2*py T130%5; 7122533 Orbitally excited states (Phys. Rev. Lett. 135
2Py 71591}, 715275, (2025) 231902, arXiv:2507.02149 [hep-ex])
2P TI65I3  T158I4 My = 67048+ 5.5 + 2.8 + 0.3 MeV/?
2R TTOLL TIT3I My = 6752.4+ 9.5+ 3.1 + 0.3 MeV/¢?
dop (1272)° (13.3612)°

33P, 7483%L7  7459%% - -

3B Wnipre MRt - -

P pigTls  rdogtcs : -

33p, 7533712 7508122 - -

Bap  (154)° (169)° = e

6750

6500

6250

75009 ...

C. Mony A. and R. Dhir, [arXiv:2604.04846 [hep-ph]].
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State Potential I Potential 11

13D, 702172 7021132
1D2  7015%% 701715
1D, 7026°% 702713
13Ds 701617 70181
610 (—53%3)° (—52%))°
23Dy 7384710 73697110
2Dy 738275 7368713
2D, 739017, 7375750
22D3 738517, 7370713
0:p (=5277)° (-51F%)°
33Dy 7705739 7671733
3Dy 7705735 7672132
3D, 7712t 7678132
33Ds 7709737 7676730
03p (—517%)° (—507%)°
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8000
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C. Mony A. and R. Dhir, [arXiv:2604.04846 [hep-ph]].



n the Cornell Potential

1on 1

Effects of Modificat
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C. Mony A. and R. Dhir, [arXiv:2604.04846 [hep-ph]].



Closing thoughts

* Deterministic fits hide parameter degeneracies.
* Bayesian exploration reveal correlations & uncertainty.
* Excited B. states probe confinement dynamics.

* Excited state multiplets are clear discriminators between confinement
models.



Thank you!



<Backup Slides>



Spectroscopy of Heavy Quarkonium

SRW &

! (r) +2u| By — V(1) —

Degenerate mass of Runge-Kutta
the bound state

M = mQ+mQ +@

(I 4+ 1)
20172

]um(r) — 0

R (0) = T
00 % 2 Dy =l
o 1R (r) Predr = [ fun(r)dr = 1 o TEE



Spin Dependent Interactions

2
VSS(T) = 3m1m2 Sl : SQ AVV(T)
1 1d d? _ (S1r)(S2r)  1q. .
Vr(r) = MSH [;%VV(T) - ﬁVV(T)] Si2 = 12[ r2 351 SQ]
VLS(T) = # [((ml -+ mg)Q ~+ 2m1m2)L : S_|_ -+ (m2 — mz)L ‘ S_} iVV(T)
Am3mar ’ ! dr

o LS.+ - L] vt |

Mixing*
M(n*** L) = mg + mg + En + (U Vss|tum) + (Ul Vislua) + <unl‘VT|unl>‘

Eichten E et al 1975 PRL 34 369-72 Eichten E & Feinberg F L 1979 PRL 43 1205 Lucha W & Schoberl F F arXiv:hep-ph/9601263
Eichten E et al 1976 PRL 36 1276 Eichten E & Feinberg F 1981 PRD 23 2724 Barnes T et al 2005 PRD 72 054026
Eichten E et al 1980 PRD 21 203 Gromes D 1984 ZPC 26 401 Ikhdair S M & Sever R 2005 IJMPA 20 4035-4054



Radial wave functions (S-wave)

CORNELL MI©ODIFIED
POTENTIAL POTEMTIAL

= 1S
— 65

Rni(r)
Rni(r)

] T T T T
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C. Mony A. and R. Dhir, [arXiv:2604.04846 [hep-ph]].



Radial wave functions (P-wave)

CORNELL MI©ODIFIED
POTETIAL oYM FoAL

0.4 0.4
— 1P
- 6P
0.3 0.3
0.2 1 0.2
< <
< 0.1 = 0.1
a g o
0-0_ \ O'O_ \_/
—0.1 1 —0.1
-0.2 T T T T T T T T —-0.2 T T T T T T T
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14
r (Gev-1) r(Gev-)

C. Mony A. and R. Dhir, [arXiv:2604.04846 [hep-ph]].



Radial wave functions (D-wave)
MODIEIED

CORNELL
POTENTIAL POTSNTIAL

Rni(r)
Rni(r)

_0.15 [ T T T T T T T
0 2 4 6 8 10 12 14 16 18
r (Gev-1)

_0.15 T T T T T T T T
0 2 4 6 8 10 12 14 16 18
r(Gev-)

C. Mony A. and R. Dhir, [arXiv:2604.04846 [hep-ph]].
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