Flavor Physics & CP Violation
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Flavor stems from the misalignment between these two different bases. The
three fermion families have identical properties, coming from their gauge inter-
actions, and differ only by their mass and flavor quantum numbers.
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Flavor Physics & CP Violation

.- Origin of masses, mixings and CPV in the SM. GIM & the natural suppression of FCNC.
Universality of interactions.

Il.- CKM matrix elements determination

l1l.- CPV measurements Plenty of wonderful biblio on this
subject, particularly from CERN Schools

_ by Grinstein, Pich, Neubert, Isidori, etc.
IV.- Rare decays. Flavor anomalies. And the PDG reviews.

V.- Constraints on NP (EFT approach). (More) Flavor anomalies.
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This course heavily relies on the 'Field theory & the EW SM' lectures, by Laura Reina. Big complementarity with Nils Tuning's.

Matter representations are labelled according to the SU(3).,SU(2), irreps dimensionality and the U(1), charge (Q=
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The SM covariant derivative is (a = 1,...,8, j = 1,2, 3):

R o A
D, =0, +igT"A}, + zgg?Wi +19:1Y B,,.

N

These parts do not act on singlets

_ - _ O3
>y YD, Y - Lyc=—) Ui {ngwj + glij,u] v,
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Before SEWSB

tral Current —_— T 03 ;
e Lo ==Y U7" |25 Wi + g1y, Bu| ;.
j
W, = (W} +iW2)/V2
Loo = _QL\;ﬁ W;[ Zﬁ,w“(l — v5)d; + Z viv" (1 — vs)e; | + h.c.

Charged Current L

After SEWSB, in the mass basis Zﬁ) - (COSQW _Siww) <V1‘3’/5>

sin Oy cos Oy

Lnc =LEEp + Lc

: _ e _

LA = — E e PAf, L% = Hlor — a Z0f
QED f foﬂ}{ ,Mf NC QCOC}GW Slﬂgwfﬂ)f ( f fﬂ}/5) P:f

with ay = % and vy = F(1 — 4|Qs|sin® Oyy). In this way, a; = % for all

fermions f, Whﬂe 200 = 1 — %Slﬂ Ow (U = u,c,t), 21;;3 = —1 + > sin 2 0w

(D =d,s,b), 2v, =1 (Vv = Ve,v,,v,) and 20 = —1 + 4 5 sin 20w (B = e,u,'r),
sothat f = U, D, v, E. In the charged current sector, now there are non-diagonal

transitions in the mass basis, as we anticipated:
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Before SEWSB
Loo = —% W;[ Z w;y" (1 — v5)d; + Z viv" (1 — ~v5)e; | + h.c.

After SEWSB, in the mass basis

. 3
Z ﬁi’}fﬁ(l — ’}/5)1/;2(% + Z I?J/l?’}/’u(l — "}f5)€j —+ h.C. > .
ij

2v2 | * & /

(Cabibbo)-Kobayashi-Maskawa matrix

/

(Pontecorvo)-Maki-Nakagawa-Sakata matrix

In the SM, UNIVERSALITY is a consequence of the gauge symmetry. Since NC couple the same type of fermions, itis
evident either in the mass or the weak basis for neutral current interactinos (as unitary transformation on
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In the SM, UNIVERSALITY is a consequence of the gauge symmetry. Since NC couple the same type of fermions, itis
evident either in the mass or the weak basis for neutral current interactions (as unitary transformation on
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In addition to the matter irreps & gauge fields given before, one also has the Higgs doublet, whose non-vanishing vev
triggers SEWSB:

L /0
(¢) = 7 (U) , 0=(1,2), o' (x) = (¢, 0) = 55 (0,0 + H(x)).
b =io2¢* € (1,2)_.1. \

b=

v

Unitary gauge

According to the gauge principle, one must include in the Lagrangian all operators that respect the local gauge symmetry
at the (clasically) renormalizable level (operator energy dimension < 4, natural units). This also allows for the Yukawa-type

Interaction:
—Lyvur = —qL [ gbd"’ + r Qﬁuﬁ,} +FL(‘( )gbeﬁ + h.c.,
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—Lyur = —q- [ (d)gbdj + (‘ c;buR ‘|‘po E’)gbeﬁ + h.c.,
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If we call U*"®% the transformation between the flavor and mass (up,down)-
type LH fields, (there are additional matrices involved in the rotation for the
RH fields, but are not needed in this discussion), the form of the neutral current
part of the EW Lagrangian will remain to be diagonal (no FCNC at tree level),
as a consequence of the democratical treatment of all equal-charge fermions.

After SEWSB, in the mass basis

+ h.c.}
v — gy di

B T A

On the contrary, for the CC interactions: Before SEWSB

9 _ _
Loc = NG {W;[ [Z ;Y (1 — v5)d. + Z UivH (1 — ~v5)e;

0

T
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(Cabibbo)-Kobayashi-Maskawa matrix (Pontecorvo)-Maki-Nakagawa-Sakata matrix
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If we call U9 the transformation between the flavor and mass (up,down)-
type LH fields, (there are additional matrices involved in the rotation for theRH fields)
Exercise: One could find V9 = UWTU) | if the action of the U matrices,
between the mass and flavor eigenstates, is reversed. Verify the definition that
corresponds to the form given above for V9. What would then be the form
After SEWSB, in the mass basis

found for V(92
+ h.c.}
v — gy di

Onthe contrary, tor the CC interactions:
— = A

Loc=——=SWI Y am"(1—v)Vid; + > 7V y"(1—vs)e; | +he. p
]

2v/2 v \ _ ,

(Cabibbo)-Kobayashi-Maskawa matrix (Pontecorvo)-Maki-Nakagawa-Sakata matrix

Before SEWSB

9 _ _
Loc = NG {W;[ [Z ;Y (1 — v5)d. + Z UivH (1 — ~v5)e;

0

T
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The CKM matrix introduces several new free parameters in the SM. A 3 x 3
unitary matrix depends on 3* real parameters ((VVT),; = §;; for i, = 1,2,3
are nine restrictions: 6 on moduli and 3 on phases): 3 moduli and 6 phases.
Under phase redefinitions, u; — w;e’®" and d; — d;e'®, V;; — V;;el(9i=%i) g0
that five phases (a global phase is non-physical) are unobservable. In this way,
V(@) depends on 3 moduli and just one complex phase (for two generations it
reduces to a rotation in a plane, characterized by just one modulus, the Cabibbo
angle), responsible for all CPV phenomena observed in the quark sector that
-s0 far- can be explained within the SM. The PDG parametrization is (we use
cij = cosf;; and s;; =sinf;;, with i, 7 = 1,2, 3 labelling families)

s
C12C13 512€C13 s13e 018
. 5. is
V@ = | —s19c93 — 128235136013 ¢19¢93 — S12893513€" ;’" $23C13
r"ﬁ :
S19593 — C12C23513€"°1®  —C12S93 — S12C23S513€ 13 C23C13

Analogously for
neutrinos, but the
numerical values of the
angles and phase are
quite different. If they
are their own
antiparticles
(Majorana), there is an
additional phase matrix

diag(1,e?012,e?%13)

Redefining the quark fields phases, if necessary, the three real angles belong to
the first quadrant, so that ¢;; > 0,s;; > 0,0 < 013 < 27. Typically, one labels

the entries of the CKM matrix by the quarks they connect

Vu,d I/u.s Vub
V{Q) — 1i/vr;u‘l I/T:,'s V;:b
vrtd Vrts Vrtb
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Exercise: Show that if there are two degenerate up(or down)-type quarks,
V{9 can be transformed to a real matriz. This important result shows that not
only the size of 013 matters for observing CPV. This observation will be put on
more solid grounds later on.

1 0 0 ¢, 0 s,e®\/[¢c, s, 0

Vekm = |00 ey Sy 0 - 1 0 —81, € 0
0 TSy Cyg _Sl:iﬁﬁj 0 Cy3 0 0 1
C12Cy3 N S12C13 _ 8138—15

= | 7S12C3 — (312823313&& C12Co3 — 31232351363% S93C13

S12823 7 €12C23513 615 —C12533 T 512003 51:3‘:516i Ca3C3

The Cabbibbo submatrix is approximately unitary and s,3<<s,;<<s;,<<1, which motivates the Wolfenstein parametrization
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C12Cy3 S12C13 S13€
_ 1 _ o 10 o )
V(IKI\-’I — S12Cag3 Ci19543513 ‘:_35 C15Cog S12523513€ 5 S93C13
1 T
S12503 C12Cy353€ CioS523 512C353€ Co3Ci3

The Cabbibbo submatrix is approximately unitary and s,5<<s,,<<s;,<<1, which motivates the Wolfenstein parametrization

‘ V:u_.s ‘ V;-.h
\/“/Tud|2 + H/:u,s Vtus

This way, the last eq. is phase-convention dependent, which motivates to use instead (see 15)

p+in=—VuV3)/ (VeaV})

§19 = \ =

s13€" = Vi, = AN (p + i)

Y
/

5 ) Hg;g:A)\z:)\‘

so that

AN} (p + i) V1 — A2\

) o * 3 y —
s1s€” = Vup = AN H10) = A= 1— A2ni(o 4 i)

and Vegw=Vexkm(
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The Cabbibbo submatrix is approximately unitary and s,3<<s,5<<s;,<<1, which motivates the Wolfenstein parametrization

and Vegw=Vexm(
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Unitarity of the CKM matrix should hold if there are no additional heavy quark states (yet to be discovered). In that case:

= i - . * 5
>3 VijVi, = 05k and -, Vi Vit = 0jp.

For j=k (i=k) they check that a given up (down) type of quark only couples to the three known down (up)-type quarks.
These include the test |V 4|2+|V s>+ |Vy|?=1, the most precise one.

Forj
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GIM & the natural suppression of FCNC

As we saw, SM gauge symmetry (+ unitarity) forbids tree level FCNC. The Glashow-Iliopoulos-Maiani (GIM) mechanism was

introduced to explain the severe suppression of FCNC, which goes beyond the naive expectation for one-loop vs. tree
level, ~ [g,/(4

Flavor Physics & CPV CLASHEP2025 Pablo Roig (Cinvestav) 20



GIM & the natural suppression of FCNC

SM gauge symmetry (+ unitarity) forbids tree level FCNC. The GIM mechanism was introduced to explain the severe
suppression of FCNC, which goes beyond the naive expectation for one-loop vs. tree level.

(Subprocess of K| ->
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GIM & the natural suppression of FCNC

SM gauge symmetry (+ unitarity) forbids tree level FCNC. The GIM mechanism was introduced to explain the severe
suppression of FCNC, which goes beyond the naive expectation for one-loop vs. tree level.

Exercise: Consider, similarly, b ->s
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Testing Universality

Universality was another consequence of SM gauge symmetry, which could also be violated by NP.
Tests involve ratios of observables, so that CKM matrix elements -whose determination will be discussed later- are not
needed in processes including hadrons. Radiative corrections are needed to achieve the precision shown.

Tests g
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