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1. Introduction



Simplified Standard Model

leptons quarks @ strong E&M weak

- +
1st generation € u g Y W
Ve d Z0
2nd generation _ [
g ” C |
It turns out there
V S are two “‘extra”
3rd generation H copies of particles
T" t
V. b

e Why 3 sets (= generations) of particles?
® How do they differ?
® How do they interact with each other?
® Are there only 3?

Pre-SUSY School 2016, Flavour Physics Phillip URQUIJO



Simplified Standard Model

leptons quarks E&M weak

1st generation e u

. V. d

“The term flavor was first used in particle _ =

2nd g€ physics in the context of the quark model of T,

hadrons. It was coined in 1971 by Murray '
Gell-Mann and his student at the time,

3rd ge Harald Fritzsch, at a Baskin-Robbins ice- -

cream store in Pasadena. Just as ice cream R

has both color and flavor so do quarks.” : 4 —

RMP 81 (2009) 1887

® Why 3 sets (= generations) of particles?
® How do they differ?
® How do they interact with each other?
® Are there only 3?
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The Generation Problem

Periodic Table:
End of 19th century

................

Tl v o A os m O e  w]w

Explained by atomic
structure (nucleus
+electrons, QM and
electromagnetic forces)

Hadron Table:

Mid 20th century
0=-1 0= 0 Q=+I

g
Explained by existence §
of quarks and nature of
strong interactions

The SM of
Particle Physics
| {
10
1010l ________________________
T —_—
10° T.-.'.-----é__b__
W
s N
10 G
107 F---mmm e
U —
. — d
100 f--mmmmmmmmm e o
105 -__e_ ____________________
104 ________ \_, _______________
103 “‘
Q=-I 0O +2/3 —1/3

e The SM account of the 3 generations is merely a Periodic Table.
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Matter-AntiMatter Asymmetry

q q
@)
® Abundance of matter over antimatter, J
Why?
(Nbaryon_Nantibaryon)/Nv ~10-1O
> 1
o | Q O
® The Only CP violating phase in SM leads ﬁ us
to 10t/ ANB/NV. Y
® To create a larger asymmetry need Charge oarticleesanti-
® new sources of CP violation Conjugation  particle
P Parity X—-X, Y-Y,Z2—-Z

T Time Reversal t—-t

where do we find it?
® quark sector: discrepancies with KM predictions
® |lepton sector: CP violation in neutrino oscillations
® gauge sector, extra dimensions, other new physics:
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Electroweak Baryogenesis

® Sakharov conditions: C, CP and B violation occurring out of
equilibrium. In SM:

® B violation unsuppressed at T=EW scale

® Displacement from equilibrium could be provided by a first order
EW phase transition.

® To freeze out generated BAU S v /=T
inside bubble, EWPT must be sx10
strongly first order, v¢/Tc = 1.0

® Not realised in SM for mpzmy

® CPV from CKM insufficient

® New CPV or extended scalar sector can both provide baryogenesis.
You may not need more CPV to do it if you have a 2HDM.
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Beyond SM in the Lepton Sector

® No right-handed neutrinos in
the SM, implies they are
massless.

® Neutrino oscillations show
they have small but finite
masses.

® Where are the R-handed Ve vu Vr
Neutrinos?
® A mechanism beyond the SM
is needed. e U T
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The case for new physics manifesting in Flavour

Issues (addressable at a Flavour factory)

® Baryon asymmetry in cosmology
— New sources of CPV in quarks and charged leptons, extra Higgs.

® Quark and Lepton flavour & mass hierarchy
- restored L-R symmetry, extended gauge sector

® 19 free parameters
— Extensions of SM relate some, (GUTs)

Lyuawa = g7 u%HT € Qj gzj de HY Q] —gie, H L‘7 +h.c.,

_ W+
£VVi quark int. /— U’L ’7“ VCKM dL + h.c.
A
® Finite neutrino masses

— Charged lepton flavour violation

® No (WIMP) candidates for Dark Matter
— Hidden dark sector flavoured?
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Searches for New Phenomena

Energy Frontier: Production of new particles

SM NP
from collisions at high-Energy (LHC)
Limited by Beam energy -

Flavour Frontier: virtual production to probe
scales beyond energy frontier.

Often first clues about NP
e e.g. weak force, -

¢, b, t quarks, Higgs boson. SM /-\ SM

o
o

e High precision required: very tiny NP
effects

Maximum Energy/Mass Scale reach:

Quark Lepton  Proton CPT, Lorentz
my EWP  Flavour Flavour decay violation
—— N\NA——N\——
102 10% 108 1075 1076 Mpri  GeV

— Maur
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Searches for New Phenomena

Energy Frontier: Production of new particles tA
from collisions at high-Energy (LHC)
Limited by Beam energy
LHC
Flavour Frontier: virtual production to probe I
scales beyond energy frontier.
Often first clues about NP
e e.g. weak force,
¢, b, t quarks, Higgs boson. 5=
. . ) ) CKM-like < » generic
() ngh precision r‘eqUIred: very l‘lny flavour violation flavour structure
effects
Maximum Energy/Mass Scale reach:
Quark Lepton  Proton CPT, Lorentz
my EWP  Flavour Flavour decay violation
|| I | | I
>
T NN\
102 104 108 10%° 10 Mr  GeV

— Maur
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The Flavour Sector of the Standard Model

Basis of the Standard Model

L =

1 a auyr .
—  Fu F + i Dy

wz)\wwjh -+ h.c.

[Dyh|* =V (h)

Gauge Sector

Flavour Sector

Electroweak Symmetry
Breaking Sector

e Flavour Sectors contain the majority of the free parameters of the
Standard Model!

There is a lot to study!
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2. Brief history of
discovery



1947: Strangeness
p+7n17 = A+ K

New particle observed, produced in
strong interaction,

TINT « assoclated »
long lifetime (decays only weakly) production

- Observation of the “Kaon” in 1947

- M. Gell-Mann, K. Nishijima (1953)
Introduce new quantum number
Strangeness S

S conserved in strong interactions
S not conserved in weak interactions
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1950-56: The “B - Tt Puzzle”

Observation of two strange
mesons with

* same mass
* same production rate
* same lifetime

0 —nta’; Prtr’) =41

T atrtr PlrtatnT) = ~1

But: decay into final states
with different parities

1956: Lee and Yang
“Is parity violated in the
weak interaction?”
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1956: Parity Violation

Beta rays(e-) from the Co%0 atoms emitted asymmetrically
under parity inversion
(by magnetic field).

Co%0 atoms had to be kept cold to avoid thermal vibrations
@ 0.01K

Most electrons emitted opposite to direction of field -
PARITY VIOLATION

ks ! ] BB 1 I I |
L20) B ASYMMETRY (AT PULSE -
Magnetic \ 2 HEIGHT 10V)
field ’ 3 H backward rate EXCHMANGE
E :’:‘, LOF wrt. unpolarized rate 5‘51 N T
|l o
Parity ol 100~ — o
transformation =2 .
. ® S|z osof- .
e \ 3|3 forward rate
Magnetic \ v/ 0.80 wrt. unpolarized rate N
field
Nco
S | ]
Q70524 6 8 16 15 > 16 8

Pre-SUSY School 2016, Flavour Physics

TIME IN MINUTES

“Co polarization decreases as a function of time

as the temperature increases
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© - T Puzzle: The Solution

0 —rta’ Prtrl) =41
Tt +7T P(rtntn) = —1
Parity is maximally violated in

weak interactions.
Its the same particle.

O=7=KT"

K+ DECAY MODES

K™ modes are charge conjugates of the modes below

JCale tactor
Mode Fraction (f A Confidence leve

, Hadronic modes
My Tx (2113 +014 )% $=11
Mo x*a0%° (173 004 )% §=12
My =ta*s ( 5.576£0031) % $=11
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1964: CP Violation - Cronin-Fitch Experiment

Both K=t and anti-K°—rmt occur
— K9 may turn into its antiparticle, so are not mass eigenstates.
The mass eigenstates are:

K9) = —=(K%) +|K°)
on L 00 50
D) = (1K) = K"

CP operator gives:
CP|K") = |K"),CP|Ks) = +|Ks),CP|K.) = —|KL)

Thus:
only Kg — mm, but K; — 37
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1964: CP Violation - Cronin-Fitch Experiment

31: _,n’KL’. - r?:‘::::uos
Srintillator
x no,Y,n’KS’KLQ... N ntilleto
| mK _
T | foo! /_’ '—\ ' \)w
p (306eV) [ ||Collimator-1 Collimator-2 / f

L// Co! lcmatof //‘(

‘% / \ 3:,57‘5- - ‘%@Wﬁ
L | \ ’ :

Target(Be) Pb Magnet /

i '7/ S T~

57 F1 10 S W,
internal target Helium Bag

Sc:nhlla'o:-/

“-Water
Cerenkov

protons

vacuum tank

K}

James Cronin Val Fitch
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CP violation was discovered in 1964 by Cronin, Fitch et al.

But seen only as a ~0.2% effect in
certain K, decays (e.g. K, >t )

(not in t or nuclear B-decays)
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1963: Cabibbo mixing

® The weak coupling didn’t look universal

® Cabibbo (1963) - weak interactions couple to a linear
combination

Pion decay 7,
d' = cosf.-d + sinf,-s {j N

.
s>uw sinzec N 1 7-(d0) - - + 7,
d>uW  cos’, 20  fense

K—{z M

K-(sTi) — p=+ 7,

® But, if the neutral weak currents also couple to d” expect large
FCNC. Experimentally BR (K > p ) ~ 7 x 107

Pre-SUSY School 2016, Flavour Physics Phillip URQUIJO 20




1970: The GIM Mechanism

e Observed branching ratio K°>u*u

BK; — utp~
BKL — all

= (7.240.5) x 107°

vV

K" U s

e |n contradiction with theoretical

expectation in the 3 quark model J " ut

=Glashow, lliopoulos, Maiani

* Prediction of a 2" up type quark, | - i
additional Feynman graph cancels - -

the “u-box graph”
— Prediction of m(c)=1.5GeV

I\'I' b ) ’//l
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1973: The CKM Mechanism

a..'
o

Charm hadn’t been
“discovered” yet!

Progress 1973

of Theoretical Physics, Vol ¥, No. 2, February

CP-Yiolation i, the |(¢-normaliuble Theory
of Weak [nteraction

Mukoto KOBAYASH] and Toshibide MASKAWA

Department of Physics Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizl le theory of wealk interaction, problems of CP-violation
are studied. It is concluded that no realistic models of CP.violation exist in the quartet
scheme without introducing any other new fiolds. Some pomblc models of CP.violation are
also discussed.

When we apply the renormalizable theory of weak interaction" to the hadron
system, we have some limitations op the hadron model. It is well known that

Need a complex coupling specific to weak strangeness-changing
processes
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1973: The CKM Mechanism

652 Charm hadn’t been
Progres of Theorwtica “discovered” yet!

', February 1Y

Physics, Vol. 4, No. -

CP-Yiolation in the Renormalizable Theory

of Weak [Interaction

Muakoto K““\\ ASHI and 1 “"h|h|(‘l‘ MASKAWA

Department of Physics, Kyoto University Kyoto

(Received September 1, 1972)

In o framework of the renormaliz)l. theory of weak interaction, problems of CFP.violation
WO
At N0 realistic models of CP.violation exist in the quartet
i 1 »
scheme without -mmdmmg any other new Gelds Some pugubl(‘ models of CPoviolation are
e

also discussed.

are studied. It is concluded th

When we apply the renormalizable theory of weak interaction" to the hadron

system, we have some limitations oy the hadron model. It is well known that

Need a complex coupling specific to weak strangeness-changing
processes

But cannot accomplish this with only two generations of
quarks (u, d, s, ..). Require a third generation of quarks.
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Insight... First hint of Charm was in 1971!

® Announced at cosmic ray Prog. Theor. Phys. Vol. 46 (1971), No. 5

conference in Hobart in 1971! A Possible Decay in Flight
of a New Type Particle

Kiyoshi N1U, Eiko MIKUMO
and Yasuko MAEDA*

Institute for Nuclear Study

M =2.95 GeV o .
‘ a,.»w”"// <36 fs University of Tokyo
2 o o PR P *Yokohama National University
§ S
- \\\“‘ o— August 9, 1971
5 T
% =} ._
_— T ————————————————————————————————————————
, 8 phee ssume
' o Te=f —8 decay mode My GeV T, sec
‘\‘““\‘\
o - B v
- M.=1.78 GeV ~—— T ~— X—>Tc°+1'c* 1-78 2.2X 10'_14
g e,
=221 i X>nd+p 2.95 36x10714
s % N R

M, =1.87 GeV M, =2.29 GeV

1:=1040 fs T,=2001s
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1974: Discovery of the Charm Quark

Brookhaven (S. Ting) SLAC (B. Richter)

e'e — e'e C
i .
p+Be—e'e +X e'e” — up B hadrons
et ' ete” — Hadronen C
e u LIJ F\ I' = 87 keV
= [ =
|
- | 2
J ) . o =
-ty
~
= Py
a o O ;’ \L;' N
z —
4 |
: | . - —
; i -l ° N
{ ! = 1Ox /’\‘.
'J'\'i ; ‘S g A ‘."v -
| 1.ﬂ~-:,ﬂ"rr1,’1~*“~J Lz ) t
........ e e _ i
25 275 328 38 < - S S = 1O = 1 =0
M,.... GeV 3050 3090 2100 20 Z 120 3130

Eoergie Eons )

- Discovered charmonium in 1974 : J/W (Nobel Prize 1976)
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1974: Discovery of the Charm Quark

Brookhaven (S. Ting) SLAC (B. Richter)

e'e — e'e C
P+Bc_’3+6 + X <1adr(ms

B GeV

- Discovered charmonium in 1974 : J/W (Nobel Prize 1976)
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1977: Discovery of the Bottom Quark

Are there really 3 generations? Leon

i
Lederman,

Fermilab E288 Experiment observed
excess of di-muon events at a mass of
around 9-10 GeV (3 resonances)

p+Cu—putpu +X

- September "77:

~30000 u-pairs
A
i 'Y Discovery of

;/ \'.f T bottomonium!

A
f Vv /4
y ( \o X
Hof,v K

Ti819

A P TTY Y

lh

82 @8s 90 94 «e luz 106 :) 14

B T I L

Moss GeV Mass (GeV)
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1995: Discovery of the Top Quark (20 year anniversary)

& 10

< DO a 0 t 0

g @ ) 2 % GIM+CKM+ b-decay
< 10 Qe dicti

£ | e@(o ACDF prediction

5 i o ° E‘ng m(t)~150GeV (1980)
£ o o UAla  ASLOLEP

= e TERAL TRSTANS Z0 decays@LEP

% ol 0 prediction (1994)

8 w9 19Ysem:m 190 192 19 m(t)=179+12/-9GeV

w 6 b al » - L] "

M, (GeVic)

Top quark discovery@CDF (1995)
m(t)=178+x8+10GeV

Events/ 10 (ic\'/c‘\)

0‘|~ 150 a0 o0 - = '\0. )
Reconstructed Mass (GeV/ieY)
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Historical discovery highlights in heavy quarks

1964 Fitch and Cronin discover
CP violation (indirect CP in K)

Val Logsdon Filch

Watson

James \
Cronin

1970 (KO- uu)<M(K+*—uv)
Glashow-lliopoulos—Maiani: No tree
level FCNC = Charm inferred 1973 CPV in K due to 3rd

generation: Kobayashi &
Maskawa (not a new force)

1987 Argus (DESY) B mixing
Ams = m: > mwy

2002 BABAR/Belle establish
indirect CP violation in B4 mesons,
confirming KM theory
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Historical discovery highlights in heavy quarks

1964 Fitch and Cronin discover
CP violation (indirect CP in K)

1970 (KO- uu)<M(K+*—uv)
Glashow-lliopoulos—Maiani: No tree
level FCNC = Charm inferred 1973 CPV in K due to 3rd

generation: Kobayashi &
Maskawa (not a new force)

1987 Argus (DESY) B mixing
Ams = m: > mwy

2002 BABAR/Belle establish
indirect CP violation in B4 mesons,
confirming KM theory
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Charged leptons

® Anderson, Neddermeyer discovered the u
with cosmic rays at Caltech in 1936. But
because its mass was so close to the Yukawa
pion, it was not recognized as a heavy
electron until 1947 - |.Rabi:“Who ordered
that?”.

® In 1962 Lederman, Schwartz and Steinberger
discovered that there were at least two kind
of neutrinos with different properties.Using
n—>uv decays,

® The tlepton was observed in a series of
experiments between 1974-77 by Perl et al.
at SLAC. They found a number of
unexplained events of the type ete—— ep+
> 2 undetected. The interpretation was e+e
—> T+T—> ep+4v with m™~1.6-2 GeV.
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3. The CKM
mechanism



. The SM describes the mixing of quarks of
Weak Interaction different generations through the weak force.

W+ Q=+1 w
u; Vi d; O =+% u% u% u—{
> > d O=-% s b
w W %
44 Cgﬁ CA{ C;ﬁ
d s b
V: CKM matrix W W W
t% t% t;ﬁ
¢ 0ij g d ¥ b
§Z d’ Vud Vus Vub d
/
o ! s | = | Vea Ves Veb s
:unit matrix /
b Via Vis Vi b
Flavour eigenstates Quark-mixing matrix ~ Mass eigenstate

unitary !

— 4 independent parameters (3 Euler angles, 1 phase)
Single source of CPV in the SM.
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The (Flavour) Parameters of the SM

3 Gauge couplings: aem, Qweak, Ostrong
2 Electroweak symmetry breaking: v, my

6 quark masses: 1y, Md, Ms, Me, Mp, M; CKM
4 quark mixing: A, A, p, i (from Vud, Vus...) matrix
3(+3 neutrino) lepton masses: me, My, M-

(3 lepton mixing angles + 1 phase) PMNS
()=with neutrino masses matrix

sla)aweled
JNOAE[
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“The Big Bang Theory’

2 |8
O 9?’5) _/
0.0oM) *(eo%) (o Tes) 2

97 82 7
*
\*
<

v -




“The Big Bang Theory’
o=z S | T

= Penny, the weak interaction
coupling constants are complex.

BR (¢-1d)= £

= ,Valt "‘ ’
/Vu!l'/utsl ‘I il 3

ovyyg)' il
mﬁ)’ 7

9782 7

i

”
4 LY \\.
4\




“The Big Bang Theory’

Penny, the weak interaction
¥ | coupling constants are complex.

What ! Really ?! : -
Wb BR(eWE)= Ll

R ) £
/Vu!!'/Vcsl /,ﬁ.ir.

, 99v5)° :

G AT

99 82 7

« \F
q\




Hierarchy of the CKM Matrix

- Wolfenstein Parametrization: Expansion in A =sin 6, = 0.22

tud
(4 parameters: A = 0.22, A= 1, p, n) ) migm: esb .
Vud Vus Vub . . .
V'cd ‘/cs ‘/cb c n . u
Vie Vis Vi ot - B )
1 X\ O phases
d b
—| =2 1 0 |+00? ’ |
0 0 1 « 7
Cc
1 —\%/2 A AN3(p —in) t W7
= - 1—)\2/2 AN? + O\
AN (1—p—in) —AN? 1
2 _ ‘VUS|2 2 4 ’Vcb’2 =LA — _VudVJb
X Wl VP AN = W P S
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4. Experimental B,
D, T facilities



Where are B, D, Tt Mesons Produced?

p anti-p
2001-2011

ete “B-factory”
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% . 2009-
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ete “D-

B-GS]]I factory”

2008-
BB

Belle Belle Il
1999-2010, 2017-2025

ete “B-factory”




KEKB double™ i =+ £
. 7, .f—_
ring e*e” collider * 5~

* 3.5 GeV positrons on 8 GeV electrons
* E.,,=10.58 GeV, By =0.425




Production of B Mesons @ e+e- colliders

Mass (GeV/c) om
B

BEoyQs)

= b

=S I Off-Peak

= )

; R =u

=2 L L Y@s)

TP o ~ Y(3S)

g ' li y + o~

L L ‘4 . e P

o] > * "'0‘ she “tasa, m’“.m- _»
(9’.44 9.:‘6 10..00 10..02 10T34 10f37 10..54 1 10?58 10?62

2000
e KEX
1500
1000

>1ab'
Un resosance:
yissi izl
Yias: 711
IRSIER T
Y2sSEMn!
Yilsi:6m
Off reson./scan :

100 b

~ 550"
On resonance
504 i

H2s:idm
OIf resonance:
"

199871 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 20121

- Centre-of-mass energy = mass of Y(4S)

- Y(4S) is bound bb-state that decays to ~100% to B+B- or B°BO pairs
-1 b1 ~ 1.1 Million B pairs

Pre-SUSY School 2016, Flavour Physics
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The B-Factory Experiments

Belle Detector

\

o K Aerogel Cherenkov cnt.
< 6 S. n=1.015~1.030

SC solenoid ﬁ_ - \,.sb =8

157 TN L ™ 3.5GeV e*

Csl(TI) 16X,

\ N - ——

b -

TOF counter \_\ e - "~::“~\;.
8GeV e Sy =

A, adl
g \| N < 3 klng + dEldx
o \’ A = . ,—(\';‘f{ \\::\‘p_ ; ot \_ o ‘ ‘ " Ce" + HeIC2H

e U '-“-_AE |
Si vli det. Y u/ K, detection
3 lyr. DSSD 14/15 lyr. RPC+Fe
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*More than b-anti- b palrs.. n
factone_s)produced -already and‘“gwam“Q’
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The LHCb Detector

Production_

Vertex
Locator

/thia production cross secti

SPD/PS M2

-2 0 2 4

HCAL

—5m

6

Sm 10m
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b Production at Hadron Colliders

e+e- (PEPIl, KEKB) | pp—b anti-bX (Vs=7TeV) LHC

Prod. obb 1 nb ~300ub

typ. bb rate 10 Hz ~300kHz

purity ~1/4 ~0.6%

pile-up 0 0.5—25

B content B+(50%),B%(50%) B+(40%),B9(40%),Bs(10%),Bc(<1%),b-
baryon(10%)

B boost small, By~0.5 large, decay vertices are
displaced

event structure BB pair alone many particles not associated to
b

Prod. vertex not reconstructed reconstructed with many tracks

BO anti-B? mixing coherent incoherent—flavour tagging
dilution
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b Production at Hadron Colliders

e+e- (PEPIl, KEKB) | pp—b anti-bX (Vs=7TeV) LHC

Prod obb 1 nb ~300ub
0 _
Y(59) 2%, PP, pp

NG

N
)

Va]

BO anti-B? mixing coherent incoherent—flavour tagging
dilution
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5. Tree level
measurements



CKM Metrology

Pre-SUSY School 2016, Flavour Physics

Phillip URQUIJO
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e~ 0~ 14

u 7_/éy K?_éy vV
nf——\fgp = = ==

I 0~ /~
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CKM Metrology

d S b B
e~ /~ /
u i é v _.xé % i—é v
nET—= ), Ke—=/ |Bo—=_
2 0~ 0
— c é 7% __.fé v i
T D
_ | ¢ %4
t BO M BO BS \\<\
b
UT CKM
Parameter Measurement 6V/V
Vup** (4.4+£0.5)103 10%
Veb (4.1£0.1)102 | 2%
thNts 3%
Ved 0.228+0.006 3%
Vo ~1.03+0.04 4%
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Semileptonic Decays

Decay properties depend

- y directly on |V,| &V,,| and m,,;
_ ¢ perturbative (a.".

|Vub| or |Ves|| w

<l

e |Vu| = 0.004 the smallest element — not easy!
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Semileptonic Decays

Decay properties depend

directly on V| & |V, .| and m,:
perturbative (ag).
e
|Vus| or |Ves|| W v
b= ¢ c Quarks are bound in hadrons.
B[ ]D Interactions of b-quark & light-

quark in the B are very
important.

e |Vu| = 0.004 the smallest element — not easy!
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2 paths to |Vub]|

Exclusive measurements “easier” specific hadronic final state
experimentally, but QCD form e
factors are challenging to calculate | Vb 4: Ve

b —¢——=—7;
3 B } T
V.| = (3.28+0.29)x 10" d,u > d,u/

V.| = (39.5£0.8)x10-3

all hadronic final states

. e
Inclusive more robust £
theoretically, but need to control . v""," Ve
experimental background B { b ‘ = )
: o
> X5
IV.,| = (4.41£0.15)x103
V.| = (42.4£0.9)x 107 ’

Inclusive ~3 o higher!
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Restored Left-Right Symmetry?

e Add new physics: right handed currents with coupling Vyu®
eB->m | vrate goes as | Vup + Vup'|?
eB->T v rate goes as |Vup' - Vup"|?

eB->X, | vrate goes as |Vupt| + | Vub]?

8
| | | | |
- B - X.Iv | HFAG BLNP 1.SU(2)L x SU(2)r x U(1)s-L
Un ~  Bo>1tv |HFAG+Belle ’ ® > New heavy gauge bosons
- - —-B->nly |HFAGavg.w/ (W', Z', H).
« O -~ B - plv |Belletagge . _
S L B - wlv |Belle taggéd -~ ® = Vi=Vem and Vg
X sl - — 5 more CP phases.
s
= 4
3
Standard Model - -
2 | | | | | | | | | | | | | |
-04 -03 -02 -01 O 0.1 02 023
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Restored Left-Right Symmetry?

e Add new physics: right handed currents with coupling Vyu°
eB->m | vrate goes as | Vup + Vup'|?
eB->T v rate goes as |Vup' - Vup"|?

eB->X, | v rate goes as |Vupt| + | Vup? |2

Cfb 8 T T T T T T | T T T | T T T
o L -gldusliVe 1 1.5U(2)uxSUR)Rx U(1)s1
- —>7v
°
o ; B A, —puv (LHCb) 1 ?Nll\le;\,/v:eavy gauge bosons
;>: 6 [ ] combined — (W', Z', H).

® > V. =V and Vg
— 5 more CP phases.
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Belle Il Flagship: H" Search in B*=>tuv, pu
b T

Helicity suppressed - very small in SM. \ H* W+

NP could interfere e.g. charged Higgs.

G2, £2 V., 2 2 a 2 2
BR(B, — mv;) = ng’ d TpMBM2 (1 — mT) [1 — ( mQB ) )\bb)\TT]
T m

BFswm
2HDM types
Type ADD ALL
I cot 3 cot 8
The B meson decay constant 11 — tan § — tan 3
II —tan cot 3
IV cot 3 — tan (3

|V | : from indep. measurements.
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B—>1tv Measurements

Belle, B— 1v (Had) PRL110 131801 (2013)
Belle, B— 1 v (SL) PRD 92, 5, 051102 (2015)

Bt — D'x*
(— K nwtn™)

B~ — 17(— evv)v

B— 1V (SL)

(e)

. 2.0
pg, (GeV/c)

BaBar semileptonic tagging
(1.7£08+£0.2) 1074

) : , BaBar hadronic tagging
' N 1 (1.83%033 +0.24) 10~

: Belle semileptonic tagging (old)
. I—*—l 38 3 _
; (154705 051) 107

Belle hadronic tagging
(0.721527 £0.11) 10~

This result

: 25 28 + (). -4
CKM fit . (l.zalio.zs_o.n) 19
1 ) 3 "

B(B — 7v) (107%)
The clean e+e- environment makes this possible
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Consumer’s guide to charged Higgs

« Higgs doublet of type | (¢, couples to upper (u-type) and
lower (d-type) generations. No fermions couple to ¢,)

*| Higgs doublet of type Il (¢, couples to u type quarks, ¢,

couples to d-type quarks, u and d couplings are different;
tan(B) = v /v,) [favored NP scenario e.g. MSSM, generic

SUSY]

* Higgs doublet of type Ill (not type | or type Il; anything goes.
“FCNC hell”>many FCNC signatures)
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NP Fits with CKMFitter

100

‘:l’ L) 1] 1] 'l
[t The current flavour results place
stronger constraints than direct

searches from LHC exps.

: LEP (direct)

Belle Ave. Belle Il
5ab?! 50ab!

B>tv 96(1+22%) 10% 3%

Bouv <17  20% 7%

mu+ [GeV]
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Most curious hint of NP in heavy flavour

CERNCOURIER

Yaue

®EB5 Nuware 9 Novewmarr 2005

L)

“(’0"

‘ I

Tensions in the Standard Model
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Most curious hint of NP in heavy flavour

SCIENTIFIC
AMERICAN"

News & Festures Topics Blogs Videos & Podcasts  Education  Citizen Scien

The Sclences » News 9 frad o Print

2 Accelerators Find Particles That
May Break Known Laws of Physics

The LHC and the Belle experirment have found partidle decay patterns that violate the Standard
Model of partide physics, confirming earller observations at the BaBar facility

CERNCOURIER

Yaue

®EB5 Nuware 9 Novewmarr 2005

By Cara Moskowitz | September 9, 2018 | Viéalo en espaiol

L)

“(’0"

‘
Tensions in the Standard Model
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Most curious hint of NP in heavy flavour

SCIENTIFIC
AMERICAN"

News & Festures Topics Blogs Videos & Podcasts  Education  Citizen Scien

The Sclences » News 93 tmad & Print

2 Accelerators Find Particles That
May Break Known Laws of Physics

The LHC and the Belle experirment have found partidle decay patterns that violate the Standard
Model of partide physics, confirming earller observations at the BaBar facility

CERNCOURIER

VoLome 55 Nuwaens 9 Novewaer 2005

By Cara Moskowitz | September 9, 2018 | Véalo en espaiol

{ . vhysicstoda
Ll

Democracy suffers a blow—in particle physics

Throe independent B-meson expernments suggest that the charged leptons may not be 50 equal after al

Steven K. Blau 17 September 2015

‘
Tensions in the Standard Model
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Limits on Type Il 2HDM From Babar

§ 08 2HDM modifies fit-
&2 06 ] BABAR variable distribution
B 2HDM tang /myps — and hence the efficiency
0 4 e a
1 .
0.44 £ 0.02 GeV e | B = Do
2 02}
E ) l);
tangd/my+ = .
0.75 + 0.04 GeV™! 005k
03 5 =0
m? (GeV?)
—— P | N A L 1 [ I a :E [ — SM 2
0 02 04 06 03 1 g 13 o, 0
T T tang/myy (GeV™H) g [ ::g::;?g?:\
l—
SM 05}
% 05

Best point 1s tanf/mg, = 0.45 GeV-!, excluded at 99.8% CL (3.1 o).
All other values (with my. > 15 GeV) are worse.
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R(D)) =BR(B - D™ tv)/BR (B> D |v)

e Reconstruct one B in Y(4S)->BB event

e Either hadronic or semileptonic decay mode

Babar, Phys.Rev.D 88, 072012 (2013)
Belle, Phys.Rev.D 92, 072014 (2015)
Belle, [arXiv:1603.06711]

LHCb, PRL.115,111803 (2015)

e First application of semileptonic tagging for B ->D(*)tv
e Look for signal in the recoil, B>D*tv, D* - Dmt, D->many, t=>Ilvy,

R(D*) = 0.302 + 0.030 + 0.011

: % B signal
10°f = EEZE Normalization
' il 8 >0 v
102 b B |:|Dthersm
a-.l- mFakeD

Events / (0.0666667 )
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Babar, Phys.Rev.D 88, 072012 (2013)

R( D(*)) @ LHCb Belle, Phys.Rev.D 92, 072014 (2015)

Belle, [arXiv:1603.06711]
LHCb, PRL.115,111803 (2015)

® |dentify B>D*tv, D* - Dmi, D>Km, tT>uvv
® Require significant B, D, T flight distances, fit in Mmiss?, g2 and E,

- Data
R(D*) = 0.336 + 0.027 + 0.030 I,
B B - D*H.(— MX)X
B B - D"W
N B - D'uv
~ — T T T T T —] ) T T T C b ial
7, 000 935 < q? < 12.60 GeV2/c* LHCb 1 7 4000F "7 935<¢°<12.60 GeV/e okdontiod i
N N 1 = - .
(QD) 3000:— —: e 3000:— —:
o n 1 2 - ]
S 2000 4 £ 2000F =
%) B ] o B -
38 C 1 < - ]
=S 1000 —] S 1000 —
5 : 1 © -
g - — —
S e B e E
:; ............................. :: 2 ._:
A~ N R R R R R A~ _2‘_ ........... bepeepaagacgn:  ecgeeogeengeen..d leetprecpoe e eepes Levpecy: ..::
-2 0 2 4 6 8 10 50 1000 1500 2000 2500
m2. (GeV?/c*) E, * (MeV)
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We need more data! (more to come from Belle)

HFAG Winter 2016

4.0 0 above SM! Several more measurements to come from LHCb & Belle

Inconsistent with a Type Il 2-Higgs Doublet Model...

—~ 05

0.45

R(D*

0.4

o
0
O

>
o8

0.25

0

- BaBar, PRL109,101802(20|12)

= Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, arXiv:1603.06711

- HFAG Average, P(x?) = 67%

= SM prediction

=
R(D), PRD92,054510(2015)
R(D*), PRD85,094025(2012)

‘ Prel. Winter 2016 \

2
0.2

Pre-SUSY School 2016
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We need more data! (more to come from Belle)

HFAG Winter 2016

4.0 o above SM! Several more measurements to come from LHCb & Belle
Inconsistent with a Type Il 2-Higgs Doublet Model...

N 0.5 B T T T T | T T T T | T T T T | T T T T ]
* _ == BaBar, PRL109,101802(2012) ’ -
\Q./ C = Belle, PRD92,072014(2015) AX =1.0 7]
v 045 LHCb, PRL115,111803(2015) —
= Belle, arXiv:1603.06711 .
_ = HFAG Average, P(%?) = 67% -
04 | == SM prediction —
0.35 — —
03= R —
- Belle :
025 S =
B R(D), PRD92,054510(2015) _
- R(D*), PRD85,094025(2012) Drel Winer 2016 -
O 2 C 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 L

0.2 0.3 04 0.5
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6. Flavour changing
neutral currents

EW Penguins today
(More in CP violation lecture tomorrow)



FCNC decays

1. Radiative and Electroweak Penguin Decays with Flavour Changing Neutral Currents
(FCNC) that occur in the SM only at the loop level
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FCNC decays

1. Radiative and Electroweak Penguin Decays with Flavour Changing Neutral Currents
(FCNC) that occur in the SM only at the loop level
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Aside: The origin of “penguins”

Svymmetry Magazine Jan/Feb 2007

The origin of penguins
Told by John Ellis:

"Mary K. [Galllard], Dimitri [Nanopoulos], and | first got interested in what are
now called penguin diagrams while we were studying CP violation in the
Standard Model in 1976... The penguin name came in 1977, as follows.

In the spring of 1977, Mike Chanowitz, Mary K. and | wrote a paper on GUTs
[Grand Unified Theories] predicting the b quark mass before it was found
When it was found a few weeks later, Mary K., Dimitri, Serge Rudaz and |
immediately started working on its phenomenology

That summer, there was a student at CERN, Melissa Franklin, who is now
an experimentalist at Harvard. One evening, she, |, and Serge went to a
pub, and she and | started a game of darts. We made a bet that if | lost | had
1o put the word penguin into my next paper. She actually left the darts game
before the end, and was replaced by Serge, who beat me. Nevertheless, |
felt obligated to carry out the conditions of the bet

For some time, it was not clear 1o me how to get the word into this b quark
paper that we were writing at the time.... Later...l had a sudden flash that
the famous diagrams look like penguins. So we put the name into our paper,
and the rest, as they say, Is history.”

John EMis in Mikhail Shifman's “"ITEP Lectures in Particle Physics and Field
Theory™, hep-ph/9510397

John Ellis will give a public lecture next week
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FCNC loops in the SM

Y

® Map of flavour transitions and types of loop processes

_ b>s ((VeVel @ 12) | b>d (Vi Vool @ 13) | s9d (IViVedl @ A5) | cDu IV, Vol @ A5)

AMy, ABYY ®)  AMiALBIJYK)  AM,, €, x,y, q/p, ®
(oJop W SNV Acr(B20hN),B2X, 7 Acp(B>hhh), B2X K>moll, €/ € Aa(D>hh)
EW Penguin B>KOIL,B>X, v B->mill, B>Xy K>, KESmEy v DX
Higgs Penguin =g/l B> u u K> u u D> u u
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EW Penguin Theoretical Framework

4G '
ot == Vil 22 GO+ CO) the. =T

b S q q

Oty \( ® Describe b—>s transitions by an effective Hamiltonian.

® Long distance effects absorbed in the definition of the
operators Oi, while interesting short distance can be
computed perturbatively in the Wilson coefficients Ci.

08 _ gmp (bO’uVTaP b)Glu/n

62
Oy = (7% ), 019 = (39, PLb)(y"s)
¢ Og=my(sPrb)(LL), Op = my(5Pgb) (Iys()
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Three impersonations

x QED Helicity
suppression supprgssion

Sivi

]

‘/tb W= ‘/ts

e -
H £
Neutralino loop v o s o s - tan®g w

BS—>(|)y Oy ~ myS1.0,,,0pF* (3.5£0.4)-10° v polarization

Large theory  LHCb:arXiv:1209.0313

uncertainties

+ - - / . . .

B"—=K™n"n Ogg(mf)NSL“]’ubLéﬁ"ﬂ(%)f LHCb: arXiv:1205.3422  distributions

ECETANGE (2.8+07  )-10°
- s .6£0.2)- LHCb&CMS:
B—uw™  Osery ~ 5ubal(os)f helicity suppressed ~ PRL I11 (2013) 101804-05 BR
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b—> sy branching ratio

tanp

® Limits many NP models

m(H*)>540 G
® e.g. 2HDM, m(H*)>540 GeV q
*
Vib U Vis
’Y Becher et al 2007  Misiak et al 2015
Hi' 2.98+ 0.26 336+ 0.23
(\J’\J’\ llllIlIIIIIIIIIIIIIIIIIIIIIIIIIIllll
- Belle 2015 711fb™ 3.75+0.18+0.35
s AN Semi-incl. ————
b / \ M,, < 2.8 GeV
i t \ A) Babar 2012 429fb™! 3.52+ 0.20+ 0.51
Semi-incl. —{—t |
M,, < 2.8 GeV
100 M Belle 2009 605fb™"
e 3.47+0.15+ 0.40
: E:m-i?c_}.G v ————
= > 1. e
_ :LEP (direct
- ( ) Babar 2012 347fb™' 3.32+0.16 + 0.31
80 ! Full-incl. —+———
= E, > 1.8 GeV
= CLEO 2001 9.1fb™ 3.29+0.44+0.29
i Full-incl. H——H
60 |— E,>2.0GeV
i Babar 2008 210fb™’ 3.90+ 0.91+ 0.64
Full-incl. had. tag A +—
- E,> 1.9 GeV
2 PDG 2015 3.49+0.19
40 WA —v—
L E, > 1.6 GeV
L HFAG 2014 3.43+0.21+ 0.07
L WA —v—
20 |- E,> 1.6 GeV
B llllIlIIIIllllllIIIIIIllIlIIIIIIllIl
i 156 2 25 3 35 4 45 5
L O B R x 10
0 500 1000 1500 2000 B(B— Xs7) E,> 1.6 GeV
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Bs>u W

SM branching ratio is (3.5+0.2)x109 [Buras arxiv:
1012.1447], NP can make large contributions.

Standard Model MSSM

\ 4
=

wn| A
=
wnla
1

o
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Bs—> U Evidence

LHCb: arXiv:1307.5024, PRL.111.101805 (2013) CMS: arXiv:1307.5025, PRL. 111.101804 (201 3)

CMS-L=5fb"{s=7TeV,L=20f" {s=8TeV

16 F T T T T T
- 14 —4—data
u L — full PDF
14 LHCb [ Y B
12~ 8 By

..... combinatorial bkg

=== semileptonic bkg
..... peaking bkg

L
—%

=

e

Candidates / (44 MeV/c?)

S/(S+B) Weighted Events / ( 0.04 GeV)

\
. \
2\ '\5%‘
. o 3‘,\{%\\—\\% 3\
M- [MeV/c?] 95 5152 53 54 55 56 57 58 59
m,, (GeV)
B(B) = ptp”) = (29%5) x107° [--> 4.00 BB - ptu) = (30159 x107° | --> 4.30
B(B® — ptu™) = (3.7131) x 107" B(B® — ptp™) = (3515 x 107"

Avg: B(B,—utn)=(2.91£0.7)x10°
Avg: ?(BO—>M+M_)=(3.6+_1:2 )x1 0-10 (not significant)
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CMS + LHCb Comparison

CMS and LHCb
L | I I | I T

o 2 9 I | I | 1 1 | I 1 |-
o w I -
7)) 8 |— —]

= E
6 —
5F —
4 = —
3 —
21— E
1E- =
o B 1 1 | | 1 ! | l:

0 25

SBi’

- i i o SM
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CMS + LHCb Comparison

CMS and LHCb (LHC run 1)

v I

I | I I I I | 1 l |

—4— Data

== Signal and background
p: Ty

—— : | B ptu

=+ = Combinatorial bkg.
----- Semileptonic bkg.

- = Peaking bkg.

g

o
o

W
o

-
o
Illlll|lll[’|ll’|lqllll lllllll

N
o

lllllllllllllllllllllllllll

S/(S+B) weighted cand. / (40 MeV/c?)

—
o

|

: P F
1 . - | | e—td 1 ]
5600 5800

. . m ., - [MeV/c]
Published in Nature: June 4, 2015 ™
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Implications

| P LE <
1D %S6 4 N >

401
12 %S6 4QD

o - e

U '
T %S6 SY1LY

lllllllllllllllllllllllllllllllllllllllllllllllllllll

B 6'v
12 %S6 SWD

(_1. 1« Pg)yg x 40T

20 30 40 50

10° x BR(Bs — ptp™)

10

O
(o)

Phillip URQUIJO
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*1+1- 2
A..(B-> K'I*")(g?)
The SM forward-backward Forward Backward

I_
asymmetry in b—> s I* | arises o
from the interference between y
. .

and Z° contributions.

App(B = K+ 07) = =C1p&(4° )[R(( o)F; +]—L F-,‘

Ali, Mannel, Morozumi, PLB273, 505 (1991)

b

o ; e

Multiple heavy particles of the SM (W, Z, top) enter in this decay.
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LHCb 3fb1 results on B> K™ p*p (g2)

R. Aaij et al., JHEP 1602, 104 (2016)

l P ﬁ Re (A[I]JAL* _ A[]]?,AR,*)
*[+[_ — _L‘ )( 2 ) L‘u + _L"F & -
Ar(B = K = ~Coclg )[R‘( i+ 5G 2‘ AR+ 432) (1A + 1A + 4L + 1402)
' | ' ' ’ ' | ' ¥ v 1.5 T T T
- Belle preliminary K4 This Analysis
ﬁ ol 1 LHCb 2013
3 . LHCb 2015
i — — s SM from DHMV
0.5 | _
| N
0.0 |
' -t L
LHCb B e | --%=='
B SM from ABSZ | 10} - 1
1 1 1 1 I L 1 1 L l 1 L 1 1 I 1 1 1
0 5 10 15 15 .
> 2 4 0 5 10 15 20
g [GeVcT] (GeV2/eh)

Blank regions are the J/{ and

Theory arXiv: 1510.04329 vetos
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LHCb 3fb1 results on B> K™ p*p (g2)

(q-

N ]
Apg(B = K7 (7)) = =C1p&(q7) IR(’(LQ)FI + —&B}

LHCb
Il SM from ABSZ

1 l 1 1 1 1 l 1

05 10

1 1 l 1 1 1
15

g [GeV¥ 4

Py =2

R. Aaijetal.,, JHEP 1602, 104 (2016)
Re (4 AL — AR L)

A1+ 1A82) (A1 AR2 + AT+ AT)

1.5

1.0

Belle preliminary

T

H+  This Analysis
LHCb 2013
LHCb 2015

s SM from DHMV

- [~ [ ]
0.0 - -l-

- — |

05 —I_ ! 'ii'Lﬁ

1ol ] T

_1.5 1 1 1

0 5 10 15 20
¢’ (GeV?/c?)

“The P.'measurements are only compatible with the SM

prediction at a level of 3.70.....A mild tension can also be

seen in the A, distribution, where the measurements are

systematically <=1o below the SM prediction in the region

1.1<g%< 6.0 GeV?”

Theory arXiv: 1510.04329
Pre-SUSY School 2016, Flavour Physics
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Recent LHCb results on B> K™ ptu (g?)

Why does NP appear first in this mode
(and not others) ?
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Recent LHCb results on B> K™ ptu (g?)

Why does NP appear first in this mode
(and not others) ?

b

I+
W

q q
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Recent LHCb results on B> K™ ptu (g?)

Why does NP appear first in this mode
(and not others) ?

b

I+
25
144

q q

Possible answer: All heavy particles of SM (t, W, Z) and maybe
NP (except Higgs) appear. Sensitive to NP via interference.
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Recall: Wilson coefficients

NP could mean “new particles” (bump in
some mass spectrum at the LHC) or
“new couplings” (flavour physics)
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Recall: Wilson coefficients

NP could mean “new particles” (bump in
some mass spectrum at the LHC) or
“new couplings” (flavour physics)

b— sy(*): HAP_, va,sv,bco + .

Q = Efmb SoMv (1 + ,s)Fy,, b [real or soft photon]

Qo = 72 S’)p(1 —75)b f']";'p ¢ |b— supvia Zhard ~]

Qo = %s»;,,,( — v5)b Iy, y50  [b— spp via Z]
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Recall: Wilson coefficients

NP could mean “new particles” (bump in
some mass spectrum at the LHC) or
“new couplings” (flavour physics)

b— sy(*): HAY_, Z ViV CiQ; + .

Q; = & mpSotv (1 + ,5)Fy,, b [real or soft photon]

Q
Qo = 92 S”Jp(1 —5)b by, [b — spp via Z/hard 4]
Qo = g vu(1 = 78)b ly,yst  [b — sup via Z]

Right-handed currents:1- y.=2>1+y.
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Some examples of NP Fits to B> K*| | data

Descotes-Genon, Matias, Altmannshofer, Straub
Virto, arXiv 1307.5683 1503.06199

N S Bt B E Trrrrrrrveey 05_, vvvvvvvvv T T .
4k L -
! B 83%CL [
95S%CL i ‘
i D 00 lmcsssscnssnsasanssnncsnacaas LT TR T TR -
. [ #rscL - ‘
2F i1 Includes Low Reood daea - g y
4 s p o /’/I—- . \“\‘.\\ p
1 Osly 11,6 bins -05F f, AN A
[ T - . i & /,f' 4 \\ 1
= 0 b= - 5 |( N
%5 O -1.0 1 \ :
[ Y i i \\ I'l. |
| z | WO }
9 - \ \\ . /:" }
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Recent example of NP F
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Recent example of NP Fits to B—>s | | data
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NP coupling(s) in the weak interaction?
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EW Penguin implications in CMSSM

® N. Mahmoudi, arXiv:1401.2145
® Black line, 8 TeV LHC direct limit

CMSSM - tan f=20, A =-2 m, CMSSM - tan =40, A =-2 m,
2000 ~ 2000
) L ] Allowed
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How can we establish NP in B2 K* ']+ ?

R. Aaij et al. (LHCb collab); PRL 113, 151601 (2014)
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How can we establish NP in B2 K* ']+ ?

Observe and measure the rate forB > Xsv v
and thus isolate the Z' penguin (C,) at Belle Il

R. Aaij et al. (LHCb collab); PRL 113, 151601 (2014)
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How can we establish NP in B2 K* ']+ ?

Observe and measure the rate forB > Xsv v
and thus isolate the Z' penguin (C,) at Belle Il

vvvvvvv
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How can we establish NP in B2 K* ']+ ?

Observe and measure the rate forB > Xsv v
and thus isolate the Z' penguin (C,) at Belle Il

Ry = 0.7457 007 (stat) £ 0.036(syst)

which is 2.60 from unity, 3o if BaBar included.

Candidates / (40 MeV/e )

R. Aaij et al. (LHCb collab); PRL 113, 151601 (2014)
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How can we establish NP in B2 K* ']+ ?

Observe and measure the rate forB > Xsv v
and thus isolate the Z' penguin (C,) at Belle Il

Verify hint of lepton universality breakdown
at Belle Il (good electron eff)

vvvvvvv
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Ry = 0.7451 )% (stat) & 0.036(syst)

which is 2.60 from unity, 3o if BaBar included.
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How can we establish NP in B2 K* ']+ ?
\

HOME NEWS TECHNOLOGY SPACE PHYSICS HEALTH EARTH HUMANS LIFE TOPICS EVENTS JOBS

Home | Features | Physics

FEATURE 27 April 2016

That'’s odd: Unruly penguins hint
where all the antimatter went

Rare “penguin’ particle decays should all happen at the same rate. They don't -
perhaps providing a clue to why we live in a universe made of matter
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Neutrino EWP decays: DM or RH v?

Babar, B — K(*) v v, PRD 87, 112005 (2013) Belle Il expected
Belle, B — K(*)/mi/p v v, PRD 87, 111103(R) (2013) |

20 - | 5 I1 IC | LH: ¢M=-c®or v
RY v, a ™ Tl !
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® We expect 15% precision on
* PR
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L5r Ra:v, [/ A
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7. Leptonic Flavour
Violation



CLFV:u—> ey

® v oscillations - L e, Y, T not conserved

® In SM + massive v, effective CLFV vertices are tiny (GIM)

L Yi ¢ 2
i 3y e o Am“f,—, _54
I I Br(p —ey) = 55— Z Ui SR <10
1=2.,3
Y Petcov ’77, Marciano-Sanda’77 ....

® CLFV processes are an extremely clean probe of B vSM physics

EVSI\'I — ‘CSM + cu—mass ~ dim-4 Dirac or

dim5 Majorana
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What generates neutrino mass?

Ve

~N

s

. . Type I: Type Il Type llI:
Seesaw mechanisms are candidates Fermion singlet Scalar triplet Fermion triplet
[ |_Eﬁc = (Cij/l\/l) V! LVj|_ (I) (I) ] <p>=v=246GeV Npg, A= (AT AT A% %= (37, 20.%7)
Seesaw (tree level) H Iy . H H

mY; = yyy; v2/M M =10 GeV (for y,=0(1))

N-th order of perturbation

M=1 TeV

Quantum Effects (Radiative Seesaw)

mY; = [1/(1672)]N C; v2/M

Extended Higgs sector
Leptoquarks
Majorana mass for RH neutrino

gM e,

Hy
K™
ge\ 3 |
€
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Historyofu > eyVsuN->eN
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T Lepton Flavour Violation

Belle 1l Flavour Prospects (B2TiP 2014)

reference
Best done at e+e- B-factory d B
. Non-universal Z' PLB 547(2002)252 102 102
If CLFV shows up, can SUSY SO(10) PRD 68(2003)033012 10 [10-0
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B(r-puy)

Nature of NP in T LFV

Non-degenerate, SUSY,
Type 1 Seesaw

T. Goto et al. Phys. Rev. D 91, 033007 (2015)

I. Dorsner et al., JHEP 1506 (2015) 108

LHC synergy withH >t
anomaly: Leptoquarks
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