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® |st lecture: Introduction to flavour physics

* Weak interaction processes (charges, neutral
processes, GIM mechanism)

* Discovery of CP violation in the K system

* Measuring oscillation in the B system

® 2nd lecture: Describing oscillations within SM
* Kobayashi-Maskawa mechanism for CP violation

* Testing the unitarity of the CKM matrix



Plan

® 3rd lecture: Searching new physics with flavour
physics

* Some examples (estimating top quark mass, charged
Higgs mass in 2HDM, neutral Higgs mass in SUSY)

* SUSY CP/flavour Problem

* Hot topics in flavour physics

Further reading: “CP Violation” Bigi and Sanda (Cambridge Press)



New particle searches
in flavour physics
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#  Searching new particle with loop
process




Searching new particle with loop
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Indeed, the top quark mass was predicted to
be around >100 GeV after the first
measurement of AMg (1987 by ARGUS Experiment)




Searching new particle with loop

process
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. Searching new particle with loop
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New physics contributions to
the b => s Y process
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SM computation of the b =2 sy

process
Wi
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SM computation of the b =2 sy
process
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New physics model |:
Two Higgs doublet model

H_
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New physics model |:
Two Higgs doublet model

b g s NV (AL = s + Vym (A (1 + )]

D 1=(Do, D) vi; Pr=(Po ™) =2
Y tanB=va/v|, vi*+ v 2=v2

Type I: Aj=cotB,As=-cotf
Type II: Ay=cotf,Ad=tanf




New physics model |:
Two Higgs doublet model

b g s YV m AN (1 = s + Vm(A 1+ )]

D=(Po,dT) Dvi; Dr=(DoPT), =2
Y tanB=va/v|, vi*+ v 2=v2

Type I: Aj=cotB,As=-cotf
Type II: Ay=cotf,Ad=tanf

Now the loop function looks like...

1
crs(Mw) = Grs(mi /Myy) + 27— 5 GZS(W?@) + >‘F7,8(m§@)

The measurement of b = s Y can give prediction
orconstraint on the Higgs mass and tanf3




New physics model |:

Two nggs doublet model

Now the loop fu
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The measurement ot b => s Y can give prediction
orconstraint on the Higgs mass and tanf3
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New physics model ll:
Supersymmetry (minimum...)

H :
b, X

i



New physics model ll:
Supersymmetry (minimum...)

H* :
b s b X, s
; Y ; Y
The loop function for chargino diagram looks like...
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New physics model ll:
Supersymmetry (minimum...)
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SUSY CP/flavour
problem



SUSY CP/flavour
problem

SM SUSY
: gThere IS many
MThere is only (t00 many)

one source of CP
sources of CP

violation. i
[AFCNC is :
suppressed [ FCNC can

occur since there

naturally by the is, a priori, no GIM

GIM mechanism.

mechanism.




SUSY CP/flavour problem

Names spin 0 spin 1/2 | SU3)¢c, SU(2)L, U(1)y

squarks, quarks | Q | (ur JL) (ur, dr) (3,2, %)
(x3 families) U Up u% (3,1, —%)
d ds d, (3,1, 1)

sleptons, leptons | L (v er) (v er) (1,2, _%)
(x3 families) e €r e% (1,1,1)

Higgs, higgsinos | H, | (H} HY) | (Hi HY) (1,2, +3)

Hy | (H] (Hy Hy) (1,2, -3)

SM

MSSM




SUSY CP/flavour problem

Names spin 0 spin 1/2 | SU3)¢c, SU(2)L, U(1)y
squarks, quarks | @ | (ug JL) (ur, dr) (3, 2, %)
(x3 famil; . * —2)
If Supersymmetry is unbroken™, the SM|
particles and their SUSY partners 53
sleptons, lej would have the same mass! ~3)
(x3 familtes) T Tr TR T, 1)
Higgs, higgsinos | H, | (H HY) | (H HY) (1,2, +3)
Hq | (H) Hp) | (H) Hy) (1,2, —3)
: susy @
*The same is true if SUSY is broken spontaneously Tr[M;..; ccaio) = 277[M

chiral fermions

)



SUSY CP/flavour problem

Names spin 0 spin 1/2 | SU3)¢c, SU(2)L, U(1)y
squarks, quarks | Q | (ar dp) | (up dr) (3,2, %)
(x3 famil —2)

sleptons, lej

If Supersymmetry is unbroken*, the SM

particles and thelr SUSY partners

W[
[— |~ W

W L1 1

(x3 familtes)

z
Me=Mselectron’ n

Higgs, higgsinos | H,,

We would have seen it then!

Hgy
@ mssm
Susy
*The same is true if SUSY is broken spontaneously Tr[M;..; ccaio) = 277[M

chiral fermions

)



SUSY CP/flavour problem

Names spin 0 spin 1/2 | SU3)¢c, SU(2)L, U(1)y

squarks, quarks | @ | (ug JL) (ur, dr) (3, 2,

(3 famillye o) persymmetry is unbroken®, the SM|

particles and thelr SUSY partners

)

D

DO
N—"

L=
[— |~ W

sleptons, lej wag—" —

x 3 families C
( ) Me— mselectron”’

Hgy

We must break SUSY!!!

(v,
C
(7,

7

*The same is true if SUSY is broken spontaneously Tr[M;.., ccatar) = 277 [MZiiral termions)



Origin of the SUSY CP/
flavour problem

|

We must start with most general Soft SUSY breaking term

1

gdgftM — —§(M3§§ -+ MQWW -+ MlBB) + c.c.

(uauQH — dadQHd — dadLHd) —+ C.cC.
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Q L
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The SUSY breaking term

introduces |05 new masses,
mixings and phases.
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Origin of the SUSY CP/
flavour problem

Squark mass matrix

-
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~ ~ ~

1 2 12 2

— (§—§Sin2ﬁw)g Ig (vﬁ—vi)l—l—v@—l—
2 12 2

— §sin2«9wg Ig (vfl—vi)lJrv@Jr@

= —pcot Bu,yy + v
—u* cot Buyys + v

O

Terms from soft SUSY
breaking

Terms from spontaneous
symmetry breaking
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// By the way, what is the@i
57 that mixing S"fﬁlist"‘(’jg;.fhe

/
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Diagonalization

L e e d _ m?l 0 0

(d,s,b) ..(Yd)Q.. s >(d,§,b) 0 m2 0
e b 0 0 m?

Unitary transformation -
to diagonalize the Ud(Yd) Ud — (Md )dz'ag

Yukawa matrix

Transformation from
interaction eigen-basis @b

to mass eigen-basis

S QL
|
S o Q)



Origin of the SUSY CP/flavour
problem

|

Rotating squark field with the same matrix which diagonalizes quark field

d d d d
Ug| s =1 s > Ug| s =1 s
b weak b mass b weak b mass

4 )

1 2 . /2_|_
Mi, = (§—§sm2t9w)g 49 (v3 — 1—|—v@—|—‘

9 /12
Mzgr = gsin29Wg Ig 02 1—|—v@+@

M = okt e
g




Origin of the SUSY CP/flavour

problem

Rotating squark field with the same matrix which diagonalizes quark field

d
S
b

S

b

d
Uqg
weak mass

SNt U &.z

).

S o Q)

) weak

>

- - - - ~ N ~ N -
V = UTLM%LUL - UEM%{RUR Sh UTLM%,RUR + UEM%{LUL
1 9 /2 2
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2 /12 2
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~N

Squark is not on the
mass eigen-basis

Flavour mixture in
the propagator

>

<
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Origin of the SUSY CP/flavour
problem

Rotating squark field with the same matrix which diagonalizes quark field

éZ
Uy §
Weak b mass
2

Squark is not on the
mass eigen-basis

Flavour mixture in
the propagator




Avoiding SUSY CP/flavour problem |

~ 2 ~ ~ 2 -~ = 2 ~ Y 2 o~ )
V = UTLMLLUL + UEMRRUR + UTLMLRUR T UTRMRL“L

1 2 . /2+ 2
A R T
2 /12 2
Mz = gsin2 HWg Ig (Ufl—vi)lJrvf@Jr@
Mir = —pcot ﬂvuy?;Jrv
M2 = —u*cot Bu,y: —l—v
_RL M Buuyy P

Fix the SUSY breaking parameters so that

Assumption the red terms can be diagonalized together
\/ with the blue terms
-
sz — mél, m% — m%l, m% — m%l, m% = m%l, mg = m%l

Ay — AuOYU7 ad — AuOYda Ade — AuOYe e.g.
arg(Mi~3),arg(Ayuo), arg(Aqo), arg(Aeco) = 0,0r 7 N U[EV-

\_




Constraining the Soft SUSY
parameters from flavour physics

Squark mass matrix

-

V =@} Miy i + iyMRgrir + i, Migiig + 0 Mgy

1 9 /2 2
9 /2 2
_ gsin29wg Ig (vg — vi)1 + vy’ + mZ

= —pcot fuyyy + vuag
= —u" cot fu,y, + vuay

~N

J

Instead of (artificially) choosing the parameters, why don’t
we constrain from the flavour phenomena, first?!




Constraining the Soft SUSY
parameters from flavour physics

(5AB)12 — Amg, €, €/e
(5AB)13 — Ade, ACP(B—M]/IDKS%

— Amp,, b— sy, Acp(B— ¢Ks)

many future measurements



04B)23 determination
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New particle searches
in flavour physics
~hot topics~




SUSY particle contributions to
Bs — p



SUSY particle contributions to

MSSM

Bs — ptp

u+

s

It could be large if

\

tanP is large

S

SM

BT(BS — N+ﬂ_)SM

— (3.2-

-0.2) x 1079

extremely
small!!



SUSY particle contributions to
Bs — putu”

-
s I :
50 Wi
Br(Bs; — pmp7 )ms{ W
o mgmi tan® 3 305—
]\41440 202—

10f (GO il SM -like
/ . 0 -

0 100 200 300 400 500 600 700 800 9001000

It could be large if el

\tanB is large .




SUSY particle contributions to
By — p

Excitement in the | Early summer, CDF (7fb") announced...

+ —\ _ +1.1 —8
summer 201 ! Br(Bs — p"p~) = (1.8155) x 10
arXive:1 107.2304
CMC‘- 20I1 1|1-'-|1be Prellmln'iryr
No significant excess seen g 5 STV ]
§ E B5 signal window
Barrel Endcap g9 He sgnatwnoon ]
NP 0.80 £ 0.16 0.36 4 0.07 Pl Barrel |
_-\]l]{]) 0.60 = 0.35 0.80 = 0.40 [
""*;f]:k 0.07 = 0.02 0.04 £ 0.01 05L
Nu}hq 2 l I
' 555 54 58 58
Calculate upper limits using frequentist CLs M [GM]
approach and taking f./f, = 0.282 + 0.037 [PDG] 5 fR Saaaco=ie
§ BEmgnaI window
Expected limit at 95% C.L. 18x%10°8 goop st
(including presence of SM signal) s ! Endcap | ;
Observed limit at 95% (90%) C.L. 1.9(1.6) x 108
p-value of bckgd only hypothesis 1%




SUSY particle contributions to
By — p

Excitement in the
summer 201 I

Early summer, CDF (7fb"') announced...
Br(Bs — utu") = (1.81_(%:5) x 1078

2304

LHCb
300pb!
(EPS201 1)

arXive:1 107
L} 1 | L] -
80 BDT<0.25 0.25<BDT<0.5 3
kg g @ g 9. ;
Combinatorial ® ’ 1 Data
background { } + 4 +k‘.
gSOG 53.50 54.00 gSDO 53-50 54.00
M,.(MeVic?) M, (MeVi/c?)
B—hh 3 0.5<BDT<0.75 *f 0.75<BDT<1  -1CP
misid 3 preliminaryd
background 2 2 300ppt q  Slgnal
2 - with
0.1% O._1 1. 1. 1 - SMBR
eventsin 2
each of 4 0. 0
i gSOO 5350 5400 gSDO 5350 5400
BDT bins M, (MeVic?) M, (MeV/c?)
BDT<0.25 0.25<BDT<0.5 0.5<BDT<0.75 0.75<BDT
Exp.combinatorial 2968 £ 69 25%25 2.99+£0.89 0.66£0.40
Exp. SM signal 1.26 £0.13 0.61+0.06 0.67 £ 0.07 0.72+0.07
Observed 2872 26 3 2 ;




SUSY particle contributions to
By —

So far we don'’t see it.

---- Expected (background

\ . 1o Only)

-== Observed

60 p 1

tanp

50
ao0f

30

20F

10F |

. o : .
Observed “mlt at 95 A) ( 0l‘.l 100 200 300 400 500 600 700 800 9001000 0
This is 3.4 times the ex| M, [GeV/c?]

ABR of 1.8 x 108 has a CLs value of ~0.3%




New particle contributions to
Bs oscillation



New particle contributions to
Bs oscillation

b = J 1 S b - I; - S
b s
— 0 + -
T W § ?’V
_ :S . b : E R t’ > b
S ~
g
g A(B; — J/o) q A(Bs — J/¢¢)
S = Im| = S = Im| =
e &2 AB, — J/v9) e b ABs — J[%9)
oscill d(:cray | oscill d;Cra’y -

VinVis Ve Vs
VipVis VipVes
——

2

= Im

oscill. decay |

BSM




Bs oscillation measurement
at LHC/Tevatron |: B2)/p®

Prob[B]](t

e

0.5 1 1.5 2 25 3
Proper Lifetimes

™m
T= T 0.776

I .
Yy = T < 0.01

Prob[B](t)
Prob[BS](t)

1.5 2 2.5 3
Proper Lifetimes

26.1 Freq. of

oscillation

0.05

Difference between the
Bd/Bs system

v Bs oscillation is
much faster (we
need more Lorentz
boost=LHC/
Tevatron!)

v Non-negligible
width difference
modify the master
formula



Bs oscillation measurement
at LHC/Tevatron |: Bs=>)/pd

e Constraints in (Al's, ¢s) plane
CDF Run |l Preliminary  L=521b"

LHCb Preliminary
\s=7 TeV, L=36 pb* | _HCb-Conf-2011-06

0.6 | T 95%CL Plots all scaled '@ os ' %
; ; DS to have identical = |
0.41 : P axis unit sizes &

—~ 0.0
g8 | M
= 0.0 AN S . llgs € [~3.10, —2.16]

= )) ( ot
0.2r 5 7! 6152:1 E:LO.M]

-0.4[ SM p-value = 44% A\ .............. / ...............................
0 6: | i o Ill SM p-value = 22%
-0.6 | : -0.6 X
[ IZJQD-FP%bl-'C-NPt?gO?O-G Tevatron: with T N .
) less data, was ¢ s 2 a0
J/vo _ _ : ’ rad
657" ==2h(rad) previously at b, rad]
04 D@ Runll 8" Preliminary 220 deviation ¢s € [=2.7,-0.5]
TR AM, f 17.77 = 0.12 ps™ from SM 68% CL
Q 0.2
T 5 0551038 LHCDb result
Ok - i = 1|Ps = —U.00_( 34 c _
< T with 300 pb-' haven’t
-0.2F° —9s%cL . .
S prvalue = 307% been published:

_0_4_=:-3---;-2----_1----0----1----2'----:'3 Lenz, Nierste, arXiv:118 STAYTUNED”'




Bs oscillation measurement
at LHC/Tevatron lI:

dimuon charge asymmetry

XVN - —0 -V - X
~~‘~¥ Bd,s B(?,s Bd S m= T ; ,u_
Direct semileptonic Neutral B meson oscillation
decay and then semileptonic decay

v No( ) = No(p p”)
Ny (ptpt) 4+ No(pp)

e D@: Evidence for anomalous dimuon charge asymmetry, (6 fb™,PRL 105, 081801 (2010))
3.20 deviation from A% (SM) = (—0.02319:99)%

e Measure CP violation in mixing via




Bs oscillation measurement
at LHC/Tevatron lI:

dimuon charge asymmetry

«SM I l

g 002 ——

« Standard Model
-0.02 | . B Factory W.A.
" [ D@ B—ubX

- Il DO A

0041 pg Ab9s% CL.

[ DO,90fb"
2004 002 10 ’0(.102

a5
New physics in BY mixing? since
afl constrained by "sin28" in global fits:

1\ _ (_apt23 -4 PRD 83, 036004
= (—36777) x 10 (2011)

New



Bs oscillation measurement
at LHC/Tevatron lI:

dimuon charge asymmetry

oz 0.02 T
| : ' One can compare to the Bs oscillation
- Ty measurement from Bs=>|/YP
0 I . i
‘ ‘ I AT’ ,
S | s L S
« Standard Model a’Sl |M12| S111 ¢S T AM ta‘n ¢S
-0.02 | . B Factory W.A. = >
" [ p@ B—~ubDX ~ 0.4 0
- ", D@ Runll, e
- Do A! 203 g.8fp"
0041 DoAY 95% C.LL. 0.2
(DO,90f" | - X <101__
-0.04 -0.02 0 0.02 '
d C_
ag 0 =959 cL
Ndew physics in BY mixing? since 0.4 7
ag; constrained by "sin2p" in global fits: e § — 68%
g _ (—36%23) x 10—4 PRD 83, 036004 —0.2F — LHCDb result
11 (2011) i . N -
03F with 300 pb' haven’t
New 0.4 S been published:
------ STAY TUNED!!!




