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Confusing situation!

|, The SM: Experimental success! 2. Yet,many open guestions:
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Dark energy
Quantum gravity

Beyond the SM ;



Why is flavour physics interesting for BSM?

|, Indirect discovery

Flavor physics can discover new states before they are directly observed
in colliders. Historical examples are charm and top quarks.

History

® Charm quark
- Postulated to explain I'(K — pup) < I'(K — uv) (GIM '70)
- Mass estimated from Amy (GL "74)
- Direct discovery (SLAC/BNL "74)

® Third-generation quarks
- Postulated to explain €x # 0 (KM 73)

- Top quark mass estimated from Amg ('86)
- Direct discovery: b (FNAL "77), t (FNAL‘95)

Flavour physics:
a trailblazer for direct searches!

*Also, direct discovery possible, e.g. K = ma 4
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Why is flavour physics interesting for BSM?

|, Indirect discovery
Flavor physics can discover new states before they are directly observed
in colliders. Historical examples are charm and top quarks.

2. CP violation

Baryogenesis tells us there must exist new sources of CP violation.

3. The SM flavour puzzle

Peculiar structure of observed fermion masses and mixings. BSM
explanation”/

4. The NP flavour puzzle
The fine-tuning problem of the Higgs mass implies that there exists new
physics at, or below, the TeV scale. If such new physics had a generic flavor
structure, it would contribute to FCNC processes orders of magnitude
above the observed rates.Why is this not the case!
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A timeline of the Nobel Prize
@johnmdudley
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Fundamental forces

The Standard Model

0—> 4—.

FrylFop =~ O(10%%)

Gauge symmetry'
P = V()
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Quantum fields

® [he Basic Building Blocks of the Universe

Operator on the Hilbert
space of particle states

)

Function of spacetime

Particles are ripples (excitations)
of fields tied into little parcels of
energy due to quantum mechanics.

Quantum + Fields

All electrons in the universe

are identical copies of each

other. They are excitations
12 of a single electron field.
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Quantum fields

e | ocal interactions:

— o S —

— o

@martinmbauer

Decay: The ripple of the ¢ field excites y and yr fields

13
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QFT crash course

. Lagrangian Z(x) S= Jd“xfz(x)
. Scattering amplitudes A = (p;...py| kik>)
. Cross sections do &« | M \2

. Bvents  dN =L Xdo k, P

P>

14
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SM dynamics

Quarks

Leptons

15
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SM dynamics

Long-range (m, = 0) but confining
The charge of the strong force g

\ Strong force

Quarks

w
@
Leptons @

e

Proton

16



SM dynamics
g y Long-range (m, = 0)
Strong force  EM

_|__

Quarks

Leptons

0098

17 Hydrogen atom



Admir Greljo | Lectures on BSM in flavour

SM dynamics
Short-range (my, , # 0)

g y ‘ ‘ Z Parity violation L # R

Strong force Weak

Quarks

Leptons

0098

(d = uev)

18 Radioactivity



Flavour
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Quarks

Leptons

Flavour
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® (enerations:
Mysterious property of matter!
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Terminology

* Flavour
Several copies of the same gauge representation.

SUB)pep X UMD ppp

— Up-type quarks in the (3)_ /3 representation: u, c, t;

— Down-type quarks in the (3)_; /3 representation: d, s, b;
— Charged leptons in the (1)_; representation: e, (i, T;

— Neutrinos in the (1)( representation: v, vs, V3.

21
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Terminology

* Flavour
Several copies of the same gauge representation.

e Flavour universal / blind Bxample:

Proportional to the unit matrix in flavour space. | | "¢ Kinetic terms in fész
the SM Lagrangian! Yt U J

22
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Terminology

* Flavour
Several copies of the same gauge representation.

® Flavour universal / blind
Proportional to the unit matrix in flavour space.

* Flavour number
Number of particles of a certain flavour minus the number of anti-particles
of the same flavour, *related to U(1),

23



Admir Greljo | Lectures on BSM in flavour

Terminology

* Flavour
Several copies of the same gauge representation.

® Flavour universal / blind
Proportional to the unit matrix in flavour space.

* Flavour number
Number of particles of a certain flavour minus the number of anti-particles
of the same flavour, *related to U(1),

® Flavour changing transitions
Initial and final flavour number in the process is different.

Example: BO . di? < > BO . Jb
Neutral B meson oscillations: AB = 2 process

24
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Flavour Physics
Qfor flavour-sensitive interactions

Scale
High-energy Frontier
> | ATLAS
— EXPERIMENT TeV 0.1 am
High-Intensity Frontier
GeV 0.1 fm

(sl =] [BES

+ NAG2, Koto, MEG II, Mu3e, ...

Just a fraction of present and upcoming experiments!
Opportunities for data-driven progress!



Terminology

® Flavour changing neutral currents (FCNC)
Involves erther up-type or down-type flavours but not both.
Examples:

w—ey Kp—uputpm B oK
sd b — s5s

20
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Terminology

® Flavour changing neutral currents (FCNC)
Involves erther up-type or down-type flavours but not both.
Examples:

w—ey Kp—opu~ B oK
sd b — s55

® Flavour changing charged currents
Involves both types.

Examples: [g— N M_Du B — wK
o b — ccs

27



Terminology

® Flavour changing neutral currents (FCNC)
Involves erther up-type or down-type flavours but not both.
Examples:

w—ey Kp—opu~ B oK
sd b — sss

® Flavour changing charged currents
Involves both types.

Examples: [g— N M_Du B — wK
o b — ccs

® Flavour violation
Related to the breaking of flavour symmetries, i.e. U(1)° for quarks.

28



The Standard Model



The Standard Model

Basic hotions:

AP *QFT = inevitable low-energy outcome of relativity
LA quantum field theory + quantum mechanics + cluster decomposition

2. Symmetries |
Spacetime

Poincaré + SU3) X SU2); X U(1)y

Gauge

3. Field Content

¢ + g€y U, d, e,

Flavouri = 1,2,3  |Complexity!

4. Renormalisability

. ¥ : : .
dim O < 4 Turns out to be the leading terms in an EFT expansion

30



The Standard Model

— The symmetry 1s a local
Gsm = SU3)e x SU(2)p, x U(1)y
— It 1s spontaneously broken by the VEV of a single Higgs scalar,
6(1,2) 4172, ((¢") =v/V2)

Gsm > SUB)e xU(l)gm (Qem =T13+Y)

— There are three fermion generations, each consisting of five representations of Gg\:

Qri(3,2)11/6, Uri(3,1)12/3, Dri(3,1)_1/3, Lri(1,2)_1/2, Eri(1,1)-1

Covariant derivative example:

) ) )
DMQM — (au T §QSGZL)\CL + igWgLTb + EQIBM) QLz'

31
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1= 1,23

The Standard Model

G, Wy B,
SU3) SU2) U(l)
dLi 3 2 +1/6
ly; 1 2 —1/2
URi 3 1 +2/3
dp; 3 1 —1/3
CRi 1 1 —1

32



The Standard Model

Gauge sector

'

1 1 1
ESM — = ZG;?VGA 2 ZW;TVWG 72 ZBMVBMV_F

+ i P + qri i P qr; + eri i P er; + g i D up; + dr; 1P dp;+
p + (D,@)T DF¢ -V (¢) — (@fj EriPlL; + :&fj dridqr; + U URid'qr; + h.c.) N

Higgs sector Yukawa sector

33



The Standard Model

Gauge sector

'

1 1 1
LSM — = ZGﬁVGA 2 ZWSVWG 72 ZB,UVBMV‘F

+ i i + qrii P qri + eriiP eri + R iP ug; + dgr; i dgi+

+(Dup) DFo -V (¢) — (@fj eriplr; + 9% dridar; + 0, URid'qr; + h.c.) .

” o\
Higgs sector Yukawa sector
7P Ji
# parameters: Yij
G* X . H ------- X
5s - Gauge and Higgs sector: 5 f
I ~Yukawa sector: |3 oudbeiora 4
Single free parameter ' single generation All parameters free
i,i=123

34
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The Higgs field

® How do elementary particles get mass!
The Higgs
mechanism
¢ 1 2 +1/2 V =—ud'¢p+Mp'P)

SUB) X SU2) X U(1)

¢ SSB: () # 0

SUQR) x U(1),,

35
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Cosmological event

® [lectroweak phase transition

' <

10~ % sec after Big Bang

| ) N
| ) N
| N
) N
. ~
. 8
t‘ 8§

2/\a*

TE W

/

VN V4

(¢) =0 ()

N

£ 0

® Spacetime gets filled by a Higgs condensate

® Elementary particles get intrinsic masses

36
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The Higgs mechanism

Matter: Quarks and Leptons

O —; o—7;

5 — —3

® The left-handed and the right-handed fields have different U(1)y phases:

HfL ?é QfR ——>  Themass mffoR s forbidden!

o The Higgs field saves the day, Oy + 0, = 0

Loy Tkt = m=y )

® [he mass  the strength of the interaction with the Higgs field

37
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The SM spectrum

Table 1: The SM particles

particle spin color QuM mass [v]
W= 1 (1)  #1 29
2 1 (1) 0 Wi
AY 1 (1) 0 0
g 1 (8) 0 0
h 0 (1) 0 V2
€, [, T 1/2 (1) —1 ye,#ﬂ'/\/i
Ve, Vi, Uy 1/2 (1) 0 0
u, c,t 1/2  (3)  +2/3  Yues/V2
d,s,b 1/2 (3) _1/3 yd,s,b/\/§

38



Global flavour symmetries
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Global flavour symmetries

® £, sansYukawa , - ? ey
go~ 1, gy~ 0.6,gy ~ 0.3, 4, ~ 0.2 /AR f. r,w/
0 < 1071°-The strong CP problem
it .bh.e.
w : 3generations of ¢, U, D,, L, E; "l' e ‘7 su

Accidental symmetry

UB), x UGy x UBp x UG X UG 4 . Y it b e

40
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Global flavour symmetries

Yukawas break U(3)° <

41



Global flavour symmetries

® [he kinetic Lagrangian (flavor and CP conserving)

1 1 1
Lin = —5 G Gapw — W Wi — B By,

—iQLilPQri — iURiJPUp; — iDRr;IPDR; — iL1;IPL1; — iER DER;
—(D"¢)! (D)

42



Global flavour symmetries

® [he kinetic Lagrangian (flavor and CP conserving)

| T o
,CIS{}\I/II — _ZG/;VGCLMV — ZW[;M Wb,ul/ _ ZB'LL B,uy
—iQLilPQri — iURiJPUp; — iDRr;IPDR; — iL1;IPL1; — iER DER;

—(D"¢)! (Do)
® [he global symmetry

Giatobal (Y0 = 0) = SU(3), x SU(3); x U(1)°

43



Global flavour symmetries

® [he kinetic Lagrangian (flavor and CP conserving)

| 1 1
,CIS{}\I/II — _ZG/;VGCLMV — ZW[;UJ Wb,ul/ _ ZB'LL B,uy
—iQLilPQri — iUgiPUp; — iDRr;JPDR; — iL1;]PL1; — i ER; PER;

—(D*¢)Y(D,,¢)

®* [he global symmetry

Giatobal (Y0 = 0) = SU(3), x SU(3); x U(1)°

¢ Reminder:

U : ¢ — e
pTp — pe “CeiCg = T

44



Global flavour symmetries

® [he kinetic Lagrangian (flavor and CP conserving)

| 1 1
£IS{}\I/II — —ZGZWGQILW — ZW[;UJ Wb,ul/ _ ZB'LL B,uy
—iQLilPQri — iUgiPUp; — iDRr;JPDR; — iL1;]PL1; — i ER; PER;

—(D*¢)Y(D,,¢)

®* [he global symmetry

Golopa (Y4 = 0) = SU(3)2 x SU(3); x U(1)°

global
e Reminder: UN) = SUN) x U(1)
Ul) : ¢ — e %9 SU(N) : group of N X N unitary matrices with det = 1

b — PpTe iy = piep U'U=1,detU =1

45
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Global flavour symmetries

® [he kinetic Lagrangian (flavor and CP conserving)

1 1 1
LIS{}\I/II — _ZG/;VG@MV — ZWI;MVWIJ,LW o ZB'LWB/LV
—iQLilPQri — iUgiPUp; — iDRr;JPDR; — iL1;]PL1; — i ER; PER;
—(D*¢) (D)

® The global symmetry

Golopa (Y4 = 0) = SU(3)2 x SU(3); x U(1)°

global
e Reminder: UN) = SUN) x U(1)
Ul) : ¢ — e %9 SU(N) : group of N X N unitary matrices with det = 1
¢T¢ N ¢Te—iaQeiaQ¢ — ¢T¢ UTU= 1 ,detU= 1

U=e*T" a:1,. N -1
SUN): ¢; = Ujo; i,j:1,...N
46 ¢~ U Up=¢'¢
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Global flavour symmetries

® Favour and CP violation is in the Yukawa Lagrangian
— Ly = OY'pU + QYD + LY PE

® Favour breaking spurions

Y% ~ (37 3, 1)SU(3)2 ; Yd ~ (37 1, 3)5’(](3)3 ;

q

Y~ (3,3)su3):

47



Global flavour symmetries

*Fermionic kinetic terms

e Flavour symmetry G/ = U(3)q xU@3),xUQ3),xU@3),xUQ3),

e G/ equivalency classes, Y* ~ UqY”U;L, etc. => 54 — 13 physical parameters

*By G/ and SVD theorem

—Lon =gV V'du + qVipd + €Y pe

® 6 quark and 3 charged lepton masses

e
N

| 3 parameters

® [he CKM: 3 angles + | CPV phase

i(0I—0")
Vij = eV,

*Exact (classical) accidental

e TheYukawa sector breaks G/ — U(1), x U(1), X Uu(l), x U(l), symmetry of the SM

48



Parameter counting

*It Is a bit technical, sorry
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Parameter
counting:
Leptons

(If there was a
right-handed
neutrino)

-
vt~ conpl
Singo o va&e e coumpocition
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Leptons :
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right-handed QL /\4 UG M ”““g 5 Clﬂﬂaoﬂ/ éﬂt@” romen

neutrino)
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. - Lo
Parameter . ﬂ’w > gm g“efj%“f [ gife 2
counting: (é’b }J—L a> Clplm 81‘9/4 /AK

0, (6,

Leptons 2 AR
(If there was a ﬂ(ﬂ(J f//h@ Sovme. ﬁﬁﬁ e eings, These if“”%g“f”“d’mé
rlght—handed EBO\VQ Oﬂ forms  favonions é%C&PJE gﬂf )%VLGL. (7”/3 LC/#M
neutrino)

ﬂUW\bQV‘} [ @Q: 9}5 9( E ave :@V/«ZBW S @& Q(A}[ ngmhd\ﬂ[. T}/)\/Q g!(‘/@,
wgeg Qi N be \186«\ #9 yeynove )Dmfmw ol In the PHNMS
? ?/)&H% N 3 mmg}f@ % / /a)oafg
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Parameter
counting:
Leptons

(If there was a
right-handed
neutrino)

6{‘@@ % )VPWU\ @ﬂﬂf OGLO%

é{M without ‘/8 and Y ehJOUg

U(%LLX (% >8KXU Yy, g/&ai E(jmmgﬂtm&
whith is  brooken Fo U0 when Y, anol Vo are gresd.
Y@ = IR+ 9T
V., = 3R+ 9T

[ gw) ool

'?reeol()m +o CL)ar\ﬂQ bﬁg‘? \QU bmk@ﬂ/

Uv), % Ux)e x VB, o U (1)L
S mmﬁks @; 4}1 f%aseg
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Parameter

. ‘ “ e
Loptons ™ 5 L
(If there was a , ¢ L mighg o in PHME
EEB’;?nacr)w)ded 49 ,,42 = 4 }mqg [mr& Tq/w - 4,f%40£5 . PM)VSJ

’ U%M DI tr lC)€ f% Y sical ?Mméferfs

[N //}4@ (/h)ﬂ;ka le% ()yéfmf EWSB) e Can
jﬁwt in dhe baoy L= (\\//g) G 1o T vrany basis

_— ¢ —J AN Vi
~ L H \/Yeﬂ@ #-I;—H YVVRJ 4 uf%alijnmenf L:(\/;)
A\ — J(QSO/W\Q majfl')( a{own—-ahjnrney\;f L:(\/:VI?
T Phee 2LV &

® Similarly for the quark sector
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Parameter
counting:
Leptons

(No right-handed
neutrino)
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Parameter
counting:
Leptons

(No right-handed
neutrino)

éim%u o \/a& e 0’8 Y, mgo cion
.,..
U M \/ = M”"'ﬂg “ ol

/ A {b\%w\ un ;;Ilﬂ Vcd
D o

'lﬁ MT:M 24 U:\/*
Vinum = umvT

M#) fea\@ non/mﬁm)‘%’ en{rl't’s

\a 30 ne (
Mnler

?mm Rindhic %Qrms: , Theee “"“%W coloion g

<3 - — . ! (.
383 @U/Z C,L+ Criftp + Vv ’/%VL @,L/; (/eleeL/g '\/.,IUV \/3

T o
u& M Ue@ -/ j““g 5 Clmao‘”{ g e
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Parameter
counting:
Leptons

(No right-handed
neutrino)
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Parameter Sroup 7%% epproach
counting: Lo withait Yo ad Yy ey
Leptons J(3), % Utsl,  gletal symmolry

whith (s brooker, 1o )@/ when Yo anol Yo are /?wzg&f.

(No right-handed
neutrino) Y, = 3R+ 9T I

\/V = €K+ 6 T (Sﬂmmgjm‘c,)
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Interaction & Mass bases



Flavour Bases

*Suitable interaction basis

— Ly =gV V'QU + gD + [Y°HE

[U(3) transformation and a singular value decomposition theorem]

60



Flavour Bases

— Ly =gV V'QU + gD + [Y°HE

[U(3) transformation and a singular value decomposition theorem]

o After EWSRB, rotate from the interaction to the mass basis

. (YR ur Udl
Ly = (Uar Usg GWr) VY™ | cr —P e | =V | usr

iR

61
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Flavour Bases

— Ly =gV V'QU + gD + [Y°HE

[U(3)? transformation and a singular value decomposition theorem]

o After EWSRB, rotate from the interaction to the mass basis

. (YR ur Udl
Ly = (Uar Usg GWr) VY™ | cr P cr | =V [ ust

tR

e VIV =1 = IZZZ ui universality!

e [tonly appears in the i, y*d; W, interactions, not in y, g, Z, h

No FCNC at tree-level !
They are suppressed In the SM.
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The SM interactions

e  Universality of y, g interactions is guaranteed by the unbroken QCD x QED in any extension of the SM.
e However, the Z universality is an accident of the SM field content.

e FEg add a heavy vectorlike quark weak singlet (U;, Up)y—s/3

Y, 4 g

di qi

) di

¢ Flavour universal
/ blind
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The SM interactions

Universality of y, g interactions is guaranteed by the unbroken QCD x QED in any extension of the SM.

However, the Z universality is an accident of the SM field content.

Eg. add a heavy vectorlike quark weak singlet (U;, Up)y—s/3

)

Y, 4

Flavour universal
/ blind

PDG
D(uTp~)/T(ete”) = 1.0009 £ 0.0028
I'(rt77)/T(ete”) = 1.0019 % 0.0032

BR(Z —»etp™) < 75x1077
BR(Z —efr7) < 98x107% |
BR(Z = ut77) < 12x107°
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The SM interactions

¢ Flavour universal ¢ Flavour diagonal
/ blind non-universal,

Ocmf
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The SM interactions

CKM matrix V

¢ Flavour universal * Flavour diagonal e Flavour changing
/ blind non-universal, / violating
X mf
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The CKM matrix



The CKM matrix

® Permutations: fixed by ordering the up and the down quarks by their masses
) Vud Vus Vub
di WH V=1V Ves Vo
Via@ Vis Vi

>y

\/5 ijy/,t

68



The CKM matrix

® Permutations: fixed by ordering the up and the down quarks by their masses

g . . Vud Vus Vub
L D> —u;Vy,d] W V=1V Ves Ve
\/5 Vie Vis Vi

*Rephasing: V; — ei(ef;—@fz)vlj
V;;=(+1, — 1) spurion under U(1), X U(l)dj

the only source of breaking
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The CKM matrix

® Permutations: fixed by ordering the up and the down quarks by their masses

g . , Vud Vs Vub
L D> —u;Vy,d] W V=1V Ves Ve
\/5 Via Vis Vi

*Rephasing: V; — ei(ef;—%)vlj
V;;=(+1, — 1) spurion under U(1), X U(l)dj

the only source of breaking

® There Is a single physical phase 0
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The CKM matrix

® Permutations: fixed by ordering the up and the down quarks by their masses

g Vud Vus Vub
L D — l]}/ﬂdj WH V=1V Ves Ve
\/z ‘/td V;fs Vvtb

*Rephasing: V,; — ei(ef;—%)vlj
V;; = (+1, —1) spurion under U(1), X U(l)dj

the only source of breaking

® There is a single physical phase o
71 * CPp 7. *
Yigp Hig + Yo H 'y, = Y HIWp + Y50, Hp,

The CP is conserved, if Yukawa couplings are real, Y;; = Y;;.
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The CKM matrix

® Permutations: fixed by ordering the up and the down quarks by their masses

g Vud Vus Vub
L D — l]}/ﬂdj WH V=1V Ves Ve
\/z ‘/td V;fs Vvtb

*Rephasing: V,; — ei(ef;—%)vlj
V;; = (+1, —1) spurion under U(1), X U(l)dj

the only source of breaking

® There is a single physical phase o
— P —
Yigbp Hip + Yo H Wy, = Yy H' i, + Y50, Hyy,.
The CP is conserved, if Yukawa couplings are real, Y;; = Y;;.

e All CP violation is controlled by a single phase o - prediction!
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The CKM matrix

C12C13 $12C13 s13e” "
. 5 5
V = | —s12c23 — c12523513€"°  C12C23 — S12523513€" $23C13
5 5
$12893 — €12€23513€" —C12823 — §12C23513€"°  C23C13

Experimentally:

513 K 893 K 512 K 1
022> 022 02
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The CKM matrix

® The Wolfenstein parametrization: s13 < S23 < 512 < 1

o ; | A = 0.2251 % 0.0005
1—255)\ — 5A o 1)\4 , AN (P;'”?) A = 0.81+0.03
V= [ =A+LA2)5[1 - 2(p + in)] — A% — AT (1 +44%) AN p = +0.160 = 0.007
n

T
AN — (1= 32%)(p+in)] —AN+ AN —2(p+in)] 1— 142N —  40.350 + 0.006
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The CKM matrix

® The Wolfenstein parametrization: s13 < S23 < 512 < 1

0.2251 £ 0.0005
0.81 £0.03
-+0.160 £ 0.007

1—1a2 - Ly A AX3(p — in)
V=[-A+21A201-2(p+in)] 1—3A2— 21 +442) AN?
2 2 8
+0.350 £ 0.006

(
AN — (1= 32%)(p+in)] —AN+ AN —2(p+in)] 1— 142N

S o o >

® [he unitarity triangles VVT =1
VuaVip + VeaVy, + ViaVig, = 0
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The CKM matrix

® [he Wolfenstein parametrization: s13 < $23 K s12 < 1

L9 L 3 _ A = 0.2251 £ 0.0005
1 —35A%—gA A AN (p —in) A = 0814003
V=|-X+342N[1-2(p+1in)] 1-—32%— (1 +44?) p = 40.160 = 0.007
AN — (1= 32%)(p+in)] —AN+ AN —2(p+in)] 1— 142N n = 40.350 =+ 0.006
® [he unitarity triangles VVT =1
>k >k %
ViudVip + VeaVep + ViaVy, = 0
® Physical parameters. Invariant under V;; — ¢/ @00y,
Vuqub th‘/;fb
R, = =VpP+n? . R = V(L= p)2+ 77
! Vea Ve VeaVeb
ViaVip } [ Ved JZ} [ Vud Jb}
a=arg |— : = arg |— 5 : = arg |— -
; [ T ] B 7 B R
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The CKM matrix

(0,0) (1,0)

i’
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The CKM matrix: Experiment

Table 4: FCCC processes and CKM entries

Process CKM
u— dlT v Vua| = 0.97417 4+ 0.00021
s —>ul™ v [Vius| = 0.2248 £ 0.0006

c—dltvory,+d—c+p
c— slTvores — Ty
b—cl v
b— ul" v
pp — tX
b— scuand b — suc

V.al = 0.220 £ 0.005
V.s| = 0.995 + 0.016
Vp| = 0.0405 + 0.0015
V| = 0.0041 4 0.0004
Vip| = 1.01 £ 0.03
v =73 £+ 5

/8
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The CKM matrix: Experiment

1.5 T T T T | T T T T T T 1 I T T 1
: | excluded area has CL > 0.95 |: % :
i Y \% i
1.0 — A - —
i / s S -
05 — _
[l Y S—— ' |
. | Vi - y \
-0.5 — LN —
§ A

E
-1.0 — Y K _|
B % sol.w/cos2B<0
— ICHEP 16 (excl.at CL > 0.95) —
1.5 IR B A R R B R RN B R AN
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p

79

The great triumph of the SM!
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The CKM matrix: Experiment

| fitter

1.0 -0.5 0.0 0.5 1.0 1.5

p
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Flavour data

Br(B — Xuv) = 0.1086(16)
Br(B — Xev) = 0.1086(16)
Br(B — X,vy) = 3. 49(19) x 107
Br(B, — ptp”) = 2.4(8) x 107°
Br(BT — D) =2.27(11) x 1072
Br(B~ — 7’4 7) = 7.80(27) x 107°

Br(K; — ptp™) = 6.84(11) x 1077
Br(K* — ,u ) = 0.6356(11)
Br(y) — p"p”) = 5.961(33) x 1077
Br(D — putp~) <6.2x 1077 . [PDG]

Stare at these for a moment—do you see a pattern?

82 The big part of PDG is about flavour...



Flavour data

Br(B — Xuv) = 0.1086(16)
Br(B — Xev) = 0.1086(16)
Br(B — X,v) = 3. 49(19) x 107*
Br(Bs — p'pu) =2.4(8) x 107
Br(BT — D) = 2.27(11) x 1072
Br(B~ — 7% p) = 7.80(27) x 107°

Br(K, — p p~) =6.84(11) x 1077
Br(K* — ,u ) = 0.6356(11)
Br(y) — p"p”) = 5.961(33) x 1077
Br(D — putp~) <6.2x 1077 . [PDQG]
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Flavour data

Br(B — Xuv) = 0.1086(16)
Br(B — Xev) = 0.1086(16)
Br(B — X,v) = 3. 49(19) x 107
Br(B, — ptp”) = 2.4(8) x 107°
Br(BT — D) =2.27(11) x 1072
Br(B~ — 7’4 7) = 7.80(27) x 107°

Br(K; — ptp™) = 6.84(11) x 1077
Br(K* — ,u ) = 0.6356(11)
Br(y) — p"p”) = 5.961(33) x 1077
Br(D — putp~) <6.2x 1077 . [PDG]

1. Lepton universality. Swapping one generation of leptons with another does not appear to
affect the branching ratios of these transitions.
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Flavour data

Br(B — Xuv) = 0.1086(16)
Br(B — Xev) = 0.1086(16)

Br(B — X,vy) = 3. 49(19) x 107
Br(B, — ptp~) = 2.4(8) x 1077
Br(BT — D) = 2.27(11) x 1072

) =
Br(B~ — 7’ v) = 7.80(27) x 107°
Br(Kp — ptp~) = 6.84(11) x 10~
Br(K* — ,u ) = 0.6356(11)
Br(y) — p"p”) = 5.961(33) x 1077
Br(D — p*p”) <6.2x 1077 . [PDG]

1. Lepton universality. Swapping one generation of leptons with another does not appear to
affect the branching ratios of these transitions.
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Flavour data

Br(B — Xuv) = 0.1086(16)

Br(B — Xev) = 0.1086(16)

Br(B — X,v) = 3.49(19) x 10~*
Br(B, — utp™) =2.4(8) x 1077

Br(BT — D% "v
Br(B~ — 70w

= 2.27(11) x 1072
= 7.80(27) x 107°

S N N e N N T — N0

Br(Ky, — p p~) = 6.84(11) x 1077
Br(K* — uv) = 0.6356(11)
Br(¢ — ptp™) = 5.961(33) x 1077
Br(D — utp~) <6.2x 1077 . [PDG]

1. Lepton universality. Swapping one generation of leptons with another does not appear to
affect the branching ratios of these transitions.

2. Flavor-changing neutral currents are small. On the other hand, processes that change
flavor are suppressed for charge-neutral transitions compared to transitions between hadrons
of different charge.
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Flavour data

Br(B — Xuv) = 0.1086(16)
Br(B — Xev) = 0.1086(16)
Br(B — X,vy) = 3. 49(19) x 107
Br(B, — pf ) = 2.4(8) x 107°
Br(BT — D%"v) = 2.27(11) x 1072
Br(B~ — 70" p) = 7.80(27) x 107°

Br(K; — ptp™) = 6.84(11) x 1077
Br(K* — ,u ) = 0.6356(11)
Br(y) — p"p”) = 5.961(33) x 1077
Br(D — p ™) <6.2x 1077 [PDG]

1. Lepton universality. Swapping one generation of leptons with another does not appear to
affect the branching ratios of these transitions.

2. Flavor-changing neutral currents are small. On the other hand, processes that change
flavor are suppressed for charge-neutral transitions compared to transitions between hadrons

of different Charie.
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Flavour data

Br(B — Xuv) = 0.1086(16)
Br(B — Xev) = 0.1086(16)
Br(B — X,v) = 3. 49(19) x 107*
Br(B, — pf ) = 2.4(8) x 107°
Br(Bt — Dtv) =2.27(11) x 1072
Br(B~ — 70" p) = 7.80(27) x 107°

Br(K; — ptp~) = 6.84(11) x 1077
Br(K* — ,u ) = 0.6356(11)
Br(¢ — ptp™) = 5.961(33) x 1077
Br(D — putp~) <6.2x 1077 . [PDG]

1. Lepton universality. Swapping one generation of leptons with another does not appear to
affect the branching ratios of these transitions.

2. Flavor-changing neutral currents are small. On the other hand, processes that change
flavor are suppressed for charge-neutral transitions compared to transitions between hadrons
of different charge.

3. Generation hierarchy. Decays between third and first generation are suppressed compared

to that of third to second generation.
88



Part Il

The flavour puzzle

EFT
SMEFT
New physics flavour puzzle

Flavour vs Collider

Extras. ..
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The flavour puzzie
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Mass [GeV]

Flavour Puzzle

Empincal

102 @ The Weak Force Mixing:

 Te®e .
@@ Verm ~ ..

1072 @ Hierarchy! y
U Y*/Y? Alignment!

e

10~ —Lsm D q_iylfjuj[i] + q_z‘Y;jde + ZZ'YeijejH
107°
S det[V,Y], Y, Y] ~ O(1072?)
*sample uniformly in [0, 1] interval & O(1)
107°
10—10
10~

10714 01



Flavour Puzzle

Empinical

0 4@ The Weak Force Mixing:

' 1T© %} % Vs ~ .o.
1072 @ @

10_4 _LSM D) QZYJJuJF[ + Q_ZY;JCZJH + &Yveijej[‘[
Mass [GeV]

107

10~°

1 .
—LsMEFT D A—&YVZ]@HH

1L
7 |
4 \/PI\/INS ~

10—12

SM predicts massless neutrinos?!

10-14 v 92
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Flavour Puzzle

Empincal

102 @ The Weak Force Mixing:

1012 2%% Ve ~ (...)

Analogy:
The periodic table of elements

10~ <::>
Mass [GeV]
107°

1078

10712

Pattern

10-14 ! 93
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Flavour Model Building

® [Explain (fully or partially) the peculiar flavour patterns

Warped compactification Froggatt-Nielsen

Froggatt: 1 978nt, hep-ph/9212278, hep-ph/93 10320,
1909.05336, 1907.10063,2009.05587, 2002.04623,
2010.03297, ...

hep-ph/9905221, hep-ph/99034 17, hep-ph/0003 129, hep-ph/
9912408, hep-ph/0408134,0903.2415, 1004.2037, 1509.02539,
2203.01952, ...

Multi-scale flavour
(G auged) ﬂ avour Sym metr‘i es 1603.06609, 1712.01368,2011.01946,2203.01952...

hep-ph/95 12388, hep-ph/9507462, 1009.2049, 1 105.2296, 1505.03862,
1609.05902, 1611.02703, 1807.03285, 1805.07341,2201.07245, ...

Clockwork flavour

1610.07962, 171105393, 1807.09792,2106.09869, ...

Partial compositeness Radfiat
hep-ph/030625, 0804.1954, 1404.7137, 150601961, adiative masses

1506.00623, 1607.01659, 1908.09312, 1911.05454, ... Weinberg:19/72ws, hep-ph/9601262, 1409.2522,
2001.06582,2012.10458, ...
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Patterns <> Symmetries

Selection rules

® Favour patterns observed in the Yukawa sector
— Approximate flavour symmetries in the SM
Bottom-up:

The largest parameter y, = Y35 ~ 1 breaks
U3), x UB), = UQ)*x U(1),etc...

2 @‘ﬁ‘w‘ RNGECCHE Sy | | Important to understand the SM

R
" phenomenology:

- isospin, SU(3), heavy-quark symmetries, GIM, ...

N [ 2| Stringent tests of the SM
odRER% — a window to new physics.

AIhahbra of Granada
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Effective Field Theory
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Effective theories: Electrostatics

® Scale separation d < R

VIR)=C d+C 4 + C d” +
Charge 'R *R? R

distribution | |
Multipole expansion

d ® Precision/Distance interplay
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EFT imprints of a UV Model

e Constructing a theoretical model within the framework of
quantum field theory to solve (some) of the SM shortcomings

) o
= o
S . d d’
Symmetries = selection rules! V(R) = ClE + Czﬁ + ...

SO(3) D S02) D> ...
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Effective Field Theory

Leg © Luv
| > [
A
cutoff
Infrared, Ultraviolet,
Long-distance, Short-distance,

Soft Hard
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Effective Field Theory

Toy example

Consider M > E 2 m where E is the collider’s energy

Lyy DW (D —m)y
+0,®0 0'® — MDD
-yyy o

Degrees of freedom (in/out states): only

100
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Effective Field Theory

Toy example

Consider M > E 2 m where E is the collider’s energy

Lyy DW (D —m)y
+0,®0 0'® — MDD
-yyy o

OT(@O@H0 = [ Ge ™

Degrees of freedom (in/out states): only
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Effective Field Theory

Toy example EFT
Consider M > E 2 m where E is the collider’s energy
ZLyy Dy D —m)y L DW(ID —m)y
+0,® 0" — M*O'd ~Cyway
—yyy o

_ ' K ~ O(FE?) < M? I
T{®(0)d = L —— 59 + ...
OT@OR@H0) = [ e ™ - s+

d*k

| ocal interaction:

Degrees of freedom (in/out states): only v The Compton wavelength M~ is very small
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Effective Field Theory

® Degrees of freedom
Drop heavy fields and keep only the light ones.
Heavy and light are defined by the cutoff.

.
® Symmetries
Space-time, gauge symmetries. [ hey shape the
infinite series of local operators of the EFT.
I

®* Power-counting

The expansion parameter gives meaning to the
EFT series.
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Fermi theory

The Nobel Prize in Physics 1903

Photo from the Nobel Photo from the Nobel Photo from the Nobel

Foundation archive Foundation archive. Foundation archive.
Antoine Henri Pierre Curie Marie Curie, née
Becquerel Prize share: 1/4 Sklodowska

Prize share:1/2 Prize share: 1/4

The Nobel Prize in Physics 1938

Photo from the Nobel
Foundation archive.

Enrico Fermi

Prize share: 1/1

The Nobel Prize in Physics 1979

Photo from the Nobel Photo from the Nobel Photo from the Nobel
Foundation archive. Foundation archive Foundation archive.
Sheldon Lee Glashow  Abdus Salam Steven Weinberg
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Fermi theory

e \iolation of perturbative unitary

G ~ (100 GeV)™
4-fermion u €
scattering at M ~ GF E2 — M, S 1TeV
energy E d v

® [mportant lesson!
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Theory of weak decays

Effective Field Theory
Factorisation

(o) x (Q(p)) C(p)

long-distance contributions E < V

Hadronic matrix elements

2205.15373,
2205.13952,
2204.09091,
2108.05589,
1904.08731,
1902.09553,
1908.09398,
1912.09335,
1908.0701 1,
2002.00020,
2006.07287,
2101.12028,
2105.09330,
2106.12168,
211207685,
2206.1 1281,

Lattice QCD, httpi/flagunibe.ch/2021/
Heavy quark effective theory,
Heavy quark expansion,

QCD factorisation,

SCET,

ChPT,

QCD sum rules,

Light-cone sum rules,

106

Yﬁ)ort—distance contributions £ > u

Wilson coefficients

mode!

E 4

N

NP ‘;U
)

C Matching

i |

SMEFT |©

\eS | Matching i

WET Ja’%

1308.2627,

1310.4838,

1312.2014,

1709.04486,
1'711.05270,
| 711.10391,
| 710.06445,
1804.05033,
1908.05295,
2010.16341,
2012.08506,
2012.07851,




Standard Model Effective Field Theory
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. -~

e

SMEFT
a

"

e
e

® SM fields & symmetries
o Scale separation Ag >> vgy

® Higher-dimensional operators encode short-distance physics:
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P o

o
SMEFT
T

CcMS 36 fb~1 (13 TeV)
v I8 4.5
g vz | 2]
3 ™Mz I 4.4
= vy [ 5.2
¥ My ] 3.3
o My RS 4.0
z My, (IR o
2 My, [IZEE] 3.5
€|> T T T T T T T TTTT T T T TTTT T [V 2) 6.1
E ] ATLAS Preliminary i e
= . 5 2 o [BEE
= Vs=13TeV, 36.1-139fb™ z.4 3 A BT
— - . - S M, 2u
S - m,=12509GeV,ly,|<25p  =19% & - s M-
E |i [ SM Higgs boson W | =
107 e = Mo [ 5
= . = o2 Mo IR 5.5
- ’." . % ‘g My IS 1.8
C . Lo a 33 v N 3.9
-~ [V +2u 3.8
2| - | - IR
10 E _""b 3 2 [y 2 12.8
- L - 82 Iy 20
B ot n S5 Ky 2 17.5
~ o T A [IET 31
10—3 = .- ’ — 12
E U 3 9.1
- ',f _ 3 9.9
e mgy(m,,) used for quarks ] g 8.2
3 5.6
4 | 3 1.8
10 S | | | 3 s S
> Err e ] — - 2 i
\é 14 . B 5.9
- - 3.6
= C ] 9.7
Ou- 121 - 2.9
N ] 1.8
> - B o] Mneo |3 2.6
L il R R R R R Rty Sl L L EEEEEEEEEEEEEELEEED & -] S Voo [ 0.29
C } { ] = M oozt 0.3
- B 3 v, IS 14
0.8, ! L ! ] My, [T 154
1 2 5 y
10 1 10 10 Mslx,;: :j“ 0.84 _

Particle mass [GeV]

Linear EWSB! NP mass gap!
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[ultraviolet]

oo
ff‘: e [Renormalisation

flow

a IR

[infrared]
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[ultraviolet]

oo
ﬂ“f ”}“ Renormalisation
flow
o IR
[infrared]

Reinforced by the current state of affairs

|. No clear preferred BSM: Short-distance direction still the most compelling
2. SMEFT explains why SM works well: limrited luminosity and energy so far

3. Experiments headed towards the precision era
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NP

Matching

SMEFT

WET

~N

Dd

~

- Matching i

Dd

l

SMEFT: Systematic BSM

New Physics
e Strongly coupled ® Perturbative

Yet, SMEFT works provided the mass gap | _|_ | |
: ree-Ieve

Finite number of topologies, classified at dim-é.

2. Loop-level

Infinite but countable.

To get a large effect In
weak decays:

® alarge coupling ® a small mass

Perturbativity Direct searches
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102

1072

1074

10°¢

1078

10—10

10—12

10714

L1 1 1111111

?

—

—
—
—_
e

e

I N O A |
I

*Picture to be confirmed experimentally

_@@
0 P®
—©@@

@@@

i

dim S - The first SMEFT’s success?

The mass gap is explained if A, > vgy,

— LSMERT D

113

1

A,

Y0 HH

(AL = 2)



New physics flavour puzzie
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dim 6 - Fermionic operators

(LL)(LL) (RR)(RR) (LL)(RR) Grzadkowski et al, [008.4884
Qu (Lpyule) Ly 1) Qee (epyuer) (Esyer) Qe (Lpyulr) (Es7"ey)
W (@ Vuar)(@s7" ) Quu (tpyuuer) (s uy) Qru (LpYuly) (Ts Y us)
9| @)@ ) | Qua | [evud)dovidy) || Qu | (Gvule)(dey ) Y23
QY | )@ 7e) | Qe | Eme)@ru) || Qo | (@rua) (@ er) Qo | (o) (lerp)
QY | Gy L)@ m'a) | Qe | (Epvuer)(deytdy) W | (@me) @ u) Qu | (©'0)@ud)
Q%W | (@) (diy dy) @ | @uTa) @y T u,) Qw | (0'0)(Gdo)
QY | (W T4u) (@A TAD) | QW | (&g (dsy"dy)
QY | @ T4, (dy T dy)
(LR)(RL) and (LR)(LR) : B-violating
Qledq (e, ) (dsq)) Qaug eP7ejy, [(d2)TCul] [(g7)TClf]
Qo | (@w)ein(@d) || Qu e [(g27)TCaP¥] [(u)T Ce]
Qfli)qd (Q{;TAUT)Qk(QfTAdt) Quaa ﬂ7€jn€km [( ¢ )Tquk] [ TOln] _¢2X © V202D
Quew | Berem(@ur) | Quun e [(@2)TCuf] [W)PCe)] || @ew | Gt edT!oWi | QU (¢ Dy ) (17#1,)
02, | (owen)enldom ) Qs | (o e)oBu | @ w“”é P)rat)
Qua | ([@Go" T u)p G, | Que | (¢'iD,)(epy*er)
Quw | @o™u)'GWL, | Q% | (¢'iDue)(@n"e)
Qus | (@0™u)7Bu | @9 | (¢iD} 0)@r'v"a)
ZLe D quq{ A> 1012 TeV Quo | (Go™TAd)pGh, | Quu | (p1iD, )@ u,)
A? Quw | @o"d )" oW, | Qua | (¢'iD,0)( A d,)
Froton decy 15 Qs | (30™d)¢Bu | Quua | (@ Dup) (@ d,)
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dim 6 - Fermionic operators

(LL)(LL) (RR)(RR) (LL)(RR) Grzadkowski et al, 1008.4884

Qu (Lpyule) (Lsy*1e) Qee (Epyuer) (s er) Qe (pvulr) (€7 er)
7 (279-) (@7 qt) Quu (Upyuter) (s ¥ ) Quu (Lpvule) (s 7" ue)
@ | @vra) @ q) | Qua (dpYudy)(dsy*ds) Qud Lyl ) (dsy¥dy) Prp®
Qi Lovulr) (@57 qe) Qeu (Epyuer) (Tsy uy) Qqe (@ouar) (B er) Qe (0T0) (Lero)
QY | Gy )@ T'a) || Qe (&pvuer) (dsy*dy) W | (@me) @ u) Qup (0" ) (GurP)

Qu | (@) (dydy) & | @ Ta) @y Tu,) Qu | (010)(Gdro)

Q% | @ Tu,)(dey'Tdy) | Q% | (g (dey"dy)

Q% | (G T"q.)(dy"TAd,)

(LR)(RL) and (LR)(LR)
)(

Qledq (Z_}?;e'r sqg)
Qgi)qd (@ur)ek(Thdy)
Q¥ | @THu)eu(@TAd,) Impose B symmetry VX *p’D
Qe | Ber)ejn(@hu) Qu | Gore)r' oW, | Q% | (#iD,@)G")
09, | Houeeniatomu) Qu | oegB | Q3| (WDt
Quc | (0" T )P G, | Qe | (¢ ng ) (e7*er)
o (hallenge: A large number of independent parameters! u (qp_awur)TIf W %; v :D” #)&"a)
Qu | (%0"u,)? By, va | (©"iD] o) (g v"q,)
e 2499 dim[0O] = 6 AB = AL = 0 independent operators Que | @0 T44)0Gh, | Qo | (¢ ZBH o) (@7 u,)
e  Why? 3 flavours Qaw | (5o d )T oWy, || Qua | (¢ i D,, ) (dy7"dy)
® [ora single generation, this would be 59 116 Qap | (30"'d)p By | Quua | UP'Dugp)(Upn*dy)
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The importance of flavour violation!

e SMEFT at dim[O] = 6 - new sources of flavour violation

e Strong constraints from flavour experiments

Low-py i High-p;

Flavour Anarchy
0. Lyy I 10
= & ¥ iz M4 108
> N <5 X N : E
TR T L
~ - B ~ :N X N N
S 103 ] - NG SR 0
75 7 S & -
2i 'Q ~ N N N X e
1 § 3 1l I3 10l
107 SIS N - ~ 10
N o~ D o~ \ ]
o SLAEERNRRSEIRnEn D -
//“ IEERENEEN
- — - 7 Physics Briefing Book,
Minimal Flavour Violation & =2 cLFV EDMs 91011775

D'Ambrosio, Giudice, Isidori, Strumia; hep-ph/0207036

117



Admir Greljo | Lectures on BSM in flavour

Higgs
Naturalness

. B NP scale @ @ FCNC

e A viable BSM at the TeV-scale should have accidental
symmetries similar to the SM.

® Key Ingredients:
-lavour symmetry and symmetry breaking patterns.

*just like with the B number
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MFV

e The flavour breaking in the NP sector is also
from the Yukawa matrices

Go =U(3)y x U(3)y, x U(3)4
Y, ~(3,3,1), Y;~(3,1,3).

e The MFV allows for the NP cutoff as low as
the TeV scalel

119

107
106
05
0
0
102
10"
10"

Scale [TeV]

ke

I &

W A4r

/11111],

‘ AmK
I Amg
l AmBs

/1)

i,

/1111171

| W74

B «—eee

B /N N

| Kand 24

i 4.

i d,

/111117111,
)

T~

MFV

D'’Ambrosio et al:
hep-ph/0207036
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MFV

e The flavour breaking in the NP sector is also
from the Yukawa matrices

Go =U(3)y x U(3)y, x U(3)4
Y, ~(3,3,1), Y;~(3,1,3).

e The MFV allows for the NP cutoff as low as
the TeV scalel

U(2)

* Approximate symmetry of the SM

e Small breaking spurions (well-defined
power counting)

e Also protects against dangerous FCNC but
less restrictive than the MFV

G =U(2), x U(2), x U(2)q4
V;JN(27171) ) AUN(2)§7]—) 3 AdN(z,]_,i)
120

2 )
107: N S
NS F
05 5 o ¥ Tz l~§
o [ mi: o0l B
o 10 : B g - a
AL RERL | E
— E [
3 10° - -
102; -
E Y
101% ~ NN S ~
F R o~ D o~ D
100: Y o~ D N
SPEEELLL L EERR
D'’Ambrosio et al:
hep-ph/0207036
Barbieri et at: | 105.2296
Au,d Vq
Yu,d ~

0 0 (1)

A<Vl Vi (Vg Vi)



SMEFT flavour
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AG, Thomsen, Palavric: 2203.0956 |

SMEFT O(1) terms

Lepton sector

(dim-6, AB = 0) MEV: | U@y (U2 <UD U | U2 UL | U(D: | No dyismn.
MFV 47 54 65 71 80 87 111 339
0 U(2)? x U(3)q 82 93 105 115 128 132 168 450
= U2 xU(l)p, | 96 107 121 128 144 150 | 186 480
U(2)" 110 123 135 147 162 164 | 206 512
No symm. 1973 | 1134 1347 1407 | 1470 | 1425 | 1611 2499

® \We constructed explicit operator bases for several flavour hypotheses

e Systematic approach from MFV towards anarchy: U(3) D U(2) D U(1)

e Non-trivial interplay of Top/Higgs/EW with Flavour
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https://arxiv.org/abs/2203.09561

Flavour blind directions in the SMEFT

lusl g5 =1 lvgl,gr =1
\ | ) -
. \ . Si~ 3 wr~ (34,3¢) \
e (Classification of generic tree-  »- | 2T :
. . s | o~
level mediators with U(3)° -« \ e
C : ¢~ (33.) | Us ~ (34,3.) |
flavour-symmetric interactions < | Sy
| . oo, | o oo,
which match to dim 6 SMEFT . 4 o S
lyel =1 lgsl =1
® FHavor symmetry restrictions: = @) \\
. . . T ~ 6, | Vi~ (34,34) |
leading directions o ; 5~ ;
© ~ (34,3) | G1~ (34,34) |
Q4 ~ 6, \ B~8, |
® Spi o | o |
Spin oo . ;
S - -
® Protection against FCNC | |
[Asl=1 lgsl =1
. . . AN:;?‘ ‘\ 2~ 1
® Compllation of experimental = 5 2
EFT limits => = u +
rs, | S
2&:;’: “ Hel
iy ; -
Qs ~ 34 O, ~1

| | | | | |
0.1 1 10 30 0.1 1 10 30
TeV

122 AG, Palavric: 2203.0956 |



Flavour vs Collider
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Complementarity
Flavor vs Collider

Example

S OaTLAS

< _~\| L EXPERIMENT

B
) \

Lebton Production
Status:

Consistent with the SM

e

B-hadron Decays to Leptons
Status:

Discrepancy with the SM
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| |[Effective Field Theory

New Contact Ipteraction 01
(Qivuo®Qj)(LyyHoaly) TeV .1 am

B—->Kuu- GeV 0.1 fm
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Methods

Simplified Model

New Force Mediator

f
Z
Effective Field Theory /\/< f

New Contact | pteraction
(Qiyuo® Q) (LyyHouly)

B—->Kuu-
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Methods

Complete Model

e.g. Gauged Flavour Symmetry

Simplified Model

New Force Mediator

f
Z
Effective Field Theory /\/< f

New Contact | pteraction
(Qiyuo® Q) (LyyHouly)

B—->Kuu-
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Methods

Complete Model

e.g. Gauged Flavour Symmetry

Simplified Model

New Force Mediator

f
Z
Effective Field Theory /V< f

New Contact Interaction + -
(Qivuo® Q) Ly oaly) PP~ H H

B—->Kuu-
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Relevance
[Greljo, Marzocca] ° |_
Eur.Phys.J. C77 (2017) no.8, 548 v OW-eﬂergy
preferred
1.4F ~
1.2}
1.0}
Interaction ue 0.8]
strength 0.6|
0.4}
0.2}
0.0!

2000 4000 6000 8000 10000
M y A [GeV]
Mediator mass

A specific model example: 10



Relevance

[Greljo, Marzocca]

Eur.Phys.J. C77 (2017) no.8, 548 v Low-energy

preferred

e

1.4
1.2

1.0

Interaction % 0.8

s
strength 0.6

0.4 Iy S .
® High-energy

excluded

(.\«,; ﬁ V. “ ;\ §

4

2000 4000 6000 8000
MZ' [GeV]
Mediator mass

0.2

ATLAS

EXPERIMENT

A specific model example: Ruled out! 10
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Challenges

Complete Model

e Uncountable
e Most imagination needed

Simplified Model

o ExtraHiggs, Z', W,
Leptoquark, Coloron,

_ : Quark and Lepton
Effective Field Theory| partners
o 2499 leading dim-6 operators + many more ——
e Most are flavour-sensitive QMS\ ATLAS

o Many signatures

Talk more often to
<2 your colleagues from
different experiments
and theory!

LHCb

o Many observables

11
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Outlook

2206.1 1331 Large Hadron Collider (LHC) | High Luminosity LHC (HL-LHC)
BTN T T
7 TeV — 8 TeV — 13 Tev 3.6 TeV 14 Tev
LHCb 9 fb-1 —— Upgrade | 35 fb- ‘—l Upgrade Ib Upgrade Il 300 fb-1
ATLAS/CMS 190 fb-1 i 450 fb-1 3000 fb-1 —}
mmmmm
Belle II 400 fb-1 —| 7 ab-! ——| 50 ab-! —p
—- D 2 e
SuperKEKB
3fb-1 @ s = 3.773 GeV I 20 fb-1 @ Vs = 3.773 GeV
BESIII 3 fb-1 @ /s = 4.178 GeV =——i] 1 6 fb-1 @ Vs = 4.178 GeV >
3 fb-1 @ /s = 4.64 GeV 5 fb-1 @ Vs = 4.64 GeV
©
BEPCII 1.ab-1 @ s = 3.773 GeV
. »
+ NA62, MEG II, Mu3e, ... B
" STCF
|
Experimental Flavour

Physics Is In a full sprint

[ heoretical Flavour Physics

[J Precision calculations of flavour observables in and beyond the SM
- To match the (foreseen) experimental precision

[J Flavour model building
- to explain the SM and the new physics flavour puzzle, ...
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