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Outline

o What are heavy quarkonium hybrids?
e The Born-Oppenheimer Approximation for QCD
e Hyperfine splitting for quarkonium hybrids

e Results and Comparison

e Conclusion

Sandra Tomas Valls (ICCUB) Hyperfine splitting of heavy hybrids EQHC2026 2



EEEEEEEEEEEEEEEEE

NIVERSITAT oe
ARCELONA

0 C

4

OMNjp LVCE *

What are heavy hybrids?

Exotic heavy hadrons

Using as heavy quarks O = ¢, b and as light quarks g = u, d, s the hadrons
with two heavy quarks can be

QOQ + light quarks and gluons | OO0 + light quarks and gluons |
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What are heavy hybrids?

Scales in heavy hadrons
* Heavy quarks: Q = ¢,b — my > Nycp

In the hadron rest frame the heavy quark moves slowly compared to the LDOF

—J

¢ We have a non-relativistic system — multiscale problem

my > p 2 Nocp > E

e We use an Effective Field Theory — Born-Oppenheimer EFT |

[Berwein, Braaten, Brambilla, Krein, Mohapatra, Oncala,
Scirpa, Soto, Tarrus Castella, Vairo,...]
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The B-O Approx for QCD

Philosophy of the B-O Approximation mg > p 2 Nocp > E
Slide: [Bruschini]
0 U d s Noacp ¢ b

Fast/Light DOF Slow DOF

Two-step procedure

e Calculate the QCD potential models
using data from lattice QCD

e Solve Schrédinger equation for QO
[Juge, Kuti, Morningstar] ;
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Slide: [Bruschini]
0 U d s Noacp ¢ b

Fast/Light DOF Slow DOF

Two-step procedure

e Calculate the QCD potential models

O ¢zy vD(7
using data from lattice QCD —> V), Vii(r),. ..
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[Juge, Kuti, Morningstar] ;
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The B-O Approx for QCD

Philosophy of the B-O Approximation

Slide: [Bruschini]

Fast/Light DOF Slow DOF

Two-step procedure

e Calculate the QCD potential models

Oy (D7
using data from lattice QCD —> V), VIAr), ...

e 1 . = A

e Solve Schrédinger equation for Q0 | — ( - VO(F) 4
m

[Juge, Kuti, Morningstar] ; ¢

| ...)\11(7) — E9(7)
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The B-O Approx for QCD

Philosophy of the B-O Approximation

Slide: [Bruschini]

0 u d ) C b
Fast/Light DOF Slow DOF
Two-step procedure | BOEFT H
e Calculate the QCD potential models At LO: my — oo (static limit)

using data from lattice QCD

| | _ At NLO: O(1/my,) expansion
e Solve Schrédinger equation for Q0

[Berwein, Brambilla, Krein, Mohapatra, Oncala, Scirpa,

[Juge, Kuti, Morningstar] } Soto, Tarris Castella, Vairo,...] )
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The B-O Approx for QCD

B-O Symmteries and Quantum numbers

i K| |

o Irreps of the D, group = Ay

o Total angual momentum K of LDOF
with eigenvalue k

o |K - r|with eigenvalue A and A = | 4]
A=0,1,.. =2]1II,...

o CPeigenvaluen =+1,—1=g,u

e 3Sign under reflection 0 = + , —
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0.9

B-O Hybrid Quantum numbers aE.  p2s N
. .as~0.2 fm ..‘.‘?,:..:..,,,.
| | 0 | Gluon excutatlon/ s ,;_.;:;;.- N=3
e Low-lying potentials | S N=2
0.7 + N
o |
LDOF: k"¢ Ay 5 e
+— - 0.6 | D -
1 Zu ? Hu s 7
IT3 _cfj’ ;
0.5 + H:;g aS/at =Z"5 -
Ag 2, 2=0.976(21)
04t ol Lattice results
< hort distance
r.egeneracie
Figure: [Juge, Kuti,
0.3 R/as | Morningstar

0 2 4 6 8 10 12 14 arXiv:hep-lat/0207004]
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The B-O Approx for QCD

B-O Hybrid Potentials at O(1/m,,)"

e Obtain the potentials with Two-step procedure |

correct behaviour at short and

long distances [Oncala, Soto. arxiv:1702.03900] Calculate the QCD potential models

using data from lattice QCD

O S _
Ve (1) = —= + Ker + E?Q e Solve Schrédinger equation for Q0
u r
———
o) 1 blT b27°2 ~
Vi (r) = = + g1 + B99
. (7) r (1+a1r+a27“2> P b o
Heavy spin independent
o Fit the parameters with lattice QCD results potentials ,
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The B-O Approx for QCD

Hybrid spectrum with BOEFT at O(1/m,,)"

e Lagrangian density: Two-step procedure |

it | e Calculate the QCD potential models
L =tr (H (57;]'25)() — th]) H]) using data from lattice QCD

e Solve Schrodinger equation for QQ

e Solve the eigenvalue problem to find the degenerate energy spectrum
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The B-O Approx for QCD

Hybrid spectrum with BOEFT at O(1/m,,)"

o Lagrangian density: Two-step procedure |

it | e Calculate the QCD potential models
L =tr (H (57;]'25)() — th]) H]) using data from lattice QCD

e Solve Schrodinger equation for QQ

A . . .
( | V(O)(r)> V(7)) = EY(¥)
Mg

e Solve the eigenvalue problem to find the degenerate energy spectrum
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The B-O Approx for QCD

Hybrid spectrum with BOEFT at O(1/m,,)"

e Spin average spectrum for chamonium multiplets

KFC=1*=  NL Mg | 7" (Sp5=0) | F"(Sgo=1 Ay
H, 1(s/d), 4011 ]~ 0,1,2)~* | X, 10,
H, 1p, 4145 ] ++ (0,1,2)*- I,
H 1py 4486 0++ [+- >-
H, 1(p/f), 4231 PR (1,2,3)* | X1,

[Oncala, Soto.
arXiv:1702.03900]

* Spin effects enter at O(1/m,) in hybrids

Sandra Tomas Valls (ICCUB) Hyperfine splitting of heavy hybrids EQHC2026 15



NIVERSITAT oe
ARCELONA

The B-O Approx for QCD

Hybrid spectrum with BOEFT at O(1/m,)"

n(s/d), np;4 npg n(p/f), PDG cc n(s/d)4 np4 npg n(p/f),
| | l | | . — | | i | 11.05 | | i | | — — | |

4.70 |- ? T _ |
_ S 11.00 - i— N —N—§—
60 - : :

450 |- ED | 10.95 | ]

4.40 T - 10.90 | ]

4.30 |- | - 10.85 | .

| — - Ooog

4.00 E”:”:”:l |

; ; — 10.70 | ]
3.90 - _ - s | ;

| | = e
10.80 |- |

Mass (GeV)
Mass (GeV)

— — — =3 :
10.75 - —— g g g -

| | | é 10.65 | _
380 | : | | |

3.70 | | 10.60 | |

360||||i||||i||i||||i| 1055||||i||||i||i||||
-- -+ -+ -+ ++ +- +- +- ++ +- ++ +- +- +- -- -+ -+ -+ ++ +- +- +- ++ +- ++ +- +- +-
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Hyperfine splitting for hybirds

Spin dependent potentials O(1/m,)

Tn'm’;nm
(1)

) / / / / 6Zj
Vv (r) = —2Vy(r) (677G — 57 ) 4 2Wipa () (7“7“] : ) <

> (5jm5n’i5nm’ 4 5nié‘jm’5n’m o 5jm’5n’i5nm o 5nié‘jm5n’m’)

Two-step procedure

We need to find the hyperfine

e Calculate the QCD potential models potentials

using data from lattice QCD

e Solve Schradinger equation for QQ Vi Vg |

S ———_
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Hyperfine splitting for hybirds

Spin dependent potentials O(1/ mQ)

Tn'm’;nm
(1)

] / / /! 6Zj
Vv () = —2Vy(r) (677G — 57 ) 4 2Wipa () (W 3 ) <

> (5jm5n’i5nm’ 4 5nié‘jm’5n’m o 5jm’5n’i5nm o 5nié‘jm5n’m’)
Two-step procedure

e Calculate the QCD potential models
using data from lattice QCD

e Solve Schrédinger equation for 00O | — ( - - VOF) 4 Y | ...)\P(?)=E‘P(7)
Mg
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Hyperfine splitting for hybirds

Spin dependent potentials O(1/m,,)

e Short distance behaviour - pNRQCD
Viga(r) _ cr(mg)kp

Vi (r) _ cr(mq)ka -O0r?) — +O(r*)

mao mao ma mao

Long distance behaviour - EST
‘/18&11 QCF,R_QgA/// B

1 sa — - e r
Viga(r) = =5 (Vi) + Vo) | mg = mowrs 4 )
1 1 150 2cpm g\
v _ Zy/sa VSb 1410 — sb
hy (1) 61 11(7) 2 /1 10(7) mo Mo/ TRT 1 (T)
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Hyperfine splitting for hybirds

Spin dependent potentials O(1/ mQ)

Short distance behaviour - pNRQCD
Vipa(r) _ cr(mg)kp

Vig(r) . cr(mq)ka -O0r?) — +O(r?)

mao e, mao mao

e Long distance behaviour — EST
‘/'15@11 ZCFTFQQA”/ B

1 sa S — — e r
Vipalr) = =5 (VEL D) +ViEo) | “mg — mgrrs Va7
1 1 |V 2cpmég\
1V — _|/sa Vsb 1+10 _ —
hy (1) G 11(7) 7 V1 10(7) me mQ\/ﬁTz = V4 ( )

[Soto, Tarrus. arXiv:2005.00552]
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Hyperfine splitting for hybirds

Spin dependent potentials O(1/m,)

e Short distance behaviour - pNRQCD
Viga(r) _ cr(mglks) »

Vi (r) _ cr(mq)ka -O0r?) — +O(r*)

mao mao ma mao

e Long distance behaviour — EST
‘/'15&11 QCFT('QQA”/ B

1 sa S — — e r
Vipalr) = =5 (VELD) +ViEo) | “mg — mgrrs Va7
1 1 |V 2cpmég\
1V — _|/sa Vsb 1+10 _ [Z— —
hy (1) G 11(7) 7 V1 10(7) me mQ\/ﬁrz = V4 ( )

[Soto, Tarrus. arXiv:2005.00552]
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Hyperfine splitting for hybirds

Spin dependent potentials O(1/m,) | attice results of the
spectrum of ccg
e Short distance behaviour - pNRQCD —~
Vi e(r cr(mo)k Vi o (1 cr(molk
hf( ): F( Q) A ! (9(7“2) | hf2( ): F( Q) BT2+O(T4)
meo meo meo meg

e Long distance behaviour — EST
‘/18&11 ZCFT‘.QQA/// B

1 sa S — — 'y r
Vipalr) = =5 (VELD) +ViEo) | “mg — mgrrs Va7
1 1 V50 2cpmég\
v _ /e VSb 1+10 _ - — sb
hy (1) G 11(7) 7 V1 10(7) mo mQ\/ﬁrz Vi ()

[Soto, Tarrus. arXiv:2005.00552]
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Hyperfine splitting for hybirds
Hybrid potential interpolation

Vhr/Cr (GeV?)

I I | | y 4 |
\\ —— Interpolated /// —— Interpolated
0.4 | —— Short distance - 0.4r ot —— Short distance -
\ —— Long distance // — Long distance
\ 7
\\ //
0.2 ! - 0.2} -~ ]
. \\ //’
”’
\\\ ,/’/
\\\ ~~~~~ /,’
oot  Tom==oo — 0.0 \ i
’
———— o e e e e e e e e e e e ’/
/,”
,/
—02¢F - —-0.2 /// -
/
/
/
/
!
—0.4} _ —0.4+ II 7]
/
| | | | 1 1 1 1 1
0 > A 6 3 10 0) 2 4 §) 8 10
r (1/GeV) r(1/Gev)
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n(s/d), np- npg n(p/f), PDG cc

4.70 - S -

Results

Hyperfine N
splitting with
m.= 1.477GeV

4.60 - _
4.50 | EI:I _
4.40 : | |

4.30

4.20 -

Mass (GeV)

410 | |

o CICICICT - -
3.90 | 5 ]
3.80 | ]

3.70 | _

360 I I I I I I I I I I I I I I I I I I I
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n(s/d), np np, n(p/f),
11.05 | | ! | | . 1 | |

Results

Hyperfine 11.00 | '=' '='|=| — — — _
splitting with s | _
my, = 4.863GeV ' ' '

10.90 | | -

10.85 | i

10.80 - _

Mass (GeV)

10.75 |-
10.70 |-
10.65 | -

10.60 | )

1055 I I I I l I I I I I I I I I I I I
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Results

Error bars discussion

e Input data error on k, and kjp

. . Perform fits to the
Assuming that the lattice data . o
| —_— maximum, minimum and
IS fully correlated

, average lattice values

e Errors in the spectrum:

k. and k i Higher orders in the n Uncertainty g/Asg A"
an errors |
Suenelaenos ) Umgependon ) ¥ eror s merpolaor

30 MeV & 3 MeV

Sandra Tomas Valls (ICCUB) Hyperfine splitting of heavy hybrids EQHC2026 28



—

=& [UNIVERSITATo:

ii- BARCELONA

COmpa rison [Brambilla, Lai, Segovia, Tarrus, Vairo.

arXiv:1805.07713 - 1908.11699]

Hyperfine splitting of H,, H, with m_. = 1.477GeV Cheung, O’Hara, Moir. Peardon...

arXiv:1610.01073]
4.50 ! ! | 4.25 | | | | |
4.40 | 7 i
g -V £ 4.20 | _
: K 7 s s s s
4.20 1 - 415 -
: : AN -
3 4101 TN e > =
2 | | N B O %7z
Py | | N7\ o 410 q [ -
2 7 = B 5 5 0 o
St o 7 T - s %
B d
3.90 | aZ \\ B A\ i 4.05 | .
7B\ z z
3.80 |- - n(s/d), multiplets - np,; multiplets
| | n=1 (4.008 GeV) - - - - 4.00 | n=1 (%1:334 GeV) -~ -
5 ; n=2 (4.355 GeV) i i ur results EZ22Z22
3.70 | § § Our results EZZ2A § § Brambilla et al. KISty
5 5 Brambilla et al. B i i . HSC =3
; ; . HSC Ex====3 é é é
360 | l | l | l | 395 | l | l | l |
1 0 17+ o+ 1+ 0" 1+ o+
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COmpa rison [Brambilla, Lai, Segovia, Tarrus, Vairo.

arXiv:1805.07713 - 1908.11699]

Hyperfine splitting of H,, H, with m_. = 1.477GeV Cheung, O'Hara, Moir, Peardon...

arXiv:1610.01073]
4.65 | 4.40 | ! | ! |
4.60 |- - | | |
5 4.35 - .
4.55 | ]
s I 4.30 |- i
450 |- 2
= = 425 | _
> 445 - > 5
)] : 9]
G é ) ©
s 440 = 4.20 | i
4.35 - -
: 4.15 | _ :
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5 Our results E2Z3 4.10 |- i i Our results E22Z2
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Comparison -
. o ) [Brambilla, Lai, Segovia, Tarrus, Vairo.
Hyperfine splitting of H,, H, with m, = 4.863GeV arXiv:1805.07713 - 1908.11699)]

[Ray, Wilson. arXiv:2008.02656]
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é é é oo
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é é n=2 (10.885 GeV) g g n=2 (10.970 GeV)
10.55 | g g Our results EZZ2A - 10.65 - ; ; Our results EZZ2A -
5 5 Brambilla et al. EESSY i i Brambilla et al. ESSSSY
; ;  HSC E==z=3  HSC e=x=xzz=3
10.50 | i | i | i | 10.60 | | | E | E |
| 1~ 0 1 o | 1+ 0+ 1+ o+
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Comparison -
. o ) [Brambilla, Lai, Segovia, Tarrus, Vairo.
Hyperfine splitting of H,, H, with m, = 4.863GeV arXiv:1805.07713 - 1908.11699)]

[Ray, Wilson. arXiv:2008.02656]

11.05 ! 11.05 ! ! !
11.03 |- . ; ; ;
: 10.95 |- -
11.02 |- - : : :
S ﬁ < 10.90 |- -
3 N 7y T —_— kA ] o 5 5 5
> 1o+ 77 S - =
S | S
= | = 10.85 |- | 5 L ]
11.00 |- - : :
g 10.80 |- _ -
10.99 - g _ - -
5 npy multiplets _ ] n(p/f),: multiplets
e n=1(11.012 GeV) - - - - n=1(10.819 GeV) - - - -
10.98 | Our results EZZ2 _ 10.75 |- é 5 n=2 (11.005 GeV) -
: Brambilla et al. ESSSSS g g Our results ===
: : Brambilla et al. B
5 g g - HSC E=x==xxa
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O++ 1 +- 2++ 1 +- 2+- 3+-
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Comparison [Brambilla, Lai, Segovia, Tarrus.

Further analysis of the potentials arXiv:1908.11699]
[Schlosser, Wagner. arXiv:2501.08844]

V32 .. /cF (GeV?) V3R o/cr (GeV?)

~~~~~ —== Brambilla et. al. 025L TT===_ ——== Brambilla et. al. _
T~ ® Schiosser et. al. | T~ ® Schiosser et. al.
0.2} ° \*\\ —— Our results - TSao —— Our results
®
®

® 0.20 -

0.1 _
0.15} .

0.0 _
0.10 _

-0.1r T
0.05F _

0.5 1.0 1.5 2.0 2.5 3.0 3.5

r (1/GeV)
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Conclusions

e The BOEFT provides a QCD based framework to adress hybrids, in
particular and heavy exotic hadrons in general, systematically
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Conclusions

The BOEFT provides a QCD based framework to adress hybrids, in
particular and heavy exotic hadrons in general, systematically

® |t requires non-perturbative potentials as an input
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Conclusions

The BOEFT provides a QCD based framework to adress hybrids, in
particular and heavy exotic hadrons in general, systematically

It requires non-perturbative potentials as an input

e If those potentials are not available — Interpolation between short ana
long distances seems to work

really good
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Conclusions

o The BOEFT provides a QCD based framework to adress hybrids, in
particular and heavy exotic hadrons in general, systematically

® [t requires non-perturbative potentials as an input

e If those potentials are not available — Interpolation between short ana
long distances seems to work

really good

Thank you!
—————
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The B-O Approx for QCD

Coupled channel Schrodinger equation

® Equations for J # O:

] | o2 (J+1)J 0 Je1 JOTIDT \ P (r) P (r)
| mQr 1 : + Ve (r) + Vo (r 2J+1 2J+1 J >:E<J )
_ mo Or2 ( 0 (J;gi;) Eu( ) q( ) \/;i—:_ll)J QJJH _ Pj‘(r) P}—(T)
1 0* JJ+1)
| -V Pi(r) = EP
(g o V() PE) = BP0
® Equations for J = O:
1 02 2
| -V (r) | Py (r) = EP (r
( mqo Or?2  mgor? I, ( )> o (7) o (7)
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Hyperfine splitting for hybirds

Long distance potential

e By solving the Wilson Loop [Soto, Tarris]

Vi) g / B (0, 5)B°(5,0)B(0, %) — B(0,5)B(3,)B°(0,~1))-
mg  tommal ) g (B0, 5)B(0,~5)+ 5*(0. 1) B0, ~5))-
Vi) _ o ger Vi = Vi / L (BO.DBG. - BO5)B(,0) B(0,- 1))
mg 1o dmgsin (Vi, = Ve)3) Jo1 (B0, 5)B(0,~5) + B*(0, ) B0, 5))*(B4(0, 5)B*(0, ~ 1)),

e With the chromomagnetic field

B(r,t) = B'(r,t) + iB*(r, t)
B*(r,t) = B'(r,t) —iB*(r,t)
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Hyperfine splitting for hybirds

Interpolated potentials

e Interpolation between the short and long distances

Vag(r) AT <%)2 (é ' (ro) = 35 Wfib(r()))

& 1+ (5)
Vi) _ B = () (i) + Vid )
& 1+ (5)

* With matching scale ry ~ 3.96 GeV~' ~ 1/A,¢p
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Hyperfine splitting for hybirds

Parameter results

A = cp(mg) ka/mo A= —0.070 + 0.010GeV
B = cp(mg) kg/mo B = 0.0117 £ 0.0003GeV?
cr(me) = cp(v =1GeV,m.) = 1.12155 , cr(my)me cr(mp)me
A=A B =B
cr(my) = crp(v = 1GeV, my) = 0.87897 cr(me)my cr(me)my
g\’ ~ —59 MeV A’ = —0.017 + 0.002GeV
gA" ~ £230 MeV B’ = 0.0028 & 0.0001GeV?>
Kk~ 0.187GeV? x*/dof = 0.582
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