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~ Recap from last lecture

Z = v + & + Z-lOid25<

SM-EFT gauge Higgs i A°d_4
1

N X

‘ Large flavor symmetry l | Yukawa interaction l

| |
}

‘ Exact & approximate (accidental ?7) symmetries '

The great interest of precision measurements in flavor
physics is the possibility to tests a large number of
non-standard higher-dim. operators which may correspond
to rather high-energy scales «» {lavor structure BSM

Today we'll discuss 1in more detail some specific amplitudes & observables
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Neutral meson mixing
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~ Neutral meson mixing

The lightest bound states (mesons) composed by a guark-antiquark pair of same
charge but different flavor form very interesting systems: a pair of pseudo-scalar
mesons with

s tiny mass difference (due to 2" order weak interactions)

» mass eigenstates different from flavor eigenstates
Four systems of this type: K0=|sd),B4j=B’=|bd),B,=|bs),D%=|Cs)

The interesting time-evolution of these systems has allowed to discover the
phenomenon of CP violation in fundamental interactions
(observed for the first time in the neutral kaon system).

N

Mgy = 5.279 GeV AMpg, = 3.4x10-13 GeV
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~ Neutral meson mixing

The effective Hamiltonian describing the ground state (i.e. the mass matrix)
of these systems has a relatively simple structure:

4| B[ Mo M| B
dt | BY M;,* M, B’

» The CPT theorem implies M;; = M,, = M, = real

» If CP were a good symmetry, then M, = M,; — M, =real
However, CP is violated in the SM (in the Yukawa sector) and the complex
phase in the CKM matrix induces a complex phase in M, = |AM/2| e'oM

My= Mgy = 5.279 GeV 2| M,, | = AMpy = 3.4x10-13 GeV
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~ Neutral meson mixing

Taking into account the (weak) decay of the heavy quarks inside the mesons, the
time evolution of the system 1s described by means of a non-Hermitian Hamiltonian:

id[éo} = [M-il/2] FO}
dt | B B’

/4

[Mo M12}
M," M,

| T/ M, | <<1
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~ Neutral meson mixing

Taking into account the (weak) decay of the heavy quarks inside the mesons, the
time evolution of the system 1s described by means of a non-Hermitian Hamiltonian:

id[éo} = [M-il/2] PO}
dt | B? B’

[Mo M, }
M," M

. 4 .
Mass eigenstates: Key observation: for B, and B, mesons

both magnitude & phase of M, can be
computed precisely in the SM

|B,) =p|B°) + q|B’)
|B,,) =q|B’) + p|B’)

q .
p = arg(My) = el

( in the limit | rlz/M12| << ] )
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~ Neutral meson mixing

The study of time-dependent decays of neutral B into CP eigenstates provides
a marvelous tool to extract both phase & magnitude of the mixing amplitude:

q/p ~ A,
[=0] B > B > f [t]
\ A . /
- \ CP | f) =n,| /)
y =1 A, Phase-convention independent
/' p A y quantity [ <> observable]
- J

If | Xf |=1 (i.e. if 4 y 1s dominated by a single weak phase) then :

0 —T 1t : '

T(B%¢)> f) e 1= Im(,) sin(Am 1) Im(h) = sin b -2 6.1)
i - ) Bd ~ Af

F(BO(t)Hf)OCQ_FBt -1+nflm(?uf) sin(Ath)- / X

mixing phase
phase of A 5
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~ Neutral meson mixing

The study of time-dependent decays of neutral B into CP eigenstates provides
a marvelous tool to extract both phase & magnitude of the mixing amplitude.

Key points to successfully use this method:

» [EXP]: flavor tagging and time-dependent resolution are essential ingredients

» [TH]: identify final states such that A4 ’ 1s dominated by a single weak phase
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~ Neutral meson mixing

The study of time-dependent decays of neutral B into CP eigenstates provides
a marvelous tool to extract both phase & magnitude of the mixing amplitude.

Key points to successfully use this method:
-4

» [TH]: identify final states such that A4 ’ 1s dominated by a single weak phase

E.g.: |Bd> — [y K,) [ b+d — ccs+d ]
b c
/4
S C

I real O(\?) real O(og A?) | O(og A°)

dominant lamplitude pollution <1 %

A .= real (in the standard CKM convention)
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~ Neutral meson mixing

The study of time-dependent decays of neutral B into CP eigenstates provides
a marvelous tool to extract both phase & magnitude of the mixing amplitude.

Key points to successfully use this method:

» [EXP]: flavor tagging and time-dependent resolution are essential ingredients

B factories: » clean environment [ 6(B) /o(bkg) ~ 0.3 ]

» coherent quantum state — clean flavor tag from
et +e — WH4S) - B B the opposite meson decay (e.g. b — c e v)

* low stat. [ ~ 10° B pairs / 100 fb! ]

Hadron colliders:

» dirty environment [ 6(B) /o(bkg) < 0.01 ]

, * Incoherent quantum state
:}M’V‘< > high stat. [ ~ 10'> B pairs / 1 fb™' ]
U - all hadrons with b-quarks produced
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~ Neutral meson mixing
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The structure of AF=2 amplitudes
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~ The structure of AF=2 amplitudes

Let's give a closer look to the mixing amplitude:

Highly suppressed amplitude
potentially very sensitive
physics beyond the SM

@ No SM tree-level contribution
@ Strong suppression within the SM due to the CKM hierarchy

® Measurable with good accuracy via the time evolution of the neutral meson
systems

-----------------------------------------------------------------------------------------------------------------------------------------------------------

@ Calculable with good accuracy since dominated by short-distance dynamics
[power-like “GIM mechanism” — top-quark dominance]|

------------------------------------------------------------------------------------------------------------------------------------------------------------
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~ The structure of AF=2 amplitudes

We can understand why the intermediate top-quark contribution 1s dominant
(i.e. the reason why it can be computed precisely) from simple arguments:

AAF=2 - Z:q,q'=u,c,t (qu*qu) (Vq'b*vq'd) Aqvq

ud — ~ th*th - Vcb*VCd [CKM unitarity]

AN
| |

(Vg Vg [ Vo Via(AA ) + Vi, Vg (A -A ) ]

!

“GIM” cancellation

AF=2 q—u c,t
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~ The structure of AF=2 amplitudes

We can understand why the intermediate top-quark contribution 1s dominant
(i.e. the reason why it can be computed precisely) from simple arguments:

AAF=2 - Z:q,q'=u,c,t (qu*qu) (Vq'b*vq'd) Aqvq

ud — ~ th*th - Vcb*VCd [CKM unitarity]

AAF=2 - q—uct(qu qu) [ Vb Via (A -A, ) + Vep Ve (A 'A ) |

[expansion of the loop

4 gt .+ MgMg _ 5 amplitude for small
9 e my, COnSt + My +...| (Bl(b,v,d,)"B) (internal) quark masses]
gimg’

A ~ (Vg V)2 + ...
AF=2 ( tb td) 1 67’[2mw4
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~ The structure of AF=2 amplitudes

We can understand why the intermediate top-quark contribution 1s dominant
(i.e. the reason why it can be computed precisely) from simple arguments:

It 1s even more instructive (and more
correct...) to compute the amplitude in
the limit where we switch-off gauge
interactions (“‘gauge-less limit™)

YU - V+ X diag(yuaycayz)

7

Yukawa

—> C?Li YUik MRk (I)_ + h.c.
» [n the gauge-less limit there is no W field

o The three Goldstone bosons associated to the
Higgs field remain massless

e The charged Goldstone bosons mediate flavor-
changing interactions
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~ The structure of AF=2 amplitudes

We can understand why the intermediate top-quark contribution 1s dominant
(i.e. the reason why it can be computed precisely) from simple arguments:
Y
br i Wody It 1s even more instructive (and more
correct...) to compute the amplitude in
the limit where we switch-off gauge
interactions (“‘gauge-less limit™)

YU - V+ X diag(yuaycayz)

o — d Y ugt o+ he. ~ I x diag(0, 0, )
gauge-less N (yt)4 . 4m 2 _
Apey  ~ Vi Vig)? 55 ~ (Vi Vig)? & ) t p m¢ =y, v/ 2
16m"m 167 my my, = gv/2
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~ The structure of AF=2 amplitudes

2024 Asia-Europe-Pacific Summer School

We can understand why the intermediate top-quark contribution 1s dominant
(i.e. the reason why it can be computed precisely) from simple arguments:

Yu g

It 1s even more instructive (and more
correct...) to compute the amplitude in
the limit where we switch-off gauge
interactions (“‘gauge-less limit™)

= " x diag(y,, v,

Lrreaa = AV g 0+ he ~ 1 x diag(0, 0, 7,)
gauge-less (yt)4 . 4m 2 _
Ape, ~ Vi Vi) 5 ~ (Vi Vig)? & ) t p m¢ =y, v/ 2
16m"my 167" myy my, = gv/2

This procedure leads to the exact result
in the limit m; >myy, :

full auge- less
A Ag g

DF=2

x[1+0(g?) ]

-

Clear demonstration that
flavor-changing processes originate
from the Yukawa sector of the SM
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~The structure of AF=2 amplitudes & corresponding BSM bounds

Current data show no significant deviations from the SM (at the 5%-30% level,
depending on the specific amplitude) on AF =2 observables (mass differences and
CP-violating phases) — strong bounds on possible BSM contributions:

SP

0.8
0.6
0.4

0.2

B UTfit

| summen23

— tree-only 'Y

N Vi

(1, N TR B SR PR |
-0.2 0 0.2 0.4 0.6 0.8

ol ™

0.8

0.6

0.4

0.2

o

N UTﬁ f

[ summenr23 SK

— SM fit Y Amd
: Am,
- Amy
Bt/ b

- / /' |V

B y VCb

i I 1 1 1 L 1 1 I 1 1 1 I 1 1 I 1 1 I 1 1 I
-0.2 0 0.2 04 0.6 0.8 1 1

ol v



G. Isidori — Flavor Physics (2" Lecture) 2024 Asia-Europe-Pacific Summer School

~The structure of AF=2 amplitudes & corresponding BSM bounds

Current data show no significant deviations from the SM (at the 5%-30% level,
depending on the specific amplitude) on AF =2 observables (mass differences and
CP-violating phases) — strong bounds on possible BSM contributions:

- -~

- N

— (y2V *V )2 // 1 \\
M(By4—Bg) ~ : ﬂ; ztd TCp —
16 ™m, ' A* )
. . . =Lyt 2 20W
The list of dimension 6 ops. © Ad4 T

includes (b, v, d;)* that contributes
to B4 mixing at the tree-level

Possible dynamical origin
of this d=6 operator:
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~ The structure of AF=2 amplitudes & corresponding BSM bounds

Current data show no significant deviations from the SM (at the 5%-30% level,
depending on the specific amplitude) on AF =2 observables (mass differences and
CP-violating phases) — strong bounds on possible BSM contributions:

Bounds on A (TeV)
Operator Re Im
Grytdr)? 9.8 x 107 1.6 x 10*
(Grdr)Grdr) 1.8 x 10* 3.2 x 10°
(Cry*ur)? 1.2 x 10° 2.9 x 10°
(Frup)rug) 6.2 x 10° 1.5 x 10*
(bry*dr)? 5.1 x 102 9.3 x 102
(brdr)(brdR) 1.9 x 103 3.6 x 103
(bry"sr)? 1.1 x 107 1.1 x 10?
Grst)(brsgr) 3.7 x 102 3.7 x 102

Quite discouraging at first sight...

However, remember the discussion about
accidental symmetries: these seemingly
high scales could well be a “mirage”...

A [TeV]
100 F
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~ The structure of AF=2 amplitudes & corresponding BSM bounds

Current data show no significant deviations from the SM (at the 5%-30% level,
depending on the specific amplitude) on AF =2 observables (mass differences and
CP-violating phases) — strong bounds on possible BSM contributions:

Bounds on A (TeV) 1;6[T|=—EV]
Operator Re Im !
G y*dp) 9.8 x 102 16 x 108 | 10° ¢
(Grdr)Grdr) 1.8 x 10* 3.2 x 10° 104
Ly ur)? 1.2 x 103 2.9 x 103 3 :
Grup)Erug) | 62 x 103 15 = 104 |1
(bry*dr)? 5.1 x 102 9.3 x 102 10°
(IERJL)(ELJR) 1.9 x 103 3.6 x 103 10
(bry"sr)? 1.1 x 107 1.1 x 10?
(ER-TL)(EL-TR) 3.7 x 107 3.7 x 10? BFD o EFGDD . DU BD o BD BS . BS
Quite discouraging at first sight... The only unambiguous message is:

However, remember the discussion about N large breaking of the approximate

accidental symmetries: these seemingly U(2)" flavor symmetry at near-by
hlgh scales could well be a “mirage”... energy scales
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[ Rare b — s I' decays: generalites ]
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~Rare b — sll decays: generalities

The AF=2 amplitudes are not the only suppressed flavor-changing amplitudes we
are able to compute & measure precisely, enabling precise BSM tests.

An interesting complementary category are AF=1 Flavor Channing Neutral Current
amplitudes, suchas b — s [']

@ No SM tree-level contribution E.g.:

@ Strong suppression within the SM
because of CKM hierarchy

® Measurable with high accuracy
(in several cases)

* More complicated interplay of QCD and
weak interactions (or, equivalently, interplay
of short- and long-distance dynamics)

u(e) u(e)
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~Rare b — sll decays: generalities

General procedure in 3 steps to separate the different energy scales of the problem

1* step: Construction of a local eff. Lagrangian at the electroweak scale integrating
out all the heavy fields above & around myy, (including the heavy SM fields)

b S
e - b c
— \/ | o= Zi Ci(My) O; | —
/ \ - . C S

FECNC operators: Four-quark (tree-level) ops.:

0, :ZQ(ELYMSLWYMQ [Gluon penguin] le(b_LyMSL)(C_ y“cL)
Q9=(b_LyMSL)7y““l [y & Z penguin + box]

0 =(b, yus, ) Iy'y,! [Z penguin + box]

The interesting short-distance info 1s encoded in the C;(Myy) (initial conditions)
of the Wilson coefficients of the FCNC operators
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~Rare b — sll decays: generalities

General procedure in 3 steps to separate the different energy scales of the problem

1* step: Construction of a local eff. Lagrangian at the electroweak scale integrating
out all the heavy fields above & around myy, (including the heavy SM fields)

b s
\/ / Zor=Zi Ci(My) O; \
- X

FCNC operators:
— - u
. _Zq(bLYMSL)qy ! bt
_______________________ CQ,lU
ng(bLY.uSL)lYMl T -

‘--
--—
-
---’
----
] -
] -n™
a
-
=
-
-
-
-
-
-

© Eluned Smith (LHCP 24)
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~Rare b — sll decays: generalities

General procedure 1n 3 steps to separate the different energy scales of the problem

1* step: Construction of a local eff. Lagrangian at the electroweak scale integrating
out all the heavy fields above & around myy, (including the heavy SM fields)

b S
e - b c
— \/ | o= Zi Ci(My) O; | —
/ \ - . C S

FECNC operators: Four-quark (tree-level) ops.:
Q6 :Zq (b_LYMSL) ay'q [Gluon penguin + NP...] Q1 I(b_LYM SL)(C_L y" CL>
' =0, yue, e, ¥'s,)

Q9=(b_LyMSL)7y““l [y & Z penguin + box + NP...]
Qm:(b_LYuSLﬁYMYSZ [Z penguin + box + NP...]

N.B.: Non-standard effects due to heavy new particles result, in full generality,
in modified values for the C;(Myy) (possibly also when they are vanishing in SM)
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~Rare b — sll decays: generalities

2" step: Evolution of L.g down to low scales using the renormalization group

\\‘

/%jf =2 Ci(MW) O, Four-quaik (tree-level) ops.:
. B QIZ(bLyMSL)(C_LYMCL)
l Q2:<b_LyMCL)(C_LYMSL)

Penguin operators:

0 =2, (b, yus,Ja¥"q

~

—(h Ty'y 1 |
9. ( LYMSL) ¥ Y | %ﬁzziCi(u~mb) Qi/

Potential dilution of the short-distance
information: due to the mixing of the
four-quark Q; into the FCNC Q;

[perturbative long-distance contribution]

S pP~H

» This effect 1s very small in operators which cannot be generated at low scales,
such as Qy (<> Zpenguin & W box) or the analog of Qg ; for /=v

» But is large for (most) other operators, such as Qg
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~Rare b — sll decays: generalities

3" step: Evaluation of the hadronic matrix elements

AB—f)=Zi G (f10:i1B) W [pw~my |

.

Non-local matrix of four-quark ops.
involving charm (Q, ,) — non-
perturbative long-distance effects,

very large in specific kinematic regions

(K|b Yus B ) » [rreducible theory error (beside few

exceptions)

Local matrix element of
quark bilinears, such as

» Good precision from Lattice QCD
(as in charged-curr. semileptonic decays)
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~Rare b — sll decays: generalities

3" step: Evaluation of the hadronic matrix elements

AB—f)=Zi G (f10:i1B) W [pw~my |

: —~ 300 T -
Local matrix element of a = LHCD

quark bilinears, such as

—e— data
00 total l |
7 T™S N e e short-distance
< K | b yﬂ S |B > 150 resonances
R interference

background

» Good precision from Lattice QCD
(as in charged-curr. semileptonic decays)

n
o O

- e ey, B
- "
I T T NN TN TN TR SN (N TR MR NN SN NN T SN 1A M NN S NN

1000 2000 3000 4000
miss, [MeV/c?]

Candidates / (44 MeV/c
n >
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Rare b — s I decays: selected results

1.00 7 SM from ASZB
. Re(CYF) = -1
' [ LHCb Run 1 + 2016
—~ 0.50 _-I—{ 4 CMS Run 2 preliminary
_El },E_{ ATLAS Run 1
< 0.25-
L 0.00 H
T . -
=
A 0.25- -
5
el B H #
—0.75 )i( —$
—1.00 -~

el hh D Dn i e e
¢° [GeV?]
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~Rare b — sll decays: selected results

[ [. B{— o } This decay is a special case among exclusive B decays:

» The kinematics (lepton pair in J=0) forbids vector-current contributions
— fully dominated by short-distance [only the Q;, op. contributes in the SM]

* Hadronic matrix element particularly simple: (0| b YU Vs S |B,(p)) =1 /B, Py

Leading SM
diagrams

(unitary gauge):
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~Rare b — sll decays: selected results

[ [. B{— o } This decay is a special case among exclusive B decays:

» The kinematics (lepton pair in J=0) forbids vector-current contributions
— fully dominated by short-distance [only the Q;, op. contributes in the SM]

> Hadronic matrix element particularly simple: (0| b YU Vs S |B,(p)) =1 /B, Py

Leading SM b 1l
Ji W
iagrams t
(unitary gauge): S| u
W

good approx. to the
full SM amplitude

Very clean probe of the Yukawa mechanism
(sensitive probe of possible extended Higgs sectors)
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~Rare b — sll decays: selected results

[ [. B{— T ] This decay 1s a special case among exclusive B decays:

» The kinematics (lepton pair in J=0) forbids vector-current contributions
— fully dominated by short-distance [only the Q;, op. contributes in the SM]

> Hadronic matrix element particularly simple: (0| b YU Vs S |B,(p)) =1 /B, Py
10° x B(Bg — py)

For a few years an interesting (mild)

S — LHCb 22 tension was observed.
_— Comb. 21
——a— Bl CMS 20

———si————|  ATLAS'I9

b SM | BRgy=(3.66+£0.14) x 10~
' — Beneke et al. '19
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~Rare b — sll decays: selected results

[ [. B{— T ] This decay 1s a special case among exclusive B decays:

» The kinematics (lepton pair in J=0) forbids vector-current contributions
— fully dominated by short-distance [only the Q;, op. contributes in the SM]

> Hadronic matrix element particularly simple: (0| b YU Vs S |B,(p)) =1 /B, Py
10° x B(Bg — py)

CMS 22 i

5 For a few years an interesting (mild)

. LHCb 22 tension was observed, but it disappeared
E at the end of 2022...

— Comb. 21
o However, the experimental error is still largely
N dominant — room for improvement

g i—|  ATLAS'19
- SM | BRgy=(3.66+0.14) x 107
| . L

Beneke ef al. '19
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~Rare b — sll decays: selected results

[ I1. Differential distributions in B — K" pu'pu” ]

The process B® — K% (—K*n") ' is characterized by 3 independent angles
and the invariant mass q° = m,,

General decomposition of the

differential distribution. >
o gfd(;g?d.;ﬁ iz ggﬂ 2[1 — Fp)sin® O + Fp, cos” O+
i(l—F,L)si.n2 O cos 20, — F, cos> O cos 20, + P'S _ 55’
Sy sin? O sin? O cos 26 + Sa sin 20k sin 20¢ cos b + | VFL(1-FL)
53 sin 20 sin O cos ¢ + S sin” O cos b + observable designed to cancel
S7 sin 20k sin O sin @ + form factor dependence

in the heavy-quark limit

Sk sin 20 sin 26, sin @ + Sq sin” Ok sin” @y sin 20 ]

Descotes-Genon, Matias,
Ramon, Virto '12
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~Rare b — sll decays: selected results

[ I1. Differential distributions in B — K" pu'pu” ]
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Since 2013 a significant

1.00 1 P; SM from ASZB i ) s )
5 Re(CI'P) = —1 tension with “reference
= @ LHCb Run1 + 2016 | SM predictions has been
— 050 -P observed by LHCb,
o = + consistently over the
% whole g2 spectrum.
£ 000 B
8 _0.25- +
& _o50- +
e e BB
~1.00
Aa e T T
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~Rare b — sll decays: selected results

[ I1. Differential distributions in B — K" pu'pu” ]

2024 Asia-Europe-Pacific Summer School

0.00

P (B’ — K*utyu™)

~ —0.50 1

—0.75 1

P’s

e

£

—1.00i 7

:#HP{L,_EI

[ [

SM from ASZB
Re(C’éVP) = =1

LHCb Run 1 + 2016

CMS Run 2 preliminary

ATLAS Run 1

Since 2013 a significant
tension with “reference”
SM predictions has been
observed by LHCb,
consistently over the
whole g2 spectrum.
Recent confirmation of the
same effect by CMS

2.9

0.0

T

10.0
¢* [GeV?]

50

17.5
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~Rare b — sll decays: selected results

2024 Asia-Europe-Pacific Summer School

[ I1. Differential distributions in B — K" pu'pu” ]

: : == Run 1
-~ LHCb B) PRL 125, 011802 (2020) - 2016
: : Run 1 + 2016
304 : :
254 3 S M o
Q \ E : 3 : . /”
: : : e -
2201 V3 i~ IO} e
IS A = Lo
\ /.
10 \\ o
AW} : /.3.
. 424 LHCh
: N
A\ s
20 -15 -1L0 —05 00 05 10 15 20

Data seem to be well described by a
shift in Cy with respect to 1ts SM value.

However...

» Remember long-distance effects can
pollute the determination of Cg

(SM theory error underestimated?)
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~Rare b — sll decays: selected results
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[ I1I. Differential distributions in B — K™ p"i~ & related observables ]

dB(B! — ou*1)/dg? (GeV e

1

dB(B— K up)

—3— LHCb 9fb '

LHCb 3fb "
SM (LCSR+Lattice)
SM (LCSR)
SM (Lattice)

v(2S)

e
q* [GeV?/ ¢4

[GeV ™
vo
!
7~
=
e
—zl

- BSM best fit

BSM benchmark |
SM prediction
LHCb 2014
Babar 2012
Belle 2019

2 4
THEP 06 2014) 2 1q6v2)

Data seem to be well described by a
shift in Cy with respect to 1ts SM value.

However...

» Remember long-distance effects can
pollute the determination of Cg

(SM theory error underestimated?)

» On the other hand, similar pattern
observed by other observables in
related processes.
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~Rare b — sll decays: selected results

[ I1I. Differential distributions in B — K™ p"~ & related observables ]

Taking a conservative approach, we cannot claim (yet...) that what has been
observed 1s an unambiguous evidence of physics beyond the SM.
However, the situation is quite intriguing.

. ¢ Differential distributions help
us to disentangle short- vs.
af long-distance effects [short-
exp k } { distance should be “flat” in
3l

{ } q*> & “channel independent”]
o™ ok e B In the near future, with the

| v G~ help of high-statistics data,
we could be able to
disentangle “QCD pollution™
Low-¢* High-¢” from short-distance dynamics

Coy

B—=K
C'9

Bordone, GI, Maecler, Tinari '24
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Tests of Lepton Flavor Universality

0 -4 1 1 ] I | | | || | | 1 | | | |
% ' ' 68% CL tontours -
Q A
a) |
Qﬂ - Moriond 2024 -
035 LIHCH i
B Lell -
03 '_ Belle® _'
025
0.2~  4HFLAV SM Prediction R(D) =0.342 £0.026,,, =
B R(D) = 0.298 +0.004 R(D*)=0287 £0.012, ., -
- R(D*) =0.254 +0.005 g0 -
u I : I P(x2) =35% _
0.2 0.3 04 0.5
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~ General considerations on LFU

LFU [= identical behavior of the 3 charged leptons] 1s part of the approximate
accidental flavor symmetries of the SM Lagrangian

LFU is badly broken in the Yukawa sector: y ~3x10-%, y ~3x104, y ~10-2

However, all the lepton Yukawa couplings are small compared to SM gauge
couplings, giving rise to the (approximate) universality of decay amplitudes
which differ only by the different lepton species involved
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~ General considerations on LFU

LFU [= identical behavior of the 3 charged leptons] 1s part of the approximate
accidental flavor symmetries of the SM Lagrangian

LFU is badly broken in the Yukawa sector: y ~3x10-%, y ~3x104, y ~10-2

However, all the lepton Yukawa couplings are small compared to SM gauge
couplings, giving rise to the (approximate) universality of decay amplitudes
which differ only by the different lepton species involved

LFU has been verified with extremely high accuracy in several systems:
* 7. —ll decays [~ 0.1%]
* T — [vv decays [~ 0.1%]
* K — (m)lvdecays [~0.1%] & mn— Ivdecays [~0.01%]

This is why it has been often assumed as a “sacred principle”...
But there 1s no deep reason, to assume it holds BSM.

As we shall see, there are also no strong experimental tests in semileptonic
processes involving 3" generation quarks, which actually show intriguing hints
of LFU violations
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~LFU tests in b — c transitions

The way we test LFU 1n charged-current b — ¢ transitions is via the ratios

 T(B—H, () X

H, =D or D*

We are not able to compute very precisely,
separately, numerators and denominators in these
ratios because of hadronic uncertainties...

Eg: AB— D )y =Ger Ve, (D] by e |B) Oyt

'==-==> [1(q?) (Pp+Pp), +/(a?) (P-Pp),

But these uncertainties cancels (to a very good accuracy) in the ratios

The “anomaly” appears when comparing t vs. light leptons (L, €)
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LFU tests in b — c transitions [t vs. light leptons (L, €) |:

BaBar

0.440 £ 0.058 £ 0.042

Belle

0.375 = 0.064 £ 0.026

Average

0.391 £ 0.041 = 0.028

SM prediction

0.297 = 0.017

HFAG

0.2 + 0.4 R(D)

|2015 |

BaBar
0.332 £0.024 £ 0.018

0.293 + 0.038 £ 0.015

LHCb
0.336 = 0.027 = 0.030

Average

0.322 £ 0.018 £ 0.012

SM prediction
0.252 £ 0.003

IYe

0.2 + 0.3
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LFU tests in b — c transitions [t vs. light leptons (L, €) |:

BaBar 2012, had. tag
0.440 £0.058 £0.042

Belle 2015, had. tag
0.375 £0.064 +0.026

Belle 2019, sl. tag
0.307 +00?7 +0.016

LHCb 2022

0.441 £0.060 = 0.066

Average
0.357 £0.029

HFLAV SM Average
0.298 +0.004

PRD 94 (2016) 094008
0.299 £0.003

PRD 95 (2017) 115008
0.299 £0.003

JHEP 1712 (2017) 060
0.299 £ 0.004

EPJC 80 (2020) 2,74
0.297 +0.003

PRD 105 (2022) 034503

HFLAV

]

:-

;

-

[ |

0.296 +0.008 -
L

04
R(D)

2023

)12, had. tag
024 +0018

1§ h‘ld tag
0.015

17 (had_ronlg tau)

.033 +0.0

sl.tag
018 +£0014

018 =0.024

S
=]
!
St
.
:r
Q

-SM Average
(02017) 115008
12 (2017) 060
005

(2019) 386
007

(2019) 9,091801
005

(2020) 2,74
006

d1 %111<: tau)

i ' ‘ Summer 2023 \

A % R(DY
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~LFU tests in b — c transitions

LFU tests in b — c transitions [t vs. light leptons (L, €) |:

~ 0-4 1 ] I L] ] 1 I | | 1 | ] | ]
*Q A 68% CL tontours -
R(H ) L F(B — HC TV) E - Moriond 2024 -
“ T (B —H, ) 035 LHCH -
- 1lell -
= b =
03 = Belle ( a

b b C B
L CL E (LA
025 [ BAE
W L y 1
G 5L VL t v 02F  $HFLAV SM Prediction R(D)=0.342 +£0.026,,, —
B R(D) = 0.298 +0.004 R(D*) =0287 £0012,,, .
- R(D*) = 0254 +0.005 e -
B 1 I 1 [ 1 1 [ 1 I [ 1 1 [ 1 1 I 1 PI(X ) I: 35:70 [ 1 [ 1 [ 1 ]
0.2 0.3 04 0.5

R(D)

¢ No single experimental results deviates significantly from the SM, but data are all
well compatible and their combination leads to 3.1c deviation vs. the SM
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~LFU tests in b — c transitions

LFU tests in b — c transitions [t vs. light leptons (L, €) |:

g v / s " 8% CL tontours -
R(H ) L F(B — HC TV) EZ - Moriond 2024 :
C F(B N Hc f\/) 035 LHCH =
B eIl -
~ENEEN = -
b e bp CL i N ]
L L B LHCb i
025 [ n
w C v ]
U gL VL L VL 0.2 =  $HFLAV SM Prediction R(D)=0.342 £0.026,,, —
B R(D) = 0.298 +0.004 R(D*) =0287 £0012,,, .
- R(D¥) = 0254 +0.005 o -
B 1 I 1 [ 1 1 [ 1 I [ 1 1 [ 1 1 I 1 Pl(x-) |= 35;/0 [ 1 [ 1 [ 1 ]
0.2 03 04 0.5

¢ No single experimental results deviates significantly from the SM, but data are all
well compatible and their combination leads to 3.1c deviation vs. the SM

¢ The two channels are consistent with a universal enhancement (~10 — 20%) of the
SM bL — CL TL VL amplltude
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~LFU tests in b — c transitions — possible connection to the bsll anomaly?

A rather interesting aspect of the LFU anomaly observed in b—ctv
1s a possible connection to Cq— anomaly observed in b—s//

possible eﬁective opemtor.'

by
SU(Z)L 0, 7.0, L,y

symmetry T

QLi -

L\ Q Z/ i VLi
N A=l
/Q l\ e

\

AC96’“ ~ -0.5 Bobeth & Haisch 'l11

. ) Crivellin ef al. '18
| correct sign & size... | Alguero etal. '18
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Last but not least, LFU tests have been performed recently also in the
neutral-current b—s// decays, probing in this case the p vs. e universality.

The situation was very exciting till the end of 2022...

1.2

Rexp/ RSM
=

0.8:

0.6

1.4k

LHCD results on the LFU ratios

| latest measurements supersede past ones |

2017 2017

Ry low-¢° Ry central-¢° Ry low-¢> Rp+ central-¢?

_ J dI'(B — H pup)
| dI'(B — Hee)

Ry

Very clean SM predictions
[theory uncertainty below 1% ]
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~LFU tests in b — s transitions

Last but not least, LFU tests have been performed recently also in the
neutral-current b—s// decays, probing in this case the p vs. e universality.

The situation was very exciting till the end of 2022, when a more refined
experimental analysis changed the picture...

J dI'(B — H pp)
RH —
J dI'(B— Hee)
14k LHCDb results on the LFU ratios
' | latest measurements supersede past ones | Very clean SM predictions
: [theory uncertainty below 1%]
b2t 2022 2022

This was a good reminder we
should be very cautions in

iI 1 interpreting “anomalies”...
08k 2021 -
1 2019
e ¢ I However, as for B(B, — up),
0.gL Lmodes 2014 o note that the exp. error 1s still
[ 20 o largely dominant — [arge room

Ry low-¢° Ry central-¢° Ry low-¢> Rp+ central-¢? far improvements
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