BFA workshop — 7/ 04/ 2026 —

[ 1
| A Critical Look at Semileptonic (Rare) B Decays |

MAURO VALLI

INFN Rome

THANKS 10 M. Fedele J.Scholze L.Silvestrini, S.Simula & L.Vittorio




Accidental Symmetrieg

At low energy, the SM reduces to QED x QCD

B > ACCIDENTAL SYMMETRY IN THE IR: U(1)Nf Q
——(Ty_xd)?
ARp

U(1)Nfis violated by weak interactions: “NP” @ Agyy

=

‘ 92 At low energy, the SM features only 2 generations

E> ACCIDENTAL SYMMETRY IN THE IR: CP i
_(EFV—Ad)z

A2

NP

CP violation requires 3 generations & involves CKM hierarchy

ACCIDENTAL / APPROX SYMMETRIES SERVE AS A LAMPPOST FOR NP



Lepton Flavor Univereality

LFU <—> ACCIDENTAL in the SM gauge sector, broken by Yukawas

r

Suppose we could test matter only with long wave-length photons:

‘

U(Dq we would conclude that these two particles are
NV @ ‘ “1dentical copies” but for their mass ...
Y et p+

This 1s exactly the same (potentially misleading) argument we use to infer flavor
universality in the SM...

Y, 8 W, Z . @ . These three (families) of particles
AN seems to be “identical copies”
SUB)xSU2)xU(1) € vl T but for their mass ...
e credit o G.lgidoru

jlexpscmzim} LFU NOT A FUNDAMENTAL SYMMETRY:
<SAT'SFACT'N EXPECTED TO BE VIOLATED IN THE UV




Flavor beyond the SM
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Flavor begond the SM
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s Flavor gpeaking loud?
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[t is only approximate in the SM, but insightful for the SM flavor puzzle.
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Y., in the basis where Y, is diagonal

Y., in the basis where Y, is diagonal



w/ or w/o U(2) 2 e

arXiv:2409.08657
arXiv:2503.14042

Extend the SM via a multi-scale UV
w/ flavor non-universal interactions.

Ay T Viomass 3 layers of heavy dynamics, accounting for
fermion mass within a given generation,
A, e » V) mass
U(2)° can emerge as an accidental
symmetry if Ay, > Aj 2 Agw
AH T » V3 mass
U(ly
AEW i m
SUQ),
g myy High energies
\ hierarchy | HAVE ALREADY SEEN IT
g ‘natural’ ﬁ C%%)




p'§ Qignatureg

Energy BSM d cal Energy A .
dynamics ngrll:rr;ltliC:n PhenO drlver:
involving of y,, ~ massless
Al » V) mass A3 o | NP coupled mainly I—eptoquark

v, &V, T ewTev]| OV mainly coupled

A ' U(2)>

A, + 0 e > Y, mass S;;fifﬁ;f;late (2) to 3rd gen.,

v, & v .e. U(2)5 friendly
A3,H T~ e » V3 mass

v

3 . : Uf~(3, 1)os3
W e SMEFT e 2EW 4

b S
LG N (X)T/z: '(B— X1v) oL 7 o bL\CjW l/
I'B— X Iv) s, / ’ l\
B s

LEU violation inb —> ¢, X = D,0* LFU effecte in meagured b —> ¢ obg



1.00 A SM from ASZB
Re(CM) = -1

LHCb Run 1 + 2016
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ANATOMY OF SEMILEPTONIC RARE B DECAYS

Building blocks are helicity amplitudes, which generally read as:

Short-distance order-of-magnitude: Csy 7 ~ -1/3, Csuwg ~ 4, Csm10 ~ -4

The main sources of uncertainties stem from form factors &
long-distance effects encoded in such hadronic correlators.



2
N 2022, non-local effects TGS REIR/AES
— Ccharming pbenguins — 2) Z - expansion w/
have been found to be B — M J/y data

a ﬂegllglble contribution. 3) dispersive bounds
| arXiv:2206.03797 | based on cuts in q2

(d)

Rescattering complicates analytic study of these amplitudes by A LOT.

See yesterday’s talks on charming penguins


https://arxiv.org/abs/2508.03655
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b-> g l: A DATA DRIVEN APPROACH

5 k
q
ho,+ (612) — Z hékj)_t (GeV2>

k=0,1,2

Taylor-expand hadronic correlators
¥ h,(g*) and fit coefficients to data.

.
~ mg | 2m ~
(CSM+nD) vV, _ + qf - 2 (CM+ KON T, _ — 162%hP ¢* }
. "''B
.
(CSM 4 10) Ty, + 28 [ 270 (eSM 4 hO) T~ 1622 (1O + 5D g2 + hO )
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2
mg | 2my,

(CSM +hD) Vo + poy (CSM + h©) Ty — 167% /¢ (héo) + h{V q2>] }
B

hY) <—> Lepton Flavor Universal C)';,




QCD ONLY

b-> ¢ [l: WHERE WE ARE NOW
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Ol [7746,6.7 NO EVIDENCE X NEW PHYSICS

NP L NP _ NP
& Cg,ﬂ_ , probes direction | to C9,” e = C9,U

—> LFU in the fit respected well within 2o.

CM  =1-0.28,1.12]

9.u—e

&, 10 possibly disentangle genuine NP effects
i Cé\lg one needs more data / TH progress

- arXiv:2401.18007
4,
CNP = [-0.70,0.39)] L ! i } -
~ s | p—— e
® best-fit

1_

: i 0o

| ———— .............................. ]ORN NSO 07 .............................. [1,f,2] [2:3] [3:4] [4:5] [5:6] [6:7] [7;8]

bin ¢* (GeV?)

Ciy,= [—0.27,0.55]

Update of

HEPT:

NP NP NP NP
C9,u+e C, Cl(),e Cl(),u



WHAT IF
CHARMING
PENGUINS

WERE ALL
SMALL?

NP NP NP NP
09,6 010,6 OQ,,LL OlO,u
—2 —1 0 —1 0 1 —2 —1 0 —1 0 1

Coe = [—1.94, —0.64]

Ch.= [—0.67,0.25]

New Physics at
more than 5o level
: P : P
in ngﬂ (30in Cé\je )
fully compatible
with a LFU scenario

Co = [—1.30, —0.73]

Chy,= [—0.22,0.32]



b-> sl $75 # O <—> HADRONICS

0.4 - ‘ flavio default 0.2 9 flavio default
— Fit Fit
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arXiv:2603.27753

S7 measurements point to hadronic effects of ~ same size as required by S5 & AFB




b-> g [l: ARE LOCAL FORM FACTORS OK?

Quark-hadron duality — assumption that OPE matches hadronic spectral function, not first principles

OCD

No rigorous error budget — uncertainties estimated by naive parameter variation, no rock solid stat

Light-Cone
Sum Rules

In particular: 1) Light-cone OPE truncation — series cut at twist-3 or twist-4; convergence assumed, not guaranteed

2) Borel parameter M2 — results should be stable in a "window"; residual dependence is an error

low qZ region 3) Continuum threshold so — effective duality threshold fitted, not predicted; major systematic

1. Boyd-Grinstein-Lebed (BGL) parametrization: the idea is to expand the FFs around z = 0. For the generic FF f(w)

1 o0

PLB ’95 [hep-ph/9504235]
NPB ‘96 [hep-ph/9508211]
PRD ‘97 [hep-ph/9705252]

of
1

Real parameters to be determined

. See Nico’s talk yesterday

2. Dispersive Matrix (DM) method: let us suppose to know a generic FF f(g?) at positions g2 (i=1, ..., N). We define (here t = g?)

e P e 2T e e et () et e e > 7

dz ~ ™
- hilho) = hi(2)ho(z bt
inner product (h1lh2) /z—l s 1(2)h2(2) () = VB
1 ti+—_1£t_ +1
- auxialiary function gi(2) = 2000 | te= (mBimD)QJ
N New develupments in M. Di Gurlo et o, PRD 81 (3105.08407) [ (6flof) (@fla) (#flaw) -+ (6flar)
KEY POINT : since M contains only inner products, M — \9elof) - (9elge)  {91lgn) \9el9e.)

by construction its determinant is semipositive definite

det M >0 P fio(z) < f(2) < fup(2)

(g |0 f) (gt lgt)  (gt,9t,)

‘gt1>

\ (6f) (ola) (o

<gt1 |gtn>

(9t igm )




Form FacToRs For B —> V/(P) £+¢- wa

—— This work —— This work —— This work
0.651 arXiv:2305.06301 arXiv:2305.06301 arXiv:2305.06301
{  HPQCD 2022 {1 HLMW 2015 {1  HLMW 2015
{ FNAL/MILC 2016
2.0 2.01
1.51 1.51
N /~
= RS
¥ <
B T
5 Q
—~ 0 = 1.0
0.51
0.51
, 2 0 5 10 15 20 0 5 10 15 20
¢* [GeV?] ¢ [GeV?]

¢ [GeV?]

— QCD Light-Cone Sum Rules (LCSR) —> available @ g2 << 1, not first-principle

— Lattice QCD —> typically reliable @ high g2 with ~ stable mesons (i.e. K*, ¢, ?)

Region of Interest B,” pole BM branch cut

I I ) I >
f 0 K (Mg - Mp)? (Mg + my)? L\ ok

9?< 0: “B€ > Me”  g*>>0: “B—> M¢ee”

g’ >m_,* “€€ > BM”



QCD ONLY
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b-> g [l WERE WE DRIVEN BY LCSR?

Re(h(_n) ~ —Cyyy

QCD ~ LEPTON UNIVERSAL NP

L NEled

In preparation!




b-> ¢ vv: WHAT ABOUT LCSR THERE?

Channel

B w/ LQCD DM FFs

B w/ LQCD+LCSR DM FFs

BT = Ktuw
BT — K*Tup
BY - K*%p

(3.96 £ 0.22) x10~°
(9.9+£1.8) x107°
(9.34+1.7) x107°

(3.96 £ 0.22) x10~°
(9.5+£0.9) x107°
(8.9+£0.8) x107°

| B(B* — K*vp) = (23+0.7) x 107° | 2,76 from SV

§CY= [—6.66,4.82]

5CY=[~13.09, —1.30]

§CY=[—6.68,4.72)

CHOOSE J0Y

Y

)

5CY%= [—12.89, —1.46]

8 4 0 4 8 —~12

5C



U JEAN DE BRUNHOFF

" BABAR awo

i b-> e lv: New SOURCES OF LFU VIOLATION?

0.28 ¢t :
;\
S 026}
S
0.24 I ........ “““o’ ________________ Lus
...................... @ ~HFLAV 2026 (?)
@ DM ~ Bayesian BGL
@ HQET [2507.03569]
— 68% CL
0.22} ———- 95%CL |
...... 99% CL
0.26 0.28 0.30 0.32 0.34 0.36 0.38

R(D)

No tension in current LFU tests, not even in b-> c Iv.




LSEMAE  b-> ely: NEW SOURCES OF LFU VOLATION?

W

0.32F i
030F - R T - .
0.28F h
VN
*
S
RS 0.26¢F ]
0.24 + ~ No BaBar i
DM ~ Bayesian BGL
HQET [2507.03569]
68% CL
0221 --=-- 95% CL i
...... 99% CL
0.26 0.28 0.30 0.32 0.34 0.36 0.38

R(D)

No serious tension arises even when one leaves BaBar out!




& Precision program with flavor physics is exciting:
~only a naive reading points to very high scales for NP.

No & tension in B decays, w/ more data | am confident

that global analyses will clear out the nature of ACy

& Accidental symmetries such as LFU offer a unique way
- to stress-test the SM and serve as a lamppost for NP.

LFU looks "good’(as of today): WHO ORDERED THAT?

@ TH + EXP progress can lead to new paradigm shifts.

f a mass gap lies above the EVV scale, SM EFT is our most
oowerful tool & flavor remains one of the key probes for NP.



Backup



Can we take Flavor apart?

The SM Hggs

Flavor Theory SUSY Breaking

Gauge
Flavored Interactions

Interactions

credit to BMeade

Bounds on flavor universal NP — U(3)> — in the LHC era point to ~ 30 TeV.

Flavor from SM RGE 8 SM flavor puzzle postponed @  Higgs tuned &

‘ﬂmfit‘ Full 3 TeV Full noRGE
10%;

> <

o arxiv:2507.06191
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Ao LFU & BDECAYA -

=l NOT JUST A
NOT

Least FCNC BUSINESS tree level

Charged-current semileptonic decays do not suffer from the
non-local effects plaguing the study of some rare B decays.

Lattice QCD provides non-perturbative determinations of the
relevant matrix elements well beyond the zero-recoill limit.

arXiv:1505.03925

1.4 | 7 arXiv:2105.08674
+ 50 I/"\\—
1.3 | fo S ‘0.296 n 0.008‘
1.2 : /
o : down to 1% w/ HQET,
2 l } Y see arXiv:2507.03569
S
= 0.9 ¢ -
<..§ 0.8 N | 20
0.7 | SN .
0.6 | : ) :
0.5 L ' ' : o e | =

0 0.02 0.04 0.06 0.27 0.28 0.29 0.30 0.31 032 033
R(D)



b->e¢ [v: FORM FACTORS FOR Rp

m/ﬂH i ,;' 60 20
I ummmm\mm |

agenda.infn.it/event/44057/

9.5 1

2 APPROACHES
IN VERY GOOD
AGREEMENT HERE

“=~5.01

A JLQCD 23 .
B HPQCD 23 N
4.5
% SAPIENZA (INFN @ Bsouthampton ° i FNALMILC 21 == s
—— Bayesian Inference EPJC 85 (2025)
, . - ---- Dispersive Matrix EPJC 84 (2024)
1) Filtering analysis
) 9 Yy 4.0

of lattice QCD 1.0 1.1 1.2 1.3 1.4 1.5
via dispersive

matrix method

2) Bayesian fit
to lattice QCD
via BGL params

2.0

w/ unitarity prior S .
See yesterday’s
talk by Simula, o

by Gubernari

1.0 1.1 1.2 1.3 1.4 1.5 1.0 1.1 1.2 1.3 1.4 1.5

and by Vaquero



Violation
of
undamental
s ymmetries

indico.fnal.gov/event/71119/
Particle identification requirements (usual B4BAR criteria)

e  The data sample is 426 fb! at the ¥'(4S) resonance, taken with B4BAR at PEP-II
* Semileptonic tags are used instead of hadronic tags that were employed 1n the
2012 measurement

Samples of the measurements with hadronic and semileptonic tags are
essentially independent, so results can be individually included in world averages

« m(D): If final state has a n° require m( DY within [—45, 30] MeV of nominal D? mass

require m( D) within [—36, 24]MeV of nominal D" mass
If final state does not have a ! require m( DY, D) within [—15, +15] MeV of nominal mass
* m(D*)—m(D): For D*T 5 DO%T within 2.5 MeV
For D*T > D17V and D*Y > DO%0 within 2.0 MeV
e DY -5 Kntnt KKt, Ksnt, Ksntn®, Kentn—nt, KKttt  ~20%

e DO s Kt K ntnl, K—ntn—nt, Ksntn~, Ksn0, KK ~ 30%
« D*0 5 pOz0 p*+ - pOgt pDtpl

") Babar ™ and ©L. De Brunhoff o ——
RaRap David Hitlin December 15, 2025 4 Caltech




Violacion
o
undamental
s ymmetries

indico.fnal.gov/event/71119/

Experiment R(D) R(D¥) Correlation
BABAR 12 (hadronic tag) 0.440 £ 0.058 £0.042 | 0.332+0.024+0.018 -0.27 | .
HFLAV (CKM 2025 average) | 0.358 + 0.024 0.281+0.011 -0.374
BABAR 25 (leptonic tag) 0.316 £ 0.062 +0.019 | 0.226 +£0.022 +0.012 -0.82
PRELIMINARY
A~ 0.4 | I ] | | || I | | | I ] | ] | I ] | |
¥ -
) 68% CL contours _
~ _ Belle® BABAR 12 ]
035 —
0.3 C \ N This average
- LHCD’ | N~ | does not include
C ' : the BABAR 25
025 & preliminary result
I ! HFLAV SM Prediction i
02|~  RDH-025%0.05 —
~ 4 1-QCDFLAG24 (NE=2+1 for RD*)) 7
- R(D) = 0.2938 + 0.0054 -
B 1 lR(D*l):0'2|582i|0.005ll L 1 1 1 | L 1 1 1 1 1 L L ~

0.2 0.3 0.4 0.5
R(D)

David Hitlin December 15, 2025 15 Caltech




