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« Motivation to study semileptonic b — c transitions and B, decays

« Spin symmetry + NRQCD to relate form factors required in the SM and BSM
* Relations among B, — J/y and B, — n. form factors

» B, to P-wave charmonia and the identification of X(3872)

« Summary



b — ¢ transitions

b—c

» Possibility to precisely measure SM parameters, i.e. V¢,
getting insights on the tension from inclusive/exclusive determinations

* Probe the presence of anomalies already shown up in modes induced by b —c ¢ v,transition
B. modes
» Interest in B; decays and properties

* Probing the structure of the charmonia produced in the decay



Semileptonic B, — Y0, Xc1s Xc2s he decays

(Xeo» Yet Xe2s Ne):  p-wave charmonia with  JPC=(0*, 1++, 2+* 1+)

X(3872)

Discovered by Belle in 2003 and confirmed by CDF, DO and BaBar

In 2015 LHCb fixes JP=<1+* HH)  candidate for identification with yc1(2P)

Many other possible interpretations have been put forward - tetraquark
- D D* molecule (proximity to the threshold)
-ccg hybrid

Isospin violation disfavours the charmonium interpretation (but phase space suppression is at work)

The preference of w(2S) y wrt J/ v y favours the interpretation as y.¢(2P)

Looking for further information:

does X(3872) fulfill the expectations for the production of y.¢(2P) in semileptonic B; decays?



Semileptonic B, decays

« discovered at Tevatron in 1998

* mMp.=6.274 GeV

* 15.=0.510 ps

» decays weakly

» possible modes: annihilation, b-decays, c-decays (dominant)
» environment to explore BSM effects

Control of theoretical uncertainties in phenomenological analyses
requires reliable determination of the hadronic form factors

» Possibility to exploit NRQCD methods + HQ spin symmetry



Semileptonic B, decays

Generalized effective Hamiltonian SM

Hbget? = %vd, (7% ) @01 = 9)b) (B0 = 75)12)

+ €r (Eu(1+75)b) (O (1 — s)1e)
+ ¢ (@b) (201 — 5)w2)
+ €p (eysb) (61 — v5)ve)

+ er (€0 (1 —75)b) (Lo (1 — 75)ve) ]

complex
lepton flavour dependent couplings
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Semileptonic B, decays

Generalized effective Hamiltonian SM
b—clv GF £\ (= P 1
H g™ = Evcb (1 + €) (@1, (1 —75)b) (4" (1 — v5)ve)

+ € (Eu(1+75)b) (O (1 — y5)ve)
+ eg- (¢b) ((7(1 — 75)1/3)
+ €p (eysb) (61 — v5)ve)

+ ¢ (eou(1—5)b) (E0™(1—5)w) |

A larger set of Form Factors is required wrt the SM case

complex
lepton flavour dependent couplings
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Semileptonic B, decays

dr(B, — Cly) - ,d0S™  grR o gpX T
o —P{ll + ev| o + |er| . + |ex| o + |er]| =

dPSMR dFSMX
/ + 2Re(ep(1 +e?/)]@ +2Re[ex(1+e§/)]ﬂ

4 SMT dr FT
- 2Re[eT(l+e{;)]E + 2 Re [eger] —

¢* =m%_+m¢ — 2mpmew
XR dI\XT

dl’
+ 2Re[exe}) o + 2 Re [exer] . },



Semileptonic B, decays

SM

B: — ne: NP
()| QuQ|Be(v)) = y/mpmp, [hy(w) (v +v), +h_(w) (v —"),]
(1:(V)|QQ|Be(v)) = /mpmp, hs(w)(1 +w)
(1e(v)| Q0w Q|Be(v)) = —iy/mpmp_hr(w) (v, v, — v, v,)

B, — J/¥:

(J/0(V,€)|QuQ|Be(v)) = i y/mymp, hv (w) €uap €7 1" v
(J/Y(', 6)|Q75 QIBe(v)) = ymv g, [ha, (w) (1 +w) €, — hay(w) (€7 - v) v — hag (w) (€7 - v) v} ]
(J/Y(', 6)|QVsQ|Be(v)) = —v/mv mp, hp(w) (€ - v)
(J/Y(,6)|Q0, Q| Be(v)) = —/mv g, € [hy, (w)es (v + ') + hr, (W)€ (v —v')g
+ hp,(w) (e - v)vav,’g]



Semileptonic B, decays

B — Xco: B. = Xa:
(@) eR6bIBlo)) = v 75; [0 () (0 + ) + 9 (w)(0 — )] (e (0, bl Blo) = i e 15 |, ()
(Xeo(v')[e75b] Be(v)) = /Myo M, gp(w)

(X0 (V)20 bl Bel(v)) = /g 5, 91(t) €™y’ + (€ - 0)lgv (W) (v + V), + g1 (w) (0 = V') ]
Xeo\V')|C0u0|Be\V)) = /My o MB, IT\W) €uvapV v

(Xcl (’Ula 6) |57p75b|BC('v)> = /My, MB. g2 (w) epaﬂoemvﬂvw

B, — he: (Xe1(V', €)|2b| Be(v)) = i \/my mp, gs(w) (€ - v)
(he(t, ©)levbl Be(v) = v/ B, [ fus(w)e; (e (' Yoo blBew)) = Vi [ () (60 + )y = €50+ 0),)

+ (¢* - v) (fv2 (w)(v + v'),, + fry (w)(v — v’),,)] + g1, (w) (f;*:('v — '), — (v — v'),,)

(hc(v,: €)|6’)"p’)/5b|Bc(’U)) = z\/m fA (w) epaﬂaf*avﬂ'vw
(hc('v,a G)IEbIBc(U)) =V mp.Mmp, (6* : v)fS(w)
(he(v/, )|e0ub| Be(v)) = i /i . | fr, (w) (€40 + )y — €50 +'),)

+ sz (’UJ) (GZ(U - v’)l’ - €;(v - vl)l‘) Bc — Xe2:

+ g1,(w)(¢" - v) (vt} — w2}

+ frs(w) (€ v) (vuv, —vuv},) ] - (Xe2(v',m)|E7ub| Be(v)) = /Mixe mB, 1 ky (W) €papon ™ v 0"
(xe2(v', M) [e7w75b Be(v)) = /M B, [kay (w) 00® + miagv®0” (kay (w)vu + kag(w)vy) |
(Xe2(V',m)|75b| Be(v)) = /My mp kp(w) nhgv®v”

SM (Xea s )20, 95b| Be(v)) = i/ s [k, (w) (1" vty — 1" 50avys) +
NP oz, (w) (7" Svat, — 1"vatl) + ko, (w)nlsv e (v, — v0))]
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HQ spin symmetry in B, decays

HQ limit:
* Heavy-light mesons — HQ spin & flavour symmetry
« Heavy-heavy mesons — HQ spin symmetry (HQSS)

Relations among the FF describing weak matrix elements

Well known example:

FF of weak matrix elements between heavy-light ground state mesons are all described by the
Isgur-Wise function

Less known case:
Heavy-heavy mesons decays

Infrared divergences present in the heavy quarkonium regulated in the HQ limit by the kinetic energy operator

that breaks flavour symmetry > only spin symmetry can be exploited Thacker and Lepage, PRD43 (1991) 196
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Form Factors in the effective theory

Expansion parameters for a system with 2 Heavy Quarks:

Relative HQ 3-velocity in the hadron rest-frame (NRQCD)

Inverse HQ mass 1/mq (HQET)

CHQfield:  Q(r) = e M (z) = e (1 (x) + b (o)) i (2) = Pe(a) = L p(a)
[R— Q(z) = e~imav= (1 I ;z; n (—22':;°QD) ;ﬁ; 4 ) b, () Dy, =D,—(v-D)v,

Expand the HQ QCD Lagrangian:

- - by
Locn = ¥4(2) ( D+ (Zm;) bl Gu ;ﬁ;( o Jip,) +. ) b, ()
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Form Factors in the effective theory

Power counting in NRQCD
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Form Factors in the effective theory

‘CQCD — ’l/;+(£l!) ('i’U D+ (?:D_L)2 + g o - G_L + im_l_ (—z"v D) (lel) +. ) ";b+(1:)

2mg dmg 2mqg  2mg
\ J \ J
- | I
O(7°) Leading order term O(7*) NLOterm
; 2
Ly = Yi(z) (i'v D+ (;?nlq) )¢+(x) Ly=Lyg+ Ly
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Form Factors in the effective theory

Goal:

(CIQIFQIBC) C = Tles J/"»b C = Xc0s Xels Xe2s hc

|.  expand the current:

~ J10 Joa J20 Jo2 Jia )
/ _ 3 3 _ 3 _ 3 )
@@)Qz) = Jo+ (ZmQ N 2mQ') M ( dmg,  4mp, N dmomgy
Jo =19\ Ty
_ =
AT Jox =, (~iD',) o,

Joo =Y, T (z’v ' B) iBl¢+ Jo2 = TZ:LZ'E'l (’i'U' : ﬁ) Yy Jig =, (_i(E’L) r (ZBJ_) vy
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Form Factors in the effective theory

lI: exploit spin symmetry for large HQ mass:

doublet of negative parity states: (Be,BY) ————~ | M(v) = Pi(v) [B* v, — Beys] P_(v)

(e, JJb) ——— | M) = Po(v)) [, = mens| P- ()

4-plet of positive parity states (Xc0,1,2’ hc)
1 1

MH (V) = Py (V) [X'g Yo + 7 Xety €PV 0 v8 + 7 Xeo (Y —v™*) + A ’75] P_(v") v, M* =

analogous for 2P charmonia
16



Form Factors in the effective theory

lll. trace formalism: (C’|QTD,“ D#2 o Q|Bc> = —Ir [‘F”#I#Q.__M""FM]

|

Universal functions: i.e. the same for all the members of the multiplet of final states

Relations among the various modes can be derived
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Form Factors in the effective theory

lll. trace formalism: At LO in the HQ expansion all the matrix elements involve a single universal function

(MWl M) = {Ew)o T T M)
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Form Factors in the effective theory

lll. trace formalism: At LO in the HQ expansion all the matrix elements involve a single universal function

(M ()| Jo| M(v)) = é@ T [M" T M]

At O(1/mg)

(M ()|, T'i Dats|M(v)) = —Tr[SE) A" T M]

(M'())|, (=i Do) D94 | M(v)) = —Tr [ M T M]

2‘(‘%) — 2§Q) g#a—l—ZgQ) Uy va+Z§Q) Vy Uy +ZI‘(1Q) Uy fya+Z§Q) Yo va+EgQ) 4/ v;+E$Q) 1 Opa

Constraints: £ (w) — £ (w) =0 i=1,4,5,6,7
2P (w) — 2 (w) = A=,

2P (w) — B89 (w) = =N ZE(w) .

19



Form Factors in the effective theory

lll. trace formalism: At LO in the HQ expansion all the matrix elements involve a single universal function

(M)l M) = AZ() TR T M)

At O(1/mg)
(M ()|, T'i Dats|M(v)) = —Tr[SE) A" T M]
(M'(v)) [, (=i Do) T4 | M(v)) = ~Tr [ A" T M]
At O(1/mg)? (M'(W)|, Ti Dai Ba by [ M(v)) = —Tr[Q2, A" T M]
(M'()|, i D i DT b, | M(v)) = —Tr [, T T M]
Constraints: Q05— Q0 = (Ava — A0,) BU) + (Avg — A vp) B
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Form Factors in the effective theory

Other corrections stem from the expansion of the states
(non-local corrections)

(M (W) [ d'z T [Jo(0), £1(x)] [M(v)) =

1 1 ®) a 1 (b)

4my H L >’

~ K®
(M @)]i / d'z T [Jo(0), £} (2)] [M(v)) =
1 1 © M _ap 1 (¢) = H
T (_§> Tr[Y5s M 0 1{1I‘/\4]-2mg :rr['rl,,/ft M|,
h d K ()

G‘(r'—‘)
- Other universal functions are involved
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Bc —J/ly, n. Form Factors in the effective theory: relations at O(1/mg)

» relations among the form factors of the same decay mode

1
B, — J/Y hry (w) = 5 (1 +w)ha (W) — (w = Dhy ()
hey(w) = 2(’mlb_-’_|-—l;1’n@)((mb — 3mo)ha, (W) + 2me(hay (W) + hag (w)) can all be related to
— (my— m)hy (w)) hy(w)
hr,(w) = hay(w) — hv (w) hA1 (W) hAz(W) hA3(W)
e(w) = — (14 w) (moha, () + 2mchy ()
+ (= + (w = 2)me) hay (W) — (Wmy + (20— 1)me) ha, (w) ) S
Be = 1.
h(w) = ot g () (34, (w) = hay(w) — hay (w) — 2hy (w))
hrae) — () = g e (14 ) (3, (0) = Py () = ity () = 2y (w))
hr(w) — hs(w) = — (::b . ) (384, (w) = hay (w) — hay(w) — 2 (w)).
b ¢ _ P.Colangelo, F. Loparco, N. Losacco,

M. Novoa Brunet, FDF
arXiv:2205.08933,
JHEPOQ9 (2022) 028
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Bc —J/ly, n. Form Factors in the effective theory: relations at O(1/mg)

available lattice results HPQCD Collab.
arXiv:2007.06957

“1.00 1.05 1.10 1.15 1.20 125 ~1.00 1.05 1.10 1.15 120 125

w w
0.0 T T 19—
T _
-02 08 — ! : o
[ e O et
3 2 '
£ _06 < 04t 1 1 T ]
-08 02
_1'0-| 1 1 1 1 1 0.0 1 1 1 1 1 1
1.00 1.05 1.10 1.15 1.20 125 1.00 1.05 1.10 1.15 120 125
w w
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Bc —J/ly, n. Form Factors in the effective theory: relations at O(1/mg)

results

0.0~ T - - - .
. -04f | | I i
5. [
£ _0_6:
-os8f
_1_0- ...........................
1.00 1.05 1.10 1.15 1.20 125
w
1.9 19—
0.8}
B
- \
& 0.6
) Q\
o~
2 04 I L]
X
S
0.2} 1
- . L > L L L 0-0 1 1 1 1 1 1 ] o.o-l 1 1 1 1 1
1.00 1.05 1.10 1.15 1.20 125 1.00 1.05 1.10 1.15 1.20 1.25 1.00 105 110 115 120 125 1.00 105 110 115 120 125
w w w w

P.Colangelo, F. Loparco, N. Losacco,
M. Novoa Brunet, FDF
arXiv:2205.08933,

JHEPOQ9 (2022) 028
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Bc — (%0, Xe1» X2, Ne) FOrm Factors in the effective theory: relations at O(1/mg)

relations among the form factors of the same decay mode

° Bc—)xco

L Bc — Xel

gr(w) = ——[2g_(w) + gp(w)]

w+1

om () = =3 g (w) — (1+ w)ga(w)]

913 (w) =

L Bc — Xe2

e B.— h,

2(w—1)

le(w) =
ko (
kTa(w) =

g

v (1) + 4, ()] + 50a(w) +

w—1

P.Colangelo, F. Loparco, N. Losacco,

M. Novoa Brunet, FDF
arXiv:2208.13398

[9s(w) + g7, (w)]

—wky (w) + ka,(w) + wka, (w) + kp(w)

—kv(w) + kay(w)

fra(w) = 5[ () + (1 +w) fa(w)]

Jrs (w) =

1

2(w—1)

[Foa(w) + 4 ()] + 5 falw) -

1
w—1

) = kv(w) = ka, () — ka,(w) — wkay(w) — kp(w)

[fs(w) — fr(w)]
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Bc — (%0, Xe1» X2, Ne) FOrm Factors in the effective theory: relations at O(1/mg)

» relations among the form factors of pairs of decay modes

e B.— xo0 and B, — Ye1

(w+1)g4(w) — (w —1)g-(w) + gp(w) =

2 {20 (0) + (1 + D () — (w0 = 1) gvs 1) + 9(w)] = g() + 20m ()}

e B.— h.and B, — xa
fu(w) + (w —1) fa(w) — 2fp (w) =
V2{gv; () + (w + 1) gy, (w) — (w — 1) gy, (w) — gs(w) }
3fv(w) +2(w + 1) fry (w) — (w — 1) [2f1s (w) — fa(w)] — 2[fs(w) + fr, (w)] =

V2{gv;(w) — (w — 1)ga(w) + 297, (w) }
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Bc — (%0, Xe1: Xe2, Ne) FOrm Factors in the effective theory: relations at LO

g+(w) =0 X
gs(w) = gr,(w) = 0 Xl
kay(w) = kry(w) =0 Xe2
fir () = fra(w) = fa(w) = fr,(w) = fry(w) =0 e
—, . V3 V3 V3
E(w) o 1)9—('w) = Tt l)g'r(w) = (P = l)gp(w)
— (w;/_§ l)gVI (w) — _(uz)\fil)g‘/z(w) — (j?l)gVS(w) — (wf_ﬁl)gA(w) — (wfl)g:rz(w)
= —ky(w) = ” _1|_ lkAl(w) = —ka,(w) = —kp(w) = —kr,(w) = —kr,(w)

1

= —fn(w) = —fi,(w) = E——

fs(w) = fry(w)
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Bc — (%0, Xc1s Xe2r Ne) €Xploiting FF relations at LO

dl'(Be—xc1f7)/dw AL (Be—oxc2v)/dw
dT(Beox b)) /dw  dT(Be—xca1bv)/dw

12

o) | | . ® Xi(2P) 3
e i | I(B, = xalt)
il HRt ] [(B. — xalt)
6 J i i
4 S ]
S i i ————— ['(B. = Xe2lm)
o j ] [(B. — xerli)

1.00 1.05 1.10 1.15

3.0F b
Xci(zp)
25 _
r =1
2.0F
150
100 Tl
[ \\\\
0.5F RNy
L SN ]
L \\
| | | | | 1 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
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Bc — (%0, Xc1s Xe2r Ne) €Xploiting FF relations at LO

« Constraint that holds at LO both in SM and for generic NP

dl’ B dl’ _ dl’ _
2% (Bc — Xcoelle) + %(Bc — Xdel/g) — %(Bc — Xcgfl/e) = 0.

; has to be satisfied by the three members of the 4-plet
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Bc — (%0, Xc1s Xe2r Ne) €Xploiting FF relations at LO

Parametrization:

Correlations predicted:

= € [0.1,1], Ey € [-1,0] and Zp € [-1,1]

Varied to reproduce
B(Bf — xort) = (2.4459) x 1075

B(B. » xa@P)pv,)
B(B. » xaQP)yuv,)

3.6 , .
34 172}
NI b
1 )
x| X 3.2F ' 1
9| = 3| = 170
x| =2 | %
&) | o 168}
@@ 28 ol @
L R V. T O ] aal
0.4 0.5 0.6 B e 8 075 080 085 090 095 100 105 110 1.15
B(B: = xau V) BB, = xat ¥
B(B. = xopu v,) B(B: = X7 V1)
2.80 1.00
275F
2|3 ——
C e 27} |
XX ~| & poof
—_—~ ) —_— —_—~
g8 1 o
g | g 2R dlg
sl =5 =| = ossf
£| % 260F x| =
Tt t|
.| . 285 of o 080T
2 S
Q@ 350F VIN o7s5f
2.45" 1 1 1 1
0.70 L : : :
0.6 0.7 0.8 0.9 1.65 1.70 1.75 1.80

BB, » xa@2P)t ¥.) 30

BB:. - xoQ2P)t ¥;)




Bc — (%0, Xe1) Xe2r Ne) €Xploiting FF relations at LO

Tests of LFU: R(C) =T(B. — C7i,)/T(B. — Cliy)
0.10 —— . : . . . . ,
* R(xw) 0.014}" R(x(2P)
* R(ya) * R(xa(2P)
0.08F« R(n,) E 0.012F
0.010}
0.06
0.008
0.04 1 0.006
0.004
0.02f
0.002}
000 o ook oo8 ‘oo~ aor -~ oo o e 0010 0015 0020 0025
0.03 0.04 0.05 0.06 0.07 0.08 0.09 : : . :
R(xa) R(y(2P))
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Bc — (%0, Xc1s Ae2> Ne) €Xploiting FF relations at NLO

At NLO the number of universal functions increase. However:

They enter in different modes, so model independent predictions are obtained

They can be used also in other processes, i.e. non leptonic transitions

Being model independent they serve as test of other approaches:
the outcome should satisfy the effective theory predictions

Once reliable determinations for a few form factors is available (i.e. by lattice) the others can be predicted

a reduced number of structures contributes close to w=1:

1 dr ] )
1101311 fd_(Bc — Xeollp) = 182 (€ + €.)? [ S:_)l 1(1)] P l%
2 2
1 dr "B,
A b c
lim = (Be — et ) = 12[2(1 - )? + ] [0, 4 (1) - 3, 1(1)]
/ 1dr 9 r= mc/ch C= My o5 Xels X2 hc
lim == (B, = hote) = 6[2(1 = )2 + 177 | (6 = €0) B, 1 (1) + 2650, (1)
- o1
b me ‘ 2mc

If X(3872) is y.1(2P) it should fulfill these relations (though hard to test...)
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Conclusions

Bc decays represent a further testing ground for:

* the determination of V
e flavour anomalies

* probing the structure of the hadrons in the final state
Predictions based on NRQCD + HQE allow to
* Relate FFs among themselves

* Work out relations to be fulfilled by hadrons in the final state related by HQSS

- reduction of the theoretical uncertainty

- model independent results: possibility to test the outcome of other approaches
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