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Outline
* Brief overview of v, (3872) properties
 Heavy quark symmetries and applications to heavy-heavy mesons
* Results for heavy quarkonia radiative decays: testing the identification of 7., (3872) with % .1(2P)
* Other possible ways to understand if %.¢1(3872) is an ordinary charmonium
* Perspectives
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Xc1(3872)
Belle Collab., PRL 91 (2003) 262001 | PDG 2024 |

Aas d iscove red Citation: S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024)
>
o 30 decaying to
(O] y g X 1(3872) IG(JPC) _ 0+(1++)
0 25 Iy ntn” -
§ 20 also known as X(3872)
; 15 PDG Former m (MeV) I' (MeV) I%(JFY) Production Decay Discovery Summary
< 10 Name Name Year Table
g xe1(3872) X(3872) 3871.64+0.06 1.19+021 0F(1+H) B - KX mta=J/¢¥(1S) 2003 YES
w5 pp— X... 3nd/¥(18)
e T e T |;| Ly Pp — X... D‘ODO
3.82 384 386 388 39 392 ete” =X ~J/¥(18S)
M(J/y nr) (GeV) 14(25)
7l'OXcl(lP )

* discovered by Belle

* confirmed by BaBar, CDF, DO, LHCb, ATLAS, CMS, BESIII

* measurements of - production in hadron collisions
- several decay modes
- line shape

* search for partners



Xc1(3872)

no isospin partners found
(I=0 supported also since decay to J/y nz° is not observed)

* mass close to the DD* threshold My 1 (3872) — Mp+0 — Mpo = 1.1 ig:g igé MeV

* decayto J/y it suppressed wrt J/y Tt LHCb PRD131 (2023) L011103
-> isospin violation
but phase space suppression also at work

« = 1500 papers devoted to y.;(3872)

* many non ordinary c-cbar interpretations

ol
)

cl

loosely bound molecule

hadrocharmonium hybrid

tightly bound
diquark-antidiquark




HQ systems

exploit the heavy quark large mass limit mg 2 in QCD

Heavy-light mesons ‘ Hadrons with a single heavy quark:
¢ (Heavy Quark Effective Theory)

L hadrons which differ only for the HQ flavour/spin

Intuitive picture - same configuration of the light degrees of freedom




Heavy-light mesons |
‘ ¢

Intuitive picture

HQ systems

Hadrons with a single heavy quark:
exploit the heavy quark large mass limit mqg 2% in QCD
(Heavy Quark Effective Theory)

hadrons which differ only for the HQ flavour/spin
- same configuration of the light degrees of freedom

Weak matrix elements: relations among form factors in selected kinematical regions

- e.g. introduction of universal Isgur-Wise function(s)
- reduction of the uncertainty in the determination of |V|




Heavy-light mesons Hadrons with a single heavy quark:
‘ »

exploit the heavy quark large mass limit mg 2 in QCD
(Heavy Quark Effective Theory)

hadrons which differ only for the HQ flavour/spin

Intuitive picture - same configuration of the light degrees of freedom

§,=L+35,

» Spectroscopic implications: sq and s, separately conserved



Heavy-light mesons | Hadrons with a single heavy quark:
L ¢

exploit the heavy quark large mass limit mqg 2% in QCD
(Heavy Quark Effective Theory)

hadrons which differ only for the HQ flavour/spin

Intuitive picture - same configuration of the light degrees of freedom

§3=L+§q

» Spectroscopic implications: sq and s, separately conserved

Spin symmetry: mesons classified in doublets with J = S¢ =+ % P = (—1)L+1

members of the same doublet i) degenerate
i) same total width

Flavour symmetry: - relations between charm and beauty hadron properties
- mass splittings among the doublets independent of flavour



HQ systems

exploit the heavy quark large mass limit mg 2 in QCD

Heavy-light mesons ‘ Hadrons with a single heavy quark:
¢ (Heavy Quark Effective Theory)

Intuitive picture

» 1/mq corrections can be systematically included

control over the uncertainties



HQ limit: decoupling of the HQ

Heavy-light mesons | | * Heavy-light mesons - HQ spin & flavour symmetry
¢  Heavy-heavy mesons > HQ spin symmetry

Heavy-heavy mesons

—_— IR divergent for 2 HQs with the same v
Heavy-heavy meson decays

* Infrared divergences regulated in the HQ limit by the kinetic energy operator O,
* O, breaks flavour symmetry > only spin symmetry Thacker and Lepage, PRD43 (1991) 196



HQ systems: spectroscopy

Heavy-heavy mesons

/ S =spin

L = orbital angular momentum
25+l 5
n" L

/

/
radial quantum number \ J = total angular momentum

with: | p _ (_1)L+1

[=0 © S- wave states C=(- 1)L+s
L=1 © P- wave states
L=2 © D- wave states

> Mg, Jy 1S-wave charmonia JP¢=(0-,1-)
> Yeo> Yetr Ye2 » Ne 1P-wave charmonia JPC=(0**, 1+* 2+ 1*+)
> % cos X et Xe2 s Ne 2P-wave charmonia JPC=(0**, 1++ 2+ 1*)

idem beauty partners



Multiplets for heavy quarkonia

e [=0 multiplet 1+ 1+ ¢ [ ] 1
& "= (.08), w(1s))
= 25), w(25))
spin 1 state spin O state n=2 (770( ), ¥(25)
¢ [ =1 multiplet triplet
— — = — n=1
1+ ¢ 1 1
e N T
| / S sin glet 1P), z.(1P 1P 1P
e =2 multiplet | triplet triplet
spin 3 spin 2

. 4 / \
JHY — #{@070 + % (6#0,371)0,7,@ + euaf)'”..ll,a,).@’)

e R e Ch oA
\ /
triplet

spin 1 F. De Fazio - INFN Bari

singlet
spin 2

[(n3D1, n’D, ,n’D, ), n'D, ]
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Effective Lagrangians for radiative transitions

Requirements: R. Casalbuoni et al., PLB 302 (1993) 95

Lorentz & C,P,T invariance + HQ spin symmetry FDF PRD 79 (2009) 054015

BREIS| | Lo < W nS), P, P + Hic,
/ N\ ;

a single constant describes all transitions
among the various members of the P and S multiplets

» reduced theoretical uncertainty

H > model independence
L pesmp :@@r[ja(mP)Jz(nD)]v,,F“” + H.c.,

a single constant describes all transitions
among the various members of the D and P multiplets




Effective Lagrangians for radiative transitions

FDF PRD 79 (2009) 054015

1
(aanS) MS ’)’M ’
l"(anl — mISO'y) mks 0, b
37 Y Mp, m M,
aanS M ‘)’M_’
I'(mISO—'anl'y) @ksy Pl, P
Mg, ( 531);1}’)2 s Mp

Mp

'YMD
Y k3 Mp
128 "M,
0 , Mp




Disclaimer
- derived in 2009 in FDF PRD 79 (2009) 054015 using data available at that time

- redone for this talk using updated data (2024)
- differences will be remarked




Results: 1P to 1S transitions

input data: 2009 2024
B(yo(1P) — J/y) = (1.28 +0.11) X 1072, B(xeo(1P) = J/tb) = (1.41 % 0.09) x 102 )
+
B(xoy (1P) — J/dhy) = (36.0 = 1.9) X 1072, B(xa(1P) — J/tby) = (34.3 %+ 1.3) x 10~ X”J(()m;
Bxu(1P) — J/¢y) = (20.0 + 1.0) X 1072, B(xe(1P) = J/ty) = (19.5 % 0.8) x 102 total widths

§1P15 = 0.235 £0.012 GeV™!

§IPIS — 0.234 + 0.008 GeV~! =)
61P15 = 0.231 +0.008 GeV !

v spin symmetry well satisfied

(61P15)  =0.233+0.01 GeV~!

______________________________________________________________

1P1S -1
Seing B(ha(1P) — ny) = (60 4+ 4) x 102 I 5 =0.205£0.04 GeV™!

(notknownin2009) | I'(h.(1P)) = (0.78 ﬂ:g:gz +0.12) MeV

h. data affected by larger uncertainty



Results: 2P to 1S, 2S transitions

2009 2024
B(x»o(2P) — Y(1S)y) = (9 £ 6) X 1073, B(xx(2P) = T(18)y) = (3.8 +1.7) x 1073
B(x»0(2P) = Y(2S)y) = (4.6 £2.1) X 1072, B(xp0(2P) = T(25)y) = (1.38 +0.3) x 1072
B(xp1(2P) = Y(18)y) = (8.5 = 1.3) X 1072, B(xo1(2P) = T(1S)y) = (9.9 + 1.0) x 102 ——————————
g tom-ezo x| fowanorosn e gl L - K@= Yoy |
Blxun(2P) — YCS)) = (162 £ 2.4) X 102 Bxz(2P) = Y(15)7) = (66+08) x 107 |_ _ _(EJ(_PL _ LSD’)_ |
B(xx(2P) — T(25)y) = (8.9+1.2) x 102
B((hy(2P) — my(18)y) = (22 4+ 5) x 1072
B(hy(2P) — m,(25)7) = (48 £13) x 1072

take data and compare to theory: weighted average naive average
‘ widths depend on §,%2°2S or 9,2P1S
Fo=-=— T TT-oo- | Fo=--=oosmmmmoos i
I (b) I (b) I
R =88+0.7 "' (R =11+4
$ ! ( b ) : ! ( )
W ! I . ;
® 5228 gl
Compute R 52P1S




Results: 2P to 1S, 2S transitions

‘ 531913 £ 531915

52P25 52P25
b c b ~ _C
RY = RO T | S ~ s

Heavy-Heavy mesons: no flavour symmetry

reasonable assumption: the ratio stays stable ‘

L(xes(2P) — ¥(2S)y)

R _
T T(Xes(2P) — J /)

predictions for charm:

useful to identify y.¢(3872)

E.S. Swanson
Diagnostic decays of the X(3872)
PLB 598 (2004) 197



Results: 2P to 1S, 2S transitions

I'(Xes (2P) — ¥(25)7)

RY =

R(Jc) weighted ave.  naive ave.

RY  1.0+02 1.43+0.65
R? 12402 162+0.74
RY  195+02 27+1.3




Results: 2P to 1S, 2S transitions

I'(xes(2P) = 9(25)7)

RY =

L(Xes(2P) = J /1)

RSC) weighted ave.  naive ave.

RY  1.0+02 1.43+0.65 —
© prediction for y.4(2P)

R7 12402 162+074 ] |SWE) | assigning M(u(2P))=3872 Mev

RY  195+02  27+1.3

< tests the identification of y .1 (3872) with y.1(2P)




RO _ L'(Xcs (2P) — ¥(25)7)
(0 _

L(Xes(2P) = J /1)

Results: 2P to 1S, 2S transitions

Rf,c) weighted ave.  naive ave.

RY  1.0+02 1.43+0.65

R 12402 1.62+0.74

RY  195+02  27+1.3

prediction for y.4(2P)
‘ assigning M(y.:(2P) )=3872 MeV

J

slighly smaller than the 2009 result:

S

tests the identification of y .1 (3872) with y.1(2P)




Results: 2P to 1S, 2S transitions

RO _ L'(Xcs (2P) — ¥(25)7)
7 T(xes(2P) = J /1)
2004 R
* . 1| BaBar 2008
(©) < ‘ Belle 2011
Ry’ weighted ave.  naive ave. 25407
R9  10+02 143+065 LHCh/Runl 2014
RY 12402 1.62+0.74 B BESIL 2020
RY  195+02  27+1.3

e LHCb/Run1 2024
‘ & LHCb/Run2 2024
stighly smaflerthan the 2009 result: _ 0 1 2 3 4 5

L(x.2P) — ¢(25)y) : 2 — Dxas12005)y
== = 1.64 = 0.25. o =T
I'(xa(2P)— ¢(15)y) : Xe1(3872) Jby

Ry = 1.67£0.21 £0.12 £ 0.04

LHCb, 2406.17006



Results: 2P to 1S, 2S transitions

RY =

I'(Xes (2P) — ¥(25)7)

what if 7,1(2P) is not y.; (3872) 2 ‘

M(x1(2 P)) [GeV]



Results: 2P to 1S, 2S transitions

I'(Xes (2P) — ¥(25)7)

RY =

L(Xes(2P) = J /1)

RSC) weighted ave.  naive ave.

RY  1.0+02 1.43+0.65

R? 12402 162+0.74
(c) : e :

R; 1.95+0.2 27+1.3 ‘ probes the identification of Z(3930) with y.,(2P)




Other insights on the structure of %.1(3872) : semileptonic B, decays to charmonia

> Be— 1N, Jy 1S-wave charmonia  JP¢=(0-,1-)
> B — %c0s Aty YXe2 » Ne 1P-wave charmonia JPC=(0**, 1**, 2*+ 1+)
> Be— e, X ots X2 5 Ne 2P-wave charmonia JPC=(0**, 1++, 2++, 1+)

 Several form factors required
* Relations among them can be derived exploiting HQ symmetries + NRQCD methods



Semileptonic B, decays to charmonium

B, — xe:

Bc — Xc0:

(xer (v, €) 63| Be(v)) = i /iy g |ov, (w)e

(Xco (V) [E1, 7501 Be(v)) = /Mgy g, [ (w) (v + '), + g (w) (v — 2'),]
(Xco(V)|E73b] Be(v)) = /My o mp, gp(w)
<Xd)(v,)|éa#Vb|BC(v)) = VMxeo MB. gr(w) epuaﬁvavlﬂ (Xcl (’U', G)lé’}’#’)’5b|Bc(’U)) = /My, Mp, gA( ) fpaﬂaf*avﬁvw
(X (v, €)[eb| Be(v)) = i y/my mp, gs(w) (" - v)
(et (0, 0, Bo0)) = e () (€0 + ), — €0+ '),

+ g0, (w) (L(v — v)y — (v —V)y)

+ (6" v)[gv, (w) (v 4+ V') + v (w) (v — v')n]]

B. — h.:

(he(v',€)|evbl Be(v) = v mg |fii(w)e,
+ (€ 0) (@) @+ V) + fiy ()0 = V)]

(hc(v’, e)lé’y#’)gbch(’U)) = z\/mfA( )fpaﬁaf*a’vﬁ 1o
(he(v', €)|2b| Be(v)) = y/mn, mp, (€" - v) fs(w)

(he(V', €)|€0wb| Be(v)) = i /mn. mas, [le (w) (e; (v+2), —€(v+ v'),,)

+ g, (w)(€" - v) (o], — v

) (Go-vh-ge=0) [ 5o
 Ira(w) (€ o) (v, —wa)|. a7 |Eb| Be(w)) = v/ ky (1) epaport™ vr o0
(xeaV's M) lemsbl Be(v)) = A B [oas () et + ™0 (Faa (1) + o (w),) ]
SM (xealV's m)|E18b| Be(w)) = v/ ok (1) v
NP (Xe2(V', )€ sb| Be(v)) = iy/My ., MB, [le (w)(n*ffvavu — 1" Valy) +

+ b,y (w) (740t — 1"Svat),) + k1 (w)agv™” (V0] — v0))]



B:. — (%co» Xe1» Xe2o Ne) FOorm Factors in the effective theory: relations at O(1/mg)

 relations among the form factors of the same decay mode P.Colangelo, F. Loparco, N. Losacco,
M. Novoa Brunet, FDF

PRD 106 (2022) 094005
arXiv:2208.13398

[ Bc_)XCO

r(w) = ———[29_(w) + gp(w)]

L4 Bc — Xel

91, (w) = —5 [ow () — (14 w)ga(w)]

1
w—1

1
T 2w—1)

[ova(10) + 40, ()] + 504() + —— [g5(w) + g7, ()]

913 (w) =

L4 Bc — X2

kr, (w) = _ka(w) + ka, (w) + wka, (w) + k‘p(w)
kr, (w) = kV(w) — ka, (w) — ka, (w) - kas(w) - kp(w)
kTa (w) = _kV(w) + kAa(w)

ol B. — h,

fr(w) = z[fv(w) + (1 4+ w) fa(w)]

D | =

1
w—1

fTa(w) = ; [fvl (w) + 4fV2(w)] + %fA(w) - [fS(w) - le (w)]

2(w—1)
26



B. — (%0, Xc1s X2, Ne) FOrm Factors in the effective theory: relations at LO

g+(w) =0 X

Xel

gs(w) = g, (w) =0
g (w) = by (w) =0 Xe2

fon(w) = fuy(w) = fa(w) = fr(w) = fry(w) = 0 e
. /3 V3 V3 |
E(w) = (w+1)g-(w) = (w+1)gT('w) =i 1)_cno('w)
V2 2v/2 2v/2 V2 V2
= (w2 — l)gVI ('lU) - _(w — l)gvz(w) - (’lU + l)gvs(w) - ('U) + l)gA(w) - (w + l)gTz(w)
= —kv(w) = = i ok, () = —kag(w) = —kp(w) = —kr, (w) = —kn, (w)

1
w+1

= —fv(w) = —fu,(w) = -

fs(w) = fr,(w)




B. — (%0, Xe1) Xc2, Ne) €Xploiting FF relations at LO

dU(Be—xc1€p)/dw AU (Be—Xc20)/dw . the universal function
dU(Beox0lv)/dw AT (Be—Xxc1t7)/dw cancels in the ratio

1200 7 " .
r Xci(1P) ":: ]
e ' 1 _
[ - ! :: L F(Bc — XcleVe)
L 1 1] 1] —
8: ',' ii i F(Bc — Xcoflje)
6F / :: 1
i S 1
L / 1] 1
4f ’,/ :* :,

L _--" 1] I _
2} ——————————————————————— ii i ————— F(Bc - Xc2€VZ)
[ 1] —
ol '; :7 F(Bc — XclgVE)

1.00 ““ 1.05 ““ 1.10 ““ 1.15 |
w w

3.0 ]
i Xci(2P) ]
250 -
r =71
2.0
150
b T
0.5 RN
L SN ]
L \\
L1 | | | | 0.0 j\ | | | | "]
1.00 1.02 1.04 1.06 1.08 1.00 1.01 1.02 1.03 1.04
w w

28



B:. — (%0, Xc1s Xc2, Nc) €xploiting FF relations at LO

« constraint at LO both in SM and for generic NP

dl’ B dl’ _ dr’ _
2% (Bc — Xcoellg) + %(Bc — Xclel/g) — %(Bc — XCQEV[) = 0.

; to be satisfied by the three members of the 4-plet

29



B:. — (%0, Xc1s Xc2, Nc) €xploiting FF relations at LO

parametrization:

correlations predicted:

B(Br - Xa H Vu)

B(B: » x2Q@P)p ¥,)

Zo € [0.1,1], E; € [~1,0] and Zy € [-1,1]

fulfill

B(B. - xaP)u~v,)
B(B, - Yo 2QP)u~ VF)

36
34}
- —~
I~ I;
's 32} e
-: ~
= =
T 30 T
= <
o 28} @
2‘6_ IIIIII
0.4 05 0.6 0.7 0.8 0.9 1.0
B(B. = xapu v,)
B(Bc - XYoo M~ V‘,)
2.80
2.75F
< ~
L 270F I
2L -
< &
S 265 S
o 3
% 260 =
T T
. 2.55F N
2 S
@ 2s50f @
245} i § g y
0.6 0.7 0.8 0.9

B(Bc = Xa T 7,-)

B(Br = Xa Pyt Vo)

B(Bf — xor") = (2.4453) x 107°

1.681

1.66

09 095 100 105 1.10

BB, = XaT Vi)

075 080 085 1.15

B(Bc =2 Xco T Vr)
1.00

0.951

0.90

0.851

0.80

0.751

0'70 1 1 1
1.70 1.75 1.80

BB: = xa(2P)r ;)
BB, = xo@2P)r V)

30




Radiative decays useful to answer the question:

identifying x .1 (3872) with y.1(2P) is correct?

my strategy:
» use a QCD rooted approach: HQ limit

» work out predictions for y.1(2P) assigning M(y.:(2P) )=3872 MeV and check with data

: ot : @ _ T(Xa(2P) = ¥(25)y) _
» ratio of radiative decays predicted (2024) Rl — T @P) 5 Ty 1.2+0.2 (1.62+0.74)

» predictions for other established ordinary states worked out with the same approach
- check of the accuracy of the method

» another suggestion: look at semileptonic B, decays to charmonia

» improvements foreseen: inclusion of 1/mq corrections (work in progress)



