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Outline

@ Basic stuffs for high-school kids
- Lepton Universality in the Standard Model
- CKM matrix for quarks

@ Contents for grown-ups* (“Rx anomalies of B’)
- R(D™)
- R(K™) and related stuffs

@ Prospects

* with snail-pace intro for kids on each subject
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THE STANDARD MODEL OF

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model is & quantum theory that our current by forces and by decay rates of unstable particies).
matter constituents force carriers
FERMIONS spin = 1/2, 3/2, 5/2, ... BOSONS spin=0,1, 2,

i' l.epfons spin =1/2 ‘ Quarks spin =1/2 'Unified Electroweak spin =1

Structure within Strong (color)  spin =

) ADprox. ) : the Atom : :
Mass Electric Electric Mass Electric Mass Electric
Flavor 2 Flavor Mass Name GeVic? Name 2
GeVic charge GeV/e2 charge charge GeV/c charge
-9
LndleRe  (0-2)x10 up
electron 0.000511 down .
wW- 80.39 = Higgs Boson spin =0
idl =
neutraor  (0.009-2)x10 charm wt — ] Name Mass | Electric
i + 2
muon 0.106 strange o . ‘ GeV/c charge
2% | o118 | o H 126 0
hedifine:  (0.05-2)x10 t wop Z boson Higgs

tau 1.777 b bottom

Higgs Boson
The Higgs boson is a critical component of the Standard Model. Its discovery helps confirm the
mechanism by which fundamental particles get mass

Color Charge

Only quarks and gluons carry "strong charge" (also called "color charge®) and can have strong
interactions. Each quark carries three types of color charge. These charges have nothing to do
with the colors of visible light. Just as electrically-charged particies interact by exchanging photons,

*See the neutrino paragraph below.
Spin is the intrinsic angular momentum of parm.le> Spm is given in units of f, which is the quantum
unit of angular momentum where h = hi2x = 6 58x10 2% GeV s =1.05x10"* J 5
Electric charges are given in units of the proton's charge. In Sl units the electric charge of the proton
is 1.60x10~"? coulombs

The energy unit of particle physics is the electronvolt (eV), the energy gainec by one electron in 6 R intaracions; color-charged parficles interact by exclianging gluons
crossing a potential difference of one volt. Masses are given in GeV/c? (remember E = mc?) Quarks Confined in Mesons and Baryons
where 1 GeV = 107 eV =1.60x10" 10 joule. The mass of the proton is 0.938 Quarks and gluons cannot be isolated — they are confined in color-neutral

GeVic? =1.67x107%7 kg. particles called hadrons. This confinement (binding) results from multiple
exchanges of gluons among the color-charged constituents, As
color-charged particles (quarks and gluons) move apart, the energy in the
color-force field between them increases. This energy eventually is
converted into additional quark-antiquark pairs. The quarks and antiquarks
then combine into hadrons; these are the particles seen to emerge.

Neutrinos
Neutrinos are produced in the sun, supernovae, reactors, accelerator
collisions, and many other processes. Any produced neutrino can be
descrived as one of three neutrino flavor states vg, v, OF v+, labelled by the Pmporl'y
type of charged lepton associated with its production. Each is a defined

quantum mixture of the three definite-mass neutrinos v, vy, and vy for Acts on:

which currently allowed mass ranges are shown in the table. Further < § £ e .
exploration of the properties of neutrinos may vield powerful clues to puzzles Particles experiencing: All Quarks, Gluons

s
about matter and antimatter and the evolution of stars and galaxy structures. Vi

4 Particles mediating: SV wt w- 20 Gluons
Matter and Antimatter (not yet observed)

For every particle type there is a corresponding antiparticle type, denoted by 10 m S

a bar over the particle symbol (unless + or — charge is shown). Particle and Strength at { 10 [oX:}
antiparticle have identical mass av}d spin but opposite charges. Some 3x10-7 m 10-41 10-4
electrically neutral bosons (e.g., Z°, ¥, and 1) = € but not K° = d§) are their
own antiparticles.

Gravitational Weak erom Strong

Interaction (Electra

Interaction Interaction

Mass — Ener Flavor Color Charge o
9y 9 Two types of hadrons have been observed in nature mesons g and

baryons qqq. Among the many types of baryons observed are the proton
(uud), antiproton (Ttid), and neutron (udd). Quark charges add in such a
way as to make the proton have charge 1 and the neutron charge 0. Among
the many types of mesons are the pion n* (ud), kaon K~ (s), and B® (db)

Learn more ot ParticleAdventure.org

Unsolved Mysteries

Driven by new puzzles in our understanding of the physical world, particle physicists are following paths to new wonders and startling
discoveries. Experiments may even find extra dimensions of space, microscopic black holes, and/or evidence of string theory.

Particle Processes

These diagrams are an artist's conception. Orange shaded areas represent the cloud of gluons.

Are there Extra Dimensions? \

. Why is the Universe Accelerating? Why No Antimatter? What is Dark Matter?
n—>pe- Vg ete” —» BB’ ® - i
3 C, @
) < @
”- . .‘ v L
> & |

S P

A free neutron (udd) decays to a proton
(uud), an electron, and an antineutrino

via a virtual (mediating) W boson. This

Is neutron p (beta) decay.

An electron and positron
(antielectron) colliding at high
energy can annihilate to produce
B% and B9 mesons via & virtual Z
boson or a virtual photon

©2014 Contemporary Physics Education Project. CPEP is a non-profit ¢

U.S. Department o

Learn more at PO rticleAdventu re.org




Bosons of the Standard Model

BOSONS

Unified Electroweak spin =1

Mass Electric
Name GeV/c? | charge
W™ 80.39 -1
W+ 80.39 +1
W bosons
y A 91.188 0
Z boson

force carriers

spin=0,1, 2, ...
Strong (color)  spin = 1
Name Mass Electric
GeV/c? | charge

Higgs Boson spin =0
Name Mass Electric
GeV/c? | charge
H 126 0
Higgs




Fermions of the Standard Model
FERMIONS rs"p?ﬁfir 12 30 Bl .

Leptons spin =1/2 | Quarks spin =1/2

Mass Electric Approx Electric

Flavor GeV/c2 h Flavor charae
eV/c charge GeV/ 2 g
2/3

Ir%eutt?lito (0—2)x1 0 Hh
electron 0.000511 down 0.005

middle . (0.009-2)x10" — 13

muon 0.106 strange 0.1

[SayIS=L (0.05-2)x10 " top 173

tau 1.777 bottom 4.2

*See the neutrino paragraph below.



Lepton universality

@ Do all leptons and quarks carry the same unit of weak
charge?
- YES, for leptons and NO for quarks

@ First, let’s consider a muon decay
- low energy process (q? ~ m, « Myy)

- specified by the Fermi constant: G, (~ g2/m? ~ [energy]=)
- dimensional analysis

h
I(p~ = e vevy,) = — o G%mi
7

5

2
— Gy from full calculation (V-A)
19273

Experimental Review of Rx anomalies @ Snail Lecture Jun. 30, 2017 Youngjoon Kwon (Yonsei Univ.) 6



Lepton universality

@ Now consider the tau (1) lepton decay
Bk~ —eviv, )= (17.83£0.06)%
Bl —uvyv, )-(17.3720.07)%

g./g, =1.001x0.004

Experimental Review of Rx anomalies @ Snail Lecture Jun. 30, 2017 Youngjoon Kwon (Yonsei Univ.) 7



Lepton universality

@ Again, from the t decay

Bl —evy )= 1T VY (1783:0.06)%

I~ — all)
_\ B@ —evV
ré_ — e_vevt )= (1: e Vevr) X Gémf
T‘C

Since TIx G, xg*
| &
Sy

Experimental Review of Rx anomalies @ Snail Lecture Jun. 30, 2017 Youngjoon Kwon (Yonsei Univ.) 8
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4 ) . (m \ (T
=BT —eV)y, )(—“) (—“)
m_ )\t

T T

g. /g, =0.999:£0.003




Lepton universality: example for Z°

Z’—sete utu Tt
=1:1.000x0.004:0.999 +0.005
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Universality of weak interactions?

@ Do all leptons and quarks carry the same unit of

weak charge?
- YES, for leptons, but NO for quarks

d for quarks, the couplings to the weak gauge bosons
depend on the quark flavors, due to “quark-mixing”
-> CKM mechanism

Experimental Review of Rx anomalies @ Snail Lecture Jun. 30, 2017 Youngjoon Kwon (Yonsei Univ.) 10



Universality of W.I. for quarks?

d Consider the (semileptonic) weak decay

2" —=n+e +v, n—=>p+e +v,
(9%”_'_6 +V) d—u+e +v,

AS = AS =0

d Assuming universality of weak decays of quarks,
we expect both decays would happen in similar
rate, but...

I'(2” —nev,) 1
['(n— pev,) - 20

Experimental Review of Rx anomalies @ Snail Lecture Jun. 30, 2017 Youngjoon Kwon (Yonsei Univ.) 11



Universality of W.I. for quarks?

I'(seue_\/_e) - Bus zL#O(l)
I'd =uev,) |g., 20
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Universality of W.I. for quarks?

It was also noticed that the value of the Fermi constant G.

deduced from nuclear [3-decay was slightly less than that
obtained from muon decay.

So, what are we going to do?
No universality for weak interaction?
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Cabibbo theory

@ Try to keep the universality, by modifying the quark
doublet structure...

@ Assume that the charged current (W *) couples the

“rotated” quark states 1 C

@ where d’, s’ (weak interaction eigenstates) are linear
combinations of mass eigenstates d, s

(d') _ ( COSGC Slnec )(d) 0 :the quark mixing angle

| .
S —smnb,  cosB, ]\ s "Cabibbo" angle

Experimental Review of Rx anomalies @ Snail Lecture Jun. 30, 2017 Youngjoon Kwon (Yonsei Univ.) 14



Cabibbo theory

@ “Cabibbo-favored” vs. “-suppressed”

'

@ effective weak coupling for AS=0 (d—uW) is cos 0_
e effective weak coupling for AS=1 (s—uW) is sin 0_

2

1

. 2
.| 1 _oq) =0, ~12°
20 ¢

I'(s = uev,)

~
[ —

I'(d = uev,)

gus
gud

~

cost
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Cabibbo theory

(Ex) What is the relationship between the weak couplings
for muon decay (GfGF) and nuclear B-decay (G'B) ?

G, =G, cosp, @.=(116639= 0.00001)x107 GeV ™
w c
G, =(1.136+0.003)x10™ GeV ™
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Flavor-Changing Neutral Currents (FCNC)

@ a very stringent suppression of flavor-changing
neutral current reactions

BF(K* —=m*vw)=(1.523)x107"
BF(K* —n’u'v ) =(3.17+0.08)%

Experimental Review of Rx anomalies @ Snail Lecture Jun. 30, 2017 Youngjoon Kwon (Yonsei Univ.) 17



FCNC

Neutral-current reactions for (u,d’) quarks

d'=dcosO . +ssmnb .

u
A Z
u d'=d cos0_ +5sin0_.
@3003260 +SS_sinz€)C>4@§)sin€)c@
AS =0 AS =1

In this picture, FCNC is perfectly allowed by theory.
Then, why such a severe suppression ???
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GIM mechanism for FCNC suppression

@ In 1970, Glashow, lliopoulos & Maiani (GIM) proposed the
introduction of a new quark of Q=+2/3, with label c for ‘charm’.

@ With this new quark, a second quark doublet is also
iIntroduced.

u\ u c\ c
d') \dcosO_ +ssinf_ |’ |s'| |scosO, —dsin6

@ Then we have additional terms for the neutral current
reactions
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GIM mechanism

d cos0, + ssin0, s'=scosO,. —dsinf
Zo WM< W<

d COS@ + S SIHG § ECOSG d 81nec
utl +(dd cos’0_+s5sin°0 ) + (sd +ds)sin®_ cosO
+cc +(dd sin’0_ +s5¢c0s°0.) —(sd +ds)sin®_cos0

= uil +dd + 55 + cc
FCNC has disappeared!
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GIM mechanism

@ At the price of a new quark ‘charm’ and another quark
doublet, the (experimentally) unwanted FCNC has been
removed!

@ Later, in 1974, the bound state of charm—-anti-charm
was discovered: J/y

@ Indeed, just before this discovery, it was possible to
estimate the mass of this new quark!!

« by considering K"K mixing
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Features of SM interactions

B | eptons do not undergo strong interactions

® Quarks & Leptons do not change its flavor when

interacting with neutral gauge bosons

— quarks do not change flavor under strong int.

— leptons & quarks do not change flavor when interacting
with y or Z°

— leptons & quarks change flavor only when interacting
with W=, and only within its family

{
uv cv ' ‘Wi \{
dL s'), bL W+

Experimental Review of Rx anomalies @ Snail Lecture Jun. 30, 2017 Youngjoon Kwon (Yonsei Univ.) 22




Cabibbo theory for 3 generations

@ Then how does b decay at all?
Note: b - W~-t but m(t) » m(b)

@ For quarks,
— mass eigenstates # weak interaction eigenstates

— flavor mixing through CKM matrix

(d'\ (V., V. V., \[(d)
S' = Vcd VCS Vcb S

\b') \th Vts th/\b)

weak interaction mass

eigenstates eigenstates
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® CKM is 3x3 and unitary Vi Vus Vo
— only 3 generations in the SM Voo =| Vo Ve Vo
th Vts th
B CKM is almost 1, but not exactly
Vi=1, Vi=0 for i# j
[ 1=22/2 A ANX(p-im))
Ve = =) [-A7/2 AN
\Aﬁa-p-m) — AN L
A\ =0(0.1)

3 real parameters (A,4,p) and 1 phase ()

B How do we determine the CKM matrix elements?
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Expt’l determination of CKM elements

@ Vi and V
(1)

- (2)

BR(B —py) |V,

K'/p BR(BeKy) A
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CKM Unitarity Triangle

/ Vus \ * * *
VCKM — VCS Vud Vub + Vcd Vcb + th th =0
WV Vi Vi)

Unitarity triangle angles
BABAR: 3 a ~
BELLE: ¢; &9 o4

This talk: & S B

Z. Ligeti, from plenary talk @ ICHEP 2004
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Appendix
Angular Distribution 101
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Nete: ete” — Y (49) = BR

3217 stxte of (bb )
(T myye = (12 B(wB):J =0
1T wm>g = loo>

To  conserte aAA?ML\»  oorentum , W e

{llivb{w < qu = 2ty S g
X S
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What abot subseg et K¥s K ?

=) 2 We need 1Am> =130
ad £(8) « s12H
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The end of the kids’ stuffs.
Any questions?



