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Classification of the processes in the SM

Leptonic Decays
the prototype of these decays 1s given by

Tt — ,u+ + vy

which at the fundamental level 1s given by

(35)

I TVl AR

A

Other possible leptonic decays are given by

K" — "+,
DY — ut + oy,
Bt — 1T 4+ 1,
7 — et + 1,

the latter process 1s suppressed by chirality

from lattice
calculations
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Classification of the processes in the SM

Semi-leptonic Decays
these are the better sources to measure the absolute values of the CKM matrix elements |V ij|

n — pte + U

other possible semi-leptonic decays are the following

™ — P 4+et + 1.
Kt — 7%+ put +u, —_—

_%vus ()7 (1 = 3)5(2))) (7)Y (1 = 7)) ifl:u
K= = 7 g0

d—F o G%‘Vu8’2|ﬁ |3|f—l—(q2)|2 | ‘ ’)ﬂ-
— T K — 7 +ut + oy, —
dq2 2473 H

| dT o S
Cage <

from lattice
calculations
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Wigner-Eckart
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as the contribution ot 79y is exactly equal to zero. For the remaining matrix
element, as it is a 4-vector under Lorentz transformations, we can only express it
through 4-vectors, namely the mesons 4-momentum. Thus, we can write for example

that
(= |37*u| K°) = 17 (@) Fho + P ) + 1~ (@)

where ¢ = ﬁ'xo ;f‘ The quantltles f ol (q ) and [~ (q ) are called form factors
and they are functions of ¢° as it is the unique non trivial Lorentz invariant of
our problem. Furthermore, they condensate the informations coming from strong
interactions, hence we can determine them through non-perturbative techniques,
namely numerical simulation on the lattice. Here we put in evidence that in Appendix
B we describe the main properties of such framework, namely Latfice QCD, also
showing an its variant in A ppendix B, characterized by the so called Twisted Mass
formalism.

Another possibility is to describe the hadronic matrix element by introducing a
new form factor f%(g®), related to the other ones through the relation

o

L) = =L 1 @) + (&),

Mo

so that

2 9 m3. — m2 9, M0 — =
<1r Is’f‘ulK°>=f+(qo)(l’;(o+I’;——%)+f°(q°) -
Putting all together, Eq.(1.21]) finally becomes

«

dI‘_C%IVuP(I_m_"')Q dl' _ G% | Vaus|?

@2—[24,3 e ., ] e
= 13 "_‘3, +(a2 2 15 _mg_ " 3mg 2
- (e (1+2q2)! (@) + malp, |(1 ;;) )

where p_- is the 3-momentum of the pion, so that

| [(Phetmi =a) _ e
Px- -~ 2171}(0 ' o ?




Model. To be more specific, we can choice a particular basis in which we can re-
express the effective weak Hamiltonian in the Fermi approximation. Referring to the
particular quark transition b — ¢, as it will be of interest in the future applications
present in this Thesis, we can generalize the expression valid for a semileptonic
transition writing that [37)

Heps = 2V2G V(1 4+ VL)Oyy, + ViOyy + Sp.0s, + SpOsy +Tr0p ). (1.27)

-

ol 178

b Ve
B—,B°@
Tl 0,(* N>
u, d - D o )’ D+ (%)
i, d
Figure 2.1. Feynman diagram relative to B— — D%*) {5, and B? — D+(*)f- ¥, transi-
tions.

where Vi, p, Sp, g and T}, are the complex Wilson coefficients governing NP contri-

butions while the definitions of NP operators are

Ov, = (V*Pub)(EvuPLve),
Ovg = (&9 Prb)(fruPrLve).
Os, = (ePLb)(EPLwy),

= (ePgb)(EPpLvy),
On, = (a&™PLb)(fouvPLue),



D*, with momentum p, mass mp- and polarization ¢, we can define V(q2) and Ap 12 ,3(q2)
form factors, with g2 = (pg — p)2. such that (gp123 = +1) [66]:

_ 2
(D*(p.€)ler* (1 7 5) blB(pB)) = — s ehs PPV ()
£ 220 e - o) Aola?) (A1)
B — D * gVﬁ *ﬁ [(mB — mp)e* — (€* - q)(p+ pB)*] A1(q°)
¥t2—mgn—(6 a) [—QLQ_(p'*‘PB)“ —¢*| As(d?) .
iy — T

together with the identity: 2mp-As(g®) = [(mp + mp-)A1(q?) — (mp — mD-)AQ(qz)].
Note also that A3(0) = Ag(0), so that eq. (A.1) is finite at the kinematic endpoint. The
axial Ward identity vields a non-trivial matrix element for the pseudo-scalar current:

(D*p. bl Bpg)) = —i=r L dg(a?) (A2

while the matrix element for the scalar current must identically vanish. For the sake of com-
pleteness, we note that tensor form factors can also be introduced in analogy to eq. (A_1):

- 4Ty (q?)

—_— e
mp + Mpe Sapy
i

ig,(D*(p, €)|ec™ (1 + v5) b| B(pg)) =

F— e [(mB — mp)e™ — (¢ -a)(p + pB)*| T2(q")
. 2
50 [ﬁm pB)* — ¢ (A.3)

x [(mg + mp«)T1(g%) — (mp — mp-)Ta(q?)] .

together with the algebraic relation: T(0) = T3(0). Large uncertainties in the knowledge
of Ty ,2(q2) may be presently at hand: so far no tensor contribution has been indeed con-
sidered beyond the HQET limit, see for instance |25, 39, 41, 42]. However, within the SM
theory, contributions that may involve these form factors do not arise at dimension six



|Vcb | extraction from B - D* decay

- Belle 2018/Belle-1 2023:  dl'/dx

Belle Collaboration: PRD ‘19 [arXiv:1809.03290]
Belle-II Collaboration: PRD ‘23 [arXiv:2310.01170]

- Belle 2023: (dI'/dx)/T

Belle Collaboration, PRD ‘23 [arXiv:2301.07529]

Image taken from
arXiv:1702.01521v2

Theoretically (massless lepton limit) :

B d*‘T 3
= —T 2_1(1-2 2 H2 : 201} 1— 0 2
dwdcosf,dcosbydx 167 0\/11)7( W+ T ){ 1 (w) sin“@, (1 — cosby)

+ H?(w) sin®0, (1 + cos#y)? +4 HZ(w) cos?d, sin?f,

xr = w,cos b, cosb,,x

— a2 2
— 2 H_(w)H, (w) sin?f, sin?6, cos2x Hy(w) = f(w) —mprvw?—1g(w),

— 2 H, (w)Hy(w) sin26,, sinf, (1 — cosby) cosy H_(w) = f(w)+mprvw?—1g(w),
+ 2 H_(w)Hy(w) sin20, sinf, (1 + cosby) cosx ¢ , H = ,
)Ho(w) ( ) } o(w) mpV1— 2rw + r2

2 2
New™MBMpx ~9 2
I'p= G%|V.
0 (4m)3 F|Vel

—

16



Figure 2.2. Representation of the decay B° — D"f7. 0 is the angle between 1
and the direction opposite the B meson in the virtual W boson rest frame.
angle between the 1) meson and the direction opposite the B meson in the D*
X is the angle between the two decay planes spanned by the W — £ and D* — |
in the B meson rest frame.

B.2 B — D*%fv

The angular distribution of the differential decay rate of B — D*fv can be also generally
decomposed in terms of Wigner D-functions:

d'r 3 0, 2,00 1, 2,601 2 02

T dem o desor i = B0 @9 + Gy @0 + G e0g? +

GO + Gy @9 + GY (@9 + G + G + 6P @9
(B.10)

with Q2% = D"’O(Q'D)D" 0(€%). Here Q and @ refer to the angular coordinates of
the leptonic and hadronic decay components of B in its rest frame respectively as defined
in [68]. The additional Wigner D-functions involved with respect to eq. (B.1) correspond
to:

D}’o: —\/Lf exp *®sinf, Dg \/g exp 2% sin? g, zmdDw_ \/gexp‘“sinw.
(B.11)
The functions G}’ = Np.G}” can be written as:
G0 = (3E¢E + )(]HV| +|HY [+ |HY +(V—>A))
4 B2 o 35
- 4 . _ _ _ _
oot = 2 (m (Y3 - 0 %] - (g 7] - D [} ,,s]) ,
= 2 2 2 2
Gg.i*:_gﬁq"r(zwﬂ —|HY|" - |HY| +(V—>A))
G20 = ;(3E¢E + )(|HV| +|HY [ —2|H [P+ (v — 4))
g(E,E - )|H5| +3 (EE +2 )|H"|

G = -4—";"‘ (st [HYAA - HY 0A] + 2L R [HAHP) + 2L [HY 1'15]) ,

va Ve



- 2
G¥? = "6% (4 |H3’|"’ + |H}(|2 + |hr‘_’|2 +(V = A)) .

0y AN - - ) i
G = T;”' ((H}f HY + HAHY — Hy H* ~H{HY) + — \/_ L (HYH® + HHY)
HAH? + HPAA )
\/-,( )
- 4 A _ _
G = -i (HYHY + BYHY + (v = 4)) |
G2 — _§i;_ (HYHY m + HAHA) . (B.12)

The hadronic helicity amplitudes of interest H*, (i = V, A, S, P) are given by:

dimgmp,

HY = ———Cy A,
NS
4impmp,
Hf = ——=—Cx A1,
\/57
HY = +/AgV — LA
£ = Smg +mo.) ( B (mp + mp,)* 1)

HA - +/AgV — )2 A
£ = Simg +mo.) ( B (mp +mp,)? 1)
pP - WAe B2 Cado,
2 q
HS = WAB %CVAO . (B.13)

with the following definition involved

Ay — B+ mp-)’ (m}h — mp. — g%) A1 — ApAs B1
12 = 16 3 ’ (B.14)
mpmp. (Mmp + mp-)

(B.15)



Non-leptonic Decays
Penguins contractions and all that
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Non-leptonic Decays
Penguins contractions and all that




Non-leptonic Decays
Penguins contractions and all that
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Figure 1: Non-penguin diagrams. The dashed line represents the four-fermion operator.



All Topologies

for heavy mesons many particles in the final state




Flavor Changing Neutral Currents

Rare Penguin Radiative Decays

The main issue in this Group Meeting will be represented by b = s quark transitions: the
best example is offered by the neutral-current semileptonic B - K(*) I+ |- transitions!

Many interesting properties:
1. Loop-level processes (FCNCs are forbidden at tree level in the Standard Model)
2. CKM-suppressed decays, where

Jcl:;larged = azbll Cz'JKM 7'udJL F 172’7”'62
. -
‘ Rare transitions! b 14! S




since different neutrinos have a mass and they can mix,
K — €7 1is a possible decay which satisfies all the symmetry
constraints

> 2 2 > > >

note that the photon is emitted by
the W boson, analogy radiative B decays

" BY KU

B KO

Figura 4: quark process

Radiative Penguins



PENGUINS AND BOXES

Pure leptonic Bs decays

_ G2 o 2 m?
Br(B, - ") = 1(B) F (5 Fés}n?mBsJ 1 - 4L |ViaVis Y2 ()

B

G. Buchalla and A.J. Buras, Nucl. Phys. B 400 (1993) 2285.

Many interesting properties:

1. Helicity suppressed

2. Non-perturbative hadronic contributions
enter via Bs decay constant

.

T e

s
g e

e

valsky?s semina @ CERN (26/7/22)
Lowest order
diagrams
QCD corrections at
NLO or NNLO



BOXES t
b - > e d
Mixing of Neutral Mesons  __ E E
K° ¢+ K° B ‘W B
0,. A0 : : i
D"+ D > < SN, -
B & BY t
in the case of kaons \% Y%
R e —d
also charm and up quarks
contribute = ' - .
for D and K meson mixing B t t B
there are important long ol i
distance contributions d TR .Vi’- 3 A |
Fa'l 10— G%‘ 2 * 2
Hoit 6.2 Mw (VipVig)" 1BS0(z1) X

~6/23 (),
X [aﬁs) (u-b)] [l g 4;“ b) Js] QYAB = 2) + hee.
QCD corrections



The Eftective Hamiltonian, Wilson OPE
and QCD Corrections

o= — L VaVi (31 —ys)u) (@"(1 — ys)d)




GENERAL FRAMEWORK:

THE OPE

Agr (2n*) 6% (pp-pp) = | d*x dy Dpv (X, My )

«F|T] JM (y+x/2) JTV (y-x/2)]| I» -
«F|HAT)=

C‘F/\/2 Vud Vus* Zi Ci (H) F ‘ Qi (!"l) ‘ [
(Myy) 46

di= dimension of the operator Q; (u)

C; (1) Wilson coefficient: it depends on My, /u and oy (W)
Q; (1) local operator renormalized at the scale



GENERAL FRAMEWORK

HAS = G2 Vg Vo | (1-7) Zimy 27 (Q-Q%) +
t Zie0(z T y) Q|

Where y; and z; are short distance coefficients,
which are known 1n perturbation theory at the NLO

(Buras et al. + Ciuchini et al.)
1= 'Vts*vtd/ Vus*vud

We have to compute A=%2= ( (& 7T)1=0,2

with a non perturbative technique (lattice,
QCD sum rules, 1/N expansion etc.)

Q;l K>



Ag= i G <(mm)|Q; (1) | K>y (1- Qp)

1 = renormalization scale
, BREAKING
u-dependence cancels 1f operator

matrix elements are consistently
computed

Ay=2; Gn) <(mm)| Q;(n) | K,

Qi = 0.25+ 0.08 (Munich from Buras & Gerard)

0.25+ 0.15 (Rome Group) 0.16% 0.03 (Ecker et al.)
0.10+£ 0.20 Gardner & Valencia, Maltman & Wolf, Cirigliano & al.




AP () =C(m ), | Q (1) [ KD

=Ly a) <(m )9, | Q(a) [ K>

Where Q . (a) 1s the bare lattice operator
And a the lattice spacing.

The effective Hamiltonian can then be read as:
(F|HAS=1| 1)=GpN2V 4V, 2. C,(1/a) <F | Q;(a) | I »

In practice the renormalization scale (or 1/a) are the scales
which separate short and long distance dynamics



GENERAL FRAMEWORK

(HAS1) = G2 Vg Vo' ... 2 Ci(a) € Qy(a) )

My = 100 GeV

Effective Theory - quark & gluons

al= 2-5 GeV

Hadronic non-perturbative region

AQCD ° MK — 0.2'0.5 GeV



100 GeV Large mass scale: heavy degrees of
freedom (m;, My, M.) are removed and
their effect included in the Wilson
coefficients

renormalizazion scale n (inverse lattice
spacing 1/a); this is the scale where
the quark theory is matched to the
effective hadronic theory

Scale of the low energy process
A~ MW

THE SCALE PROBLEM: Effective theories prefer low scales,
Perturbation Theory prefers large scales




if the scale n is too low

problems from higher dimensional operators
(Cirigliano, Donoghue, Golowich)

- it is illusory to think that the problem is solved by using dimensional
regularization

on the lattice this problem is called
DISCRETIZATION ERRORS

(reduced by using improved actions and / or scales U > 2-4 GeV




New local four-fermion operators are generated

Q= (st v, u®) (u Py, di?) Current-Current
Q= (s.? T u ) (uLBYu d. ")

Q5= @RA T dLA)Zq ((:lL,RB Yu qL,RB) Gluoq
Qu6= (SR*YudL®)2q (ALr" vy qLr?)  Penguins

Q79=3/ 2(§I_{A Yudi)2q € (ag,LB Yudr,L) Electroweak
Qg.10 =3/ 2(sg™ Tu dLB)Zq Cq (qR,LB Tu qR,LA) Penguins

+ Chromomagnetic end electromagnetic operators

A(K — ) = 3 Cly () (| 0 (1) | K




Weak Hamiltonian for K - o=

Weak Hamiltonian is given by local four-quark operator coursesy by Xu Feng

9AS=1 _ GFV v 120:[2_( St - Vi Vi
\/—ud 5i=11# TYilH I’T_VV*

__VuVg _ -
®T= —#VJS = 1.543 + 0.635i

@ Zzi(p) and y;(p) are perturbative Wilson coefficients

@ Q; are local four-quark operator

S S

u u d
G / \ / / \\ “l(-il >
WP W i R o
_; 3 ; uct u.c.l )u.(.t w W
p e i Ny o
P s 3 ‘{:2 (2

\»

7N o T
g /)2 Y ' e
u d u q q q q q
Current-current operator QCD lpenguin Electro-weak penguin
Q1, @ Q3 — Qs Q7 — Quo

dominate Re[Ap], Re[Az] Qs dominate Im[Ap] @7, Qg dominate Im[A;]



CP Violation in the Neutral Kaon System

Expanding in several "small”
quantities

qin Hy, | K » i
Y0 = ~g-2¢
q¥'n¥ Hy, 1 Kg»

qitn Hy 1 K> )
T- = ~¢g+ €
"l _
qin Hy 1 Kg>
Conventionally:

1 Ke> =1 Kpepain T 81Ky > ep-_

K> =1Kpoep=c1 T EIK epig




Indirect CP violation: mixing‘

gK | Ky > =1Ky>ep=-1
7T
S W d
. < > —
K AS_Z K® u,c,t
——

(>oC)
Box diagrams:

They are also responsible
Complex AS=2 effective for B® - BY mixing
coupling Amy




e | ~ C, A% A% o sin O
F(Xg, X)t F(Xt)[A2 A* (1- o cos d)] - F(x.)}

Inami-Lin

n=osind p=0c cosd Functions + QCD

Corrections (NLO)

G2F MZW MK f2K
C, =
6 V2 2 AM 4

CKO| (s y, (1-75)d )2 K> = 8/3 £, M By




H = ( Hy le AB=2 Transitions
Has sz
H AB=2 — | |
ﬁA d
Hadr'omc

% ( dy,(1-vs5)b )2 matrix
CKM \&Km”‘
o

m2)<O>




Direct CP violation: decay ‘ / -
CP=+1
K> = 1Ky ep=-1
| T
d
S T

G

T

.DP,‘(Q;;, d2, q1; B-. "‘"111 1‘4‘2)

Complex AS=1 effective
coupling




AF=1 e'le
+ B decays (see later)

AF=2 e and B —J/yK,




The extraordinary progress of the experimental
measurements requires accurate theoretical predictions

Precision flavor physics requires the control of hadronic
effects for which lattice QCD simulations are essential

O XY = Vg (F|O|I) SM

QEXP = ECg’M(MWamnas) <F|01|1> +2C§ey0nd(ﬁlﬁ) G'S) (FIOI'U)

BSM

What can be computed and ‘
what cannot be computed



Leptonic (n,K,D,B)

() i
c [t

(some) Radiative and Rare long distance effects
(also K-> [ o ‘// > _
Oe /— o u,d, s CQ _

CV“X—O et

connected diag. self-loop diag. disconnected diag.




Non-leptonic B -> nr,Km, etc. No May be!

but only below the

inelastic threshold
(may be also )
3 body decays) now g

. typel type2
changing

T Ows X))
N /s

type3

Neutral meson mixing (local)

typed

W q=4d,s q—ds

O) o] () Qwém T

q—ds

(Y 'Y

+ some long distance contributions to K and D neutral
meson mixing + short distance contributions to B-> K7 [*]




INCEULIVE DEG AN SIOINTTEIE EATRIGCE

Inclusive processes impractical to treat directly on the lattice. Vacuum current
correlators computed in euclidean space-time are related to e*e™ — hadrons or ¢
decay via analyticity. In our case the correlators have to be computed in the B meson,
but analytic continuation more complicated: two cuts, decay occurs only on a portion
of the physical cut.

While the lattice calculation of the spectral density of hadronic correlators is an ill-

posed problem, the spectral density Is accessible after smearing
Hansen, Meyer, Robaina, Hansen, Lupo, Tantalo, Bailas, Hashimoto, Ishikawa

4 Physical spectral function A Inabox
needs smearing!

Ciw) Clw) | W. Jay @Snowmass
workshop
> -
M w

courtesy of P. Gambino




PARICE v OFE

PG, Hashimoto, Maechler, Panero, Sanfilippo, Simula, Smecca, Tantalo, 2203.1 1762

&g 4E JLQCD domain wall fermions
g t
gl el
5% 3F t
Rk
]2 2_
S
= [ — V-AJLQCD
e R Ry
S
0_\ I 1 1 1 L L L 1 1 L L | 1 1 1 | L L 1 Il ! ! ! 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 12
q* [GeV?]
,_|3.0:_|H‘ | TR O s P A |
% Sl ETMC twisted mass — Vv-A ETMC
%\g 200 — V-A OPE
S
N% '35 8 F 30 ¥ ¥ ] %
O 1of
E L
S5
[
S B
O'O’_lw‘,l...|H‘.|....\H‘.|...‘\‘;.l..‘
0 ol LA ORI 7 S AR . (08 4 S 011 gy
¢ [Gev?]

courtesy of P. Gambino

mi" (JLQCD) 2.70 + 0.04
m.(2 GeV) (JLQCD)  1.1040.02
myn (ETMC) 2.39 + 0.08
m.(2 GeV) (ETMC)  1.19 £0.04
e 0.57 £ 0.15
o 0.22 & 0.06
12 (mp) 0.37 +0.10

o —0.13£0.10

ol (2 Gev) 0.301 £ 0.006

OPE inputs from fits to exp data (physical
mp), HQE of meson masses on lattice
1704.06 105, |.Phys.ConfSer. | 137 (2019) 1,012005

We include O(I/mg) and O(a,) terms

Hard scale 4 / m>+q* ~1-15GeV

We do not expect OPE to work at high | q |

Twisted boundary conditions allow
for any value of g
Smaller statistical uncertainties



Evaluating hadronic amplitudes on the lattice through

the spectral representation

Giuseppe Gagliardi, INFN Sezione di Roma Tre

R. Frezzotti, V. Lubicz, G. Martinelli, F. Mazzetti, C.T. Sachrajda,
F. Sanfilippo, S. Simula, N. Tantalo

ETMC meeting, 8-10 February 2023, Bern.

Gagliardi — Pisc M 0(\ e



Radiative decays (new paper
also disconnected diagrams)

The PT = Dy°U — 'l 1T v decays

Large invariant mass
intermediate state when
k" q"2 large

[’ -
< i
v o
(a) (b)

Diagram (b) is perturbative, only QCD input is decay constant fp.

Diagram (a) is non-perturbative. Virtual photon ~* emitted from either a
U—type or a D—type quark line. For PT = Df: U =¢, D = s.

Non-perturbative QCD contribution encoded in the hadronic tensor

Hi (o) = [ a* (O[T @) Fo O PR), W = V.4

k = (E~, k) is photon 4-momentum, p is P-meson 3-momentum.

We neglect SU(3)-vanishing quark-line disconnected diagrams.



¢ T Y r
5 L <{ I~ 9 ’)r‘_ S 7 - JJJ
_.-f--—+—--" 5 [ — -:_- ’_ S | o f l_
./ N _/ N - - S
K e K- N K- .

. . [

\ \ J \

\,_-__ ) / ‘\\ . '\‘__\ P / \\ I"\\ , J

R . . v ——— 7z
“ e i
(a) (b) (c)
— s e — oy — e ae
X150 ¢ el - 3 X B ol o ¢ % Ensemble B96
,.§ fw = 2.2 tm, Conn, © Ensemble B96 ,.?: 50k tw = 2.2 fm, Conn °
43 - *
e,
('E; :: e"o omgmo +
Ay ~ -50} % o
© ] O
-2 -1 0 l 2 3
ty[fm] ty[fm]

7IG. 4. Vector (left panel) and axial correlators (right panel) as a function of ¢,. In each of the two panel, we show both
‘he quark-connected (blue circles) and the quark-disconnected (red squares) contributions. The quark-connected contributions
thown in the figure correspond to photon emission by the up anti-quark. The results correspond to our determination on the
396 ensemble, with =, ~ 0.7. The quark-disconnected contributions have been multiplied by a factor of 10 for visualization
surposes.

The disconnected contribution is very small and
negligible within the current uncertainties of the quark-connected contribution



sin 2[3 1s measured directly from B — J/y K,
decays at Babar & Belle

B, — JwK,,t)-T(BL — JyK,,1)
B — JyK,,t)+T(BL— JvK,,1)

Ay, k. =sin 23 sin (Amyt)

AJ/\|/ Ko

S




DIFFERENT LEVELS OF THEORETICAL
UNCERTAINTIES (STRONG INTERACTIONS)

1) First class quantities, with reduced or negligible

uncertainties Acp(B— J/WK,) y from B— DK
KO—>TCOV\—/
2) Second class quantities, with theoretical errors of O(10%)
or less that can be

reliably estimated ek AMy,
['(B— c,u),

3) Third class quantities, for which theoretical predictions
are model dependent (BBNS, charming, etc.)

In case of discrepacies we cannot

tell whether 1s new physics or

we must blame the model

B—»Kn B—na

B—¢ K




Flavour Physics

1963: Cabibbo Angle _—
1964: CP violation in K decays * =—
1970 GIM Mechanism

1973: CP Violation needs at least
three quark families (CKM) * iy~
1975: discovery of the tau lepton — -
3 lepton family * g
1977: discovery of the b quark -
3" quark family *

2003/4: CP violation in B meson
decays * Nobel Prize




Discoveries from Flavor Physics

CP Violation

» the tiny branching ratio of the decay K| — "~ f /
led to the prediction of the charm quark to suppress FCNCs ~ ° °

(Glashow, lliopoulos, Maiani 1970) .

» the measurement of the frequency of kaon anti-kaon oscillations
allowed a successful prediction of the charm quark mass
(Gaillard, Lee 1974)

(direct discovery of the charm quark in 1974 at SLAC and BNL)
» the observation of CP violation in kaon anti-kaon oscillations

led to the prediction of the 3rd generation of quarks
(Kobayashi, Maskawa 1973)

allowed to predict the large top quark mass
(various authors in the late 80’s)

» the measurement of the frequency of B - B oscillations .

(direct discovery of the bottom quark in 1977 at Fermilab)
(direct discovery of the top quark in 1995 at Fermilab)

Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 26 /40



M.Bona, M. Ciuchini, D. Derkach, R. Di Palma, F. Ferrari,
V. Lubicz, G. Martinelli, M. Pierini, L. Silvestrini, S. Simula,

A. Stocchi, C. Tarantino, V. Vagnoni,
M. Valli, and L. Vittorio




The Unitarity Triangle Analysis

® Flavor-changing Iprocesses and CP violation

32 30, »
in the SM ruled by 4 parameters in the 3x3 ;= _ 1 _AA 2 1_);2 ; . ff/\? " + O
CKM (unitary) matrix AN -p—in) -AN 1
©A,A,p and iy

F=pl-R2h..) G=n(1-2/2+..) |

@ Small value sin of Cabibbo angle (4) makes
the CKM matrix close to diagonal

(p-)

. . VY A7
@ Unitarity implies relations between elements, VoV VoV

that can be represented as a triangle in a
plane

® By determining tf Sth 012 = A

CKM matrix Sin0,3= A \° 613 =V = (/53 :
Sin 0,3 A 23(p-i ) UTflt




—

Unitary 2005 ~_ NN
Tri angle . sin2f3 N AN,
SM

semileptonic decays (NI EEEEEEESC »

0~

| v —

Experimental cor | s o os |

Meas. Ve K onther (/; ,])
b—u

h—c |\ ub/ 'V (bl ‘|‘ n-

Amy |\»-'“[| -lb’ H]))([ (1—p)° Jn 1,
)

Am, V 9 -
s ‘ﬁd‘ 3 (1=p)" +77° KO-K° mixing

K F(A0,p, Bic) X 7 (1 —P) «
/‘ (J/¥KY) sin2f3 20(1-p)
\,r"/ I_/h)_*_' l—f; |*3

BOy - B%s mixing B,

go]



UT constraints

1= Fiut) I 2 A 2
-_EEJ =t [UT5; Amd s "LBdfn,iBnd A 1 =\2 =2
T Vs % — 4 | = s =] [(1-75)*+7]
L A - 1 wyVeS T L Am, Nln,f”" Bn' 1- &
E v ~ 2 i Amy =
0.5 o8k 0_5:_
Vi i
[v -

redundancy is the big strength of the UT analysis
one can remove a subset of inputs and still determine the CKM
one can exclude n=0 using only CP conserving processes




Tension(s) in b — ¢ decays ? Charged Currents & Tree level

1.

4.5

Veb| (and | Vubl|) puzzle

inclusive

2. Lepton Flavor Universality Violation
FLAG Review 2021 [EPJC ‘22 (2111.09849)1

R(D%*)
=

0.35

03

0.25

0.2

A

" 68% CL tontours

R(D)=0298 +0.004
R(D*) =0254 0005

R(D*) =0.285 = O-Olzmml
p=-039
P(x® =29%

- Moriond 2024 -
— LHCb® ]
B 1lell T
o Belle’ < 7
N LHCb®

- World Average -
—  $HFLAV SM Prediction R(D) =0.344 =0.026,,, —

0.2 013

36 38 40 42 44
IVcbl x 103
An important CKM unitarity test is —
the Unitarity Triangle (UT) formed by b 5
o ViaVib :f ViV _ 0 i ) ——
V«.‘d V(*;) Vt‘d Vﬁ) L >°0'0440 i_
Ve plays an important role in UT e 0.0435}-
S & .’l.'chbld <+ ..: 0sf- 0'0430§
. Res ~ 0.0425
and in the prediction of FCNC: M% g
o e N 0.0420
o Vi Vas|2 =~ [V |2 [1 +O(N2 )} o 0.0a15
: : E ‘ AL 0.0410F
where it often dominates the AL < (1 P wea =% 0.04055-
theoretical uncertainty. ” ol ol "% E
Vuu/Veb constrains directly the UT 0:0400
0.0395(—|
0.45

04

0,

R(D) =

smallest 99.7% interval(s)
smallest 95.5% interval(s)
smallest 68.3% interval(s)
global mode
mean and standard deviation

R(D*)

Our ability to determine precisely Ve is crucial for indirect NP searches

BK1

HFLAYV Collaboration, PRD ‘23 [arXiv:2206.07501] (updated plot)

B(B — Drv;,)

B(B —p Dgl/g) ’
B(B — D*rv,

)
B(B — D*fl/g)

N\

VA
3

ul



The tension strongly depends on the method used in the theoretical analysis

BaBar 2012, had. tag
0.332 = 0.024 = 0.018

Belle 2015, had. ta,

0293+0038+001§
Belle 2017, (hadromc tau)

270 +0.035 + 0

Belle 2019, sl. ta%
0.283 +0.018 = 0014

b6 < 0.024

LHCb 2023, (hadromc tau)
0257 +0.012 0.0

Bellell 2023, had., tag

0.267 = 0.040’= 0.031

Average
0284+0012

HFLAV SM Average
0.254 = 0.005

PRD 95 ((%017) 115008
0.257 £ 0.003

JHEP 1712 (2017) 060
0.257 = 0.005

PLB 795 (2019) 386
0.254 +0.007

PRL 123 (2019) 9,091801
0.253 + 0.005

EPIC 80 (2020) 2, 74
0.247 = 0.006

EPJC 82(2022) 12,1141
0.265 +0.013

EPJC 82(2022) 12,1083
0.275 = 0.008

arXiv: 7?()4()?]?7|hcp lat]
0279 =0.(

arXiv: 7?()6 ()ﬁ(w7|
0.252 =0.022

arXiv: 73()5 11855[he
0.258 +0.012

ep-lat]

ep-ph]

R(D*)

045
040}
2035
3 030

T T
joint fit ===
lattice fit zzzz

3
5 020

FNAL/MILC data —0—

Jomt fit ===

3R
3

lattice fit zzzz
FNAL/MILC data 0~ |

11

. %@\\\\\\\\\\\\\\\

>

Fy(w) (GeV?)
=

=

lattice fit zzzz
FNAL/MILC data

AN \\\\\\\\\\\\\\ ]

//////////////

o%»

Joint fit E==9

/////// \\\\

FNAL/MILC dat;
//////\\\\\ / ata —Q—

2
/////////////////// \\\\\\\\\\\\ ]
)

lattice fit zzz

10
1.0 11 12 1.3 1.4 1.5

w

11 15

035

03

025

68% CL contours

— *. M Predictios RMD)=0342 + 0-0269311 -
5 RD)= 038(4) RO = 02545) R(D*)=0287 £+0013,, N
o p=-039 -
- {; RMD)= 0.35(3) R(MD*)=0262(9) I I P(x ) =35% I I -

02 025 03 035 04 045 05 055
R(D)

Figure 9. Measurements of R(D) and R(D*) listed in Table 3 and their two-dimensional average.
Contours correspond to 68% CL for both the bands and the ellipses. The black and blue points with
error bars are two recent SM predictions for R(D*) and R(D). The SM prediction reported is based
on the results summarized in Table 1. This prediction and the experimental average deviate from
each other by about 3.3¢. The SM prediction based only on LQCD calculations is also reported,
where R(D) is taken from FLAG [25], while R(D?*) is taken from Ref. [28]. The deviation from the
experimental average and this prediction is about 2.5¢. The measurements are listed in Table 3.

joint fit:
BGL fit of LQCD points +
Belle + BaBar exp. data

|V,,] - 10° = 38.40 £ 0.74

R(D¥*) = 0.2483 £ 0.001

lattice fit:
quadratic BGL fit of LQCD

1 points only

| b|>|V |_]0mtﬁl 9

R(D¥) = 0.265 £ 0.013

simultaneous fit of the lattice points and experimental data to determine the shape of the FFs and to extract | V|

*#% glope differences between exp’s and theory — bias on |V, [12 it 9 %x%

3

Klaver S & Rotondo M,
doi 10.3390/sym16080964

B(B — D*tv,)

B(B — D*fl/g)
B(B — Drv,)
B(B —~= Dﬁl/e) ’

R(D*)

R(D)



Vcb and Vub

Latest inputs from arXiv:2310.03680
|Veo| (excl) = (40.13 + 0.55) 10
IVeo| (incl) = (41.97 + 0.48) 107

from arXiv:2310.20324

from arXiv:2202.10285
IVw| (excl) = (3.57 + 0.23) 1073

Vol (incl) = (4.13 + 0.26) 102
PDG 2024

from arXiv:2310.03680
[ IV / Veo| = (8.7 + 0.9) 1072

I'LVUb / Veo| (LHCb) = (7.9 £ 0.6) 10 I Np, excluded following FLAG guidelines

Courtesy by M. Bona

Unitarity Triangle
update
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Vcb and Vub

Inputs to the global fit
from 2D a la D’Agostini averages

IVe|uTfit = (41.20 + 0.74) 10

IVu|uTit = (3.84 + 0.35) 1073

UTTit predictions:
[ VeoluTst = (42.19 + 0.48) 1073|

|Vu|uTit = (3.72 £ 0.10) 107

UTHit full fit

Marcella

Unitarity Triangle
update

— 0.006

-]
=> 0.0055

UTfit

summer24

[ VeoluTit = (41.91 + 0.40) 1073|

[ VuluTst = (3.73 + 0.09) 1073]

I: [T S T TN N S S T ;\:" :‘::_I;
0-00¢%03 0.035 0.04

1 I 1
0.045

vV
cb

65



New Analyses (G.M., S.Simula, L.Vittorio 2310.03680)

NEW EXCLUSIVE Vcb=

(39.92 + 0.64) 107 from B-> D* from bin by bin analysis

|Veo| (incl) = (41.97 + 0.48) 1073

2.6 o difference

Finauri & Gambino 2310.20324

|Veo| (incl) = (41.69 + 0.63) 1073

2.0 o difference

F. Bernlochner etal. 2205.10274

NEW Vub/Vcb = (8.7 +0.9) 107
FLAG UNDERESTIMATES OF THE UNCERTAINTY

The larger error reduces the correlation between Vub and Vcb

TARETE resnesneennensanaanay :
experiment FNAL/MILC | HPQCD JLQCD Average || V| = (30.9240.64)- 107
Belle "18[19] 30.64 (74) 39.11 (81) 39.92 (74) 39.58 (98)
XQ/(d.o.f.) 3.71 1.14 0.04 0.26 P
Belle '23[13] 40.87 (115) 41.03 (125) | 41.38 (134) || 41.11 (138) ch‘ 10° = 3087+ 0.5
x*/(dof) 1.80 0.11 0.31 LR |

Bellell 23 [14] 39.35 (77) 39.98 (102) 40.20 (85) 39.79 (94)
x2/(d.o.f) 0.63 0.09 0.42 0.29

Utfif P?’@diCtiOﬂ VCb: (4219 + 048) 10'5 see also

Vub= (3.72 £ 0.10) 107

e-Print: 2409.10492
/' 2410.17974

from the total width

Vcb= (39.7 £ 0.8) 107



https://arxiv.org/abs/2409.10492
https://arxiv.org/abs/2410.17974

A F B, 1s the forward-backward
asymmetry with respect to

f dz fo dzfl—l;
F

P; (D* ) 1s the 7 polarization ?‘
(>

Fg - 1s the fraction of longitudinal
" polarization of the D* with a
lepton/tau in the final state

z = cos by Arpe =

B(B — D*rv;) R(D) — B(B — D1v;)

R(D ) - B(B — D*fl/g) B(B — Dgl/g) 7




R(D*) and the polarization observables

As done for semileptonic B - D decays, we can immediately compute the theor. expectation values of several quantities:
F.tin two g2 bins

A
[ \
H low-¢* bin ’ high-¢® bin |

G. Martinelli, S. Simula, LV, EPJC ‘24 [arXiv:2310.03680]

| LatticeFFs | R(D*) | P-(D%) | Fr.- | Fre | Arp.

FNAL/MILC [15] 0.275(8) -0.529(7) 0.418(9) 0.450(19) 0.261(14) 0.486(15) 0.381(5)
HPQCD [16] 0.266(12) -0.543(18) 0.399(23) 0.435(42) 0.265(30) 0.459(38) 0.367(14)
JLQCD [17] 0.247(8) -0.509(11) 0.448(16) 0.516(29) 0.220(21) 0.534(25) 0.398(10)

Average [15]-[17] 0.262(9) -0.525(7) 0.422(10) f|  0465(22) |} 0.251(13) 0.495(17) 0.383(6)

(PDG scale factor) (1.8) (1.3) (1.4) . (1.2) (1.4) (1.4)

Combined [15]-[17] 0.259(5 -0.521(6 0.425(7 0.473(14) 0.252(10) 0.498(12) 0.384(4)

Experimental value | (.284(12) 36] []-0.38 £ 0.51793% [38] | 0.232(10) [13, 14] J0.51(7)(3) [40] 0.35(8)(2) [40]
q2<7GeV? q?>7 GeV?

\ 2.40 tension

measurements in the t-sector

less than 20 difference

M. Jung and D. Straub, JHEP ‘19 [1801.01112]
M. Fedele et al, PRD '23 [2305.15457]
P. Colangelo et al, PRD 24 [2401.12304 ]

Speculations of New Physics coupled to
light lepton generations?

[13, 14]: Belle23 and BelleII23  [38]: Belle Coll., PRL ‘17 [1612.00529] 15
[36]: HFLAV Coll, PRD ‘23 [2206.07501] [39]: Belle Coll., arXiv:1903.03102
[40]: LHCD Coll., arXiv:2311.05224



Prediction Pr(D*) F

FNAL/MILC, A. Bazavov et al. [9] —0.529 + 0.007 0.418 + 0.009

HPQCD, J. Harrison, C. Davies [10] —0.547 +0.019 0.395 + 0.024

JLQCD, Y. Aoki et al. [11] —0.509 +0.011 0.448 + 0.016

G. Martinelli, S. Simula, L. Vittorio [28]  —0.521 + 0.006 0.425 + 0.007 2023
M. Bordone, A. Juttner [29] —0.522+0.006"13 0424 +0.007121 2024
S Klaver and M Rotondo

doi 10.3390/sym16080964



Prediction R(D*) R(D)
D. Bigi, P. Gambino [7] 0.299 + 0.003
P. Gambino, M. Jung, S. Schacht [17] 17 o
M. Bordone, M. Jung, D. van Dyk [18] 0.247 + 0.006 0.298 £+ 0.003
E Bernlochner, et al. [19] 0.257 + 0.003 0.299 + 0.003
S. Jaiswal, S. Nandi, S.K. Patra [20] 0.257 + 0.005 0.299 + 0.004
BABAR Coll. [21] 0.253 + 0.005
G. Martinelli, S. Simula, L. Vittorio [16] 0.296 + 0.008
Arithmetic average (HFLAV) [22] 0.254 £ 0.005 0.298 + 0.004
D. Bigi, P. Gambino, S. Schacht [23] 0.260 + 0.008
M. Bordone, M. Jung, D. van Dyk [18] 0.250 + 0.003 0.297 + 0.003
E Bernlochner, et al. [24] 0.249 + 0.003 0.288 + 0.004
FLAG Coll. [25] 0.2951 + 0.0031
G. Martinelli, S. Simula, L. Vittorio [26] 0.275 £+ 0.008 5) +1
I. Ray, S. Nandi [27] 0.258 + 0.012 0 WOZ 4 R(D) 0.294% 275(15) 2+l
FNAL/MILC, A. Bazavov et al. [9] 0.265 + 0.013 Flag 3 _0 2%58(9) 2+1: Y
HPQCD, J. Harrison, C. Davies [10] 0.273 +0.015 (D*)Y:
JLQCD, Y. Aoki et al. [11] 0.252 + 0.022 5 259(5)
G. Martinelli, S. Simula, L. Vittorio [28] 0.262 + 0.009 2025
M. Bordone, A. Juttner [29] 0.262 = 0.005 £ 0.012 2024
Experiment R(D*) R(D) p
: : BaBar [42,43] 0.332 + 0.0245t0¢ + 0018555 0.440 + 0.058¢5¢ + 0.0424¢ —0.27
Elmm the d" ;\c/:\eRr-ewe;v S Belle? [44] 0.293 + 0.0385t¢ + 001555t 0.375 = 0.0645¢¢ + 0.0264y5¢ ~0.49
averan otondo Belle? [49] 0.270 4 0.0355at *002
doi Belle® [48] 0.283 £ 001845 £ 0.0145; 4 0.307 £ 003755 £ 0.016 ~0.51
10.3390/sym16080964 LHCb® [53] 0.281 £ 0.01855¢ + 0.02455¢  0.441 £ 0.060t5¢ = 0.0665y5¢ ~0.43
LHCb? [56,57,64]  0.267 + 0.0124t¢ = 0.01945¢
LHCb® [54] 0.402 £ 0.081 50t £ 0.08555  0.249 +0.0435¢ + 0.0475¢ —0.39
Belle II [45] 02621 4000 ent 00225y
Average 0.287 £ 0.012 0.342 +0.026 —0.39




68% CL contours
BaBar

025 \
02—  §HFLAV SM Predictio R(D) =0.342 0. 02603.., —
- R(D) =0.298(4), RD*) = 0.25(5) R(D*) = 0287 +0.013 .
N LQCD only p=-039 o
-l 11 l Twl) =lo>l35|(3)l. le:)?olqﬁ:wl) 1 l L1 11 l 1 1 Pl(x;) 1 3I56; 1 I L0 11 l 11 o
02 025 03 035 04 045 05 055

R(D)

contours correspond to 68% CL, SM predictions fitting together
data and FFs give a deviation of 3.3 sigma (HFLAV) , LQCD only 2.5 sigma
R(D) stable in different calculations.

S Klaver and M Rotondo
doi 10.3390/sym16080964



Polarization observables Az vs F,

058 T T T T T
Bellel8 Belle23 Bellel123 Belle23(Ji) LQCD
App = 0.217 £ 0.013 App = 0.230 + 0.014 App = 0.200 £+ 0.012 App =0.243 +0.014 App = 0.253 £+ 0.010
0.56 Fr, = 0.528 + 0.008 Fr, =0.494 + 0.014 Fr, = 0.523 £+ 0.008 Fr =0477 £0.017 Fr =0475 £+ 0.015
p =017 p =023 p=-025 p = -0.06 p=-0.73
! o SO &SS&SS&& \\\
V. Tt N
/ s 0.0.0.0:0:0.0.0 250 NN \\\\\\\
g 7 SELKARRKK, & NN \ NNNNN
052 b / G ORI NN
hj /S ]
0.50 | N\
0.48 +
0.46 | e/ average 55
K
044 1 L 1 1 Il Il 1 1 L
0.18 0.19 0.20 0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28
Arp G. Martinelli, S. Simula, LV, arXiv:2409.10492

Relevant differences exist also among different experimental
(and not only lattice) datasets, this 1s an impediment to look

for new physics



Power corrections to the CP-violation parameter g

€T —
M. Ciuchini, E.Franco®, V. Lubicz(*?, eX? = 2.228 £0.011) - 1073
G.Martinelli*?, L. Silvestrini¥. C. Tarantino(®®

2021: an estimate from the 1/mc ex = 2.00 (15) x 71073

expansion of the effective

Hamiltonian + UTfit Computing the long-distance contributions to &

u,c,t

o d
K’ ”g g”' K" Ziyuan Bai

] — Columbia University, USA .

d TR A ) bzyhty@gmail.com 2015' a real

W Norman Christ exploratory calculation
S AN\ d Columbia University, USA )
E-mail: nhc@phys.columbia.edy no physlcal masses’ no

K wet U6t K° RBC and UKQCD Collaborations - oxctrapolation to the continuum

d NN 5 etc.

e| = (1.806(41) 40.891(11) +0.209(6) +0.112(13)) x 107 = 3.019(45) x 10~

it utsp utrp Im(Ap),



CP Violation

" 1/500 . @

l Final result for ¢’

Distance or Time of Flight

 Combining our new result for Im(A,) and our 2015 result for
Im(A)), and again using expt. for the real parts, we find

R 8_’ _Rr jwet(92—%) Tm A, B ImA,
“\z) " /28 ReAs  ReAg
= 0.00217(26)(62)(50 )~

\ IB + EM
A second group should do this calculation!! stat

—

Consistent with experimental result:
Re(€'/€)exps = 0.00166(23)

RBC/UKQCD: e’/e=16.7 x107%

)
<
w

Probability density

500

0 0.001 0.002 0.003

TTeL2a. 2/ a— T & YA TN _-1n'4
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In the
hadronic
sector, the
SM CKM
pattern

represents
the
principal
part of the
flavor
structure
and of CP
violation

summer23
SM fit

N
o 1T

0=0.158 £ 0.009 n =0.352 =0.011

sin23 = 0.763 + 0.030

A=0.826 £ 0.011
A=0.2250 £ 0.0007

a=(91.4 + 1.4)

y=(65.6 £ 1.4)°

N\
\

N
~

3

0.5 1

|
—
1
o
(&)

Consistence on an
over constrained fit

of the CKM parameters

CKM matrix is the dominant source of flavour mixing and CP violation



Unitarity Triangle analysis in the SM:

= 10

1
0.8

0.6

N UTfit

[ summen24 (0] /'Y €k

— SM fit < Am,

i Amg

i Am,

L 0/B ¥/

:.s L4

(1, 1l

-0.2 1.2
D

Marcella

Unitarity Triangle
update

levels @
95% Prob

0 =0.158 + 0.009
n =0.352 = 0.010

A =0.2250 £ 0.0007
A= 0.826 = 0.009

76



Some interesting configurations

“Tree only”

p=+0.156 +
0.024
n==*x0.372
0.035
= 07
£ 24 q)a/'y
0.8
' — reference
06~ for model
0.4:— bUlldlng
02f V.,
X '
O—OI.ZI = 0 = IO?Z. ! .0,4I ! I04I6. ! IO?SI = : = ILE
p

Marcella

1= 12

0.8

0.6

0.4

0.2

Unitarity Triangle
update

i
1:_ summen24 | (])3/'Y
Angles only %}
p=0.144 £ 0.016 of
n=0343 + 0.012 [
o.4i—§ (])2/oc
Sides and e o2
p=0.176 = 0.015 L . : ; : :
n =0.377 + 0.022 002~ 0 02 04 06 08 1 '1.3
p
F (UT;] ] "1 VT
— sides&e, ﬂ 1:— CP conservin, g ﬂ
3 am S sm,"™| CP conserving
F constraints
] p=0.170 =+ 0.017
g s n =0.361 £ 0.035
~ Von 0.2 Vi
0.2 0 0.2 0.4 0.6 08 1 1% -0.2 0 0.2 0.4 0.6 0.8 1 1%

77



Unitarity Triangle

update
Result summary
Observables Measurement Prediction Pull (#0)
sin2p 0.692 + 0.019 0.763 + 0.030 =7
v 67.2 2.9 65.6 + 1.4 <1
o 95 + 8 91.4+14 <1
[Veo| - 10° 41.20 + 0.74 42.19 + 0.48 < 1L
IVeo| - 10° (excl) 40.13 + 0.55 ~2.8
IVeo| - 10° (incl) 41.97 +0.48 <1
IVup| - 10° 3.84 +0.35 3.72 £ 0.10 <1
IVun| - 10° (excl) 3.57 + 0.23 _ <1
V| = 10° (incl) 413 +0.26 _ ~1.4
BR(B © tv)[10%] 1.09 + 0.24 0.88 + 0.05 <1

Marcella
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PROGRESS SINCE 1988

Experimental progress so impressive that we can fit
the hadronic matrix elements (in the SM)

= 1 1

1988 &

0.5

0—1 0.5 0 0.5

1995

ol -

=

o -

2000

0.5

ol -



Unitarity Triangle

update
UTHit results across the years:
Historic p values Historic n values
0.4 1 UTf1t 0.501 UTfit
0.45 A
031 0.401
0.2 lc 0.351
IQ 0.30
0.1 0.25 1
0.20
0.0 A
0.15 1
1995 2000 2005 2010 2015 2020 2025 1995 2000 2005 2010 2015 2020 2025
Year Year

Marcella



Unitarity Triangle
update

UTfit and experimental results across the years:

Historic sin 28 values

1.0 S
0.9
0.8
m~07 8 N
N " gl memaale e alalee
C ]
0 0.6 J
0.5 .
0.41 I predicted values
= experimental values
0.3

Historic y values

UTg
100 fit
90 .
801 1
Z .\ | \. I‘-\'/ﬁ
> 701 11 /".u-“i"\-/. .
|| v'w L ki3
L s e ¥ §
60 l
50 1 /\/ Bl predicted values
= experimental values
40

2000 2005 2010

1995 2000 2005 2010 2015 2020 2025 2015 2020 2025
Year Historic V,p values Year
4.4 UTfit
42{ =
| | | |
4.0
| | | |
Q i " m ']
£ it i
3.6 1
3.4
3. I predicted values
= experimental values
2005 2008 2010 2012 2015 2018 2020 2022
Year

Marcella



Unitarity Triangle
update

Compatibility plots

A way to “‘measure” the agreement of a single measurement with the indirect determination
from the fit using all the other inputs: test for the SM description of the flavour physics

Colour code: agreement between the predicted values The cross has the coordinates (x,y)=(central
and the mea132urements at better than 1, 20 value, egror) of the direct measuremecgt
%, ;UTflt / /I OE* 9‘ \\ / / I
© 10 summer24 / 5 © 8§<mme‘r24 5
: B / / N \ [
8-\ . A A WENN A
N\ | A\ [ /4
«= HFLAV 4 | S\ j
P i N\ NG
1 \\\W
/ 1 1 \\\\ [/// 1
0 100 110 ° % 50 60 7‘0 80 90 °
Qlexp — (95 + 8) o] Yexp = (67 2+ 2. 9)° Y[
aurie = (91.4 £ 1.4)° wit = (65.6 = 1.4)°

Y= (68.4 &= 2.6 )° F. Betti et al. e-Print: 2409.06449 [hep-ph]

Marcella


https://arxiv.org/abs/2409.06449

Checking the usual tensions.. 2

>

—

Viebexp = (41.20 £ 0.74) - 107
Veburse = (42.19 + O. 48) 107

6 O

sin2p

Sin2fexp = 0.692 £ 0.019
Sin2pfumit = 0.763 £ 0.030

0

0936 0.038 0.04 0.042 0.044 0.046 0.048

V.|

Marcella

0.5 summer24 |
© \
0.4

Vubexp

Unitarity Triangle
update

3
0.6X10 -

A

0. 1R\ -\ -\ :

0.8025 0.003 0.0035 0.004 0.0045 0.005

X = exclusive

...1:....

* = [nclusive

AN

ub

(3.84 +0.35) - 10°°
Vuburse = (3.72 £ 0.10) - 107

83



An instructive story:
Tension(s) in b — s decays ?
Neutral Currents & Loop level

Reminder:
R=B(B*>K*utu-) /B(B*>K*ete~)

Test of lepton universality : Ry ~1 in SM, with negligible
theoretical uncertainties

o LHCb g BaBar , Belle

v T
o< C

15 | 1 LHCb, PRL 113 151601
: 1 Belle, PRL 103171801
iF ] BaBar, PRD 86 032012

e o w&@

G_ nnnnnnnnnnnnnnnnnnnnnn ]

q? [GeV?/ ] d{ S
R, (1<q’ <6 GeV?*)=0.745" 1, (stat) = 0.036(syst) 0\
Compatible with SM at 2.60

Experimentally challenging

- lower trigger efficiency for electrons, resolution deteriorated by bremsstrahlung
Other modes swtable for same test:

BOSK* 1 17, BOdL L, Ag DA LTI

53



Excitement

Lepton Flavour Universality (LFU) tests in b — s¢7¢~
LHCb only

|

| [JHEP,2020,40 (2020)] | |
: : R - - 4€[0.1,6] GeV/c! : Ay _>?1KM
4+ Coherent pattern of tension to SM in K b l 47167, 1o
| JHEP08(2017) 055 | : BO %K*Oge
LFU test with b — s£7¢~ transition: R  TEBLOG! e ] 40
K*0 7 42€[0.045,1.1) GeV/e! — o : 3fb7, 550
I
’[PRL 128 (2022) 191802] | |
I BT - K*tw
. ) ) RK*+ - ¢2€[0.045,6.0] GeVc! o I 9 b1 146
+ Ry ratio extremely well predicted in SM : o
I[PRL 128 (2022) 191802] | | . 0
. . . . _4
» Cancellation of hadronic uncertainties at 10 Ry ] renocoe i 13 fb—jl,fgssgﬁ
» O(1%) QED correction |[E“'PhVS'J'C 76 (2016) 8] | |[Nat. Phys. 18, 277-282 (2022)]| :
Lo L. 5 Y 1 BT - Kt
» Statistically limited Ry q ¢cb16Gevse — | 9fb~1,3.16
I
*)Ilustrati
| * |us‘cratlon Ipurposes I ; -—=SM
+ Any departure from unity is a clear 00 02 04 06 08 1.0 12

_ B(b—=sptpu”
~ B(b— sete™)

(*) Measurements from Belle not shown (larger statistical uncertainties)

Renato Quagliani LHC Seminar, CERN 8

sign of New Physics R



A EFT description

b—> s

A relatively sizable New Physics effect...

~30% of the Standard Model contribution (arising at one loop)
b

...hinting towards a relatively low New Physics scale: S/

= =

(81 PLb) (" 1)

generic tree A;{Ip Ane =~ 35 TeV x (CYP)~1/2

1

MFV tree —— VinVis (87 PLb) (1" ) Anp =7 TeV x (CYP)~1/2
Ap NP 9
Epe o (3% PLB)(A” ) Ane ~3TeV x (G3' )~ '/2
g p Aﬁp 162 STl NP = , 9
MFV loop 1 ViVi (31 PLb)(Er"n) e 0.6 TeV x (CYF)~"/2

Aﬁpw 2



Harakiri!

I 0.094

o | B = 0994 768% (stat) *6% ayst),| 14 LHCD Ry low-g? = 099470
Ry~ =0.927 T4 (stat) T35 (syst)  9fpL Ry central-¢> = 0.949+00%8

contraleg? § B¢ = 0949 T35 (stat) S0 (syst), | T Ry-  low-¢* = 09277503
R+ =1.027 To08 (stat) Togar (syst).| —“ Ry~ central-¢> = 1.02713077

+ Most precise and accurate LFU

.

test in b — s£¢ transition

Ri k-
=
o
1 T I 1 T
—o—

0.8
+ Compatible with SM with a £ gﬁta X' =1.6,p=0812,0=02
simple y? test on 4 measurement 0.0 i
at 0.2 o Ry low-¢> Ry central-g> Rg- low-¢> Ry central-¢°

Renato Quagliani LHC Seminar, CERN 49



G. Isidori — Flavor non-universal interactions

» Hints of non-universality in B-physics

Vienna — 23 Jan. 2024

gz { B = 0.091 %522 (stat) 827 (syst),
(1) LFU anomaly in NC & BR(B; — 1y1) | Ri-  — 0.927 Y098 (gtat) +003 (o)
o ) C = 0.049 TOOI2 ((pey +0.023 (o
¢ Clean SM predictions central-¢* {ﬁ" B (1] 32,9_ oo (stat) oo (syst),
(LFU ratios + no long-distance in By — pp ) ke = LO2T Tg 55 (stat) “goz7 (syst).
¢ Wigl i " 022
10° x B(By — pp)
1.4 B LHCD results on the LFU ratios CMS '22 "
- [ latest measurements supersede past ones |
L - n 4 LHCb 22
= 1'2: 2022 - 2022 '
gw i 00 - '[ —— Comb. 21
a .
7% s L, i """"""""" b —a— B CMS 20
0.8 i j_IZOZI
ST 2019 I I . 4| ATLAS'19
L KS
des 2014
0.6F 4™ - SM
[ 2021 2017 2017 1 1 1 1 I 1 1 ‘ 1 | 1 1
Ry low-¢° Ry central-¢> Ry low-¢° R~ central-¢° 2 3 4
- —9

BR(Bs — pp) sy = (3.47

0.14) x 107°

4%




Still B anomalies in the post-Rk era

Nazila Mahmoudi Corfu 2023

Tension in the angular observables - 2020 updates

PL(B° — K*O,LL+,LL ): 2020 LHCb update with 4.7 fb~!: ~ 2.90 local tension

th 1_ A TN i ® Our average
LHCb Run 1 + 7016 ] i B Ble'l6
o SQ ] SM from DHMV _: I _ & COMSIT (BY
0.5+ ® ATLAS'19 (BY)
ﬁ - ® LHCh20 (BY)
ok 2 o0 “L' - € LHCW20 (B*) |
- - B T
03 B+ + ¢ 1 o EEE L e e
__ D 3 T
o e S —1.0— ndev
0 5 10 15 o 3 & & 1 £ 155 18 Suﬂ'e
¢ [GeV?/c4] 2 [GeV2/el] n ever NP
Phys. Rev. Lett. 125, 011802 (2020) ATLAS-CONF-2017-023; CMS-PAS- Bﬁu w W&K
S
) N e anomal 1% | Seekmg
First measurement of B™ — K™ "~ angular observables pe y
using the full Run 1 and Run 2 dataset (9 fb—1):
1.5 T ] 1.5 T T T ]
i ] : LHCb ]
1F B 1 —— Data 9fb! b
H ] LT || SM from DHMV ]
o5fF ) '—I— 3 0.5 % 777 SM from ASZB .
< oprER T o N = SSN
0.5 F # 51_‘[1(;1) S R 0.5 F %% ] S O_f
F ata ¢ o 4 + wZ .
a1 -_ SM from DHMV _: 1 -_ HW}Z@ + _: l estlmate
L 777 SM from ASZB ] [ ] °
o — 4 o 4 ca . eS
155 5 10 15 ’ 154 5 10 5 - theovetl amplltud
q* [GeV3/ ) a* [GeV?/cl] Own
untt

Phys. Rev. Lett. 126, 161802 (2021)

The results confirm the global tension with respect to thW



Comparison of one-operator NP fits:

All observables 2022 All observables 2023
(x2y; = 253.3) (x3y = 231.3)
b.f. value | Y2, | Pullsm b.f. value | X2, | Pullsm

0Co —0.95+0.13 | 215.8 6.10 0Co —0.96 £0.13 | 230.7 6.30
5CE 0.82+0.19 | 2324 | 460 ies 0214016 | 2692 | 13g
6C§ —0.92+0.11 | 195.2 7.60 sC§ —0.69+0.12 | 2404 5.50
0 Cro 0.08 £0.16 | 253.2 0.50 % C1o 0.15+0.15 | 270.0 1.00
5Cs | —0.7740.18 | 2306 | 480 5Cs | —0.1840.14 | 260.3 | 130
6Cly 0.43+0.12 | 238.9 3.80 dC, 0.16 £0.10 | 268.3 1.60

0Cu, | —0.54+0.12 | 249.1 4.70
0GL 0.424+0.10 | 2314 4.70 Gy 0.10£0.08 | 269.2 1.30
6CH, | —0.43+£0.07 | 2136 | 6.30 6CH, | —0.23+0.06 | 257.4 | 3.70

) CﬁL basis corresponds to §C; = —§ Cl{'o.

But ... really a reliable estimate of uncertainties

is missing and theory must be improved otherwise
we will continue to generate anomalies out of

our ingnorance



Known unknowns in B — K*up

44 reffis | | mB | 2mppveff
Hy? = 20752 o M {':111:5:?1%&* > [‘/7*‘?«_ 16772}“]}

V2 o 1672 q?

ha(g?) = 2V / dhrett (K| T (2)H™9(0)} | B)

mp

4-quark operators to the matrix element )
Qi = (sewyT"er)(ery"T?r). C O

Qs = (5cyucer)(cy?br),

Non-factorizable power-suppressed contributions of é

- dominated by

the charm pair can be close to the resonant region

e\@o 0. W@ know how to compute them?

\\Oox |
CO In general , NO: Courtesy by L. Silvestrini



Look for complementary b — s transitions

By — uuy @ high-g2: mn this range the observables depend on the
same short distance effects as those present in B — K(*) I"1” but long

distance contributions are espected to be rather small

VI(2S) E=LQCD + HQET

dB(B)—u*y)/dg? [GeV 4]

107 T Theoretical progresses:
LH: — direct (5.4 fo” . . i
107 L Prelimina = Snglepole First lattice calculation by the
———*ry S Multipole .
Jw (LGSR Rome-Southampton Collaboration
72 LQCD + HQET + VMD

—
_10
10
— B
10—11 \
3
12 e e b e e b e e T2
10777 5 10 15 20 25 30 2
(D]
LHCD Coll., talk by I. Bachiller @ La Thuile 2024 g [GeV* 4 ~

G. Gagliardi et al. (2402.03262)

Re 60:;(9,#)

Guadagnoli, Normand, Simula, Vittorio,
JHEP ‘23 [2308.00034]



Look for complementary b — s transitions

B — K®vv : short distance contributions dominate

Main uncertainties

1. [Vcb|

2. Form factors

SM prediction *
B (B* > K*vi) = (444 £0.30) X 107°

L

Jernej F. Kamenik(Frascati Christopher Smith(Karlsruhe U.. TTP
Phys.Lett.B 680 (2009) 471-475 0908.1174 [hep-ph]

D. Becirevic, G. Piazza & O. Sumensari, EPJC ‘23 [arXiv:2301.06990]
Phys.Lett.B 848 (2024) 138411 2309.02246 *

Tension in B — Kvv:
2.80

=(24+0.7)x107° 1

* (B+ ~ K+V17) Belle—II

Belle-II Collaboration, arXiv:2311.14647


https://arxiv.org/abs/2309.02246
https://inspirehep.net/authors/1033909
https://inspirehep.net/institutions/902807
https://inspirehep.net/authors/988341
https://inspirehep.net/institutions/907966
https://arxiv.org/abs/0908.1174

Tensions with the unitarity of the first CKM row ?

: @© 0*-0"
0.226( 0.052 F U 5
: o s, N
0.0515F | & Wit o
[ 3 3
0.225| 0051 F | = >
(%] |
3 -
> 0.0505 i [Vusl?
0.224( 0.05 | HWReE

0.948 0.9485 0.949 0.9495

0.223F K‘QS
S
0.222}- =
5
—
0'221 [ 1 l L | 1 I | 1 L I L L L I 1 L | I L 1 L I 1 L 1 I L il I

0.962 0.964 0.966 0.968 0.97 0.972

Vud
M. Gorshteyn, talk @ CKM23 conference

0.974

0.976

Both theory and
experiments
demands a closer
scrutiny of
systematic errors

1 VI UIT CIHIUITUDIAaow

* Until ~2018, bands did intersect in the same region
on the unitarity circle (< 20)

* Main changes since then:

* Vs from KI3 decreased (<V> increased with
smaller uncertainty, 2+ 1+ lattice QCD)

* Vud decreased (radiative corrections in
nuclear & neutron increased with smaller
uncertainty, dispersive)

~095 ~005 ~10°°

| Vial? + 1V I+ 1 Vg 12 = 0.9985(6)y, (4)y, 16

Courtesy of L. Vittorio



Determination of |Vud| and |Vus|

'Vud|

M. Gorshteyn, talk @ CKM23 conppference

- Nuclear decays  0*-0*(es.: 140 > 1°N)

| VL?;_OJr | = 0.97370 (1)exp, nucl (3)NS (I)RC[3]total

- Neutron g decay
| Viser | = 0.9733(2), ), (Drcl4] ora

-t > mnletv:

V43| = 0.9739 (27)exp =

improvable in the future with PIONEER (2203.01981)

'Vus|

[ | T Xy [This work]
== 7 — OPE — 1, Refs. [6-7]

- 7 — OPE — 2, Refs. [8-9]
= T—latt-disp, Ref. [10]
e T — K v, Ref. [5]
—0—] Hyperons, Ref. [4]
] K, £3, Ref. [3]
K /7, Ref. [3]

From unitarity [ 0" — 0T B-decays, Ref. [14]

—=— n — pev, Ref. [4]

0.21

= i T — XyaVr, Ref. 2]

‘ ‘ = ) ‘ :‘ m (3 Ref. ‘[4] ‘ .
0.22 0.23 0.24 0.25 0.26
|Vus|

ETMC Collaboration [arXiv:2403.05404]

17






e =

0.5

-0.5

The CKM pha
The CKM phase is the dominant source of CP violation at low energy

UTf,‘ ¢

summer23

levels @
h| 95% Prob

e

-1

only shown

the constraints
unaffected

by NP

r ol '

PR T |
nE n nEe 1

se 1s different from zero

No evidence for corrections to CKM

NP contributions to observed FCNC at most comparable (smaller) than the CKM ones
NP contributions very smallin s-=> d, ¢c-> u,b->d,b->s

CKM
parameters
known (even in
presence of NP
effects) with
similar precision
of pre-LHC SM

)




QEXP — Viegus (F|O|I) Constrains on NP from UTfit

QEXP — chM(MW> m;, a'S) <F|OI|1> + cheyond(ﬁzﬁ’ a'S) <F|01'|I>

@ fit simultaneously for the CKM and
the NP parameters (generalized UT
analysis)

sM_2i¢"
Alet

@ parameterize BSM effects in

AF = 2 Hamiltonian in model- AFR T (Am.

independent gk e gl
g Ay =sin2(B+dg)
: : q _ q
@ use all available experimental A% =Im(r%,/A,]
information ge=C.t¢

Al ~sin2 (=B +dg)
ATAm,=Re[T%,/A,)

@ find out NP contributions to AF=2

transitions
@)

v A g




New local four-fermion operators are generated

Q
Qs

- (ELA T d.*) (b_LB'Yu d.®)
Q=
= (br*d. ") (Br®d.?)
Q=
Qs =

(BRA dLA) (BRB dLB)

(br*d*) (B.° d®)
(Br*d.®) (6,° dr™)

+ those obtained by L <> R

SM

Similarly for the s quark
(sr™ di?) (sr”d®)

(K°|O: ()| K®) =

(R0 K7) = =3

KUIO K(] — l
3

(B°|04(p)| K% = 2

2
K(J|() K(] § (

3 \I i fic Bi(1)
m, (u)ﬂi m f(u))z Mic fi Ba(u)
v-.if—;grnd(u ) MZf2 By(p) |
M (#) + ma(p ) M fi Ba() ,
\’-.:-}irnd(” ) M2 f2 Bs(u) |

e.g.



K system

Ce,=1.0910.10

5 15_
e I = UT;
o f| Co= 100008 ]
Lge, = (182190 |
st
L TN
L )
i @
o Cgq VS (Bg
. '18.-""5""1.'5""2
C,

d

— 20
o C
-—-m,,,15:
: CBS VS q)BS summer23
10F NP fit
s
o +
s
j: Cs, = 1.10 £0.06
5 ¢s, = (-0.1 £ 0.5)°
-15F

C

dark: 68%
light: 95%
SM: red cross

UTg

L




Results of BSM analysis: New Physics parameters

The ratio of NP/SM amplitudes is:
< 25% @68% prob. (35% @95%) in By mixing
< 25% @68% prob. (30% @95%) in B mixing

dark: 68%
light: 95%
SM: red cross

%_a 80
summer23 _e_‘” 60 summer23
NP fit NP fit
dark: 68%
light: 95% B.
B q SM: red cross
N 1 1 1 1 1 1 L 1 " 1
0.4 0.6 0 0.2 0.4 0.6
NP, A SM NP/ A SM ]
ANP/AS AR U Tg¢




. _ . M. Bona et al. (UTfit)
Testing the new-physics scale JHEP 0803:049.2008

At the high scale arXiv:0707.0636
new physics enters according to its specific features
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At the low scale HE )e Y (0] )%
use OPE to write the most =1 i=1

general effective Hamiltonian. U ga g B
the operators have different ‘ GLTHL LY L
chiralities than the SM WY = Cral aral,

NP effects are in the Wilso

. (2‘1 i9; __ -a 0B =0 «
Coefficients C @ = GrtiLdirdL -
: p— - st 7iq; _a _
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loop factor (in NP models with no tree-level FCNC)

€)= a BB e
function of the NP flavour couplings 25 GiRGL G L%k
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. NP scale (typical mass of new particles mediating AF=2 processes)



Results of BSM analysis: probing New Physics Scale

[ Generic Flavor Structure B NMFV 5 3
AB=2 __ . l?q ~,~ ~1?q
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1) NP must explain the strong hierarcy of the
Fermion couplings/masses

2) If the scale of NP it 1s not too high 1t must
suppresses FCNC processes at an accettable
level

Y, ~ 1 Y, ~ 1072 Y, ~107°
Y; ~ 1072 Y, ~ 1073 Yy~ 107°
Y, ~107% Y, ~107% Y.~ 107°

‘Vus‘ ~ (.2 ‘Vcb‘ ~ (.04 |Vub| ~ (.004 0~ 1

DL A gla g, gs, A ~1L



FUTURE, BSM: 1t is difficult to make predictions,
especially about the future

09909

4t generation extended Higgs extended left-right leptoquarks
sectors techmcolor symmetry
universal extra large extra warped extra gauge-Higgs nggsless
dimensions dlmensmns dimensions unlflcatlon models
MSSM CMSSM NMSSM vMSSM SUSY GUTs

unparticles Little Higgs hidden valleys not yet thought of ...




G. Isidori — Flavor non-universal interactions

~Status of high-energy searches

cMs liminary

Overview

3" family
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Vienna — 23 Jan. 2024
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Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

mass scale [TeV]

If these i1deas corrects, new non-standard effects should emerge soon both at
low and at high energies ( — very interesting opportunities for run-3...).



absence says more than presence
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