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wSearch for new particle or new phenomena
is our major task in particle physics

* There are two ways to achieve that: direct search or
indirect search

* Accordingly we have two directions in high energy
physics experiments: high energy and high intensity ...

There are many high intensity experiments:

* Beijing electron position collider (BEPC)

* Daya Bay neutrino experiment (Jiangmen)etc.

* B-factories (two machines)

* There is even a super B-factory (Belle I1)
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Long time ago, we had only 3
flavors of quarks: u,d,s.

Experimentally we found that
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Weak Interactions with Lepton-Hadron Symmetry*
S. L. now, J.mIOPOUDOS, AnD L, EAIANIT

Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseits 02139
(Received 5 March 1970)

We propuse a model of weak interactions in which the currents are constructed out of| four basic quark |
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.

theless, suitable redefinitions of the relative phases of
the quarks may be performed in order to make U/ real
and orthogonal, so without loss of generality we write

- I:—-sinﬂ EDSH:I 5)
N cosfl  sinfl a’ S

uark fields.® The

d' cosd. sind, \/d

the fuurth, ®, has the same electric charge as @ but | ¢ o1 S
differs from the triplet by one unit of a new quantum s1n 60 COS Hc

number @ for charm. The strong-interaction Lagrangian
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Long time ago, we had only 3
flavors of quarks: u,d,s.

Experimentally we found that
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Divergent cancel sin0 [ f(m)) - f(m,) |= 0, if m = m_
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et/
Later, more precise J/¥(cc)
experiments found that

Br(K’ = u'u)~10" K-K B&

s __ | W ut s W+ | _ _
1C v ' uc

d W g wd _ W~

S W=+ 70 ut s ' ac !

d Wf\'\’“'" / | W+ -W-

~_uw d ‘uc

Br(K'—=u*ru) = F(n_,...) Ay = G,

— m. ~ 1.5GeV
Ting and Richter found that in 1974
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Flavor physics is important

The origin of flavour is one of the big, unsolved mysteries of fundamental physics!

While the Standard Model (SM) describes flavour physics very accurately,

it does not explain its mysteries:

v" Why are there 3 generations in nature?

v" What determines the extreme hierarchy of fermion masses?

v What determines the elements of the CKM matrix?

v What is the origin of the matter-antimatter asymmetry (CP violation)? ‘

The SM CP-violation is insufficient to explain the matter/antimatter asymmetry
-> progress in flavour physics may help understand open questions in cosmology

History has shown that flavour physics often gives first evidence for new discoveries:
» Kaon mixing, BR(K?, —pup) & GIM — prediction of charm

» CP violation — prediction of third quark family

» B mixing — mass of top is very heavy

» rare B-decays — SUSY parameter space constrained
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The universe comes from

Big Bang
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Where does the anti
-matter go?
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Necessary conditions: (A.Sakharov, 1967)

1) Baryon number violations: initial and final baryon

numbers are different.
2) C and CP violation: partial decay widths are different.

3) Out of equilibrium: no reversing reaction installing the

initial state.

Charge conjugate and Parity
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Spin

Parity
violation by
Lee and Yang
in 1956

CP conserved
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PHYSICAL REVIEW LETTERS

Experimental Discovery of CP Violation

27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*'

J. H, Christenson,| J. W, Cronin,I V. L. Fitch,I Iand R. Turlay§

Princeton University, Princeton, New Jersey
(Received 10 July 1964)

This Letter reports the results of experimental
studies designed to search for the 27 decay of the
K,” meson. Several previous experiments have
served'’? to set an upper limit of 1/300 for the
fraction of K,”’s which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit,

In this measurement, K,’ mesons were pro-
duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the
circulating protons by a 13-in.X 13-in, X 48-in,
collimator at an average distance of 14,5 ft. from

CDLu

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion, In this detector the K3 decay
leads to a distribution in m* ranging from 280
MeV to ~536 MeV; the K, 3, from 280 to ~516; and
the K53, from 280 to 363 MeV. We emphasize
that m * equal to the K° mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, 6, between it and the
direction of the K.” beam were determined. This
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Nobel prize ('80) for the discovery of violations of fundamental
symmetry principles in the decay of neutral K-mesons

2x10~2: Too Small .... for Sakharov !

CDLu
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CP violation in the K and B meson decays

Ny

n,

SM

can be explained by the Standard Model.
CP violation in the universe can n
B

not be explained by the Standard | 72, WMAP

=(5.1703) x 107"

WMAP

Model.

New source for CP violation beyond the Standard Model in the

particle world?
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models have —ﬂl 'D | ' ol
been L : 1
proposed to Y
explain the

CP violation

phenomena ” -

—

In 1972, Kobayashi (b, 1944) & Maskawa (b, 1940) give
a new explanition

Both received Ph.D. from Nagoya (72 & '67) and both
joined Kyoto as an assistant (72 & '70).
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\ﬁ Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

Nobel Prize  yrxoto KoBavASHT and Toshihide MASKAWA
of Physics Department of Physics, Kyoto University, Kyoto
in 2008

(Received September 1, 1972)

In a framework of the renormalizable theory of weak 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 fields. Some possible models of CP-violation are
also discussed.

We accepted the Glashow-Weinberg-Salam theory of the weak interaction’s
extension to the hadron..., because the fourth quark already existed for us in a
sense. Sometimes it 1s said that our CP paper was written before the discovery
of charm. In this sense, however, our paper came after the charm.

-- Kobayashi (1992)
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KME%ERE, /NAFIZR )1, M. Kobayashi and K. Maskawa,
Prog. Theor. Phys. 49, 652 (1973)
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B Tel((51+¢1) + Pel(52+¢2) Tel(51+¢1)(1 + ’,.ei(5+¢))
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“wt’y  B—am Has Two Kinds of Diagrams
with different weak phase

rjgzﬁiiij:”JZ[' (:’],(C)Z?
b w u Tree o< V ,V ,*

03,04,05,056

R

B JT
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Prof. John Ellis @ SymmetryMagazine.org
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“sem® CP Violation in B> 7 7 (K)
(real prediction before exp.)

CP(%) FA BBNS | PQCD Exp
(2001) (2004)
nUKT | 4943 |(F5E9 | 175 | -11.5%H8
a'KT | +8 + 2 7 £9 ~13 +4 +4 +4
a K% 1.7 0.1 1 £1 | —1.0+0.5 —2 +4
it | 543 @ +30£10 +@

CDLu
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““em® CP Violation in B> 7 7 (K)

Including large annihilation fixed from exp.
—
CP(%) FA [Cheng,HY PQCD Exp
(2001)

nTK- | +943 -74£50 745 %12
7Kt | +8 + 2 0.2840.10 13 +4 | 4.7 +2.6
K% 1.7+ 0.149+£59 -1.0+0.5 | 0.9 +2.5
7T —5+3 17+ 13 +30+10 @7

CDLu

7 K puzzle

29




1.5

-1‘5 S S T |

PDG2006 & 2020 Unitarity

Triangle Comparison
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{excl. at CL>0.95) /
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The CKM (Cabibbo-Kobayashi-Maskawa) matrix

Another possible parametrisations (Chau and Keung parametrisation, adopted by PDG):
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The key point of CP violation

= If we found another world of civilization,
we have to make sure whether they are made of
anti-matter, before we travel to them

n This is very important (Annihilation)

= Since the definition of matter/anti-matter, left/right

is arbitrary, unless we have CP violation:

'K, =a uv)-T'(K, —= VAR D
'K, =72 uv)+I'(K, =" uv)

= (0.64 +0.08)%
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b il ) Heavy flavor physics is a very important
hot topic in particle physics recently

= People expect the new physics signal from the
heaviest top quark, since it is very close to the

electroweak breaking scale
= But there are too few data of top quark production

s Therefore beauty quark is our best chance for new
physics signals, since they both belong to the third

family

CDLu 33



Current Flavor Anomalies

~3.50 (g-—2), anomaly 4.2 o

~ 38.50 non-standard like-sign dimuon charge asymmetry
~ 3.50 enhanced B — D™)rv rates R D)
~ 3.50 suppressed branching ratio of B — ¢u™ ™
~ 3o tension between inclusive and exclusive determination of | V|
~ 3o tension between inclusive and exclusive determination of | V|
2—-30 anomalyin B — K*u™p~ angular distributions Pé
2 — 30 SM prediction for €’ /e below experimental result
~ 2.50 lepton flavor non-universality in B — Ku"p~ vs. B — Kete™ RK

~ 250 non-zero h— mu
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Lepton universality

Lepton couplings to gauge bosons in the standard model are
all the same

Very well tested, PDG averages:

¢ ’
W Wwww Z SN
B(W* = utv)
= 0.991 +0.018 e s

BW™ = et) @(é_} ELl )) 1.0009 + 0.0028
B(WT " — ete~

(W+_>T+”) = 104340024 gy, ;4
BN == &) o p—— 1.0019 £ 0.0032
BW™ = m"0) 4 070+ 002 il
BOWT = 70) 9977 (SM)
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Introduction to R(D™M)

B(B— DY)
(%)) — _

SM predictions (2012):
R(D)=0.297+0.017 _ R(D")=0.252 £ 0.003

— 3404
BABAR (2012):

R(D)=0.440+0.0580.042 = R(D")=0.332+0.024+0.018

= Type Il 2HDM is said to be ruled out b c

O —
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first surpriseinb — ¢c 7 v

AR

e apparently the 7 has a stronger coupling

e at tree level, several possible other couplings

bm‘c bF\‘C b X T

- L T
>
.
- "
<
- "

W Wi, H < s
C \ %

- new W gauge boson with non-universal couplings (our model Wg)
- leptoquark - need very specific flavour structure

- charged Higgs, seems a natural explanation but the simple
models do not work
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Ch arge d Higgs boson

S

¥

-

4

predictions of 2HDM I
. arXiv: 1205.5442, PRL.IO9.IOI8W
Q 0.8

& [BABAR

llllllllllllllll

T T "B T [ "W

o
o
(W]
&
NN
o
o
o
oo

1

Charged Higgs excluded at 99.8% CL
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Theoretical uncertainty: form factors
data from B — D™ (0=, p)
+ HQET or pQCD
+ lattice QCD
R(D) = 0.296 + 0.016 (Fajfer, Kamenik, Nisandzic)
0.302 + 0.015 (Sakaki, MT, Tayduganov,VWatanabe)
0.299 + 0.011 (Bailey et al.)
0. 337+g 022 (Fan, Xiao,Wang, Li)
- (Exp. HFAG)
R(D™) = 0.252 £ 0.003 (Fajfer, Kamenik, Nisandzic)
0.252 4 0.004 (Sakaki, MT, Tayduganov,Vatanabe)
0. 269+8 055 (Fan, Xiao,Wang, Li)
322 + 0.018 £ 0.012 (Exp. HFAG)
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P ;,(

-i:p o Z
PP IIER Sl - 4
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RS S e iy

= The combined results of R(D™) indicate about 3¢ deviation

from the SM predictions

R(D)=0.340+0.027+0.013

R(D*)=0.295+0.011+0.008

s LHCb reported

B(B.—J /vyt
R(Jy) = B(B :J/WV;

=0.71£0.17%0.18,

which deviate 26 away from

the SM prediction

CDLu

R(D*)

035

B(B, — 1v) < 10%

Current Experimental Status

T l 1 I
" [ HFLAV average

[ LHCbIS

T I I I I

03

0.25 F

02F

Bellel7

0.2

Ay*=1.0 contours ]

BaBarl2
%}

+ Average of SM predictions
R(D)=0.299 £0.003
R(D¥*)=0.258 £0.005

1 I 1 1 1 |
0.3

from LEP
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Nothing seen in other meson decay

Exp. (PDB SM

B(K™ — e'v) 2.488+0.009(105) | 2.477+0.001 S1o-5)

B(K+ — utv) (Cirigliano et al)
B(nt — etu(v)) 1.2327+0.0023(104) | 1.2352+0.0005(10%)
B(nt — utv(y)) (Marciano, Sirlin)

B(K* — nutv) 0.6608+0.0029 0.6631+0.0042
B(K*+ — nPetv) Cirigliano et al

® no simple models

® need to arrange the flavour structure to single out
this family: b, 7

CDLu
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Calculation of Form factors

All form factors are functions of >

= Small recoil (Near Max point of g?):
HQET, Lattice QCD
= Large recoil (Near g>=0):
Light Cone Sum Rule, Perturbative QCD
= Other point of ¢* need Extrapolation :
Pole model ® z expansion
HQET Specific Parameterization:
Boyd-Grinstein-Lebed (BGL)
Bourrelly-Caprini-Lellouch (BCL)
Caprini-Lellouch-Neubert (CLN)

CDLu
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A combined model independent analysis
of the R(D), R(D*) and R(J/v) anomalies

4G
Leff = _F ch [(1 + CV1)0V1 + CV20V2 + CS1051 + C52052 + CTOT]

V2

All possible operators: Lorentz Invariant

Os, = (cLbr)(TrvL), Os, = (crbL)(TrVL),
?vl = (cLy*br)(Tryuve), Oy, = (crY*br)(TLYuVL)
Or = (cro™br)(TRO VL),

Huang, L1, Lu, Paracha, Wang, PRD98 (2018) n0.9, 095018
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A= LY

- -
et A T e R 2

% It 1s found that none of the single operators can explain
“- simultaneously the current experimental measurements of the ratios
R(D), R(D*) and R(J/y) at the confidence level of 16

Even with 26 Constraints, the NP scalar operators are also ruled out

S4 scenario S, scenario
——————————r———r—r——

Im[CS;]




4,09 20 Constraints on the left-handed vector

operator

Im[CVy]
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) “ 26 Constraints on the right-handed vector

V; scenario

operator and tensor operator

T scenario

1.0

0.5F

-25 -20 -15 -10 -05 00 05




"=,  Leptoquark model
Cheung, Huang, L1, Lu, Mao Tang, arXiv:2002.07272 [hep-ph]

b
= [agrangian of Leptoquark — Y
£ — bTB CT = Y H X
R, = (ypbutr+ 95 cpvr) Yo + Hee )
Ls, = ((Vexayn)"eims =y bive + yg cire) Yips + Heo € T

Ly, = ((VCKMfL“ L) ey + g;%TBwMTL + x%?)mﬂ}g) X, 13t H.c.

SM quantum number

Spin  Fermions coupled to
SU(3) x SU(2) x U(1)]

R (3,2,7/6) 0 CrVL, TR
Sl <‘3) 1’ 1/3> 0 BiyLv EETLa ECRTR
Ul (37 1,2/3) 1 EL/Y,UVL?BLV}LTLJ_)R/YMTR
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imly; “*(ve®7)*]

couplings

R2 Leptoquark
LI B B B B B BRI BK §$1 Leptoquark

20 H

10+

v " (vr°)
o

1
-
o

T

-20H

Rely. " (ve™")']

CDLu

(VX ) (2 ®")*

10+

1
on
T

-10}

26 Constraints on the Leptoquark

U1 Leptoquark

o

(vxL)ct(ber)o

48




Non-universal B> K pu / ee rates

LHCb observation of a violation of lepton universality in the rare decays
B—Kup vs. B—=Kee — if confirmed — would be the most spectacular LHC

discovery after the Higgs boson:
LHCb 1406.6482

-o-LHCb —m-BaBar —a—Belle

Q:M 2r T AL BN A L
L~ 260 LHCb |
1.5 . =
1 l
i +. T SM
0.5F .
K I'(B— Kutp~ :
[ Rg= r((B%Rz +Z—)) =0.745100% 1 0,036 ]
O L P T R W T T T T SR SR N TR T TR SR M T
0 5 10 15 20

g2 [GeV?/c4]
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9
%

X4

9
%

Non-universal B> K pu / ee rates

LHCb 1406.6482

In SM this ratio equals 1 to high accuracy =~ , =" = e

< T  hhee

Leading deviations arise from QED L5 2 :
corrections, giving rise to large logarithms £ —
involving the ratio mp/my. N ;
Ry = DB - Kptp) _ 0.745 3:0%% +0.036

The effects have been estimated and were IR U DTS S

2 [GeV?/ct
found to be of O(1%) [Bordone, Isidori, Pattori: 1605.07633] e

SM prediction very clean!

Eagerly awaiting an update from LHCDb (electron reconstruction
efficiency is rather different from that for muons)...

Teaser on Rk« People wait for that until two years later
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LHCb 1 i T
SM from CDHMV ] F}' E

[
0.4 & ]
i A SM from EOS ) 0.5 @® LHCb |
0.2 v SM from flav.io ] . 8 BaBar -
| LHCb Preliminary & SM ;22 Jcav g - LHCb Preliminary A lelear ]
0.0_||||||||1]||||||||||||||[|||||_ 0.0_1 (RS N N SN D NN S (S [N TN NN | NN S G M | |_
0 1 2 3 4 5 6 0 5 10 15 20
e [GeVZ/C4]  PRD 86 (2012) 032012 e [Gev2/04]

 PRL 103 (2009) 171801

> The compatibility of the result in the low-q> with respect to the SM

prediction(s) is of 2.2-2.4 standard deviations

> The compatibility of the result in the central-q* with respect to the SM
prediction(s) is of 2.4-2.5 standard deviations
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.....
Rl

!apparently the p has a weaker coupling than the electron
at tree and loop level, many possible other NP couplings

b Zz’ ( b — " "\N—
w A u,c,t 1 v SM
S u,c,t ¢ § —=—nBan—=—{
W W

b : 4 b » 4
Lepto-quark ¢ ( S 4

b X ¢

Vi . |

supersymmetry (

CDLu
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Violation of lepton flavor universality

£

BE(B—=Ku'i)  pogyBE(B= Kuw)
BF(B—Ke'e) BF(B— K e'e”

Observable Expt (LHCb) m-

R(K), q2=[1, 6] GeV?2 0.745+0:0% +0.036 1.00+0.01

R(K™), q>=[0.045,1.1]  0.66*-"" ; ,+0.03 ~0.920 2.1-2.3

R(K™), q2=[1.1, 6] 0.69*0-11  -+0.05 ~0.996 2.4-2.5
arXiv:1705.05802

For g? < 6 GeV?, SM predictions for b— su*u- consistently

overshoot the data (also for B.— ¢u*u,, A,— Ap*u; both
involve unknown hadronic uncertainties)

R(K) =

theoretically very clean!

< 1.0:- .

b W___ s b t ‘ < 0F
h, N 08 F

t + W_\ \ W+ - } l T I

g < ”. 06F = ® LICt |

L z° " o C BIP

04} v CDHMV

i H EOS N

0.2F av.io 7

Loop, GIM, CKM suppressed - LHOD $ flav.io]

CDLu 0'00.'“1'“'2“”3“”4””5”"s 53
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A lot of theoretical discussions

: Capdevila et al [1704.05340]
Altmannshofer, Steangl, Straub [1704.05435]
D’Amico et al [1704.05438]

Hiller, Nisandzic [1704.05444]

Geng et al [1704.05446]

Ciuchini et al [1704.05447]

Celis et al [1704.05672]

Becirevic, Sumensari [1704.05835]

Cai et al [1704.05849]

Kamenik, Soreq, Zupan [1704.06005]

Sala, Straub [1704.06188]

Di Chiara et al [1704.06200]

Ghosh [1704.06240]

Alok, D. Kumar, J. Kumar, Sharma [1704.07347]
Alok et al [1704.07397]

Wang, Zhao [1704.08168]

Bonilla, Modak, Srivastava, Valle [1705.00915]
Bishara, Haisch, Monni [1705.03465]

Megias, Panico, Pujolas Quiros [1705.04822]
Tang, Wu [1705.05643]

Hurth, Mah@fﬁd& Santos, Neshatpour [1705.06274]

Poh, Raby [1705.07007]

Datta, Kumar, Liao, Marfatia [1705.08423]

Das, Hati, Kumar, Mahajan [1705.09188]
Bardhan, Byakti, Ghosh [1705.09305]
Matsuzaki, Nishiwaki, Watanabe [1706.01463]
Luzio, Nardecchia [1706.01868]

Chiang, He, Tandean, Yuan [1706.02696]
Chauhan, Kindr, Narang [1706.04598]

King [1706.06100]

Chivukula, Isaacson, Mohan et al [1706.06575]
Khalil [1706.07337]

He, Valencia [1706.07570]

Dorsner, Fajfer, Faroughy, Kosnik [1706.07779]
Buttazzo, Greljo, Isidori, Marzocca [1706.07808]
Choudhury, Kundu, Mandal, Sinha [1706.08437]
Cline, Camalich [1706.08510]

Crivellin, Mueller, Signer, Ulrich [1706.08511]
Guo, Han, Li, Liao, Ma [1707.00522]

Chen, Nomura [1707.03249]

Baek [1707.04573]

Bian, Choi, Kang, Lee [1707.04811]



—

wf, /NP models capable of generating Cq 1,\":

B Tree level: [ Z', SU(2), singlet or triplet

7 leptoquark, spin O or 1

- SUSY with R-parity violating interactions

B |oop level: { Z’ penguin
new heavy scalars/vectors
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Flavour anomalies and New Physics

If confirmed by future analyses, what does this point to?

Rp«y & T#eu Ry & upu#e

SM gauge interactions do not distinguish between different

leptons, and Higgs exchange 1s irrelevant; hence need new

particles beyond the SM with new types of interactions

* U(l)t-u — new Z’ boson coupling with opposite sign to W't

* New particles with Yukawa-like interactions, leptoquarks
(better: lepto-quark-bosons)

CDLu o6



Angular analysis of B> K nu decays

Rare B—=K"uu decays offer a rich laboratory for new-physics

searches via differential angular distributions as a functions of
lepton invariant mass:

205" (8 TeV)

-+ Data
77(SM,LCSR) =

< 08k

y(2S)

08 *PLB 753 (2016) 424: Ars, FL, dBF/dq?

-1 PE BRSO SN U U U TN I U N T U SO T S

111
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Angular analysis of B> K nu decays

Rare B—=K"uu decays offer a rich laboratory for new-physics
searches via differential angular distributions as a functions of

lepton invariant mass:

CDLu

1 d'l
dI'/dg? dg?d cos 6;d cos Oxd¢

S-wave and S&P-wave interference

9 (12
=z {5 {—l— Ag cos f) (1 — cos®6)) +

A

N O

/1 — cos? 0k

v/1—cos? 6, cosq)} + (1 —|Fs|

v/ 1—cos?0x+/1— cos? 6, cos 4)} }

[2F;|cos? Ok (1 — cos®6))

1
+ 5 (1~[R) (1 cos® f) (1+cos® ) + Pi(1 )
(1—cos? ) (1 — cos? 6;) cos 2¢ + 2Ps|cos Ok /IFL) (1 — [FL)

P-wave
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Angular analysis of B> K nu decays

It is useful to construct observables which are less sensitive for
hadronic uncertainties related to form factors

[Descotes-Genon, Matias, Ramon, Virto: 1207.2753]

One particular such observable — called P; — shows a large
discrepancy with the SM prediction in a particular g? range:

LHCb 1512.04442

wy —— T Y Y T Y T T T T Y ¥ T T 1 T T

L
T LHCb
- 2 SM from DHMV -
} :
of =i
- —+ —+ ——
- .
2k -
i PR " 1 N " 2 N | PR " M 1 " A
0 5 10 15

q* [GeV¥ 4]
CULu

2.80 deviation in g2 bin between [4, 6] GeV?
(3.00 in bin [6, 8] GeV?)
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Predictions for other similar channels

[0.045, 1] GeV? [1, 6] GeV? (14, g2..] GeV?

1.1-

1.0: [ - u I -
S -
=
3

L 1 HSM

2 0.9 m 1
e F 1 W S2
i L - I—I = 83
& - . i 1 mo| mse
2 - - T - 1 185
2 0.8 ' ! | “ mse
2 " S I R N |
. m [ ||
3 - - O
e
(a®

0.7

' Bhutta, Huang, Lu, Paracha and Wang, arXiv:2009. 03588 [hep—ph]
0.6" 1 1
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Predictions for other similar channels

[0.045, 1] GeV?2 [1, 6] GeV? [14, ¢2,.] GeV?

| B S - gt g eemneee woommeef meommeeot meemnee- -
)
B u _
: 0.9 ~ . . . ESM
2| I Fl | me:
= I S s
c‘C_D‘ I = jm| a -] .I :
.é I - I I " 1 | C 9 mss
b, 0.8 ___________ I [ N W -I-_ _______________ | R B D, .
§ [ . - n = - u
& -

I I o d 0 o
0.7 Bhutta, Huang, Lu, Paracha and Wang, arXiv:2009. 03588 [hep—ph]

Re Rk, 12700Rk, (14000 Rs Rk, 2700Rk, (14000 Re Rk, 1270Rk, 1400) Rk
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CP violation, FCNC, sensitive to new physics contribution...

4

(K)
b W u
B JU
d(s)_ 7 (K)
W
S,
B JU

How can we test the standard model without solving QCD?

CDLu

" The standard model
describes interactions
amongst quarks and
leptons

In experiments,
we can only
observe
hadrons

p1 K puzzle etc.




Perturbative calculations

= In principle, all hadronic physics should be calculated
by QCD

s In fact, you can always use QCD to calculate any
process,

provided you can renormalize the infinities and do all
order calculations.

= Perturbation calculation means order by order
= Involving loop diagrams

s Therefore divergences unavoidable
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Divergences

= Ultraviolet divergences = renormalization

s Infrared divergences ? Infrared divergence in virtual
corrections should be canceled by real emission

= In exclusive QCD processes = factorization

N N
7 7
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Divergences

= Ultraviolet divergences = renormalization

s Infrared divergences ? Infrared divergence in virtual
corrections should be canceled by real emission

= In exclusive QCD processes = factorization

N
i
/

N
S
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Factorization can only be proved in power
expansion by operator product expansion. To

achieve that, we need a hard scale

In the certain order of 1/Q expansion, the hard dynamics

characterized by Q factorize from the soft dynamics
Hard dynamics 1s process-dependent, but calculable
Soft dynamics are universal (process-independent)

predictive power of factorization theorem

-

Factorization theorem holds up to all orders 1n oy, but to

certain power 1n 1/Q

In B decays the hard scale Q 1s just the b quark mass

CD Lu
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Se=; QCD-methods based on factorization work

I . St
N :L"‘

well for the leading power of 1/m» expansion

collinear QCD Factorization approach
[Beneke, Buchalla, Neubert, Sachrajda, 99’ ]

Perturbative QCD approach based on At factorization
[Keum, Li, Sanda, 00°; Lu, Ukai, Yang, 00’ ]

Soft-Collinear Effective Theory
Bauer, Fleming, Pirjol, Stewart, Phys.Rev. D63 (2001) 114020

+ Work well for most of charmless B decays, except for nrr, nK
puzzle etc.



e oS cj/.r '7'5 ° ° °
= Search for new physics in hadronic B decays
theoretically very complicated

K. Huitu, C.D. Li, P. Singer D.X. Zhang, Phys. Rev. Lett. 81,
4313 (1998), hep-ph/9809566.
(a) (b) (c)

-2
st
w

/\

.O
-
‘O
-

ot
() =1}
ot
Z

|

b — ssd transition (a) SM., (b) MSSM, (c) MSSM with R-parity violating coupling

SM BRs: ~ 10 14,
Some New physics can reach 10 -
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. - Experimental search starting from OPAL @ LEP, phys.
/ Lett. B 476 (2000) 233, later searched also by Belle/Babar

BABAR collaboration, Phys. Rev. D 78 (2008) 091102 [arXiv:0808.0900]

A search for the decay B~ = K~K~n*, Using a sample of (467 + 5) x 10° BB pairs collected with the
BABAR detector.

b u,c,t a
-

u

W W

_ u
B s Sugt _ v

d

S
-

cl
cl

Result : No evidence for these decays was found and a upper limit was set as

BB~ —=K K 7#7)<1.6xX1077
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. - Experimental search starting from OPAL @ LEP, phys.
/ Lett. B 476 (2000) 233, later searched also by Belle/Babar

BABAR collaboration, Phys. Rev. D 78 (2008) 091102 [arXiv:0808.0900]

A search for the decay B~ = K~K~n*, Using a sample of (467 + 5) x 10° BB pairs collected with the
BABAR detector.

b u,c,t a
-
u
W W
u
B s Sugct _ ™
d
S
-
u u

Similar channel B 2> n K"

Result : No evidence for these decays was found and a upper limit was set as

BB~ —=K K 7#7)<1.6x1077
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Recent LHCD result:

Physics Letters B 765 (2017) 307-316

BBt - KtTKTm~) <1.1 x 1078
BBt — at7mTK™) <4.6 x 1078

Recent theoretical results in Randall-Sundrum model:
Chinese Physics C41 (2017) 053106
Br(b—>ss d-bar) can reach to 10 -1°
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Summary

Some flavor anomalies have been discussed

The tension between SM and experiments at the level of
3o level

Flavor sector has only been tested at the 10% level
and can be done much better

We are still waiting for a clear New physics signal in
the heavy flavor sector

Thanks !
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