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e Lecture I — Flavour physics and CP violation in the Standard Model;
basic observables

e Lecture II — Hadronic matrix elements; theoretical tools: effective
Lagrangians; important phenomena and examples: B; mixing and

B — K™ ptye—

e Lecture III — Flavour physics beyond the SM: SMEFT, MFV, more Higgs
doublets, MSSM, warped extra dimensions
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Disclaimer: these are presentation slides,
not lecture notes.
No proof-reading has been done.

Please report errors.
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Lecture |
Flavour in the SM, basic observables
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Principles of the SM

e Symmetries

Lorentz symmetry and translation invariance
SU(3)c x SU(2)r x U(1)y gauge symmetry

o Fields and their symmetry transformations

1 u 2 1
3,2,-) = U@G,1,-) = D@3,1,—-)=d
062 9= (1) verdh-w peL--a

1 (v o 1 _ <p+
L(1,2,f§)_(ez> E(1,1,—1) = eg ¢(1’2’5)_(w°)

+ gauge fields
e Action principle

S:/d4x£, 5S=0

e Renormalizability as an effective field theory — S contains all field products compatible
with symmetries and field content
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SM Lagrangian

L= Z —%Fé/ng‘“’_y Z Vipy

G=SU(3), SU(2), U(1) =Q,U,D,L,E
A

+(Du)! (") + wole - 3 (69)?

—AELOE — AP QgD — AV QU + hee. (= io?e)

+ £d>4 (Lepton number violation (d = 5), come back to d = 6 in lecture III)
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SM Lagrangian with flavour
1 T
£= Z 7ZF?;/J.VF2HV+ Z VipPap
G=SU(3),SU(2), U(1) $=Q,U,D,L,E
A

+ (Dud)| (DF9) + w2610 — 7 (616)?

— NS LioEr — XD 016Dy — N 016U + hc. (@ = ioc2¢)
=+ £d>4 (Lepton number violation (d = 5), come back to d = 6 in lecture III)

Flavour is about indices ...
For all fermion fields (Why all? Anomalies!)

— 4y I =1,2,3 generations, X af
g 1

o If )\fj = M¥6y7, no experiment would allow us to distinguish the different generations.
However, none of the principles above forces )\;(J o< dy — unless we add U (3)5 flavour
symmetry to the postulated symmetries.

e — Flavour physics is the physics of non-trivial Yukawa coupling matrices.
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Why should this be interesting?
Flavour is associated with/leads to new/interesting fundamental physical phenomena

e Particle—anti-particle mixing
e CP violation = microscopic time-reversal non-invariance

e Matter and anti-matter have different physical properties

In the past, flavour has often given the first hints of new particles/New Physics

DKL = ptp7)

<1 charm quark
T(K— = p—,,) - d

e mg, —mg, ~» mass of the charm quark
o CPviolation ~- third generation

o mpy —mgo top quark must be heavy

Flavour may do it again!
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Flavour parameters of the SM

e Flavour is responsible for most of the parameters of the SM
85,8, 8 — gauge couplings (3)
,uz, A — Higgs potential (2)
AE AP AU complex matrices  ~» 3 X 9 x 2 = 54 real parameters
e Note quite — can redefine fields 1; — Uy, 1y2;. Uy, must be unitary [Exercise: Why?]
NS UINEUE N s UupPup A = ol oy

Any complex matrix A can be diagonalized with non-negative diagonal elements by a
bi-unitary transformation A — viau = diagonal, non-negative.

e We’re missing one unitary matrix to make both quark Yukawa couplings diagonal.
Convention: make AV diagonal and write

AP = Vegwm X diagonal

Lyukawa = — D AT LioEr — NP QiViy cxmeDy — > A/ 01¢U; + he.
1 1J 1
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Flavour parameters of the SM (II)

Lyukawa = — D AT LigEr — X7 QiViy cxméDy — A Q1dUs + hee.
1 1 1

e Nine diagonal elements [~+ quark and lepton masses]

e One unitary quark flavour mixing matrix. A unitary n X n matrix has

(n+1)

moduli/angles + % phases

W= n(n—1)

e Can still perform quark field phase rotations ¢y — &Y Yy provided @, = ¢y,

— Can remove 2n — 1 phase differences [Exercise: Why not 2#?], and there are

7'1("2_ D (n=Din=2) phases "= 3 + |

moduli/angles + >

quark flavour mixing parameters.

— For n > 3 the Yukawa coupling parameters are not in general real

[Exercise: Note that the lepton Yukawa coupling can be made diagonal. Add the term —fj; [L,Te io'2<b] [<I>Ti02L/] + h.c.
to the Lagrangian of the SM and repeat the above analysis. How many flavour mixing parameters (angles and phases) do you now
find for the lepton sector? Which physical phenomena does this (does this not) entail?]
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Flavour-changing charged but no neutral currents

e Spontaneous electroweak symmetry breaking
SU3)e x SUR)L x U(1)y = SU(3)c X U(1)em

1 0 - _ 1 v+ H
= (du) =5 (07

<> (focus on quarks and EW gauge interaction)

= > > 7Q¢1PRI’Y‘L’¢'RIZ?L - > > £ (Ti, *S%wa) VSLI'Y‘L'L/JLIZZ

Yp=u,d I w=ud 1 W

_ 5 PR + g -
\/5 Z (uu“/ dy W, +dy~yTun W, )

-3 A (v + WYy Vi ckmdry — Z A, (v + H)agpugy + he.
I

e Gauge interactions don’t mix generations but the down-type quark mass matrix is not
diagonal. Go to fermion mass basis by field rotation dr; — Vig ckmdrk:

8 2 -
= > > —me”wmz S5 — (Ti - Swa) by b Zg
Yp=u,d I p=u,d 1 W
- z > (ELI'Y“ Vis,ckmdLy W;r +du" V) cemtis W;)
7

-> A v+ Bdydey — 3 A+ Hyagugy + he.
1 1
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Flavour-changing charged but no neutral currents (II)

Z Z Qw’l/JRl’Y ’¢1RIZO > Z (Tfp *Séva) 1/3L1"/“1/)LIZ?L

Y=u,d I p=u,d 1 W
7 Z (MLI’Y 17 ,ckmdL W + duy" Vi cxmurs W, )
I
-3 A (v + H)dyydry — Z A, (v + H)igugy + hee.
T
e Flavour- (generation-) changing phenomena in the SM result from the interplay of the

Higgs-Yukawa and the electroweak interactions.

e Strong, electromagnetic, 7% and Higgs interactions with fermions do not change
generations and not even flavour.

e The absence of flavour-changing neutral currents is not based on any particular symmetry,
but a consequence of the gauge symmetry and the particular field content of the SM.
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P,C, T

e Parity, Charge conjugation, Time reversal
Not required as symmetries by any fundamental principle, but strong and electromagnetic
interactions are invariant under all of them.

e Transformation of fields and states of the Hilbert space, unitary or anti-unitary operator

such that
Uxp(x)Uy ' = linear in  or ¢
(up to phase)
P C cp T CcPT
b(x) »(Px) o' (x) ¢ (Px) #(—Px) o' (—x)

Yx) | A Px) =it () =i T (Px) Y'Y p(—Px)  —yT(—x)

—ic? Pl (Px)  —io®Yr(—Px)  —)(—x)

P (x) 0 0
AR(x)| =P AY(Pr) —AR(x)

(P =diag (1, —1, —1, —1), Pr = (:°, —7))

PH A (Px)

P AY(—Px) PH,AY(—x)

e P, C are violated by the weak interaction, since right- and left-handed fields have
different gauge quantum numbers. The charge-conjugate of the left-handed neutrino
would be a left-handed anti-neutrino. However, CP is consistent with the field content.
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CP, CPT

o Kinetic terms (gauge interactions) and Higgs potential are CP symmetric [Exercise: check this,

trivial for the Higgs potential |
e Yukawa interactions
= CP * A N * 7 t
Q1¢D; = nynp,ng, Qi(—ioc™)¢licaDy = —nynp,m5,Dsd' Q1
—(774577DJ77§1)\Z)DJ¢TQ1 vs. Xo*DyptQr  from +hec.

Corresponding equation for AU is easy to satisfy, because AU can be made diagonal and
positive. But for AP = VEKM X diagonal need

Vékm = Dnp Verm DI,Q Dy, = diag (1, , 11D, , npy) ete.
i.e. it must be possible to make Vg real by a re-phasing of the D- and Q-fields. We
already know that this is not possible for n > 3 generations.
e CPT is not violated

— CP and hence T is violated in the SM unless Vg is real accidentally or by some
additional principle

[Exercise: Show that CPT is a symmetry. Discuss the concept of an anti-unitary operator and why time-reversal must
be represented by an anti-unitary operator. Hint: the fundamental Heisenberg relation]
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The Cabibbo-Kobayashi-Maskawa (CKM) matrix

e Standard parameterizations (three angles, one phase)

Vud Vus Vup 1- 222 A AN (p — in)
Verm = | Ved Ves Ve | = - =22 AN +0o(xh
Via Vis Vi AN (1 —p—in) —AN® 1

_is
c12¢13 s s12€13 s S !
= | —seas —cnsssize’ cipexs — sispzsize’®  sxen3

5128523 — Cc12¢23513¢'0 —sp3¢12 — s12623513¢° €23¢13

A=0.225A=0.82,p=0.15,7=0.35 ~- hierarchical structure!

o Unitarity implies relations when multiplying columns and rows. THE unitarity
relation/triangle is

Vuzlv,;k]) + Vr'l[V:b + VMV;;I =0

Vb = V| e = A)\3(p —in)
Via = ‘V,d| e 8 = A>\3(1 —p— i’r])

[standard phase convention]

(0,0) (1,0)
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The Unitarity Triangle

1995 (top discovery) 2001 (B factory turn-on)

2016 (Precision flavour physics)

d
e~ [
v ntépp Kté,]? B-ﬁg
- o 2 [
V= e D:éf D'Zé}’{ BI:éE
t w
\Qb

t BB B’ | B,pd B,

[Image from Gori 1610.02629]
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Angles mostly from semileptonic

Vi, Vis indirectly from effect of top
loops on B and K decays, mixing

Phase from CP violation or through
unitarity
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CP violation in the SM

e Phase convention independent, dimensionless measure of CP violation

J = Tm [Vis Ve Vi, Vi ] (i — m2) (m7 — miy) (mg — m3)
N—— ——
A6A2n~3.10—3

2 2v(, 2 2v( 2 24 /12
X (my, — myg)(my, — mg)(ms — mg) /v

CP violation in the SM not only vanishes if the CKM matrix is real, but also if any of the
up-type or any of the down-type quarks are mass-degenerate.

[Exercise: Degenerate quarks can be unitarily rotated. The extra phase of this rotation can be used to set the CKM

phase to zero. Prove this. ]

— CP violation is a rare effect not because the CP phase is small, but because flavour
mixing and quark masses are small and involves all three generations.

o Although CP violation was discovered as a small effect in 1964 in kaon decay/mixing,
we know the above only since 2001, when a large CP asymmetry was observed in B
decay/mixing

o The CKM phase is the only known source of CP violation. CP violation in the lepton
sector has not yet been seen. The strong interactions could be CP-violating due to the
so-called 6-term, but this has not been observed either.

M. Beneke (TU Miinchen), Flavour & CPV ESHEP 2017, Evora, 15-18 September 2017



Basic observables — Meson mixing

o K(ds) and K(sd), BY(db) and BY(bd), BY(sb) and B?(b5), and D°(ci) and D° (uc)
Neutral mesons, particle—anti-particle, eigenstates of the strong interaction Hamiltonian
with equal mass, stable particles.

e Turn on the weak interaction
H = Hs + Hyeax

No longer exact mass eigenstates, Hyeakx can change strangeness, bottom, charm by
|AF| = 2. Mesons decay.

e Time evolution

MOt =0)) = M%) —  |M°(1)) = a()|M*) +-b()|M°) +c1 (DIf) Fe2(DIf2) +. .

can be approximated by the action of ; ot u 4 ap c
a non-hermitian Hamiltonian on the
MO, i° two-particle system without the
) . M b3
decay states f; (Wigner-Weisskopf a uct s B asb u
approximation) b uct d b wet s
% »
d uct b s uct b

[Image from Nierste 0904.1869]
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Meson mixing (II)

@ (M) () T
“u <|M(r>>> = <|M(r>>> H=M=i3

e Any 2 X 2 matrix H can be decomposed into its hermitian and anti-hermitian part. M and
I are the hermitian (not real!) mass and decay matrix, respectively.

e CPT symmetry: My} = My, Ty =T

e Eigenstates with eigenvalues M /iy — iFL/H/Z

ML) = pIM) +qlM)  |Mu) =pIM) —qlM)  |p* + g =1 rcpry
M, M, I I
M= % M, TI= %

AM =My — M; >0 Al'=T;, - Ty

=In

1
(AM)? — Z(AF)Z =4Mp* — Tp)? AMAT = —4Re (M2T},)

(2)2 _ My - iTh, /2
)4 Mlzfi]._‘lz/z

_ M

e CP violation in mixing T
12

£1 & (b:arg( );éom
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Meson Oscillations

e Non-zero off-diagonal elements (due to the weak interaction) lead to meson-anti-meson

oscillations of the flavour eigenstates

M@ =0)) — M) =g+()|M)+ gg—(t)liffl)

M(1=0)) — WI(!)>=§g—(t)IM>+g+(t)|M>

with
i ATt AM AM 1t
g+ (1) = e~ Mt =T1/2 [ cosh 0s — isinh sin 3 ]
i JAN N AMt AM ¢t
g_(1) = oM = T1/2 |:7 sinh —— +icosh sin 5 ]
o If z;él & c,*):arg(—i>7£0
P INP)

there is a CP violating phase difference.

M. Beneke (TU Miinchen), Flavour & CPV ESHEP 2017, Evora, 15-18 September 2017



GIM mechanism

e AF = 2 transition amplitude (box graphs)

_ Gym3, D) (D
HAP= = 127! > NN () (Dyu(1 = 7))

i,j=u,c,t
Gm _
= or W[50 + 860 OP)? + 250 5A DA (Bt = 25)8
2
AP v, AP AP AP 0 g
myy
S(xi) = F(xi,xi) + F(xuy xu) — 2F (xi, Xu)
S(xi,x;) = F(xi, x7) + F(xu, xu) — F(xi, xu) — F(xj, x4) ° vet b

e Similar for kaons (b — D, D — s).
For D° mesons, sum over internal d,s,b.

e Vanishes if all quarks are degenerate due to the unitarity of the CKM matrix.
If all m; < myy, then HAP=2 m,2 / m%v ~+  Glashow-Iliopoulos-Maiani (GIM)
suppression of loop-induced flavour-changing neutral current transitions.

Doesn’t apply when top loops are relevant.
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Estimate of mass differences

() ()2 4 8(xe) A)? 4 28 (e, )AL AP

Strength of AF = 2 transition is determined by an interplay of CKM factors and GIM
suppression.

B B? K° D°
\"A% d ~ )\ thV ~ )\ Vn[V ~ >‘5 Ve Vub ~ )‘5
Va Vi~ A3 Vg Vi ~ X2 VeV ~ A Ves Vil ~ A
top loop dominates top loop dominates charm+LD dominates Re strong GIM and/or
SD top+ dominates Im CKM suppression
Re A0 N Azxc +... A2 x M
Im A6 26 A0 A0 % 6

o argMj, ~ O(1) only for BY.

e Lifetime difference requires an absorptive part of the box graph, corresponding to final
states common to M° and M° decay ~»  top box never contributes (lecture II).
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Basic observables — weak decays & CP violation

Decay of M and/or M into f and/or CP-conjugate final state f

Ar = (fIM), Ar = (f|M), Az =(f|M), A;= (f|M)
Ar = a1l 4 gyl 4

Af» =afe™ Pl 4 grei2eiv2

e Transition amplitudes are complex numbers even in the absence of CP violation
(absorptive parts) ~»  “strong phases” d;. They are equal for A; and Az.

e The CKM (“weak”) phases ; change sign because Ay and Af are computed with the
corresponding complex conjugated interaction terms in the Lagrangian.
Case 0 Decay M — f is interesting without CP violation (FCNC, NP, ...)
Case 1 CP violation in decay
Case2  CP violation in mixing

Case3  CP violation in mixing and decay, time-dependent
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Basic observables — weak decays & CP violation (II)

Ap = (fIM), A = (M), A; = (fIM), A = (f|M)
Ap = uleiéleiwl + azeit;zeitpz +...
/;7 = a]eiél Patia| + azeiéze_i(‘pz +...
Case 1  CP violation in decay

The relevant quantities are

e.g. 1_92 — 7~ K. CP violation if [Ar| # 1requires at least two amplitudes with a non-vanishing
strong and weak phase difference, §; — &, 1 — 2 # 0, . CP violation sizeable if both ampli-
tudes are of similar size and their phase difference is large.

Case 2 CP violation in mixing

DM(t) = f) —TM@) =F)  Ip/al* —la/pl?
—f

4 and a = -
p T T ) ST D) lplal T la/el

provided f is a flavour-specific final state, i.e. M — f is forbidden, there is no CP violation in the
decay to f e.g. Bg — X¢T ;. CP violation in mixing if |¢/p| # 1.
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Basic observables — weak decays & CP violation (I1I)

Ap = (fIM), A = (M), A; = (fIM), A = (f|M)
Ap = uleiéleiwl + azei‘;zei‘PZ +...

A] = a]eiéle_i“p] + azeiéze_i(‘pz +...

Case 3 CP violation in interference of mixing and decay

oA B q/p I
The relevant quantities are Ay = = — and
pA AN / Ag
!

_ T(M(1) = fep) — T(M(t) — fep)
T(M(t) = fep) — T(M(t) — fep)
A%E cos(AM t) + A sin(AM 1)

= " cosh(AT'1/2) + Aar sinh(AL7/2) + O(lg/pl = 1)

afep (1)

21m Ay 2Re Ny

ar 1= N _ Aap = —
L L [

MR

mix __
cP —

fcp a CP eigenstate to which M and M can decay e.g. Bg — J/Qﬂ[(s [Exercise: derive this formula]

This becomes particularly simple if |Af| = \Af|, implying |\¢| = 1 (in the above approx.), then
Ar = —ncp exp(2arg (M,) —2¢1) ~»  “golden mode”
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