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Outline

Part 1: Flavour and Rare decays
1.What is flavour physics & why is it interesting?
2.Brief history of flavour
3.CKM mechanism
4 .Experimental facilities
5.Tree level Decays
6.Flavour Changing Neutral Currents
[ .Lepton decays

Part 2: CP violation
8.The Unitarity triangle
O9.Meson-antimeson oscillations
10.Measurements of CP violation
11.Global analyses of flavour data & future facilities
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1. CP Violation &
the Baryon
Asymmetry of the

Universe




AMS ca. 2000 & Planck 2015

Particle trajectory
LEPS ’
TOF Layers S 10 5[
, o _ He
"' Tracker T1 10 4 - 0 events
A - ¢ Planes T2 ° E
el g o 7))
TE & ' T3 g E 3
ol | Rt A © o 107 F
ks '@ B=014T O g > ;
cll< ' = < (| @ -
gl T & W Lr
5 \ A 10° 1
o \ =2
::::::::::::::
3 T5
::::::: _\_ ____ T 10 F
3 s3 J
. __o|LEPS [ 4%4
I | I . I I 1 = 1 | 1 | 1 1 1 N 1
2 |y Lo T v b I T ] perogel -150 -100 -50 0 50 100 150
@_> | T | T | T | T \\\[ T | | Cerenkov Slanngldlty GV
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Determined from power spectrum of the CMB & BBN.
Planck/WMAP/COBE

— bz
n=-2="0"5b _605(7) x 10710
n7 n7
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Ingredients for Barry O’Genesis

Scenarios: leptogenesis,
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold
baryogenesis, post-
Sphaleron baryogenesis...

Standard Model BSM
* B violation (sphalerons) v v
» C & CP violation x v/
* Qut-of-equilibrium or % v

CPT violation
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Hierarchy of the CKM Matrix

- Wolfenstein Parametrization: Expansionin A = sin 6, = 0.22
(4 parameters: A =0.22, A= 1, p, n)

‘Gwd ‘/ﬁs ‘Zﬁb
‘Cui ‘4@3 ‘Kéb
Via Vis Vi
1 A O
=| -2 1 0 | +00\%
0 0 1
1—)A2%/2 A AX3(p —in)
= — 1 — \2/2 AN? + 0O\
AN (1 —p—in) —AN° 1
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CP Violation and the BAU

® We can estimate the magnitude of the baryon asymmetry
of the Universe caused by KM CP violation

® Introduce parameterisation invariant measure of CP in
quark sector, J.

Fu Fd’ J 7‘+— D
where:

2 2 2 2 Z 2
(mu = mc)(mc — My )(mt — mu)

=

~ B ~ — Fy = (m3—m2)(m2 — mf)(mf —m3)
ny l’ly M J = Im [Vusvcdvcﬂ;ﬂjb]
— 812{2236%35 12823813 SiNd

Az)ﬁ'?}

Mass scale M can be taken to be EW scale O(100 GeV)
This gives an asymmetry O(10-17) much below observed O(10-19)
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The Six Unitarity Triangles

; ud cd td Viud Vs Vb 1 00
% % %
viv=[v: v vi||Vy Ve Vo|=|0 10
: b c*b :b th Vts th 0 0 1
sb .
Vtsvlb
(d)vrd V:‘d+vt: V::+thV:b=O W\/USVUE
A’ A’ A’ |
(e) Vi V:b+ V. V:b+ V. V:b =0 bd Vcbvc:;
(f) th V:d+vu V;-l- thv:bzo
A’ A? A’
= = = VubVud VirVid
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Unitarity Triangles for B,

The Unitarity Triangle
(“By4 Triangle”) Vi = |Vl e-iB

Consistency check for new CP violation sources
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2. Meson Mixing



Neutral Meson Mixing

The eigenstates of flavour M° anti-M°, degenerate in pure QCD, mix under
weak interactions.
MO : KO (anti-s d), DO(c anti-u), B%(anti-b d), Bs°(anti-b s)

Mixing can occur via short distance or long distance processes

Time dependent Schrédinger equation:
| ;)

ji(]\_f :H(A_f\ (M—ir /]\_40\

ot\M M) 2 IM

H is Hamiltonian, M & I" are 2x2 Hermitian matrices
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Mixing formalism

Hamiltonian

., i [ M M i (T Tio
=M QF(ME M ) 2( 5 T )

Schrodinger equation
d (| B(1))
“dt( B (1)) ) H(

Am = mp, —mp, =2|Ma]|
Al = FL—FHIQ‘Flg‘COSqﬁ

Diagonalising

¢ = arg (—Mi2/T'12)
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Neutral Meson Mixing: 2 Mechanisms

Am: value depends on rate of mixing diagram

:c:AF—mNO(l)

short distance, virtual

AT : value depends on widths of decays into common final states (CP -
eigenstates)
large for K, small for D and B

Long distance, on shell states
important for K, not B mesons

Pre-SUSY School 2016, Flavour Physics Phillip URQUIO 13



The Neutral Meson-Antimeson Systems

e C s Bl s 22 e B,B,

- -0
K i

e

19 90 l).\

-~ 4)2!|>

L

l | - AR
Amg =5 x 1077 ps™! Amg = 0.5ps™’ Am, = 18ps™’
X Amp /T >~ 0.945 X Amg/l ;=075 x Amg/l'y =206
y Al'g/2l'p = —1 y |AL|/2l,; < | y |Al/21, = 0.]
~ 1=0.4 ps
D'/D"  mixes slowly Am=211 xfrequency of flavour
Amp~0.01 oscillation (1 ps' =#160 GHz)

Pre-SUSY School 2016, Flavour Physics Phillip URQUIO 14



Mixing in the K, D, B, B, Systems

-

K D
& | & |
= I 0 0 s I 0 0
E — P(K (1)— K'(1)) E — P(D ()= D(1))
: o " ) : 1 )
~ osf  PK ()= (1) = oaf = P(D"(1)=D (1))
0.6[ 0.6~
0.4 0.4}
0.2 0.2}
OhA{:A/l.AAAl;;lnlgnnnlAAnnlnAnnlnnnnlg:11111;;lll;; 0- " TS FTETE FTETE FTTTE F AT YT
0 01 02 03 04 05 06 07 08 09 I 0 05 1 15 2 25 3 35 4 45 5
tins) 1(ps)
B B?
& £
= - _ _ = P _
3P — P(B"(1)~ B’(1)) S —— P(B (1)= B/(1))
08 -~ P(Bt)~B (1)) =08 T P(B_,,(t)*gi(t))
0.6~ 0.6
-~ B
0.4} 04+
- 5
0.2 0.2}
=S i S 0

2 25 3 35 4 45 5
1(ps)

o
=
n
S
)
tn
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CP Asymmetry at e+e- collider

IJ'+

Kg —
Tt

Start the clock T

e+
b Flavour
e v J //x Tagging
7
/7
- <
—
o
Tag vertex reconstruction
. ' » /’IJ JAIJ
Az 1 — N
At = AZ o
~\
N\

o, =lps < 170um
T, = Ips < 250um

Exclusive B meson and vertex reconstruction
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CP asymmetry at hadron collider

b-hadrons of all species
Oscillation occurs incoherently

K, from fragmentation or } .
B** decay (K, %) Same side (SS)

O Signal B

=<
Tagging B \ Opposite side (OS)

kaon (K%)
lepton (W=, €%)

Flavour tagging Efficiency ~10x less than e+e-, time resolution much better.

Decay time ~| OO fS ~7O fS 87 fS 45 fS

resolution (B,)
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B mixing data

BABAR @ SLAC LHCb @ CERN

N(B)un—mixed( N B)mixed(t)
N(B)un—mixed (t) + N(B)mixed (t)

AN
=)
P
~—~
i
~—
|
.
~—
|

~ cos(Amt)

e Tagged mixed

e Tagged unmixed

4001

— Fit mixed

— Fit unmixed

200 |

# candidates / 0.2 ps
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3. CP Violation with
B mesons




CP Violation

CP violation caused by different interference effects in particle and anti-
particle decays

One of the two amplitudes could be from mixing

Due to complex part of CKM matrix

— Al = Ale—i‘éleidl —

Al = Ay eiP1 101
-

B

w |

3 — A itz pi02 s
AZ—AZG € A2 =A26 chzezOQ

CP

A2 = A2 =
AT + A5 +2A1Aycos(Ap+ Ad) A2 + A2 + 24, Ay cos(—A¢ + AJ)
For CPV A1 and A2 need to have different weak phases ® and different
CP invariant (e.g. strong) phases o
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Classification of CP-violating Effects

1. CP violation in the decay )
(direct CP violation) LP = f)# TP = ' | 71

2. CP violation in mixing ] ] q
(indirect CP violation) D(PY = P%) £ T(P° = P") & |;| 41

3. CP violation in mixing/ ; _ - i
decay interference [(P (v P7) = f)(t) # TP (~ P7) = f)(1)

large strong phase effects in charm sector make it difficult to determine
weak phases.

Pre-SUSY School 2016, Flavour Physics Phillip URQUIO 21



CPV in Interference



Measurement of 3 using CP eigenstates

CP violation in interference between decay w/ and w/o mixing

The “Golden Decay”: B°— J/Y¥ KO
B° mixing _ B decay = |
I — * W _- b_ C q‘,
b th th d Ve C
: . W —_ I
E : Vs \‘S
d_th -Vib' = D d d e
g/p=e "’ A<V, V,
decay decay + mixing

dlg (Vcsvcb*) - dalg (th2th2VCbVCS*VCSZVCd*2)='2 3
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Time dependent asymmetry

® Define the time-dependent CP asymmetry
D 0 0
(0= MO — /0K~ NGB0 — /K:) _in(Amt)
N(B°(t) — ]/vK:)+ N(B°(t) — ]/ K,)

® We can measure the angle of the UT

What do we have to do to measure A 4(t)?

e Step 1: Produce and detect BY — f, events

® Step 2: Separate B from B°
® Step 3: Measure the decay time t
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Discovery in Belle

Overpowering
evidence for CP
violation (matter-
antimatter
asymmetries)
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Discovery in Belle

evidence for CP
violation (matter-
antimatter
asymmetries)
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sin2f3 Measurement Principle

B°)

No mixing

I'(¢) x [1 + sin(2B) sin(Amt)]

:zr/2 JT Amt

# Events » Time resolution
» Mis-tag probability

Unsmeared

theorv Resolution

Smearing

< I -
& _
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sin2[3 and the Nobel Prize

“... As late as 2001, the two particle detectors
BaBar at Stanford, USA and Belle at Tsukuba, Japan, both

detected broken symmetries independently of each other.
The results were exactly as Kobayashi and Maskawa had

predicted almost three decades earlier.”
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Looking for new physics in Time Dep. CPV

b W

—— " 270 -0
J WKy (25K, 1K,
A0 7 20
n.Kq,J yK;,

J YK UK > I‘\"_grt ’)

0K, K*K K2,
A0 0-0 -0 _1p-0 -0_0
KeKcKeNK ,K¢nt ™,
0K 3, fo(980)K ¢

Increasing Tree diagram amplitude

Increasing NP sensitivity
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PengUin Sin ZCD]_ Belle, B — n‘ KO, JHEP 10 (2014) 165

Belle, B — w Ks0, PRD 90 012002 (2014)

. eff’ . eff
sin(2p™) = sin(2¢¢™) FIIAE
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PengUin Sin 2(D1 Belle, B — n KO, JHEP 10 (2014) 165

Belle, B — w Ks0, PRD 90 012002 (2014)

. eff . eff
sin(2p") = sin(2¢; ") [FEAS

PRELIMINARY
b—ccs__ World Average o i I 0.68 = 0.02
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< Average: : Hi—| 0.74 513
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®; from Radiative Penguin Modes

e SM EW purely L-handed.

e Right-handed current is a signature of NP

S=-2(m_/m,)sin(2¢,)~-0.03

SM favored

/\J\IQ:N\N YL

br
helicity flip
x m,~4.8 GeV
St
Sr

b, -
W&/\MYR
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SM disfavored,
enhanced with RH current
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Ps Grand combination
HFAG 2016

_ 1 Z
| Spring 2016] 1 ¢¢~ = —0.033 4= 0.033 rad
— 0.12 s 68% CL contours | Als= 0.083+0.006 ps
L (Alog £ =1.15) | Compatible with SM estimations:
e 0.1 0-_ CDF 9.6 fb™' | [arXiv:1511.09466] [CKMfitter, PRD 84 (2011) 033005]
. $e = —0.0376 30007 rad
<1 .08 AT, = 0.088 £ 0.020 ps~"
0.06¢ ATLAS 19.2 fb™"
—o04  -02 00 02 04
$% [rad
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Direct CPV



Direct CP Violation in charmless hadronic decays
Belle, PRD87, 031103(R)(2013)

O C 1 1 1 1
5.2 5225 525 5275 52 5225 525 5275 5.3
M, (GeV/c?)

O First evidence 2008 Belle, Nature 452, 332 (2008)
® Unexpected difference in Acp between B* and B? > K mt
~ 1000 T ) Yok ’ "
% soof K'n 2 L K p— W:';:<Sj,d 05 ‘{iz"z&d Ke @
= i . i B*, B w0, 0P 7 i o -
q 600 - C ' u, d > u, d u, d - ud T
2 400 [ - c ) ) d
L% 200% } W ' a | Z a g LS(; 7
: P }k e }R . W%2< b‘gﬁfd”s
800; N I R N T R ds e B+ v . K+
NG 700;— — u > u u > u
% 600 | o K ;
= 500 -
5 400F 3 Acp(KOﬂSO) = 0.006= 0.06
= 300 :
R 200 £ , Acp(KOJ'E+) =-0.015+= 0.019
wf L L Aco(K*0) = 0.040+ 0.021
Acp!

K*) =-0.082=+ 0.006
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B>Khh B>mhh @ LHCb oL 112 (o014) 011801

® Puzzling patterns of CPV in B*=> K*h*h and B*-> nt*h*h-
® Large local asymmetries in regions not associated to resonances

® Possibly final state re-scattering generates strong phase difference

40

o0 — e 0.8 v - — T
% - T 500f E '0.7 RS 40F X 600F
351 % 400k 1#0.6 g o = sook
8 F (2) LHCb S o0 {®os % BSEm)LHCh S
0 Twp |k iHos P
ol - o s 57 i ] - e - = 200F ;¢
S 25F T 100F _ #I; 4/=10.2 = - E 3
- I S ofiﬁzjnpi ; =01 z 25: - 2 108;’ ]
20F 2 TGevyed 0 = H0b I B w0
- 0(770) ml GV (T -OE (I)(].OZU)“" . I[Ge\ 3 ]
15E= 0 —-0.2 = —-0.1
+ et - W05 - e + -0.3
- - +
. K JUTU :8? = K K K 0.4
e 1108 N T L. —-0.5
25 30 35 ) 10 12 14 16 ]8 20 ’72
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m2 < 0.66 GEVZ/C4 ......................... ,

Sk 5 274 odel ]
o {2 < 15 GeV?2/c .. 2 2/ch
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05 52- 52‘ 54 55 51%2 :Sz”s 54 5.5 0;1 52&: 5.3 “;4 ASASASI 52; 52'54 5.5
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Ao (Kt | local) = 0.678 + 0.078 + 0.032 + 0.007 ACP(K*K*K' |local) = 0,226 +0.020 £ 0004 £ 0.007
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What could it be?

B.Bhattacharya, M. Gronau, J. Rosner Phys.Lett. B726 (2013) 337-343

We have examined the CP asymmetries in three-body decays of B* mesons to charged pi-
ons and kaons. Predictions of ratios of asymmetries on the basis of U-spin are seen to be
obeyed qualitatively, with violations ascribable to resonant substructure differing for 7 7~
and KK~ substates. Larger CP asymmetries for regions of the Dalitz plot involving low
effective mass of these substates can be undertood qualitatively in terms of large final-state
strong phases; the weak phases are conducive to such large asymmetries, being nearly max-
imal. We conclude that further resolution of this problem must rely either on a deeper
understanding of the resonant substructure in B — PPP decays, or further understanding
of the hadronization process independently of resonances. We have argued that the approx-
imately equal magnitudes and opposite signs measured for asymmetries in BT — wtn 7~
and Bt — K'7ntm~ may follow from the closure of low-mass 7*7w~ and KK~ channels
involving only 771 <> K K rescattering.
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CPV In mixing



CP violation in mixing E

® 2% and ag® with full Run1 dataset (3/fb)

t

AraW (t) > ~ AD +

N(f,t)+ N(f,t) 2

A, — Y(B) = N(B) 4 eDpt) — (Dt
N(B) + N(B) P eDpt)+e(Dtp

- ~ ‘; D s B s a2 e e @ B-field
G ot Negatively

" The problem... R e W%ij charged muon
ol o o Positively

Production asymmetry: Detection asymmetry:
)
)

charged muon

Muon
chambers
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CP violation in mixing

| p— L 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I_
X F Standard Model | -
— } S~ :
%@w e o NSNS - — D e .. -
O_— (\ =
- ]S )
—1_ ® Q |
i O g _
n O < _
- 22 | )
- > — I =
- 3 2 LHCb DOuvX  — -
- R DO D®uvX : . -
-3 o BaBar D'lv —— T
- A BaBar /] = . | -
i Belle I — ' i
_4 ] ] | ] ] ] ] | ] ] ] ] L ] ] ] | ]
-3 -2 -1 0 1
ad [%]

2016 as = (0.45 + 0.26(stat) + 0.20(syst)) %
2015 ol = (—4.7£0.6) x 10~*
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4. Global Fit &
Future Facilities




Generic Analyses for New Physics

® Consistency is only at the 5% level in global fit.

2 2
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: excluded area has CL > 0.95 : % :
- % % ]
1.0 — | o _ |
. 5 Amg& Amg
05— |
1< 0.0 — —3
-0.5 — —]
1.0 — € —
L % q) sol. w/cos 2 <0
= Winter 14 3 E (excl..atCL >0.95) -
_1 .5 B I I | | I I | | I I | | I I | | I I | | I O i
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
P
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Generic Analyses for New Physics
CKMfitter PRD 91, 073007 (2015),

® Consistency is only at the 5% level in global fit.

2 5 |V4 *
)\2 _ ‘Vu8| A2A4— ‘Vcb‘ ,E—I_Zﬁ — ud ” ub
D 2 2 _ 2 2 *k
‘ Vud ‘ + Vus ‘Vud‘ + ’Vus ‘ Vcd ch
) R e s e s s B By By P B e B I B B B B ERE RN RN BAREARRRRERERN
|~ | excluded arela has CL > 0.95 ! 7%| 7] Bs—uu 1.02 _ :
L 3 ] Py 062 [ ] !
: b % : v 2 —]
1.0 — ° — o 1.03 | :
n G Amd & Ams _ sin 2p 1.74 |
N 7] €k 0.00 '
- Sin 2¢, i Am, 1.36 |
L _ Am, 1.44 |
051 i BE-™)  1.46 |
B \ IVublsemilep 0-00 :
: : Iv(cblsemiles) 0-00
_ _ B(D—wv)  0.56
1= 0.0 i BO.~w) 106
B s B(D,—tv) 1,51
B a B(D—Klv) 0.00
B 7 B(D— nv)  0.00
-0.5 — —
- — Ivcslnot lattice 0-00
B 7 IVcdlnot lattice 0.42
B I 7 B(ty,) 2.31
- : i BK ) 029 [ |
- L [ € — u2
1.0 - 5 K~ B(K_) 1.43 |
L % (l) sol. w/cos 2p <0 - B(Kes) 0.00 l
~ Winter 14 3 (excl.atCL>0.95) IVudI 0.00 : : :
I ] IIII|IIII|IIII|IIII|IIII|IIII|IIII
{5 L L 11 R SRR RS BRI T R N
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 0 05 115 2 25 3 3.5
5 Pull (o)

Pre-SUSY School 2016, Flavour Physics Phillip URQUIO 42 _



“Tsukuba, we have a Problem”

WMAP i (6 91 -1 16) v 10—10 KM Theoretical
data n. LS e prediction
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“Tsukuba, we have a Problem”

WMAP n = nE— Ny __ (6 21+ 0 16) 5 10—10 KM Theoretical
data I = "x, S prediction
SM
o X JOP 10
Ty B
4 N
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WMAP

“Tsukuba, we have a Problem”

SM
ne Jop
e X : ~J
Ty 112

= 'nb"l—ng — (621 == [ G X 16"
data o | ‘
r N
The CP Violation predicted by
< Kobayashi and Maskawa is too small -

by ~10 orders of magnitude in the

Standard Model.
_ Y
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“Tsukuba, we have a Problem”

WMAP n = kot B R (6 91 -1 16) v 10—10 KM Theoretical
data iw et R prediction
SM
ne Jop _90
— .. — ~ 10
(727> i ircl2
g A What does this
The CP Violation predicted by mean ?
< Kobayashi and Maskawa is too small X

by ~10 orders of magnitude in the

Standard Model.
_ Y
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“Tsukuba, we have a Problem”

\WMAP n — BbTTE _ (6 21 + 0 16') « 1010 KM Theoretical
data i ol SR e prediction
SM
b X Jep |
72.»7- | Tclz
g h What does this
The CP Violation predicted by mean ?
< Kobayashi and Maskawa is too small > New
by ~10 orders of magnitude in the Physics
Standard Model. (Particles)
- y
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Lesson from Flavour

® Unwise to assume ~10% (or even 0.1%) is ‘good enough’ with
flavour

® 1962: "A special search at Dubna was carried out by E. Okonov
and his group. They did not find a single
K. to " " event among 600 decays into charged particles (Anikira
et al, JETP 1962). At that stage the search was terminated by the
administration of the Lab. The group was unlucky."
-Lev Okun, "The Vacuum as Seen from Moscow"

® 1964: BF= 2 x 1073, Cronin, Fitch et al. 1964.
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SuperKEKB now in operation!

® First new particle collider since the LHC (intensity frontier rather than energy
frontier; e+ e- rather than p p)

® 1 Amp achieved in Low energy ring, 21 June 2016 - Milestone achieved.

® Shutting down until 2017 to install superconducting final focusing magnets.

1000 _l L] L) L} g lllll ! lllll l UUUUU I L] L] L] "_ 1000

F [ ——CH2: I gg dt( 719.1Ah) :

- | ——CH4: I dt( 632.3Ah) -
800 HER —800

» [ Beam current [mA] 2
:'&i‘;ﬂﬁ‘tmmr o 609- . 600

| A J“w' £zl ‘:i f

400 —400
200 —200

i Beam dose [Ah] ]

0 llllllllll = lllll i i 1 L l— 0
L 4/1 5/1 6/1
3/1/2016

Pre-SUSY School 2016, Flavour Physics Phillip URQUIO 45



Belle Il Detector: Starting up in 2017
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Belle Il Detector: Starting up in 2017
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Silicon Vertex Detector Construction

MELBOURNE
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Melburnians @ DESY Test Beam

-—

\ vk
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New Physics in mixing: past & future data

* Meson mixing,

-d( Bq(1)) ) _ (Mq_ |

dt \ |By(t)) /
b i,c,t s b S
. « SM: Csy/mw?
" * NP: Cnp/N2
s :.c.t b s b

e \What is the scale A ? How different is Cyp from Cgsym ?
e [f deviation from SM seen = upper bound on A

e Assume NP from Trees in negligible, test for NP in loops only - i.e. New Physics only enters Mi,, the
real part of the mixing Hamiltonian.

e 3 x 3 CKM matrix is unitary. Mo = MiSQM > (1 4 h€2i0)
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NP in Byg s} & K mixing: Input

e Observables not affected by NP first used to constrain CKM:
IVud|, | Vus|, |Veb]|, |Vub|, @3 and Or=m-D3-D15((c anti-c)K)
e NP impact estimated from
Meson mixing Ams, Amy, |€k|,
Lifetime difference Al's, & semileptonic asymmetry Ag,
Time dep. CP asymmetries Bs, ®1, and ©;, (decay-mixing interference)

L~ B L L [T T T LIS 2 e B B B 1.5
[ | excluded area has CL>0.95 b excluded area has CL>0.95 |
— ' — — ' 2013 — r
1.0 — : — 1.0 — ()] = 1.0 —
L : _ L ! | L

0.5 - 0.5 —

= 00

-0.5

- Qualitative change after 2003: first ®3 and ®> constraints
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Belle Il & LHCb projections

0.45
World Average

0.40 = p-value=10-°
0.35

0.30

0.25

0.05 0.10 0.15 0.20 0.25
b SM-like

Phase J [10-9] A
2016 3.140 [+0.069 -0.084] 2%
Belle Il + LHCb 5 455, 0,033 1%

upgrade - SM-like
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NP in Bd mixing: Fit results CKMfitter PRD 91, 073007 (2015),

PRD 89, 033016 (2014)
2003 2013 LHCb Upg.+ Belle Il
Vel e L FEee T L B LR 1.0
— . 1.0 3.0 B excueda % E 0o
25 - 0.8
] 0.7
2.0 0.6
) O.o 1.5 - 0.5
° ] 0.4
1.0 0.3
o - Bo.2
. 0.1
%o Io.|3| - Iol4l - Es 00
- at 95% NP=(many x SM) = NP=(0.3 x SM) = NP=(0.05 x SM)
: NP loop Scales (TeV) probed by
|C’ .|2 (47T)2 |C ,|2 4.5 TeV 2 Couplings order B4 mixing B mixing
h~1.5 Z:J 5 5 = 2’3 > < ' ) Cyl = [Vin Vi | tree level 17 19
|)‘z j ’ GFA ’)\z j | A (CKM-like) - oneloop | 14 | 1.5
¢ Cyl =1 | treelevel | : 2x10° | 5x10®
0 = arg(cij )‘z;) (no hierarchy) one loop 2 x 102 40

- Stage Il: similar sensitivity to gluino masses explored at LHC 14TeV

Pre-SUSY School 2016, Flavour Physics Phillip URQUIO 52



Generic Bounds on New Phenomena

meson mixing observables probe
generic New Physics at very high scales

. - Generic bounds without a flavor symmetry
10° ¢ e Ways out
il 1.New particles have
= 107k masses » 1 TeV
Q) "
& 103k 2.New particles have
E : degenerate masses
10 3.Mixing angles in the
| new sector are small
10'F
L (s —d) (b — d) (b — s) (c — u)
A’ITLK, €K Amd, Sin26 Ams, ASSL D-D
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Wrap up

@® Flavor physics is exciting and fundamental. Did we just find NP via new weak
interaction couplings ?

® Flavor could be the path for the future of HEP but we need much more data.

® SuperKEKB commissioning started in February. Belle Il rolls in at the end of the
year. First collisions in late 2017. Belle Il physics runs in 2018 and the LHCb
upgrade in ~2021. These facilities will inaugurate a new era of flavor physics and
the study of CP violation.

® Other new facilities in lepton sector not discussed here,
e.g. COMET, MEG.

https://www.facebook.com/belle2collab
https://twitter.com/belle2collab
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Beue | | DEtECtor [600+ collaborators, 99 institutes, 23 nations]

Belle Il TDR, arXiv:1011.0352

KL and muon detector

Resistive Plate Counter (barrel outer layers)

Scintillator + WLSF + MPPC (end-caps, inner 2 barrel layers)

EM Calorimeter x
Csl(TI), waveform sampling elec € (.
Pure Csl + waveform sampling (end-c:

electrons (7GeV)

ation counter (barrel)
s Aerogel RICH (forward)
) x lower than in Belle

Vertex Detector
2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

positrons (4GeV)
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Golden modes: B physics SuperkEKE TR (2014)

Observables Belle Belle 11
(2014) 5ab~t 50 ab~!
UT angles sin 23 0.667 4 0.023 £ 0.012 [64] 0.012 0.008
a [°] 85 + 4 (Belle+BaBar) [24] 2 1
v [°] 68 + 14 [13] 6 1.5
Gluonic penguins S(B — ¢K") 0.9010%9 [19] 0.053 0.018
S(B — n'KY) 0.68 £ 0.07 & 0.03 [65] 0.028 0.011
S(B — KYKYK?) 0.30 & 0.32 £ 0.08 [17] 0.100 0.033
A(B — K'7Y) —0.05 4 0.14 £ 0.05 [66] 0.07 0.04
UT sides V| incl. 41.6-1073(1 £ 1.8%) [8] 1.2%
V| excl. 37.5-107%(1 £ 3.0%ex. £ 2.7%:n.) [10]  1.8% 1.4%
V| incl. 4.47-1073(1 £ 6.0%ex. £2.5%w.) [5]  3.4% 3.0%
V| excl. (had. tag.) 3.52-1073(1 £ 8.2%) [7] 4.7% 2.4%
Missing E' decays B(B — Tv) [107Y] 96(1 + 27%) [26] 10% 5%
B(B — uv) [1079] < 1.7 [67] 20% 7%
R(B — Drv) 0.440(1 + 16.5%) [29]' 5.6% 3.4%
R(B — D*ruv)f 0.332(1 £ 9.0%) [29]1 3.2% 2.1%
B(B — K*tvp) [107% <40 [30] <15 30%
B(B — K*Tvp) [1079] < 55 [30] <21 30%
Rad. & EW penguins B(B — X,7) 3.45-1074(1 £ 4.3% £ 11.6%) 7% 6%
Acp(B — Xsq7v) [1072]  2.2+4.0+0.8 [68] 1 0.5
S(B — K271%) —0.10 4 0.31 £ 0.07 [20] 0.11 0.035
S(B — py) —0.83 4 0.65 £ 0.18 [21] 0.23 0.07
C7/Cy (B — X 0) ~20% [36] 10% 5%
B(By; — vv) [1079] < 8.7 [42] 0.3 -
B(Bs — 771) [1073] - <2 [44]1 -
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Golden modes: D and Tau physics SuperKEKB TDR (2014)

Observables Belle Belle I1
(2014) 5ab™! 50 ab~!
Charm Rare  B(Ds — uv) 5.31-1073(1 £5.3% £ 3.8%) [46] 2.9%  0.9%
B(D, — Tv) 5.70-1073(1 £ 3.7% £ 5.4%) [46] 3.5%  2.3%
B(D° — ~v) [1079] < 1.5 [49] 30% 25%
Charm CP Acp(DY — KTK~) [1072] —0.3240.21 4 0.09 [69] 0.11 0.06
Acp(DY — 707 ) [1072] —0.03 £ 0.64 £ 0.10 [70] 0.29 0.09
Acp(DP — K379 [107%]  —0.21 4 0.16 4 0.09 [70] 0.08 0.03
Charm Mixing (D — K9nt77) [1072]  0.56 £0.19 + 097 [52] 0.14  0.11
y(D° — KO tr ) (10723 0.30£0.15 £ g pa [52] 0.08  0.05
lq/p|(D° — KOnt7™) 0.90 £ o1 i 0% [52] 0.10  0.07
p(DY — Kgﬂw—) [°] —64+ 114 ¢ [52] 6 4
Tau T — py [107Y] < 45 [71] <14.7 <47
T — ey [1079] < 120 [71] <39 <12
T — ppp [1079] < 21.0 [72] <30 <03
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Complementary to LHCb

Observable Expected th. | Expected exp. Facility
accCuracy uncertainty
CKM matrix
\Vus| [K — miv] *x 0.1% K factory
V| [B — X.bv] *s 1% Belle I .
V| [Bg — wiv| ’ 4% | Belle 11 ® Bel Ie I I .
sin(2¢, ) [e2KS i 8-10~2 Belle 11/LHCb
l'J)-‘! ].50 Belle 1] [ ) l .
» z e Decayg with neutrinos,
CPV or multiple photons.
S(B. = v9) " 0.01 LHCh
S(B, — &) = 0.05 LHCDb o K . b
S(Bs — 0K) e 0.05 Belle 11/LHCb Inclusive decays.
S(Bs = n'K) i 0.02 Belle 11 ] . ]
S(Bi — K*(— K37°))) b 0.03 Belle 11 * Long-live particles: K-
S(B, — 7)) wxk 0.05 LHCb
S(Ba — p7)) 0.15 Belle 11 shorts & K-longs
A%, ok 0.001 LHCb

A5 ook 0.001 LHCH C .
Acp(By — s7v) * 0.005 Belle I1 ® LH b

rare decays

B(E - 7v) 3% Belle T1 * Decays to all charged
B(B — Drv) 3% Belle 11 . .

B(B; — pv) 6% Belle 1] particle final states.
B(B, — up) e 10% LHCb

zero of App(B — K uu) ¥ 0.05 LHCDb P V1

B > K o) o Aeh Fast mixing.

B(B — s7v) 4% Belle 11

B(B, = ¥7) 0.25-107% | Belle IT (with 5 ab™!)

B(K — mwv) — 10% K -factory

B(K — emv)/B(K — pmv) i 0.1% K -factory

charm and 7

B(T — py) s 3-1077 Belle I1

\q/p\D iy 0.03 Belle 11

arg(q/p)p e 1.5° Belle 11
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