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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(D)q 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)*SUR)xU(1) € v T but for their mass ...
e credit o G.lgidoriJ

LFU NOT A FUNDAMENTAL SYMMETRY:
EXPECTED TO BE VIOLATED IN THE UV



Flavor beyond the SM
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Flavor begond the SM
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Eur. Phys. J. C (2020) 80:456
https://doi.org/10.1140/epjc/s10052-020-7904-z

THE EUROPEAN M)

Check for

PHYS'CAL JOURNAL C updates

Special Article - Tools for Experiment and Theory

arXiv:1910.14012

HEPfit: a code for the combination of indirect and direct
constraints on high energy physics models

Constraining new physics through a broad spectrum of collider and flavour observables

 EW precision observables

= Z-pole observables (LEP/SLD): I';, sin20, A, Agg, ..

= W observables (LEP Il, Tevatron, LHC): M,,, I'\y
" m,, My, sin20 (Tevatron/LHC)

Higgs boson observables
* Production and decay rates
* Simplified Template Cross Sections (STXS)

Top quark observables
 pp — tt, ttZ, ttW, tty,tZq, tyq, tW, ...

Drell-Yan, Di-boson measurements

* pp > W.Z > fif
s pp->WIZIWW,ZZ,Zy

Flavour observables
© AF=2:Amg, , A5, D0 — DO(¢pM), ek

sl

* Leptonicdecays: B, » utu~,B - v, K - fv, m > {v
« Semi-leptonic decays: B - DMy, B - név, K = mfv

* Radiative B decays: B = X, 57

Including recent LHC top EW_\
—— Diboson——
measurements of m; and My, ({/’ o \
KC \ Cy.
- CHWB CHD Cll (1) "
CHB CH C;?l) C’E}B CH Q CtW
Crw c® oL o o Ce
CHG \\ Hgq Hgq Hu Hd’/ Céql
ATLAS and CMS Cor | EWPO J
Run 1+2 results Cour | Ce CL® C35 C3. C3,
7 | Co Ch G G
H ‘ J
—

Higgs

Flavour involves almost all of them
either directly or through RGE

Exp: PDG, HFLAV

Th: best available predictions




Eur. Phys. J. C (2020) 80:456 THE EUROPEAN M)
https://doi.org/10.1140/epjc/s10052-020-7904-z PHYS'C AL JOURN AL C Cur;)%calg(égr

Special Article - Tools for Experiment and Theory arXiv:1910.14012

HEPfit: a code for the combination of indirect and direct
constraints on high energy physics models

Impose NP flavor symmetry

Cf%EFT(/lUV) (from matching to UV theory\)J

Constrained by the fit l

together with SM Based on 1-loop SMEFT

SMEFT
SMEFT parameters Evolved to €75~ (Apw) anomalous dimension
(| IH) using RGEsolver++ :
Jenkins, Manohar, and Trott,
Di Noi and Silvestrini, 2210.06838 1308.2627,1310.4838,1312.2014
v

i At Ay, observables are calculated in terms of Cfé”EFT(AEW)
(t,HW,2)
LEET Evolved to C; (Ab,c,..)
H\AL ) Match to LEFT operators to Jenkins, Manohar, Stoffer,
calculate flavor observables | 1709.04486, 1711.05270
! In terms of CEEFT (A
Ab (B) i (Apye,)

A (D)

Notice that LO evolution is only consistent with tree-level

A (K)

initial conditions at Ay and tree-level matrix elements at Agy, .




Can we take Flavor apart?

The SM Hggs

Flavor Theory SUSY Breaking

Gauge
Flavored Interactions

Interactions

Standard
Model

credit to PMeade

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 &
. |[:Eifit\ Full 3 TeV Full noRGE

arXiv.2507.06191
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s Flavor gpeaking loud?

1
(o))
1
Ncno
= || <
o || M=
+ [ ©
| ©
= ||
=
X
Qv)
8
=
=
@)
a
8
(a1
oD
-
—
% £ =

(ASL) 1adH %S6 |D|/N/v

o
Qv
O
)

LL
O

L

—+—
-
O

e
(-
Q)

GU—
O
O

+—

—+—
O
C

a

n

m
>

=
Q

L

e

£

al

Z
| -
O

Y
&
O
O
| -
p)
o
>
©

Q@

2

&l

-

[t is only approximate in the SM, but insightful for the SM flavor puzzle.

U(2),

o
A~
@\
=S
Ve N
<
< =
om.
1 :
<
O
i V
/
!
)
>~
Ve ~~
o
nU.O
< v
= =
—_— O
! o
iR
(@)
—
/N
!
—
>~

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

Energy * | |
Extend the SM via a multi-scale UV
w/ flavor non-universal interactions.
A, T » V| mass - -
1 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 Aj, > Ay 2 Agw
AH o » V3 mass
Uy
Apw T Ve m
! L R SUQ),
CB) E\/\/ Low energies 7igh energies
Nl |hierarchy @
4 | “‘natural” o sioT o) s
S credit to G.lgidori L Yl R




gighatures

Energy BSM d cal Energy A .
dynamics ngrll:rrgtli(::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 Syﬁ?;lrr;late (2) to 3rd gen.,

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

v

- A - Uf ~ (3, 1)y
EW &= SMEFT e DEW L

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

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



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

LHCb Run 1 + 2016
CMS Run 2 preliminary
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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
In 2022. non-local effects  IUMECEERER/ARS

— Ccharming penguins — 2) Z - expansion w/
have been found to be B = M J/y data
a negligible contribution. 3) dispersive bounds

LHCb likewise, via unbinned likelihood analyses [e.g., arXivi2312.09115].
arXiv:2206.03797
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In 2022, non-local effects MRS R AR
— Charming penquins — 2) 7 - expansion w/
have been found to be B — M J/w data

a negligible contribution.

| 3) dispersive bounds
| arXiv:2206.03797 | based on cuts in g2

LHCb likewise, via unbinned likelihood analyses [e.g., arXivi2312.09115].

>

P, ANOMALY AGING
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In 2022, non-local effects  IIMECEEE7/ARSY
— Ccharming penguins — 2) Z - expansion w/
have been found to be B = M J/y data

a negligible contribution. 3) dispersive bounds

| arXiv:2212.10516 |

arXiv:2508.03655

artigt’e impresgion

Rescattering complicates study of these amplitudes by A LOT.


https://arxiv.org/abs/2508.03655

2
In 2022, non-local effects  IIMECEEE7/ARSY
— Ccharming penguins — 2) Z - expansion w/
have been found to be B = M J/y data

a negligible contribution. 3) dispersive bounds

arXiv:2508.03655

artigt’e impresgion

Rescattering complicates study of these amplitudes by A LOT.


https://arxiv.org/abs/2508.03655

* Lattice QCD provides a first-principles framework for the
numerical calculation of correlation functions in Euclidean
spacetime

* Analytic continuation from Euclidean to Minkowski
problematic for amplitudes containing imaginary parts

Maiani & Testa, PLB ‘90

BEACH 2026 Firenze Luca Silvestrini 12




The Spectral Function Reconstruction

Hadronic amplitudes with zero or one incoming and outgoing hadron can
still develop imaginary parts if intermediate states have energy smaller
than external states

However, the problem of analytic continuation can be solved by writing
the hadronic amplitude H as
“dE p(E')

H(E) = 1
(E) =t o - F—is

which is independent of time, and thus equal in Euclidean and Minkowski.

if E'<E, the limit is highly nontrivial and

can only be taken at the end of the calculation
Barata & Fredenhagen CMP '91; Bulava & Hansen PRD '

BEACH 2026 Firenze Luca Silvestrini Frezzotti et al. PRD '23 13




The Spectral Function Reconstruction

Using SFR techniques, expect remarkable progress in the next
few years in (in order of increasing difficulty):

ihClLISiVQ Semi|ep‘|'0nic deCC(yS Gambino et al ‘22; De Santis et al ‘25; Kellermann et al ‘26

Di Carlo, Erben & Hansen 25

~ (P violation in D-D mixing
charming penguins in B—K(*)I'I- decays  Frezzottietal ‘25

potentially any other channel with no more than one hadron in the initial
and final state

New ideas on coping with more than one hadron in the final state are
being PUT for'war'd Patella & Tantalo 24

BEACH 2026 Firenze Luca Silvestrini 14
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b-> sl A DATA DRIVEN APOROACH

~ 20N ~ (k) q2 :
h()?jt (q ) o Z hO,:|:

>
k=0,1,2 GeV

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

-
(CM 4+ D)V, + 22 2 (CSM 4+ 7O T, — 1622h® 4}
9 — L— o) 7 — L— -q
q= L Mp
SM , T\ 7 mg [ 2m, SM , 7)) 7 2 (1.00) 4, 1.(1) .2 | 1.(2) 4
(M +1D) Vi +— — (CPM+hO) T, — 162% (h” + h'D g% + 1 ¢*)
| mp
mz [ 2my,

(CM + 1) Vo + ol (CM + 1 9) T,y — 1677/ ¢* <h(§0) + h{V q2>] }

h) <—> Lepton Flavor Universal C)




QCD ONLY

b-> ¢ [l WHERE WE ARE NOW

1 Update of
HEP[{
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ONP — [7.46,6.37) Cot Cle Clo
- — 2 -1 0 1-1 0 1 -1 0 1
/ completely \ -
degenerate w/ 2
-1
QCD effecte
S~—— CNP = [~1.13,0.25) —
1
Q
0 =
NO EVIDENCE X New PHYSICS £
~1
Cg/f_ , probes direction | to C;IL , = Cglpj CNF = [0.64,0.43]
—> LFU in the fit respected well within 2o.
. 10 possibly disentangle genuine NP effects
" ~NP :
in C9, ;7 one needs some solid TH progress O = [20.22,0.59
o | )

D contributions very well compatible w/

SM limit, in particular no significant LFUV
- f _J




Cob . .= [—7.46,6.37]

-2 -1 0 I —1 0 1 —1 0 1 |
/ completely \ -
degenerate w/ 52
—1
QCD effecte

Col=[—1.13,0.25]

NO EVIDENCE X NEW PHYSICS 0 2

Cgf_ , probes direction 1 to C§5+ , = Cyg CNF = [~0.64,0.43)

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

&, 10 possibly disentangle genuine NP effects
in ng one needs some solid TH progress

Cly, = [0.22,0.58]

.. however, one may

iwam‘ to learn more fromi o | )
' current data, given the NP contributions very well compatible w/
wealth of EXD info KSM limit, in particular no significant LFUVJ
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bin ¢* (GeV?)
More precisely, this shift includes: Extracting resonance parameters with inputs
from data by LHCb (1612.06764, 2405.17347)
W ) [0]/,,2 [0]/,,2 A (2 Di rsive relations:
Co = C5(q7) + Y,;(q7) + Y ;(q7) + Y5(g7) il bbb L
v ' \ 1 1 167 1.
. Yeq?) = Yeqp) + ———-AX g, 95 =0
encodes (factorizable) - 5 s ]
perturbative encodes the . e N g
contributions from 4- perturbative charm- AT = Qe e U
quark operators loop contributions and i T
- AreS(g2) = V-V
cC resonances A = ey
Q
6 X
_ <
5t T e )
!‘ T T-- TT o (1 o
4t N /O IS
S 5l b bt o TR B P
3 e .“ — SM (.g
2t - — constant g
L
() |

(1.1 18118251253 2513254] 1451 [56] 1671 [7.8]
¢* bin (GeV?)



WHAT IF
CHARMING
PENGUINS

WERE ALL
SMALL?

NP NP NP NP
09,6 Cl(],e CQ,,LL ClO,u
—2 —1 0 —1 0 1 —2 —1 0 —1 0 1

Coe = [—1.94, —0.64]

Chy..= [—0.67,0.25]

New Physics at
more than Sc level
: P - NP
in ngﬂ (30in Gy, )
fully compatible
with a LFU scenario

Co = [—1.30, —0.73]

Chy= [—0.22,0.32]
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b-> g [l: ARE LOCAL FORM FACTORS OK?

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

"N
"N
"N

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

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

low q2 region 2) Borel parameter M? — results should be stable in a "window"; residual dependence is an error

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 1 PLB '95 [hep-ph/9504235]
a: Iz NPB ‘96 [hep-ph/9508211]
( PRD ‘97 [hep-ph/9705252]

Real parameters to be determined

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

dZ — \
o hilho) = h h ot
inner product (hilh2) /|Z|:1 iz 1(2)h2(2) A1) = VBT

- auxialiary function gt(2) = te = (mp & mp)?

~ _/

(oflof) (oflge) (Dflgn) -+ (f|gtn) \
(geldf)  (gelge)  (gelge) - (9elgen)
(g |0f)  (gulge) (9ulgn) -+ (9t:196n)

NPB 479 (1996) 353 ; NPB 189 (1981) 157 ; PRD 50 (1994) 373
New developments in M. Di Carlo et al, PRD ’21 (2105.02497) (

KEY POINT :since M contains only inner products,
by construction its determinant is semipositive definite

det M > 0 » flo(z> < f(z) < fup(z) \ <9tn'\¢f> <gtn.|gt> <9tnigt1> <gtni9tn> )




Form FacTors For B —= V(P) £+¢£-

arXiv:2607.03531

—— This work (without LCSR) —— This work (without LCSR)

100 —— This work
' arXiv:2305.06301 | = T}lié vyork (with LCSR) 201 T Tp@ york (with LCSR)
[ HPQCD 2022 2.0 arXiv:2305.06301 arXiv-2305.06301
0.9 HLMW 2015 HLMW 2015
I FNAL/MILC 2016 QR 9029 k7 ot

0 5 0 15 20 25 0 5 10 15 20 0 5 10 15 20
q° [Ge\/Q] q° [Ge\/Q] ¢* [GeV?]

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

— Lattice QCD —> typically reliable @ high g2 with ~ stable mesons (... K* vector?)

Region of Interest B,” pole BM branch cut

I I ) I >

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

g2< 0: “B€ = M¢g” g? > 0: “B —> Meg” g’ >m_,* “€€ > BM”




QCD ONLY

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

7.5° —— LQCD DM
LOCD+LCSR DM

501\
v IG5 N e \
A0 T 0 SO oon: N, N—
HEP[T
—10 _5 0 :
Re(ﬁ(_l)) — —C)\F

QCD ~ LEPTON UNIVERSAL NP

arXiv:2607.03531




b->sl: S75 # O <—> HADRONICS

0.4 - ‘ flavio default 0.2 9 flavio default
— Fit Fit
~—I—< | HH LHCb 2025 0.19 HH LHCb 2025
0.2 -%

m 0.0 A
O) 00 7 $ _ Q:h{ + T —
—0.19 = T
| |
1 — =
—0.2 A ' | L — T
—— —0.2 - +|:: -

ll+
T

—0.4 1 ,
0 1 2 3 4 5 6 0 1 2 3 4 5 6
q* [GeV?] q* [GeV?]
0.05 -
flavio default
- ~ Fit
0.00 744 0.05 1 T HH LHCb 2025
—0.054 —— |
_| —
Olf e - T —t— & 0.00 {5 = —r—
B | i —— | |
0.10 T 1 1 S —
_0.15 - =T —t flavio default —0.05 -
Fit
LHCb 2025
—0.20 - i
0 1 2 3 4 5 6 0 1 2 3 4 5 6
7 [GeV? 7 [GeV?

arXiv:2603.27753

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




QCD ONLY

b-> gl HINT FOR STRONG PHASES

arXiv:2607.03531

10
HEP]
5_
=
2S ([ E—— .
=
_5- :
—— LQCD DM
LQCD+LCSR DM
10 é .
—0.5 0.0 0.5

QCD ONLY



b->g vv: WHAT ABOUT LCSR THERE?

2 Channel Bw/LQCD DM FFs B w/ LQCD+LCSR DM FFs
8| BT Ko (3.95 £+ 0.14) x107° (3.95 £+ 0.14) x107°
% B° — Kui (3.71 £ 0.13) x107° (3.71 £ 0.13) x107°
Y| BT = K*wp (9.94+1.8) x107° (9.54+0.8) x10~°
'>§ BY - K*%up (9.3+£1.7) x107© (8.9+0.7) x10~°

‘ B(BT - Ktvv) = (2.3+£0.7) x 107° ‘ 2 70 from SM
§CY=[—4.99,5.07] 5CY= [—4.99,5.05]

5C%=[—11.23, —1.21] | sCh=1-11.20,—1.18
4 4
0 0
Ne—4 ~—4
o g < 8
12 12
s 4 0 4 8 12 -8 -4 0 4 "8 —4 0 4 8 12 -8 —4 0

5CY 5CY, 5CY 5CY,



LFU & B DECAYS:

NOT JUST A
FONC BUSINESS

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.

1.4 arX'Y:15°5'9J?925 l ArXiv:2105.08674
+ 50 AN
1.3 | fo o T waRR" ‘0.296 + 0.008‘
1.2 : " /
o111l down to 1% w/ HQET,
= Ll . see arXiv:2507.03569
oy}
o 09| :
S 08 N | 20
0.7 + N 1 o
0.6 | —
0.5 L ' ' 1 0 e | =

0 0.02 0.04 0.06 0.27 0.28 0.29 0.30 0.31 673.2“ 033
R(D)



Bibco b-> ¢ lv : FORM FACTORS FOR Rp-
G

:{'/iﬂ_ln Vi ™~ 6.0 20
| e |

agenda.infn.it/event/44057/

9.5 1

2 APPROACHES
IN VERY GOOD
AGREEMENT HERE

“=~5.01

JLQCD 23

A "
B HPQCD 23 s
4.5
4

FNALMILC 21 1 S
Bayesian Inference EPJC 85 (2025)
- Dispersive Matrix EPJC 84 (2024)

(N University of
& s GINeN @) Bsararmpon

1) Filtering analysis

Of lattice QCD 0 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
W/ unitarity prior

2.0

Fa

1.51

See also
Nico’s SOLO
CLIMBING:

1.0

arXiv:2605.26213 1.0 1.1 1.2 1.3 1.4 1.5 1.0 1.1 1.2 1.3 1.4 1.5




b-> ¢ lv: NEW SOURCES OF LFU VIOLATION?

0.30F .
0.28} :
;—\
S 026}
S
0.24} s
O ® ?)
@ 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-> ¢ Iv.




b-> ¢ lv: NEW SOURCES OF LFU VIOLATION?

0.32 i
0.30 ey rm—m e ]
0.28} :
VN
*
)
RS 0.26¢1 .
0.24+ ~ No BaBar i
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 serious tension arises even when one leaves BaBar out!




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

1) LFU looks “good”(as of today): WHO ORDERED THAT?

Precision program with flavor physics is exciting:
only a naive reading points to very high scales tfor NP

2) No & tension in rare B decays ... do we all agree on:
<< Classic QCD hallmarks are now emerging from data>>?

TH + EXP progress can lead to new paradigm shifts.

3) Flavor is a key probe for NP. If R(D) & R(D*) are “dead”
as well, what motivates flavorful BSM @ few TeV?



