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MOTIVATIONS FOR
FLAVOR PHYSICS



Flavor physics is (well) described but

not explained in the Standard Model:

A large number of free
parameters in the flavor sector
(10 parameters in the quark
sector only, 6 m, + 4 CKM)

Elementary
Particles

- Why 3 families?

- Why the spectrum of quarks
and leptons covers 5 orders of
magnitude? (m,~ G6172.)

Force Carriers

- What give rise to the pattern
of quark mixing and the
magnitude of CP violation?

Flavor



Flavor physics is an open window on
New Physics: FCNC, CP asymmetries, ..

E.qg.
K-K° mixing:

New Physics can be conveniently described in terms of
a low energy effective theor'y:

The flavor | Ay >> Agwsg ~ O(1 TeV)

problem: New Physics must be very special !l




DETERMINATION OF THE SM

FLAVOR PARAMETERS
THE PRECISION ERA OF FLAVOR PHYSICS

g, = 2.280 10-3 + 0.6%
Am, = 0.502 ps-! + 1%
sin(2B) = 0.687 + 5%

We need to control
the theoretical
input parameters at
a comparable level
of accuracy !

Challenge for LATTICE QCD
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LATTICE QCD AND
QUARK MASSES



+ QUARK MASSES CANNOT BE DIRECTLY MEASURED IN
THE EXPERIMENTS, BECAUSE QUARKS ARE CONFINED
INSIDE HADRONS

¢ BEING FUNDAMENTAL PARAMETERS OF THE STANDARD
MODEL, QUARK MASSES CANNOT BE DETERMINED BY
THEORETICAL CONSIDERATIONS ONLY.

=) QUARK MASSES CAN BE DETERMINED BY COMBINING
TOGETHER A THEORETICAL AND AN EXPERIMENTAL INPUT. E.G.:

[MHAD(Aanamq)]TH' = [Mp,pl*“™"

LATTICE QCD



LATTICE DETERMINATION OF QUARK MASSES

m,(p) = my(a) Z,,(pa)

ADJUSTED UNTIL PERTURBATION THEORY OR
M LATT = V[ _EXP NON-PERTURBATIVE METHODS
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SYSTEMATIC ERRORS

m, (W) = m(a) Z,(u1a)
ADJUSTED UNTI/ l PERTURBATION
M, AT = M EXP THEORY

| 0@ | | O |
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NON-PERTURBATIVE
RENORMALIZATION

TWO IMPORTANT THEORETICAL TOOLS




NON-PERTURBATIVE RENORMALIZATION
THE RI-MOM METHOD

AN

Lo (p°) N

The (non-perturbative) *se
renormalization condition: e .
ZO(au) l_10 (p2)|p2=u2 =TI Tree-Level 0.70 ., Pert. Th.
Several NPR techniques have been R ACLY :
developed: War'd IdenTiTieS, 090 0% 094 %56 “oes 100 102

Schrodinger functional, X-space Y%




THE STRANGE QUARK MASS
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V.Lubicz, plenary at Lattice 2000 T.lzubuchi, plenary at Lattice 2005
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[PDG 2002: m= (120 = 40) MeV]



THE AVERAGE UP/DOWN QUARK MASS
From S. Hashimoto ICHEP 2004

RATIOS OF LIGHT

QUARK MASSES ARE CP-PACS (2000) —o—
PREDICTED ALSO BY JLQCD (2000) ::
CHIRAL PERTURBATION UKQCD (2001) | e
THEORY: i
m Nelson et al. (2001) A i
Eu =0.553 £0.043 CP-PACS/JTLQCD (2004) :;;7, -
d HPQCD-MILC-UKQCD (2004) |
m - |
— 24'4 i 1'5 I I R A A I N N N il ]—TL? l}lﬂl-‘-*‘ill'mm
(mu + md)/ 2 20 24 28

2 m/(m,+my)

Good agreement with the ChPT prediction
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CKM MATRIX
a) THE CABIBBO ANGLE

AND THE "FIRST ROW"
UNITARITY TEST
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The most stringent unitarity test:
Ivudl2 + Ivus|2 + Ivubl2 = 1

PDG 2004 quotes a 2G deviation from unitarity:

IV 2 + [V |2 + [V, ]2 -1=-0.0029 % 0.0015

V, 4 =0.9740 £ 0.0005 SFT and neutron B-decay

<

= 0.2200 £ 0.0026 K—7lv (BNL-E865 + old exps)

us

V.| =0.0037 £ 0.0005 b—u incl. and excl. (|V,,|?= 10-5)

BUT: the PD6G average for |V | is superseded by

NEW experimental and theoretical results




KI3: the NEW experimental results
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KI3 Theor'y

>

Vus=}"
Ny v

_GM
[(K—>7xlv(y))= —1 - K i
CLI VP | fE7 (0)]2 1, S,,, (1+6))? d

Gatto:

Ademollo- £.00) = 1 - O(m.-m,)? <=

O(1%). But represents the
largest theoret. uncertainty

Vector Current f,=-0.023
Conservation Independent of L,

(Ademollo-Gatto)

‘ f.0) =1+ -[‘2 S -[‘4 + O(p8) ‘ “Standard” estimate:
/ k\ \ Leutwyler, Roos (1984)
(QUARK MODEL)

GV f, = —-0.016 + 0.008

UNCERTAINTY




f,: the ChPT calculation...

8 .
f4 = Aloops(p) _ F‘ [C12 (M) + C34 (I.l)] (MKZ_ Mﬁ )2 Post and Schilcher,

Bijnens and Talavera

Ci, (M) and C;, (M) can be determined from the slope and the curvature
of the scalar form factor. But experimental data are not accurate enough

.. and model estimates @
Leutwyler and Roos, f,°=-0.016£0.008 [Quark model ]

Jamin et al., f,°°=-0.018 £ 0.009 [Dispersive analysis]
Cirigliano et al., f;9°=-0.002+0.008 [1/Nc+Low resonance]

Lattice QCD: VERY CHALLENGING

A PRECISION OF O(17%) MUST BE REACHED ON THE LATTICE!




The first Lattice QCD calculation

D.Becirevic, G.Isidori, V.L., G.Martinelli, F.Mescia,

S.Simula, C.Tarantino, G.Villadoro. [NPB 705,339,2005]

1) Evaluation of fu(quax)

The basic ingredient is a L ff’(qf““)' | -
double ratio of correlation (| I |
functions: i }
1.0075 - |
. 1% I
R — (mlsyo0ul K) (K|uyoes|T) st | | ¢
BT TR | 0 I P
| & |
_ [ a | )
(Mg + My)? > 2 | _!_}ﬁ""“"‘i‘"* ______ )
- '—]:1\11’ 1\[ "f[}(‘g”?'”r) 0.9975 — I By VT —
IV I AV 2006 004 —0.02 0.00 0.02 0.04 0.06
az(mzK—mi)2




2) Extrapolation

of fo(qiax) to fo(0)

f.(q)

—— Polar g'—fit ‘

11

fo(ql)
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Comparison of polar fits:
A.=(25%+2)103
A =(24.11+0.36)10-3

LQCD:

KTeV:

LQCD PREDICTION !

A= (12£2)10-3
Ay=(13.62%0.73)10-3




Preliminary unquenched
results have been also
presented

L L L L L 1 L 1 L 1
0.08 0.13 0.18 0.23 0.28

2.2 2 -2
aM_ +a M

£ (0) = 0.960 % 0.005  0.007

C.Dawson, plenary at Lattice 2005
( In agreement with LR Il )
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FIRST ROW UNITARITY

0.225 V.- 1. (0)-Summer 2004 Ii

I : [vus ) f+(o)]EXP =
0.222_— i | = 0.2250 + 0.0021
o9 t . LATTICE+UNIK’I;J:)I]?:)['Y_
0.216_— - — i . = H i f.,.(O) = O. 960 + 0.009
0.213 % 1{ L o KTeV _:
"k, #, K, &, || Vi =0.2250£0.0021

IV 4|2+ |V, |2+ |V, |2 - 1 = -0.0007 +0.0014
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CKM MATRIX:
b) THE UNITARITY
TRIANGLE ANALYSIS AND
CP VIOLATION

22



THE UNITARITY TRIANGLE ANALYSIS

ViaVib + VegVep + VigVip = O

Vekm #
(e A R(efin))
- 1-2212 A )2
| A3(1- ‘ Gn)-Ax? 1

CP violation
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THE UNITARITY TRIANGLE ANALYSIS

ViV + VeaVep + ViaVip = O

Vekm #

(a2 A R(efin))
. 1-22/2 AN

| A3(1- ‘ Gn)-Ax? 1

CP violation

(bou)boe) | p2+n2 | f,F()... ‘ 5 CONSTRAINTS ‘

Hadronic matrix
elements from
LATTICE QCD
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THE UNITARITY TRIANGLE ANALYSIS

ViV + VeaVep + ViaVip = O

Vekm ®
(e A R(efin))
- 1- X212 AN
| A3(1- ‘ Gn)-Ax? 1
CP violation
(b= u)ib=c) p? + n? f.F(1),... ‘ 5 CONSTRAINTS ‘
Am, (1_5)2 + n? féd BBd
Amy Am, | (1-p)? + 2 ¢ Hadronic matrix

elements from
LATTICE QCD
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THE UNITARITY TRIANGLE ANALYSIS

ViV + VeaVep + ViaVip = O

Vekm #

(e A R(efin))
: 1-22/2 AN

| A3(1- ‘A?@ 1

CP violation

(b—u)/(b—>c) 02 + 2 f.,F(1),...
Amd (1_5)2 + ﬁz féd BBd

Amgam, | (1-pp+72 | € clements from.
€k n[(1-p) + P] By LATTICE QCD

‘ 5 CONSTRAINTS ‘
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THE UNITARITY TRIANGLE ANALYSIS

Vekm #

8 1-A2

| A3(1- ‘A?@ 1

ViV + VeaVep + ViaVip = O

A R(efin))

1- 0212 A A2

CP violation

(b= u)i(b=c) p? + n? f,.F(1),... ‘ 5 CONSTRAINTS
Amy (1-p2+n2 | fg, By,
amgjam, | (et | & clements from.
& n[(1-p) + P] By LATTICE QCD
AUl Ks) | sin2@(p, n) — 27




V,, and V_ from semileptonic decays

i

)

.......
- 05
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V,, and V_ from semileptonic decays

N .
e ————— Ge?IVi? \

@ miv) = =gy s lda? M2 1 o)

vukQec o 1t o Za ubeaemy T
A APE
0 Fermilab
o JLQCD
o~ NRQCD
LCSR

ol—— LCSR

.t * N=3 (HPQCD)
- @ N.=3 (FNAL/MILC)
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K-K mixing: & and By
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K-K mixing: ¢, and B,

- o -~ 8 ¢ r S
(RO\Q(w)|K®) = 2 f2m B (1)

B,= 0.79 + 0.04 * 0.09

>
Qo
t]&
&4

=
-3

0.6

From S. Hashimoto

ICHEP 2004
[ 7 T

# JLQCD staggered, nommnv (1997)

8 JLQCD staggered. v (1997)
Lee-Sharpe mmp staggered (2003)

8 Gamiz et al. imp staggered (2004)

S

¢

g
Hil
e
Lii
|_%,_| &

+ 5PQcdE clover (2001)
% SPQcdR Wilson (2004)
% ALPHA mQCD (2004)

7 CP-PACS domain-wall (2001)

& RBC domail-wall (2002)

4 RBC domain-wall (2004)

> DeGrand overlap (2003)
Garron et al. overlap (2003)

01 02
a (fm)

=
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K-K mixing: ¢, and B,

From S. Hashimoto
: TICHEP 2004
0] (L LU (R

# JLQCD staggered. nommnv (1997) ]
8 JLQCD staggered. v (1997) N

Lee-Sharpe mmp staggered (2003)
8 Gamiz et al. imp staggered (2004)

S

g ]

+ 5PQcdE clover (2001)
% SPQcdR Wilson (2004)
% ALPHA mQCD (2004)

—0 - O = g 5 e r v CP-PACS domam-wall (2001} -
(K7 |Q() | K™) = < faemz Br (1) B A RBC domail-wall (2002)

: A 4 RBC domain-wall (2004)

> DeGrand overlap (2003)
<] Garron et al. overlap (2003)

ﬂ_j_l A N SR TR N R T R R A R

B,= 0.79 £ 0.04 £ 0.09 : R

LATTICE PREDICTION (I) B, =0.90+0.20 [Gavela et al., 1987]




B, and B, mixing: f,\B,

——"—'_._.
|

/a—-—‘w ‘_‘u
= *
Ll I~
ol L
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B, and B, mixing: f,\B,
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UT-FIT RESULTS |lUTf;¢

B Collaboration
E A, [JHEP 0507 (2005) 028]

‘ P =0.214 £ 0.047 ‘

oM | ‘ N = 0.343 + 0.028 ‘

Probability density

Probability density

Probability density
g

8
o —
8

= (98.2 +7.7)° Sin2p = 0.734 % 0.024 y = (57.9  7.4)°



INDIRECT EVIDENCE OF 2P
A CRUCIAL TEST OF THE SM

3 FAMILIES:
- Only 1 phase

- Angles from
the sides

Sin2py; o, o.. = 0.793  0.033 || Sin2p,,, ., = 0.687 £ 0.032




INDIRECT EVIDENCE OF 2P
A CRUCIAL TEST OF THE SM

3 FAMILIES:

- Only 1 phase

- Angles from
the sides

Sin2P,; o;u.. = 0.793 £0.033 || Sin2p,, .. = 0.687 + 0.032

Prediction (Ciuchini et al., 2000): Sin2f,., = 0.698 x 0.066




PREDICTION FOR Am_

y density
o(A mJps™)

=

o

(=]

—
|

Probabilit

0.0005—

[ R R | |§| ||§| g B ikt
00 10 20 30 40 0 5 10 15 20 25 30 35 40 0

Am,[ps ] Am[ps’]

Am_ = (22.2 + 3.1) ps”

DIRECT MEASUREMENT: Am_ > 14.5 ps*! @ 95% C.L.



LATTICE QCD vs UT FITS

= i 2 0.003F 2 000
‘n 0.004 D I it = i
c B c L ﬁ = i
] - @ @ I
o i o - T 0.003-
E 0.003 - E sl E I
L 002 o I S o002
o el [=] []

e | E - E i
- . Q- o001 B [
0.001 i 0.001-
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B, Fa.\[Bo, [GeV]

Lattice QCD UT Fits

0.79 = 0.04 * 0.09 0.69+0.10
276 * 38 MeV 265 + 13 MeV

1.24 + 0.04 + 0.06 [ 1.15 * 0.11




15 YEARS OF (p-n) DETERMINATIONS

|E’1_ i
1988 | 1995
N &
U—'II“I—U.SII”('I:IIHG.SHH'I D-‘I-ElISEIIGIS'I
P P
[ 2000 | - 2003
9.5:- 0.5 |
| ® | ®
ﬂ‘.-..l....l....l..-- D-IIIII N P
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1
P P

Such a progress would have not been possible without
LATTICE QCD calculations !




