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OUTLINE LECTURE 1

e in lecture 1:
e flavor structure of the standard model

e testing the Kobayashi-Maskawa
mechanism
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USEFUL REFERENCES

e some excellent introductions to flavor physics
e Kamenik, 1708.00771
e Nir, 0708.1872, 1605.00433
® Grossman, Tanedo, 1711.03624
® Gedalia, Perez, 1005.3106
e Blanke, 1704.03753
e Ligeti, 1502.01372
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MOTIVATION

Cosmological QCD electroweak GUT Planck
constant scale scale scale mass
10°2GeV 107’ 1073 107! 10° 10’ 10" 10" 10"

b

e why such hierarchical structure of SM
fermions?

e Standard Model flavor puzzle
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MOTIVATION

Cosmological QCD electroweak GUT Planck
constant scale scale <N scale mass

l !

“‘. 11 1015 1019

107 2GevV 10~° 10~° 107! 10°

b

e what lies above the electroweak scale?

e flavor physics a way to probe well
above EW scale
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FLAVOR STRUCTURE OF THE
STANDARD MODEL

e in the SM flavor refers to the type/generation of fermion

e below electroweak scale the unbroken SM gauge group
1S SU(S)CXU(I)em

® three generations of fermions

32/3 ¢ up type quarks; u,c,t
3_1/3: down type quarks; d,s,0b
1_4: charged leptons; e, b, T

1g : neutrinos; Ve, Vys Vs
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THE NAME

'

e origin of the name "flavor’

Browder, Gershon, Pirjol, Soni, JZ, 0802.3201

The term flavor was first used in particle physics in the
context of the quark model of hadrons. It was coined in
1971 by Murray Gell-Mann and his student at the time,
Harald Fritzsch, at a Baskin-Robbins ice-cream store in
Pasadena. Just as ice-cream has both color and flavor so
do quarks (Fritzsch, 2008).
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PHYSICAL PARAMETERS IN
THE SM

e SM has 19 parameters”
® 3 gauge couplings
® 3 lepton masses
® 6 quark masses
® 4 parameters in the CKM matrix
e 2 params in the Higgs sector

® strong CP parameter 0

*neutrino masses set to zero in this counting
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PHYSICAL PARAMETERS IN
THE SM

e SM has 19 parameters®

® 3 gauge couplings

_—9 3 lepton masses

fla VO\\ o
r
® 6 quark masses

i ® 4 parameters in the CKM matrix

o ) para in tesctor

® strong CP parameter 0

*neutrino masses set to zero in this counting
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PHYSICAL PARAMETERS

e what are physical parameters?

® parameters that cannot be rotated
away

¢ for instance: quark masses

J. Zupan Flavor physics: Lecture 1 9 HCPSS, Aug 28 2018



DIAGONALIZING QUARK
YUKAWAS
* use unitary Lvukawa 2 —ij QZHCZ% — Y,ijiLch% + h.c.

transformations —_——

Qr — VoQL, ur — VyUR, dr — VadRg,
T ——— e - R R —
e can bring the Y,,Ys Yukawas to the form

Yo = diag(ya, ys, y),  Yu = Vleag(yu, Yes Yt)

e
e how many physical parameters7 N

® YiY.:2x(9real + 9im.) #'s — A

o VoV, Vi 3x(3 real + 6im.) #'s

e one global phase no effect
e 2x9-3x3=9 real, 2x9-(3x6-1)=1 im. physical parameters
e 6 quark masses, 3 mixing angles, one phase
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ODNALIZING QUARK

~_ YUKAWAS

gy Lvukaa O Y, Qp Hdly — Y7 Q' Heuly + h.c.

transformations -
Qr — VoQL, ur — VyUR, dr — VadRg,
W‘—gﬂt ‘SW

e can bring the Y,,Ys Yukawas to the form

Yo = diag(ya, ys, ),  Yu = V' diag(yu, e, vr)

* how many physical parameters? ™~
® YiY.:2x(9real + 9im.) #'s uw CKM IP_?E’EL

e Vo,V Vi:3x(3 real + 6 im.) #'s

e one global phase no effect
e 2x9-3x3=9 real, 2x9-(3x6-1)=1 im. physical parameters
e 6 quark masses, 3 mixing angles, one phase

J. Zupan Flavor physics: Lecture 1 10 HCPSS, Aug 28 2018



ODNALIZING QUARK

~_ YUKAWAS

sy Cutawa O Yy Q1 Hdp — Y Qp Houl + hec.

transformations
Qr — VoQL, ur — VyUR, dr — VadRg,
L R ————

e can bring the Y,,Ys Yukawas to the form

Yo = diag(ya, ys, ),  Yu = V' diag(yu, e, vr)

* how many physical parameters? ™~
® Y;Yy:2x(9real + 9im.) #'s —wCKM IP&'
e Vo,V Vi:3x(3 real + 6 im.) #'s \

e one global phase no effect :
e 2x9-3x3=9 real, 2x9-(3x6-1)=1 im. physical parameters
e 6 quark masses 3 mixing angles, one phase J- /
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1 0 0 Cq3 0 8136_i5 Cio S15 U
VekM = | 0 cyq  Soq 0 1 0 —S15 Ci5 0
0 —855 Coq —813615 0 Cy3 0 0 1
C12€13 | S12€13 | 5136_25
= _312023_612323313‘?15 612023_312523313€Z§ S23C13 | >
SilioeoaasCioConanat e _612323_*‘312‘323*‘31362(S Co3C13
s = sinb;;, ¢;; = o805, :

w

e can bring the Y,,Y; Yukawas to the form

Yo = diag(ya, ys, y),  Yu = Vleag(yu, Yo Yt)

_— - T = ——
e how many phys1ca1 parameters’? i
® YiY.:2x(9real + 9im.) #'s CKM I_natrl-_—_i-ﬁ

e Vo,V Vi:3x(3 real + 6 im.) #'s
e one global phase no effect
e 2x9-3x3=9 real, 2x9-(3x6-1)=1 im. physical parameters
* 6 quark masses ié mixing angles, one phase J
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FLAVOR IN THE SM

e the main message:

e in the SM the flavor structure resides in the Yukawa interactions

Lyuiawa D — Y, QY Hd), — Y9 QY Houl, + h.c.

Yy = diag(ya, vs, w),  Yu = V'diag(yu, ve, yz)

e can move flavor cEanging interactions to kinetic term by field

redefinition (o h) Vi,
Mg =Y, 75 QL — ( dr ) :
¢ in the so-called mass basis
Lnt > (@lots) + = W Vg + mu iy (14 )+ ma, dydi(147) +he.
- . ——
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FLAVOR IN THE SM

e neutral currents are flavor conserving (at tree level)

® photon, gluon, Z: have flavor (generation) universal interactions

g
i % q;

M M m————n \

® Higgs has flavor diagonal interactions ~_=

e proportional to quark mass

|14
e charged currents are flavor changing %77 ar
® W couplings are flavor changing d
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VOR IN THE SM

* neu  flavor conserving (at tree level)

| . : : :
® photon, /{ on, Z: have flavor (generation) universal interactions

N
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® proportional to quark mass q/

e charged currents are flavor changing

® W couplings are flavor changing
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VOR SM

* neu  flavor ——L__ree level)
® photon, /,j on, Z: have flavor (generation) umipersal interactions
! \
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® proportional to quark mass q/

e charged currents are flavor changing

® W couplings are flavor changing
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VOR SM

* neu .  flavor ___ree leve

® photon, /’% on, Z: have flavor (generation) umig

/

e proportional to quark mass

e charged currents are flavor changing

® W couplings are flavor changing
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CHARGED CURRENTS VS.
NEUTRAL CURRENTS

charged currents

J. Zupan Flavor physics: Lecture 1

neutral currents

s—dyp- Br(Kp — prpT)=7x107".

Sl -
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CHARGED CURRENTS VS.
NEUTRAL CURRENTS

e no tree level Flavor Changing Neutral
Currents (FCNCs) in the SM

charged currents neutral currents

s—uuv B (£g+ — /L+V) = 64% s—dutu- BI(KQ — /L+,LL_) =7 x 1077,

- — 0p— L

e

C—>SUV Br(DjE — KO;FV) = 9% c—>ul*l- Br(DO o 7TOLL+,LL ) <1.8x 1074
Py cd _sd ds oy cii._ uii-dd
) 5 v B

%
u,t,c
W
U

I ——— ese—————




CKM MATRIX

e 3x3 matrix, is hierarchical

Vid Vus Ve~ [ 1 0.2 0.004
Ve = | Vg Vs Vg | ~ 0.2 1 0.04 |,
Via Vis Vi) \0.0080.04 1 |

® 1s unitary

VCTKMVCKM = VCKMV(];KM = 1.

d; ] . .
Toshihide Maskawa

¢
B . 1 A — i r—
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collider
physicist: 100
Ve~ 1 01 0
001

M MATRIX

Vi Vs V) [ 1 0.2 0.004)
Ve = | Vg Vs Vg | ~ 0.2 1 0.04 |,
Via Vis Vi) \0.0080.04 1 |

B e

® 1s unitary

VCTKMVCKM = VCKMVCTKM = 1.

: W
d; i ’ , ‘
14 1 Toshihide Maskawa
e ———

TR Nttt et
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CKM MATRIX

e hierarchical structure + unitarity

e encoded in Wolfenstein parametrization

( 1—\%/2 A AN (p —in)
Vekm = —A 1—X%/2 AN +0(\Y)
301 0 i\ A2
\AN (L = p = in) =X : A= |Vys| >~ 0.22

W

e CKM matrix depends on 3 real params, 1 phase
® 3 mixing angles, 1 phase
® in Wolfenstein param. trade for
® 3 real params: A, A, p,
¢ 1 1mag. param: 7
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CKM MATRIX

e hierarchical structure + unitarity

e encoded in Wolfenstein parametrization

/ 1—\%/2 A AN (p —in)\ £~
Vekm = —A 1—X%/2 AN +0(\Y)
31 _ o 2\ A2
\AN(1 = p —in)  —AA : A= |Vys| >~ 0.22

Ww
T ———

e CKM matrix depends on 3 real params, 1 phase
® 3 mixing angles, 1 phase
® in Wolfenstein param. trade for
® 3 real params: A, A, p,
¢ 1 1mag. param: 7
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CP VIOLATION IN THE
STANDARD MODEL

e CP violation in the SM

® all terms invariant apart from Yukawa terms

Yi ot Hobly + Yih gt =5 Vil High + Vit Hol,

R R R O S —_—_—_——
o CP conserved if Yukawas real

*— o o
V) = Y.

e in the SM the CP violation controlled by one
parameter: 7, "the CKM phase"

e CPT conserved in Lorentz invariant QFTs

e CP violation = T violation
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JARLSKOG INVARIAN

e for existence of CPV in the SM crucial
that 3 generations

e if 2 generations of quarks:
CKM matrix can be made real

e = no physical phase, no CPV "_\i@“;’q
e if Y, Yycan be made diagonal with the Cecilia Jarlskog in early 19808
same lef-handed rotation (= they are "aligned") :

e = Vcexv=1 = no flavor violation = no CPV

e all the above statements can be encoded in a single
parameter: the Jarlskog invariant

Jy = Im (det [Y;Y], Y, Y.1]).

=G By
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TEST CKM STRUCTURE

e all flavor transitions in SM depend only
on 4 fundamental parameters A, A, p, 1

e overconstrain the system by making
many measurements

e one way to visualise is through the
standard CKM unitarity triangle
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STANDARD CKM UNITARITY
TRIANGLE

e a test of CKM matrix unitarity

V(erKMVCKM = VCKMV(];KM = 1.

Yud bub 1 | thvtb:o —(ﬁ+iﬁ)+1+( 1=ﬁ+“7)—0
VedV3 VeaVi _ .
%‘W 19 pTn = b/( chb)

I —————— ——-"*



TY

(0,0) (1,0)

Figure 12.1: Sketch of the unitarity triangle.

VudVp o ViV "o — (p+ig) + T+ (= 1+ 5 +i7) =0,
VeV, " VeaViy + i
SZupan Flavor physics: Lectaren 19 s e




THE PLAYERS

e B-factories
e Belle (1999-2010): ~ 1.5 x 10° B mesons
e Babar (1999-2008): ~ 0.9 x 10° B mesons
e (super)B-factories
e LHCDb(2010-2030?): ~ up to 1011 (useful) B’s
e Belle-II (2018-20247?): ~ 8 x 1010 B mesons
e kaon physics experiments
e in the past (2000s): KLOE, NA62
e present: NA62 at CERN, KOTO at J-PARC
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THE PLAYERS

e B-factories

ast (2000s): KLOE, NA62
e present: NA62 at CERN, KOTO at J-PARC
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NEXT FEW SLIDES...

e pick apart two measurements

e this will lead us to new physics
searches
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MEASUREMENTS

e two types of measurements shown in the CKM
triangle plot

® tree level transitions

® less likely to be atfected
by new physics

® loop level transitions

e more likely to . { W ‘ d
L€, 1 2
be atfected by o d - W b -
new physics b " \ u,C, \ S

TIC1T OO0 ZUILO, AUS 20 ZU10
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MEASUREMENTS

e two types of measurements shown in the CKM

tr1ang1e plot

® less likely to be affected
new phy51cs @

'7_, T

® loop level transitions

e more likely to b o \ = ‘ o d
be affected by o d - W b
new physics b = l - \ - 0

d - ol b
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MEASURING GAMMA ANGLE

15 7171 [T T 71 1 T T—— L B B B L
i excludad area has CL> 0.95 : \ g : :
10 ; Amg& Amg
- sin2p3 :
05 -
IS 00 s R e S -
-05 — -
1.0 - i & _
B % sol. W/ cos2p<0 -~
= ICHEP 16 ' (excl. at CL > 0.95) -~
M5 Lo v o b v v e b b v by I

-1.0 -0.5 0.0 0.5 1.0 15 2.0

P
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MEASURING CP VIOLATION

e to measure phase y need to measure CP
violation

e CPV an inherently quantum mechanical
effect

e governed by a phase in the Lagrangian

e need interference to be sensitive to it
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INTERMEZZO

e not all phases are CP violating
e think of double slit experiment

® a phase difference between two waves
due to different paths

x A

N

N

J. Zupan Flavor ph, - — HCPSS 2018, Aug 28 2018




STRONG PHASES VS.
WEAK PHASES

* weak phases: phases that appear = | %
©
in the Lagrangian B2
1 ) v 15|
* these violate the CP 2L
7 ) — 10
* strong phases: phases that are A
CP conserving 3 0
: . Oi4‘ | I016| | le8‘ | I‘IjOl | ‘112‘ | I1l4l | ‘116
* for instance from rescattering of 2
particles, due to QCD interactions “eme=———""""""" T —
; 5 25| :
* thought experiment: | .
. Q| 20
rttniV—pt—mtrlscattering vs. < |5
Q. g 1.5+
reniV—p-—T70-1tY Scattering %D 5 1ol
O :
1 j_", 0.5
A x 5 5 : L
pe — m*“ + il 04 06 08 10 12 14 16
' e p2/m2
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CP VIOLATION IN THE DECAY

o direct CPV asymmetry A=AB — f),
I'B—f)-T(B—f) 1-—]A/A]?

A= AB - f).

AfEF(B%f)qLF(Baf)_1—\A/A\2’ ————
e assume two interfering contributions ai equl +101

A = aq €@¢1-|-251 1 as €Z¢2+252

A = a16—2¢1—|—251 1 CL2€_Z¢2+252.

T ————
e for simplifying assumption a>/a; « 1

az . .
Ap = a_? sin(¢gy — ¢1) sin(da — 81) + O(a3/a?).
e ——— weak strong

e direct CP asymmetry nonzero only it phase  phase

Py e
e there are at least two interfering amplitudes

e both strong and weak phase diff. nonzero
J. Zupan Flavor physics: lecture 1 3 HCPSS 2018, Aug 28 2018



OBTAINING GAMMA

e use interference between » — cis and b — wués

Gronau, Wyler, 1991; Gronau, London, 1990

DV~

DVK—

W,
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OBTAINING GAMMA

e use interference between » — cis and b — wués

Gronau, Wyler, 1991; Gronau, London, 1990

DK™

DUKT

W,
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MEASUREMENTS

e two types of measurements shown in the CKM
triangle plot

® tree level transitions

® less likely to be atfected
by new physics

® loop level transitions

e more likely to . { W ‘ d
L€, 1 2
be atfected by o d - W b -
new physics b " \ u,C, \ S

TIC1T OO0 ZUILO, AUS 20 ZU10
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MEASUREMENTS

e two types of measurements shown in the CKM
triangle plot

® tree level transitions

® less likely to be affected
by new physics

_#+00p level transitions

e more likely to b
be atfected by o 4
new physics b > l wet T

Uy G X

d -  — > b
« 2 A




MEASURING BETA
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MESON MIXING

* mixing: flavor eigenstates # mass eigenstates

* oscillation: initial flavor eigenstate time evolves
to a ditferent flavor eigenstate

® because flavor eigenstate composed from two
mass eigenstates

e for instance BO~bd = BO~bd
e the oscillation frequency is w=AE
® in the rest frame AE=Am

e oscillations a way to measure mass splittings

J. Zupan Flavor physics: lecture 1 36 HCPSS 2018, Aug 28 2018



MESON MIXING: WHAT IS
POSSIBLE AND WHAT IS NOT?
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MESON MIXING: WHAT IS
POSSIBLE AND WHAT IS NOT?

* a general rule: "what is not explicitly forbidden
1s allowed”
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* a general rule: "what is not explicitly forbidden
1s allowed”

e can B*~bu and B-~bii mix?
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MESON MIXING: WHAT IS
POSSIBLE AND WHAT IS NOT?

* a general rule: "what is not explicitly forbidden
1s allowed”

e can B*~bu and B-~bii mix?

® no, because U(1). is conserved
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MESON MIXING: WHAT IS
POSSIBLE AND WHAT IS NOT?

* a general rule: "what is not explicitly forbidden
1s allowed”

e can Bt~bu and B-~bii mix?
® no, because U(1). is conserved

e can B~bd and Bo~bd mix?
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MESON MIXING: WHAT IS
POSSIBLE AND WHAT IS NOT?

* a general rule: "what is not explicitly forbidden
1s allowed”

e can Bt~bu and B-~bii mix?
® no, because U(1). is conserved
e can B9~bd and BO~bd mix?

® yes, since nothing forbids it
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MESON MIXING: WHAT IS
POSSIBLE AND WHAT IS NOT?

* a general rule: "what is not explicitly forbidden
1s allowed”

e can B*~bu and B-~bii mix?

® no, because U(1). is conserved
e can B0~bd and BO~bd mix?

® yes, since nothing forbids it

e FCNCs forbidden at tree level, but
allowed at 1 loop
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CP VIOLATION

e 3 categories of CPV observables

® CPV in the decay: interf. between
decay amplitudes

Al # |4

® CPV in mixing : interf. between M and I, (different
ways to oscillate B0<>B0)

|Q/p‘ # 1 ’BL,H> — p’BO> T q‘BO>.
® CPV in interference between decays with and without mixing
I _gqA
o B
pAf
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B MESON MIXING

e for fthatis a CP eigenstate, e.g., f=]/UKs

® time dependent CP asymmetry

d 71 0 ' d 7[R0 ‘
As (1) = fF:‘E_} (t) = Jepl - fF:B (t) = fCP:,

%F_Bo(t) — fCP_ -+ EF_BO(t) — fcp_
e .

A (1) = S¢sin(Amt) — Crcos(Amt). oo

J. Zupan Flavor physics: lecture 1 39
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B MESON /\

e for fthat is a CP eigenst. -

e time dependent CPas \J

d 171 0 ' d 171 R
As (1) = fr:{} (t) = Jepl = ?F:B ————e e
4[BO(t) — fop) + LT[BO(t) — fop]

At p(t) = Srsin(Amt) — Cycos(Amt). oo

T ———— e T(Bo(t)%]/ll)Ks)

&«

t)

0.010 ¢

S

B9 (t),Bbar’
o
o
<
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B MESON MIXING

Afop (t) = Sy sin(Amt) — C'r cos(Amt). Af =

e Srmeasures CPV in interference between
decays with and without mixing

o QIm)\f
PP

o (risdirect CPV

asymmetry
1 — [Af]?
Cr =
T =1+ Ar|?

et T ———
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THE UPSHOT

¢ CPV an inherently quantum mechanical effect
e governed by a phase in Lagrangian
¢ KM mechanism the dominant origin of CPV

® measurements point to a consistent picture

A=0.825(9), A=0.2251(3), p=0.160(7), 7= 0.350(6).

T —— S e
e since psf] the CKM weak phase is large, O(1)
el = '52 + 772 — a..rg( ub>7

e tests will be significantly improved in the near future
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THE FUTURE: TREE
PROCESSES ® BELLE 2

Charles et al, 1309.2293
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CONCLUSIONS

e have looked at the flavor structure in
the SM

e experiments shows it is predominantly
due to Kobayashi-Maskawa mechnism
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JARLSKOG INVARIANT

e since nonzero CPV means Jarlskog invariant is non-zero

Jy = TIm (det [Y,Y], Y, Y1]).

o explicitly it is m2 — m
Jyv = Jop H (10_22)
)

JCP = Im [VuchbV;bV;} — 6126236%3812823813 Sin 5KM ~ )\614277 ~ 0(10_5).

—

u

2 2
) (mi —mg) (mi —my) (mg —my,) (my —m3) (my —mg) (Mg — mg)
v2/2

. v? /2 v? /2 v? /2 v? /2 v? /2 v? /2

e Jy=0, if any of the mixing angles zero or if n=0
¢ [y=0, if any of up or down quark masses are degenerate

e origin of the so called GIM mechanism: FCNCs in the SM vanish
for equal masses = extra cancellations in SM amplitudes
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