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https://arxiv.org/abs/2507.22123

Exclusive vs Inclusive determination of Vcb
B— X0

X. = D,D*,D** Dr, ...

Inclusive decay rate
Measurement in B factories (BaBar, Belle, Belle l,...)

Prospects for A, = X £ at LHCb

TH input: HQE + optical theorem

> %) A7
B — D(S) 27

Exclusive decay rate

) 2 B — D¢ measurements from B factories
(b = cfh) x|V, B, - D) by LHCb

TH input: lattice/HQE+exp/LCSR
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Consistency tests of both SM predictions and measurements



See Marzia’s talk The VCb P“ZZle

Exclusive Inclusive
excl -3 incl| -3
| Vel | = (39.62 +0.47) x 10 | Vil = (41.97 £ 0.48) x 10
Average by HFLAV 2023 Finauri Gambino ‘23
Large variability between determinations using different processes,
FF parameterization, lattice input, etc... See next slides
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There are still anomalies in some semileptonic B
decays, e.g. BR(B — K'¢¢) (+ang.), and R(D"))

See Martino’s talk

Can the V,, puzzle in exclusive vs inclusive
b — ctU (¢ = e, u) be explained by NP? [Crivellin

et al. 1407.1320] says no but performed a ‘zeroth S
order analysis’ only o

Observables in inclusive and exclusive decays
have different sensitivities to NP

Measurements of inclusive B — X £V observables
use different analysis techniques from exclusive
decays. Independent data + different systematics
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Why look for New PhysicsinB - X £ ?

X 4.0 -

— B Dt

0.2 0.0
Re OVR
M. Jung, D. Straub (1801.01112)

0.1 0.2




At the b scale:

B — X Zvinthe SM 4G

4G .
Vcb(Jq X Jm)

Hy, = FVcb(EVMP D)y, Pryy) =
V2 : V2

dT(B — X £1,) Z [ {X.¢0,|Hy|B) |> « |V, |°L,,W* + O(a,,,)
X

L, Z <pff|Jﬂf\O> <17fz/”\Jyf\()>T WH Z <XC\J5\B> <XCUQV‘B>T
XC

SPINS known exactly

Optical T}lle()rem 2mBTMI/(q) = — in4x€_i(Pb_Q)x <B ‘ I ljg(xﬁjg(o)] ‘B>

WH = — —ImTH
/A

Calculable via OPE in Heavy THY — ! E‘i ,C »;} 1

O(a
Quark Effective Theory (HQET) pV v P, ?’UPL\\\I% +0O( s)
b b



OPE of the forward scattering amplitude

T (q) =5

/d4xei(mb”_Q)"”(B|Ev(a:)7

ZmB

. d4p —ip-x
SBGF(ZE,O) :z/ (27_‘_)46 p

D3 (exact) D4 D3: 2 parameters
(Blby"b|B) = 2mpv” related to higher dimensional 2m . —(B|byiD"iD ,by| B,
(Bl b B) = 0 parameters through EOM
7y =0,

2m (B|b iD* iD"%|(—i0,,)by| B)

D6: 2 parameters D7: g independent parametersl Mannel,Tu.rcz.yk,Uraltsev 2010
1 _ T T Mannel,Milutin,Vos 2023
2mgpp|= 5(Blbs | 1D, [i” | DviDlu} bo|B); D8:18 (1) Finauri 2025
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; 1<B|Ev{z‘Dﬁ, iv-D,iD"] }(—z‘%)bv@ | . Only 4 unknown HQE ME at order AQCD/mb |

2MmHPLs|= 9



What can this calculation do?

* We obtain an expression for the triple differential decay rate:

5 3
dl nj, u Moo ﬂG Pis o PD

‘ ‘ G2 + 4 fPLs 2 4
dE . dE dqg? bl TF 163 Jip+ NLP m? NLP 102 m? NNLP mp mp

IMJZ'NIMGNIODNIOLSNAQCD AQCD/mbNOI

dl
. OA™ .. /m™M terms & 8" V[(my — 9)* — m?] — is not physical.
( OCD b) [( b Q) c] dEdeydqz pny

 The HQE is only valid for observables integrated over a range AE,, AE, qu > AS%D

(smearing). Higher power contributions are enhanced if the integration range is too small.
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See Raynette talk’s for critical assessment

of the experimental results at Belle (II)
Observables

i)\ Jax

M, = (X") =
dl
jdxd—X

n )X:Ef9q29mzc
with lower cuts on E,, g*. Ratio independent of V. In practice central moments are used to

reduce systematic errors = ((X — (X))") forn > 2. TH error explodes for n > 4. We use all
moments withn < 3.

-Lepton energy and hadronic mass moments from Babar, CLEO, DELPHI, CDF, Belle

-q2 moments from Belle and Belle Il

ngmax dE,dC Measured by Babar and Belle Fitted

.We also include R*(Epey) = ke el ' o

foEemax dEijF 3 7)R*
£ Bcut (Eﬁcut) — B(B — XCEV)R (Efcut)




it strategy

1. Extract HQE matrix elements by fitting the kinematic moments and R*

Fit parameters: m,,, m_(constrained), y7, U&, pic, Py BR ¢,

2. Extract|V,,| from the total decay rate using the result of the fit

BRCfI/

(7,

_ 2 2 2 3 3\ _
I'p_xp = | Ve |7 Sy, me, pz, uGs Prss Pp) =



State-of-the-art SM calculation
dEy | dm% | d¢® | T

2 2 2 3
1 O/ s ‘Melnikov 2008] CX g 8 B 8 E
| -
[Pak, Czarnecki 2008] TFael, Herren 2024] [Fael, Schénwald,
F Steinhauser 2020]—
1/m; Qs Qs Qs QU
[Alberti, Ewerth, Gambino, Nandi 2012, 2013

g P

‘Mannel, Moreno
Pivovarov 2021| [Mannel, Pivovarov 2019

Eema
1/m;°| 1 1 1 1

3,2 Mannel, Turczyk, Uraltsev 2010]  [Mannel, Milutin, Vos 2023] meh TUremv’s
1 / ( ) ‘Mannel, urcflzy , Uraltsev ] Ianne, ilutin, Vos ' Uraltsev 2010]

10 Slide by Gael Finauri




SM result

myp [GeV] m.[GeV] p2 [GeV?] pZ [GeV?] p3, [GeV?] p? o [GeV?] BReg [%]

4.574 1.090 0.435 0.278 0.164 -0.090 10.62
0.012 0.010 0.040 0.048 0.018 0.089 0.15

1 0.390 -0.229 0.960 -0.022 -0.181 -0.064 -0.421

1 0.015 -0.238 -0.028 0.084 0.034  0.071

1 -0.097 0.935 0.266 0.144  0.346

1 -0.261 0.004 0.001 -0.271

1 -0.014 0.020  0.172

1 -0.010  0.096

1

0.694
1
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New result! 2507.22123

Updates:

» Inclusion of @ corrections
in the g*-moments

* a,,. in the total decay
width



B — X v with New Physics

* Assuming Ayp > my, no LFV, no RH neutrinos, dim 6 operators, the Hamiltonian is:

AG _ _ _
HIP = ZFvcb [(1+CVL)[E;/”PLI9][fyﬂPLuf]+ Cy [er"Prbl[£y, P )+ Colec* P bl f 6, Pyl

+Cs[5b][LZPLW]+CP[57’519][2PLV£]] Ve = V(1 4+ Cyp), CNWX = /(T +Cy)

* This introduces new terms to compute in the hadronic tensor OPE

szTFrv — — in4xe_iqx <B ‘ [JF/(X)T]F(O)] ‘B> F, F, & {}/ﬂPL, }/ﬂPRa GIMI/P[; 19 }/5}
T . ., = lki C é){r

b 2 b




B — X v with New Physics

* Schematically, the result of the OPE looks like:

dl'(B - X v
( LV X Z Wi L
dqszydEf et

C-.C* 2 2 3
Wip = = () )+ ()22 4 () P2+
b ny, mj, ny,
Iu2
a|C..)+ (.. )m—g+ |+

* The SM only interferes with Cy: only NP that contributes linearly to dI’

. We work with the following power counting: Cf; X ag, 1 + 7 < 2and up to order —

1

3
my,

« SM: O(1/m}) + O(a,/m?) + O(a)), for T, : O(1/m}) + O(a,/m)) + O(a;)

o CVR: O(1/ mlf) + O(a,)  [Blok et al. 9307247],[Manohar et al. 9308246],[Feger et al. 1003.4022], [Kamali 1811.07393]

» Other NP : O(1/m;)
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[Grossman et al. 9403376],[Colangelo et al. 1611.07387],[Fael et al. 2208.04282]




it setup

* 14 free parameters in the fit: For m, = 0 only 3 interference terms:

* BRess Re(C: Cy,), Re(CCr), Re(CECp)

* Quark masses: m,, m,

« HQE matrix elements: //t]%, ,ucz;, pgS, pg

CX
L +Cy,

» NP Wilson coefhicients: ay, , ar, ap, ag, c(dy ), ¢(9g), ¢(0p) = e

* This is the first global fit for inclusive B decays with New Physics
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it Results

xoy/d.of. =42.58/74 With agnostic New Physics

1801 ® BaBar i
e Belle
= 170" 1
% ‘o Belle II ] %
g I | g
— 160+ 1 1 @
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S : ] Cé
/d.o.f. = 36.08/67 |
e -l = |
140 - =
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Eﬂcut [GGV]

SM compatible with the NP fit at the 0.7¢ W |
level. No preference for NP. :
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it Results

With agnostic New Physics

B Ay <230
B Ay? <5.99

HQE parameters are SM-like

0.3

All single NP WCs are compatible with zero

0.1

within the 68 % C.L. interval ( < 95 % forag) """ """

0.8

0.6

Upper bounds competitive with bounds from
exclusive decays €

S 0. 1 & 04

0.2

0.( 0.
&.0 0.1 0.2 03 04 0.5 0.6 %.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Important correlation between a;and Vcb

~ 0.25

0.30 0.30

0.25 0.25

0.20 0.20

gives the profiled V, a large uncertainty: o
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ar



17

Here we take:

- lgm(/,l,k) 4.573 GeV
Why s th V., solarge? i ey
vistheerroronV  solarge? 5 isicv
n% (k) | 0.288 GeV?
. . . 3 3
The predictions for each observables can be written Pp(pie) | 0176 GeV™
. . . pLS(uk) —0.113 GeV
as a quartic polynomial in NP WC:
2 2 2 2 .
§ = &sm + avpc(0vy)ELr + av, ErR + as€ss + apépp + arérT < E,> with E" =1 GeV
2 2
T GVRC(5VR) {rre +asarc(ds)ést + aparc(dp)épr, L1 [1072 GeV]
157.276 —1.67650w —0.312,,
Total decay rate EsM —0.463 .0, +0. 084a2
) 10 x I'/T Err| —9.760 --1.114p;v +0.208,,
Tsp| 6.580 —0.461p0y —0.5605, —0.009,,, /2 — 0.034, /s — 0.10542 + 0.003 43 1R | —0.368 +0.606,0mw —0.1974
I'rr| 6.580 —0.461p0w —0.560q, Err2| —0.247 40.427 0, —0.128,,
FLR —4.280 +0.634 0w +0.464,, > Err |—78.076 4+9.286 0w
—> E‘TT 78.964 —7.869p0w £og 0.184 “3-006;“;
FSS 5.430 +0.240,0yw Epp| —0.184 40.191 0y
tpp| 1.160=0.1180w el | E57 | —19.519 —2.147 0y,
—p |EP7| 19.519 —0.025p0,
« Flat direction » in the fit for a¢ ~ 3a,and c(6¢) = — 1 which allow for large shifts in ag, ayand |V, |
ClP ~ 3CZT C(ép) — 1 aP



Single Mediator NP models

* We also investigate § single-mediator scenarios which only contribute to some of
the § WCs in the WET Hamiltonian

SMEFT
u=A~NAyp=1TeV

(Vector-like quark doublet) — {C'VR} :

Charged scalar { (H™) — {OSL7 éSR} a

[ (81) = {Cr,Cs, = —4Cr}, (1) | %
Leptoquarks l (Ry) — {é’T, C'SL = 4C'T},
(U1, V2)

U1, Vz — {C'SR} :

running and matching to WET WET
—>
u=>5GeV
(1) I I I IV V
(IT) | |y, |0.689[Cy, 3 0 0 0 0
0 —0.57([Cs, 13 + [Cs,]3) | 2.34[Cr]s | —2.18[Cr]3 | —0.57[Cs,.]3
Cp 0 0.57([Cs, 13 — [Cs,l3) | —2.34[Cr]3 | 2.18[Crl3 | —0.57[Cs,]3
(IV) | | cr 0 0.003[Cs, |3 —0.65[Crl3 | —0.63[Cr3 0
(V)
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Legend:

[ - Vector-like quark (Cy )

[l - Charged scalar (Cg, Cp)
-8, LQ(Cp, Cg = —T7Cy)
IV-R, LQ(Cp, Cg = TCh)
V-U, V, LQ(C)

NP - All WCs

68% C.L. interval
Best-fit point

« Flat direction » in the fit for

ag ~ 3arand c(og) = — 1
found at the best fit point for

dg, Arin ‘NP’

SM -

I+
I+
IV

NP -

SM| +

sm:

I+
11+
IV

NP+
0.0

4.56 457 458 4.59

I
III -
V-

my [GGV]

NP

0.18 020 0.22

p} (GeV?]

0.16

01 02 03 04

CLVR

it Results

SM -
I
II-
III-
IV

V,
NP -

SM-
I,
II-
III-
IV -
v
4 NP

1.0801.0851.0901.0951.100
m. |GeV]

—0.20—0.15—0.10—0.05 0.00
3 3
PLs [(}Eﬁd']

smMm-

IIT
IV -
V
— NP |

OO 01 02 03 04 05

I,
1

as

SM:
I
II-
III -
IV :
V,
' NP+
0.36

SM |1
I,

II-
III -
IV -

\YA
NP -

SM -
I,
II+
I
IV -
Vi
- NP 1

0.0 0.1 0.2 0.3 04 0.5 0.6

ap

| SM-
I
IT+
11+
IV
V,
' NP+
0.2 0.24 0.28

SM -

IT+
11+
IV

' NP

0.32 0.36 0.4

32 34 36 38 40 42
V| x 103

smMm-~

I
IT-
I+
IV :
V-
XNP,

0.00 0.05

0.10 0.15 0.20

ar

Most distributions are non-Gaussian




1D profile likelihoods |

* 1D profile likelihoods of WCs
are non-Gaussian

» E.g ag(ay ) is compatible with
0 at the 20 level in ‘NP’ (1), ’

+ |V, |is moderately affected in
single mediator models

Only scenario I (slightly) prefers
a complex NP WC (Cy, )
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4.8 —

—— B —= D/v
4.6 - _— —— B D*v |
_—— B — X v
4.4 A
'..6 4-2 n
N
X 4.0 -
N
S
3.8
3.6
3.4
flavio
3.2 1 1
—0.2 —0.1 0.0 0.1 0.2
Re CVR

M. Jung, D. Straub (1801.01112)

3

H/cb’ x 10

~

Back to the Vcb puzzle

E.g. for NP in Re(Cy, )

— 68%C.L.
95 % C.L.
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102 X V;b

3.4 -

3.2 I .
0.2 —0.1 0.0 0.1 0.2

Re CVR

Exclusive bounds need to be updated and included in a global fit!



Outlook

» We perform a state-of-the-art calculation of B — X £ with New Physics
» First global fit of inclusive B — X v with model-independent New Physics

* Provide new and competitive constraints on New Physics in b — c¢£U transitions

* Perspectives:
* (O(a,) radiative corrections to all New Physics contributions (very soon)

 Global fit including exclusive b — c¢£D decays

* Implementation in flavio/EOS/other?

Thank youl
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Appendix



Exclusive Vcb: Theory prediction of dT'/dw(B — D*¢7D)

dl’ Gm3 2 1/2
—_ 2
- (B — D*fyf) 1873 V. (W — 1) P(w)(r]ewa‘f (‘W)\
w = v - V' product of initial and final velocities / EW corrections Form Factor

Phase space factor

(D*(v', €)|cy*b| B(v))

.. VmBmp:
FF definition: (D*(v', €)|ev#+5b| B(v))

\/MBM p+

Vpo *
:hv(w){:‘“p UB,vUD* p€s,

— i, () (1 +w)e™ — i [hag (W)l + g (w)ol.] € - vp

3 ways to obtain the FFs :
 HQET + experiment + lattice for normalization

 Lattice only (In tension with the experiment driven determination)

* Light-Cone Sum Rules (not very accurate for b — ¢ decays)



Measurementof B —» X v e

c,(.EI‘)le. Q{\\\\\{\\§§\‘\; — = ///%’ rtfake—rate~5%
At B factories - e.g. Belle Il at SuperKEKB — N T ]
e (7 GeV) — Y of-propagation (barrel)
= Prox. focusing Aerogel RICH (forward

* Bfactories:eTe™ — Y(4S) - BB AN -
e Hich h 1C] Vertex dete/{//t.//% §: = : e* (4 GeV)
lg ermethlty deteCtOr vertex resolution~1$ § f
B 4 D
* Low background and no pile up Spacil e 100y A/ >

O(dE/dx) = 5% <,

Belle IT

* Excellent PID
* BUT fewer B produced compared to p-p collider:

— € -+
* ~300M BB pairs at SuperKEKB/Belle Il K\ :
Vy
* >10'? b-hadrons produced at LHCb B ‘ B
-
* Open questions (non-exhaustive): > \ et Aq
K T

* Experimental correlation between moments is currently

szi — pCM o tha
unknown (but non-zero) : :

Image credit: Stefano Moreta

* ‘Gap’ between sum of inclusive modes (used to generate

simulated events) and measured total decay rate Total reconstruction, then subtractionof B = X £

2
Vub

~ 0.8 %
Vcb
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pvs complex Cy,

Ve

(dAg)s00

0.3

0.2
avRr

0.1
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