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1. Introduction & Motivation
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e 1963: concept of flavour mixing [Cabibbo.
e 1964: discovery of CP violation in Ky, — w7~ [Christenson et al.].

e 1970: introduction of the charm quark to suppress the flavour-changing
neutral currents (FCNCs) [Glashow, lliopoulos & Maiani].

e 1973: quark-flavour mixing with 3 generations allows us to accommodate
CP violation in the SM [Kobayashi & Maskawa].

e 1974: estimate of the charm-quark mass with the help of the K°-K"
mixing frequency [Gaillard & Lee].

e 1980s: the large top-quark mass was first suggested by the large B'-B"
mixing seen by ARGUS (DESY) and UA1 (CERN).

flavour physics has since continued to progress ...
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e New Physics (NP): — | typically new patterns in the flavour sector

— supersymmetric (SUSY) scenarios;
— left—right-symmetric models;
— models with extra Z’ bosons; , |

— scenarios with extra dimensions; e
— "little Higgs" scenarios ...

e Sensitivity to NP through virtual quantum effects: ﬁ

e Interplay with direct NP searches at ATLAS & CMS:! MH‘&“<

— If NP particles are produced and detected through their decays at
the LHC, flavour-physics information helps to determine/narrow the
underlying NP model and to establish new sources of CP violation.

— NP effects could in fact show up first in the flavour sector, also if NP
particles are too heavy to be produced directly at the LHC.

— Fortunately, theory will be confronted with LHC data soon...
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Where Do We Study Flavor Phyiscs

H-eavy quark flavour
physics experiments

Fooe
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« The LHC is a flavour factory LHC luminosity profile

Instantane
S

- 888

— Good trigger & PID for hard muons
— No hadron PID
— Total dataset: 5fb™! @7TeV and 25b ' @8TeV

— Large bb production rate: oy, ~ 75ub j; 2000
for both ATLAS/CMS and LHCb S 1800 |-
R N
-g 1400 |-
» ATLAS and CMS collect large = 1em b
° 1ooo __ ......................................
samples of beauty events S LR e =

- : = |
22h 01h 04h 07h 10h 13h 16h 19h

1
SPDIPS M2
Al?lCAL

'« LHCb: the LHC flavour experiment
— Very efficient and flexible trigger
— Good muon & hadron PID

— Luminosity leveling at 4 x 1032
- Constz minosity for entire fill

otal dataset: 1fb' @\ 7TeV and
2.1 '@ 8TeV
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2. CP Violation in B Physics
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e Emerges in the “charged-current” quark interactions: | D — WU

dy.
2
‘CSI? = - (@, e, tr.) ¥" VCKM ( SL ) W;' + h.c.
\/§
bL

— Vekwm: Cabibbo—Kobayashi—-Maskawa (CKM) matrix.

— This “quark-mixing” matrix connects the flavour states of the down,
strange and bottom quarks with their mass eigenstates through a
unitary transformation (— relation to the Higgs/Yukawa sector):

~

= VCIM - Viekm

pd >
<>
-
<4
rS’
g+

e CP-conjugate transitions: D
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e Hierarchy of the quark transitions mediated through charged currents:

d u

S / :A:\ g | mm—=—= 0(10—1)
- o(10-%)

b P N\ § em—— - O(107%)
O e—)
Q=-1/3 Q=+2/3

e This hierarchy is reflected in the standard parametrization as follows:

s12=10.22 > s3=0(107%) > s13=0(10"7) =

e New parameters: s;o = A = 0.22, s23 = AN, spae 13 = AN (p — in)

e Go back to the standard parametrization and neglect all terms of O(\*):

1— a7 A AX*(p —in)
= | Vekm = —A 1— 12 AN?
AN*(1—p—in) —AXN 1
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ICHEP2014: Similar results
from UTFIT (D. Derkach) as
well from G. Eigen et al.

Great progress on ¢, or y (first
from B factories and now in the
last two years from LHCb (several
new results at ICHEP2014). These '

measure the phase of V ,

15 . NP

excluded area has CL> 095 .

Phase
2

1.0

0.5

NP/SM amplitude ratio

But a 10-20% NP amplitude in B,
mixing is perfectly compatible
with all current data. 11

Looks good
(except for an issue with |V, |)




Inclusive B — X, fv

Exclusive B — mwlv

[Vib| = (4.41 £ 0.15exp 0 13n) - 1072 V| = (3.23£0.31) - 1073
Kinematic constraints due to charm back- Lattice QCD form factor
ground. QCD sum rules
HQE + resummation. analyticity

- 8% No Semileptonic UTflt
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o V,p—sin23 — ex connection

e Beton exclusive ...
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3. Rare Decays

13



- High energy:
“real” new particles can be produced and
discovered via their decays

- High precision:
“virtual” new particles can be discovered in loop processes

Direct and indirect searches are both needed,
both equally important,
and complement each other

Exa m p|e: Contribution of NP as correction to the SM

W g .
b -—— s b T s b g s

i u d _ CZZ' "+
v, Z9 # 0
’ > H H B
o I p"‘
t
b T A S b ‘ s b - — S
H/"\ v \"V H\ y \H+ p+
u- - z' _
+ -
K Iz
A — Csym Cnp

2
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Example:

 b— s¢*¢ decays allow precise tests of Lorentz structure
— Sensitive to new phenomena via non-standard couplings
— Best described with effective field theory

4Gy, < . 123268 Ghuon penguin
H g =_thbvts2[ C,wO;w) + C;wO;w) ]|i=7 Phounpeguin
i left -handed ight -handed i=S  Higps (scalar) penguin
part  TEY ssed in SM 1=P Pscudoscalar penguin
B s utu— | b +- | b— |
(s) T HH — ST s
5 ' p»+ g t,c,u ' .
1 ZO 2 '
B? u>---< Wt .‘f\‘\%< #
A 0 NIl T _ £,¢ 1
s B Z% pt || B r ] §
= W F = o + ;
e e | e,
B? t v \\P/A #’_ v
W+\ Vu
8 '-"ﬁ;" e p— “ p‘*’
| ) A~ ~0 N A~ A0 (1)
us1p  C&’, CF, C Cz’, Cy’, C C
I S p 10 N (. r ~10 J 7 )




Theory prediction: Standard Model

Standard Model

b H
_decay | sm______ W

Z
B,— pnfw 3.65+0.23 x 10° LA "y
s —_—
B'— piu 1.1+£0.1 x 1010 > W
SM: Bobeth et al: PRL 112 101801 (2014) Left handed couplings

-> helicity suppressed

Discovery channel for New Phenomena
E@mm: MSSM b e.g. SUSY J
(with R-parity conservation) oo <
6 1 - - _
BR(B;, — u*u) tan p S ) H

1 .-
m,

7/
L

= B, ,— u*w strongly constrains SUSY parameter space
=> Ratio B, /B?: Stringent test of minimal flavour violation hypothesis
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PRL 111 (2013) 101805

Nov 2012:

LHCDb found the first evidence

for B, — ptp using 2.1fb-*

Update: full dataset: 3fb’
— Improved BDT
— Expected sensitivity: 5.00

s

0 e 1
z g LHCh
z BDT>0.7 -
T
g Significance:
é 4.0c
Z 1 ‘l - 1 -

Pl . R
5000 S500

M., [MeV/e?)

BR(B, = u'u")=(2.9%,)x10”

BR(B® — ') =(3751)x107°
BR(B® = u*u") < 7x10° @95%CL
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+ Update to 25fb™!
— Cut based = BDT based
— Improved vanables 'é-
— Expected sensitivity: 4.8c

CMS-L=S5b \s=7TeV,L=201" 15=8TaV
14—

* dis
- {ul PDF
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10 == paaking big
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- o . ' \
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‘ *\ Significance:

S/(S+B) Weighted Events / ( 0.04 GeV)
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BR(B, =~ u*u")=(3.079)x10”

BR(B® — u*u)=(352)x10™
BR(B° — u*u") <11x107"° @95%CL

PRL 111 (2013) 101804
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BY — K*u™ 1~ angular analysis

e Key observable for NP searches: | Forward—Backward Asymmetry

A 1 1 d2r 0 d?r
App(8) = ar/dz [/0 d(cos 9)d§ d(cos 0) - /—1 d(cos 0)d§ d(cos 0)

— @ is the angle between the Bj momentum and that of the u™ in the
dilepton centre-of-mass system,

— and § = s/Mg, with s = (p,+ +p,-)*.

e Particularly interesting:

Arp(S0)|sm =0 | [Burdman ('98); Ali et al. ('00); ...]

— The value of §; is very robust with respect to hadronic uncertainties!

— SUSY extensions of the SM:

— may yield App($) of opposite sign or without a zero point —
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BY — K*°u* 1~ angular

Theory M Binned

- LHCb —& CDF = ATLAS -~ CMS
o I/ — T - T T T ] @
< - <
0.5F | -
| -t
o= ! ]
-0.5F -
I I B R R
0 5 10 15 20
g2 GeVZ/cY ...
Theory: Bobeth et al [JHEP 1007 (2010) 093] and ref.” within

» Only a fraction of available LHC data
analysed

» Good agreement with SM apart from
Ps
> 3.70 local tension
> Hint of new physics?
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analysis

Theory M Binned
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LHCb [PRL 111,191801(2013)]
Theory: Descote-Genon et al. [arXiv:1307.5683]
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* In the SM, couplings to all leptons are universal

* Test lepton universality in B"— K u*u/B"— Kfete

q°=6 GeV2 /c ( - 2\ A2
_ dB[Bt — K*ptp~]/dg*)dq
?=1Gav2/ct M1+ 01073 SM: JHEP 12 (2007) 040

= T R—6Cav2/cd
(ST QBB Krere1/A@ e

Rk

« Selection of the Bt — K*e*e-decay experimentally
challenging due to bremsstrahlung emission from e*

10° B — Jhp(ete) K™ B*— Ktete

% 10E LHCb § 40 + + LHCb_

g | @ ]§° @ -

K 1387 ;

3 1 2w Candidates

3 ] & triggered by the e*
0 =500 5200 5400 3600 0™ 5000 5200 5400 5600
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« Correct for bremsstrahlung using

calorimeter photons (E{>75MeV)

M 2r T T | L S

* Migration of events into/out of
the 1 < q2< 6 GeV? region
corrected using MC

* Double ratio with resonant decay
BT — Jhp(ete’) K™ measured

* |In 3fb" LHCb determines

Rk = 0.74525 o7a(stat) 15 3¢ (syst)

(consistent with SM at 2.60)
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LHCb-PAPER-2014-024 [Preliminary],
Belle [PRL 103 (2009) 171801] ,

BaBar [PRD 86 (2012) 032012



B*21t v,

(Decays with Large Missing Energy)

b +
Sensitivity to new physics
from a charged Higgs (H",W™)
c V
Gimp m2\ "~ . ‘
B(BT — 1) = FmBmf (1 — m;) f2lVisl*8
1 mp |
2
By = Bsur * (1 — tan® 3 '"B*> I
| My

The B meson decay constant, determined by the B
wavefunction at the origin.

e (|V,,| taken from indep. measurements.) 22



However, the measurement of B>t v is non-trivial

e+

— @ @7 @ Most of the
- ~._. V sensitivity is
«- V’C / o= © y

i T~ from tau modes
! with 1-prong

1
v

s s ck: E—
B*—=t'v, T—e"V,Vv,

The experimental signature 1s rather difficult: B decays to
a single charged track + nothing
(This may be hard at a hadron collider)
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Photon polarisation in b— s

bRy v, Wy

°L(R)

~ YL(R)
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« First penguin decay ever observed: B — K* y
CLEO, PRL 71 (1993) 674

* Inclusive and exclusive BR(b— sy) compatible with SM
(B-factories)

* Yet untested: photon polarization in b— sy

— SM: photons predominantly left-handed A .
(C;/C7 ~my/ my) RL) w Vv  SLR)

« Cantest C,/C; using
— Mixing induced CPV [Altwood, PRL79 (1997) 185]
- Ay Baryons [Hiller, Kagan, PRD65 (2002) 074038]

— B— K**ydecays such as B"— K(1270)" y
[Gronau, Pirjol PRD66 (2002) 054008]
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Non-Leptonic B Decays

— only quarks in the final states!

26



e [ree diagrams: b u, ¢
W ; :ﬂ, =
d(s)

e Penguin diagrams:

o QCD penguins: o Electroweak (EW) penguins:

W ngW"‘%W u,C,t
u,c.t u,c,t b
b d(s) b d(s)
= - w
e q Z"T q Z,"Y q
q=u,c,d,s q

e Classification (depends on the flavour content of the final state):

— Only tree diagrams.

— Tree and penguin diagrams.

— Only penguin diagrams.
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e Fo

ur-quark operators Q7" (j € {u,c}, r € {d, s}):

14-8-15

Current—current operators (tree-like processes):

QY (Tajs)v-a(igba)v-a
Q3" = (Tada)v-a(isbs)v-a

QCD penguin operators:

Qs = (Taba)v-a 2 (33a5)v-a
QY = (Tabs)v-ad_ (@39, )v-a
Qs = (Taba)v-a X /(d595)v+a
Qs = (Tabg)v-ad_ (359, )v+a

EW penguin operators:

Q; = %(Faba)V—A Zq/ eq,(@'Sq;B)W_A
Qs = 3(Tabg)v-ad_ ey(d3q,)via
Qg = %('Fabcx)V—A Eq/ eq'(i:BQ;B)V-A
Q;O = %(Fabﬁ)v_A qu eq,(q'BQQ)V-A

Here o, 3 are SU(3)c indices, V£A refers to v,(1 £ v5), ¢' € {u,d, ¢, s, b} runs
over the active quark flavours at p = O(ms), and the e are the electrical charges

28



— Problem: Hadronic ME'e (f|Q7 (un)|B) =7

IAjIe"‘SJ'CXZkZ Cr(p) x | (f1Q%(1n)[B)
pert. QCD

e Recent developments: [— lecture by De-Shan Yang]

— QCD factorization (QCDF):

Beneke, Buchalla, Neubert & Sachrajda (1999-2001); ...
— Perturbative Hard-Scattering (PQCD) Approach:

Li & Yu ('95); Cheng, Li & Yang ('99); Keum, Li & Sanda ('00); Ali, Lu, et al. ('07); ...
— Soft Collinear Effective Theory (SCET):

Bauer, Pirjol & Stewart (2001); Bauer, Grinstein, Pirjol & Stewart (2003); ...

— QCD sum rules:
Khodjamirian (2001); Khodjamirian, Mannel & Melic (2003); ...

Data = theoretical challenge remains ...
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Direct CP Violation

e The most straightforward CP asymmetry (“direct” CP violation):?

A, LB=H-TB—=TF) _|AB—f)IP-|AB -7
" B—T)2

T I(B— f)+T(B—=T7) |AB— f)]2+|A(
_ 2| Ay||Ag| sin(d, — &) sin(p; — o)
|Aq |2 + 2| Aq||As| cos(d; — ) cos(p; — o) + |Ag|?

e Provided the two amplitudes satisfy the following requirements:

i) non-trivial CP-conserving strong phase difference §; — d5;

ii) non-trivial CP-violating weak phase difference ¢, — @a:

= | CP violation originates through interference effects!

e Goal: extraction of ¢, — s (— UT angle) from the measured Acp!

e Problem: uncertainties related to the strong amplitudes |A;s|e1.2 ...
14-8-15




Impact of New Physics

e Theoretical description through effective low-energy Hamiltonians:

— The NP particles (such as the charginos, squarks in the MSSM) are
“integrated out” as the W boson and the top quark in the SM:

% Initial conditions for RG evolution: Ci(u = M) — CM + CYP

— Operators, which are absent or strongly suppressed in the SM, may

actually play an important role:
A number of puzzles in non-leptonic

+ Operator basis: {Qr} — {QM,QN'} | B decays: K « puzzle, 7 7 puzzle etc

e Popular NP scenario: Minimal Flavour Violation (MFV)

— Flavour and CP violation still governed by the SM Yukawa matrices.

— Essentially no effects in CP asymmetries, but various interesting
correlations between rare decay observables, mixing parameters, etc.

e General case: new sources of flavour and CP violation through NP

— two main avenues for NP to manifest itself in the data ...
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B +—Jhprt

}f 00 PRL 109 (2012) 232001, LHCb
= s @l
f,,g ;“; Relative production cross section
% 20 Consistent with theory calculations
S 10 .‘ EPJC 38 (2004) 267, Chang & Wu
e S PRD 89 (2014) 034008, Qiao et al.
MJ/yr*) [MeV/ )
10° — e T |
3 LHCb . Comiis B r—JhputvX
§ Fae 19 . arXiv: 1401.6932, LHCb
) Most precise B, lifetime
measurement

0 1 2 3 4 5 6:,,[35] ‘[:509 i8 i12 fS 35
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More Topics on Bc Meson

ne spectrums of Bc mesons

ne life time and decay width

Ne Wea
ne Wed

< decays of Bc meson with Charm
< decays of Bc meson without Charm

ne Proc

uction of Bc meson in future colliders

33
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fb‘1 CcD 1 4TeV

22 1L HC shutdowns:
2013 (~19 months)
2017 (~12 months)

= 2021 (~24 months)
"010 2015 2020 2025

3 fb1 @7-8TeV 5 fb1 @13TeV

— The data agree globally with the Kobayashi—Maskawa picture!

— But we have also hints for discrepancies: — first signals of NP??

— Large statistics and full exploitation of the B, physics potential, thereby
complementing the physics programme of the ete™ B factories.

— Precision determinations of v: — key ingredients for NP searches!

— Powerful studies of rare decays: B, g — ", ...

— | much more stringent CKM consistency tests!




LHCb upgrade physics sensitivity

Type Observable Current LHCb Upgrade Theory
precision 2018 (50fb~') | uncertainty
BY mixing 23s (BY — JW &) 0.10 (137 0.025 0.008 ~ 0.003
98, (B — J fo(980)) 0.17 [213] 0.045 0.014 ~ 0.01
ag 6.4 x 1073 [43] 06x107% | 02x10"2| 0.03 x 1073
Gluonic 26 (BY — é¢) 0.17 0.03 0.02
penguins 2351(BY — K*OK*0) 0.13 0.02 < 0.02
25T (B® — $K?) 0.17 [43] 0.30 0.05 0.02
Right-handed 55 (BY — é) 0.00 0.02 < 0.01
currents (B — ¢7)/The 5% % 0.2%
Electroweak  S3(B" — K*'u*tp~—:1 < ¢° < 6 GeV¥/c?) 0.08 [67] 0.025 0.008 0.02
penguins sp App(B® — K*%tpu™) 25% [67] % 2% 7%
AlKptp—:1 < ¢* < 6GeVY/ ) 0.25 [76] 0.08 0.025 ~0.02
B(Bt — wtptu~)/B(BY — K+utp~) 25 % [85] 8% 2.5 % ~10%
Higgs B(BY — pt ) 15x 107 (1§ 05x10°7 [015x10°| 0.3 x 107
penguins B(BY — ptp)/B(BY — ptp~) ~ 100 % ~ 35% ~ 5%
Unitarity v (B — DWK®) ~+ 10-12° [243,357] 4° 0.9° negligible
triangle v (BY = D,K) 11° 2.0° negligible
angles B (B = J K?) 0.8° [43] 0.6° 0.2° negligible
Charm Ap 23x 107 43  0.40 x 107° [0.07 x 107
CP violation AAcp 21x107°[1§] 065 x 107 |0.12 x 1073
35
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LHCb upgrade plan

;;TO E;‘f\j ;";'p?fn "+ Key challenges: face increases

2011 | 2.76Tev 71 pb- — Luminosity | | New vertex, PID,
2011 |  7TeV  1.0fb? — Energy tracking detectors,
2012 g8TeV 2.2fb! — Radiation — | 40M readout,
2013 LHC splice repair i Occupancy software trigger
2014 — Data acquisition -

2015 123ST:;/ - take what we are missing so far

2016 | pinch  >>f0° — 2011&12 experience: better projections
igg crf;izgupgmdc B Operate at luminosities up to

2019 L=2+x1033 cm2 s’! (10X design)
2020 5 fo~'/year + Expected annual physics yield:

;g; — Increase x5 in decays with muons

0 LHC lumi upgrade — Increase at least x10 in hadronic channels

2024 ¥

— Collect ~50 fblover 10 years



Flavor physics in the Future CEPC

There should be few space left for studying B physics or
Charm Physics after LHC-b and Super-b.

However, there are some advantages over LHC-b and
Super-b.

eTe” — bb

At CEPC, the produced b quark and anti-b quark are flying
in the center of the mass. So, it is easy for us to measuring
some time-dependent observables, for example, the time
-dependence CP violation of B_ hadronic decays.



For LHCb, although it has large cross section, the
uncertainties are large due to large background.

In the Super-b, the energy is not enough for studying the
exotic states of bottomium-like states.

For Bc meson, although CDF. DO and LHCb had collected

some data, many results have large uncertainties
because of the large background.

If some new particles are detected , flavor physics @CEPC
could help us to identify the characters of them



For the cross section

0.5
0.4
C ki
03k . II}I
: i
Z {
0.2 i
0.1 "
- :. 0'%
0 f=“ - i ! '.
| | | | | I ape $'I |
"10.65 107 10.75 108 10.85 109 1095 11 11.05
s (GeV)
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RGIP

ILC(500GeV) 0.118978

ILC(1TeV) 0.115201
tera-Z(92.95GeV)  0.21406
LEPI(91.2GeV)  0.21576 0.21629:£0.00066(30]

LEPII(189GeV)  0.16035  0.16320.013(stat)+0.005(syst) 23]

If we consider the ISR ( Initial State Radiation) effects, and
have the cross section of e+te——>bb\bar at the Z-pole in
SM it is 6232.146 pb.



* Exotics: X Y Z particles, especially their bb-bar
partners

 Heavy baryon

* Heavy quark decays with DM or missing energy

* Bs physics, Bc physics

e T physics T2 mu, t>c, Z->bb-bar, Lambda b
More manpower needed

SPPC ?
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Conclusion

[0 Heavy flavor physics offers an opportunity to probe
NP far above 1 TeV. It is also a necessary ingredient to
fully understand the Higgs sector and mass generation
mechanism.

[0 Regardless of whether LHC will discover NP or not,
flavor physics will tell us a lot .

[J Go for higher precision, wider scope & better
understanding of SM!
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