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Main lesson from quark flavor physics

Standard Model of particle physics is very successful in describing
quark flavor mixing
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Main lesson from quark flavor physics

Standard Model of particle physics is very successful in describing

quark flavor mixing

Nobel Prize in Physics 2008 awarded to

Kobayashi and Maskawa:

“for the discovery of the origin of the broken
symmetry which predicts the existence of at
least three families of quarks in nature”
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Main lesson from quark flavor physics

Standard Model of particle physics is very successful in describing
quark flavor mixing

... and from absence of excessive flavor-

W—|—
changing neutral currents (FCNCs), such g
— _ SL ur, Vckm = CKM
as D-D mixing, K1 — p"u~, B — Xyy etc., matrix
which are forbidden at tree level in SM (Vorn)us
L , 2
Upshot: effects of beyond SM physics in gw
. qi q; 0 = diagonal
quark flavor-mixing can only appear as Matrix

corrections to leading CKM mechanism 03



Still there is a problem of flavor ...

£5)
Lepr = Afy@T® — \(®TD)? + L3375 + LI + vl + ...
Uuv
electroweak symmetry - generic flavor
breaking U Higgs mass large FCNCs structure
T s d ,
O oty L
h h 1672 Az
T d S
no fine-tuning U bounds on flavor mixing \U

e Solutions to flavor problem explaining Aniggs << Afavor:  (see talk by A. Weiler)

() Auv >>1 TeV: new particles too heavy to be discovered at LHC

(i) Auv = 1 TeV: quark flavor mixing protected by flavor symmetry



Hierarchies from geometry:

Vuov=——

= A= —24M}2>1,5 k2 <0 ViR= 7
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Slice of AdSs with curvature k:

ds? = 6_2077Wd33“dx” — r?d¢?

_ _ e—krﬂ' ~ 10—16’
Mp

€

*Randall and Sundrum, hep-ph/9905221, hep-th/9906064

L =—lne~ 37,

RS model”

o = kr|¢|

MKK — ke = few TeV



Hierarchies from geometry: RS model

SUB)cx SUR2)Lx U(l)y SUQ3)cx U(1)em

SM matter and gauge fields

0 @ T

Pattern of symmetry breaking:

» bulk gauge group SU(2). x U(1)y broken by IR brane-localized Higgs to U(1)em

» after electroweak symmetry breaking, heavy gauge bosons and their Kaluza-
Klein excitations get masses myo, m =~ 2.45 Mkk, ...



ultra-violet (UV)
brane
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Profiles of gauge fields:
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RS model: Gauge boson profiles”
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*Davoudiasl et al., hep-ph/9911262; Pomarol, hep-ph/9911294; Chang et al., hep-ph/9912498

infra-red (IR)
brane
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RS model: Gauge boson profiles”

€ { 1

Profiles of gauge fields:

» while profiles of photon and gluon are flat, wave functions of heavy gauge
bosons and profiles of KK modes peaked at IR brane

» non-trivial profiles entering overlap integrals alter interactions compared to SM

*Davoudiasl et al., hep-ph/9911262; Pomarol, hep-ph/9911294; Chang et al., hep-ph/9912498



RS model: Fermion profiles™

ultra-violet (UV) light fermions infra-red (IR)
brane brane

coy, <—1/2

Profiles of fermion fields:

CiN(p) ~ (| = F. t4, SV (¢) = +sgn(o)

Fe.
70 7C MKK * A

Le m, [t tltea —¢=ca
( Fe, 1 —2¢cy )

*Grossman and Neubert, hep-ph/9912408; Ghergetta and Pomarol, hep-ph/0003129; Casagrande et al., arXiv:0807.4537



RS model: Fermion profiles”

light fermions

coy, <—1/2

Profiles of fermion fields:

» localization of fermion profiles in extra dimension controlled by bulk mass
parameters co, = +tMo /k

» top quark lives in IR to generate its large mass, while light fermions live in UV

*Grossman and Neubert, hep-ph/9912408; Ghergetta and Pomarol, hep-ph/0003129; Casagrande et al., arXiv:0807.4537



RS-GIM mechanism™®

e Quark-quark-gluon vertex in flavor eigenbasis:

OGP~ —igPy VL EF, | Fe o~ T

P

e Quark-quark-gluon vertex in mass eigenbasis:

7, G\P ¢ ~ —igiPyVLF,, F., , GGV s~ —igiPyVLEF, F.

( J

Important features:

» in flavor eigenbasis KK gluon couples to quarks flavor diagonally but non-
universally, so that after rotation to mass eigenstates tree-level FCNCs arise

» since FCNCs are proportional to FCAiFCAj, exponential suppression of
fermion profiles F,, at IR brane guarantees flavor protection (RS-GIM)

(see talk by A. Weiler)

*Agashe et al., hep-ph/0406101, hep-ph/0408134



—lectroweak precision tests”

e Heavy Higgs boson (natural in RS) helps relaxing constraints from S and T
parameters and Zbb couplings
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[ minimal RS prediction for A minimal RS prediction for reference point
Mxk € [1,10] TeV and L €[5, 37] with Mxx = 1.5 TeV and m;, = 400 GeV
B SM reference point for m, € [60, 1000] GeV SM prediction for m;, € [60, 1000] GeV

*Carena et al., hep-ph/0305188; Casagrande et al., arXiv:0807.4537



Sources of flavor violation™

@) (@) )
f \\\ II f ’
f(k) ______
AN X h
({Y)

Flavor violation arises from:

» modification of W, Z boson profiles due to electroweak symmetry breaking
on IR brane

» non-trivial overlap integrals of KK gauge-boson profiles with SM fermion
wave functions

» non-orthonormality of fermion profiles interpreted as mixing of SU(2).
singlet and doublets via their KK excitations

*Huber, hep-ph/0303183; Burdman, hep-ph/0310144; Agashe et al., hep-ph/0408134; Casagrande et al., arXiv:0807.4537



Mixing matrices: Gauge and KK boson effects

Uq> ; (Aq)ija (A;)z’ji Qi — G, Uq — an
j

7 1)

Effects due to gauge-boson profiles™:

» parameterized by four mixing matrices

A4, A4 built out of F.,, and left- and \
right-handed rotations U, and W,

» A4 contributions are enhanced with

respect to A4 corrections by logarithm

L of warp factor

*Agashe et al., hep-ph/0308036; Burdman, hep-ph/0310144; Casagrande et al., arXiv:0807.4537



Mixing matrices: Fermion mixing

_ . | F2 ]
o @, W di - S || W
_ 17

m diag (mgq,, Mg, m
(0q)ij: Cqi — @iy Wy — Uy, Tq = - 1 = ( 3\14 427 Mgs)
KK KK

Effects due to fermion mixing*:
» mixing matrices o4 are parametrically of
same order as A4, A4 as they are not
suppressed by 2/Mgx in Feynman rules

» fermion mixing is only source of flavor-
breaking in Higgs-boson couplings that
are proportional to m,/v o4 + 0o m,/v

(small effect)

*Casagrande et al., arXiv:0807.4537 10



Mixing matrices: Scaling relations

FH <7, FH <7,
cQ,; Cq,
(Ug)iz ~ (Vorm)ij ~ 4 (Wy)ij ~ 3
FCQ. ch_
. Y] Z > j? . Y] Z > ,_7 9
\ FCQz‘ \ chi
My, M 1 v2Y?
(A(,))z NFC .FC N (5Q)z -~ q:"'""q;5 ~ q ch.ch ’
@ R ! MIQ{K FCQ@' chj MIQ{K ' ’
My My . 1 v2Y 2
(AN ~E Fe oy (8g)i ~ —e 2 ~—L F., Feo
! ’ ’ ’ Y MIQ{K FCQ,L-FCQJ- MIQ{K Vi V3

o Fe, Fey factors present in expressions for A4, A4, and 04 mixing matrices
makes RS-GIM suppression explicit

*Casagrande et al., arXiv:0807.4537
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Anatomy of tree-level FCNC processes

e Three types of generic contributions to dimension-six operators:

m n m n
\,\T/,/
~(F) i h
/4/‘\
77,/ m/ m’ m’
dominant contribution to  dominant contribution to small contributions to
AF = 2 processes AF =1 processes AF =1, 2 processes

e Like in SM, dimension-five perators contributing to B — Xy or u — ey
arise first at one-loop level

12
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Meson mixing:

—ffective Hamiltonian®

SM RS
5 3. W
HeAffSZQ — Z Cz Qz + Z CZ QZ 5L ¢ ¢ dr, SL dr,
i=1 i=1 dr SL dr MONENG
W
- aNs T Al ~ ~ S
Q2 = (d%st)(dRsy), ~ Arl  ~ N
RS S
Qs = (ds}) (dst) Cfk = 3 (B ® By [T+ 0150
10 _Q K1 47TL ~ ~
Q1 = (d%s%)(dLsR) CRS. = N (Ap),, @ (Ad),, [~20] ,
s = (daRS%)(d%S%) ; Al ~ ~ 20
~ 8= 2 G010 B[22 00
Qio23:L— R KK

(An)mn @ (AR)mmr — (Aa)mm (AB)mim:

*Csaki, Falkowski, Weiler, arXiv:0804.1954: Blanke et al., arXiv:0809.1073; Bauer et al., arXiv:0811.3678 13



Meson mixing:

Q1 = (dfyust)(dp"sy)
Q2 = (dks?)(dyst) ,

Qs = (dks7)(dRst)

Q4 = (dis?)(dysp),

Qs = (disy)(dys%),
Qios: L« R

—ffective Hamiltonian

SM RS
3 %4
=N A SL d
Z Cz Qz c C . oL IR
P dr, SI. dr g ®) SR
%4

e Contribution from Wilson coefficient of Q04 to

CP-violating quantity ex strongly enhanced
through renormalization-group evolution and
chiral factor (mx/ms)? in matrix element:

Cev
3

lex|rs o< Im

C1i% +115 (Cﬁ( +

*Csaki, Falkowski, Weiler, arXiv:0804.1954; Bauer et al., arXiv:0811.3678



Meson mixing: Neutral kaons™

e Generically |ex|/|ek]|exp = O(10) in RS model, where |eglexp = (2.23 £0.01) - 10-3.
But |ex| = |ek|exp pOSSible even for Mkk = 1 TeV after some fine-tuning
(see talk by A. Weiler)

3000 randomly chosen RS points with

'Y,| <3 reproducing quark masses and
CKM parameters with y?/dof < 11.5/10
(corresponding to 68% CL)

e satisfying 95% CL limit
lex] €[1.3,3.3]-1073

e without Z — bb constraint

......... ¢ ® with Z — bb constraint at 95% CL

Mxx [TeV]

*Csaki, Falkowski, Weiler, arXiv:0804.1954: Blanke et al., arXiv:0809.1073; Bauer et al., arXiv:0811.3678 14



Meson mixing: ldeas to reduce fine-tuning in |exl*

S1: Standard
Yq| <3

S3: Alignement

Cd] — Cd2 — Cd3

® 48%
® 24%

16% pass

Mk [TeV]

Mxx [TeV]

S2: Big Yukawas

1Yyl <12

® 44%
® 26%

19% pass

S4: Little RS

*Davoudiasl et al., arXiv:0802.0203; Santiago, arXiv:0806.1230; Bauer et al., arXiv:0811.3678 & paper in preparation
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ex| in little

RS models”

e Since many amplitudes in RS model are enhanced by logarithm of warp
factor L, harmful effects can naively be suppressed by volume truncation

51076F 4

ca. = —1

Fa,Fp;independent

—1-107°}

~3-107°}

|||||||||||||||||||

*Davoudiasl et al., arXiv:0802.0203

Typical bulk parameters for L =7

co, = —1.06, cq,=-077, cqg, =—0.61,
Cu, = —1.92, ¢y, = —0.96, ¢y, =+0.34,
cqg, = —1.75, cq, =—1.53, cq, =—0.93

* For ca; +cp; < —2 weight factor 2 appearing
in overlap integrals of A4s®Ap not sufficient
to suppress light quark profiles in UV.

This partially evades RS-GIM suppression!

Bauer et al., arXiv:0811.3678

16



ex| in little

RS models”

e Since many amplitudes in RS model are enhanced by logarithm of warp
factor L, harmful effects can naively be suppressed by volume truncation

Auv , AR

102 10* 10° 10% 10 100 10M 10'®

- UV dominance

|Aek|LrS
|Aek |rs

*Bauer et al., arXiv:0811.3678

Typical bulk parameters for L =7

co, = —1.06, cq,=-077, cqg, =—0.61,
Cuy = =192, ¢y, =—0.96, cu, =—+0.34,
Cd, — —1.75, Cdy, — —1.53,

Cdy = —0.93

e Condition cg, *+ca, >—2 implies L > 8.2,
corresponding to Ayv > few 103 TeV. UV

dominance in |ek| is thus natural feature of
little RS models

16



BSM physics in By mixing™

e Tantalizing hints for new physics phase in Bs —Bs mixing from flavor-tagged
analysis of mixing-induced CP violation in B; — J/w¢ by CDF and D@

excluded area has CL > 0.95

CKMfitter combination:

04 |-

» CDF dataonly 2.1c

N
SM

all
. cOS(ge) X AT,SM ‘ f » CDF and DJ data 2.7c

02k \ | » full BSM physics fit 2.56

Discrepancy of ¢s = 2|fs| — 2¢ 5, with

0.2 |-

» DA dataonly 1.96

os - ﬂ New Physics in B,_B_ mixing respect to SM value ¢; = 2" at around
—uY- 1 er 1
o . . . . 26 level. Issue will be clarified at LHCb
_3 -2 -1 0 1 2 3

Ps = 2|/63| - 2¢BS

*Aaltonen et al. [CDF Collaboration], arXiv:0712.2397; Abazov et al. [DG Collaboration], arXiv:0802.2255



Meson mixing: Neutral By mesons™

e Constraint from |ex| does not exclude O(1) effects in width difference
AI'y/T's of Bs system

00— .
[ . S1]
0.15} U
[ . »
[ ¥ ?
0.10} Y DA
L | °
s |
<
0.00}
-0.05}
oo '
-1.0 -0.5 0.0 0.5
Sug

*Blanke et al., arXiv:0809.1073; Bauer et al., paper in preparation

Al =T% — T
= 2|5 cos(2]Bs| — 2¢B,)

SM: AT/Ts = 0.13, Syp =~ 0.04

® consistent with quark masses,
CKM parameters, and 95% CL

limit |ex| € [1.3, 3.3] - 10-3

18



Meson mixing: Neutral By mesons™

* In RS model significant corrections to semileptonic CP asymmetry As;
and Sy¢ = sin(2|fs| — 2¢s,), consistent with |ek|, can arise

I B S .
| . S1]
100f .
50f .
7 | 3
>
S \
~50} o
~100¢
150
~1.0 -0.5 0.0 0.5 1.0
Sug

*Blanke et al., arXiv:0809.1073; Bauer et al., paper in preparation

I'(By, —»1TX)-T'(B, —» I X)

s
SL —

:Im< 12>
M,

SM: Asr. = 2-10-5, Sy = 0.04
model-independent prediction

® consistent with quark masses,
CKM parameters, and 95% CL
limit |ex] € [1.3,3.3]-10-3

['(Bs — It X)+T(Bs — - X)



Meson mixing: Neutral D mesons™

* Very large effects possible in D —D mixing, including large CP violation.
Prediction might be testable at LHCDb

S1]
2.0( - D A1y AC=2
; ; (M12)* — <D‘Heﬂ-’,RS ‘D>
I I Dy _2i
15} - = |Mis|e or
H
<o ) : - - maximal allowed SM effect
- with no significant CP phase
.5- -
i S ¢ consistent with quark masses,
" CKM parameters, and 95% CL

limit |ex| € [1.3, 3.3] - 10-3

*Bauer et al., paper in preparation



Rare decays: Effective Hamiltonian®

10

Hggf{qsci _ Z (CZ'RS Qi + CRS QZ) b q b q

1=3 S g(’f) q S Z. 7(k) q

Qs = 4(5¢7"6%) Y q (@1 ud1) Q7 =6(517"b%) Y g Qq (TR VuaR) 5

Qs = 4 (517"01) Zq (Q?%'Yuq;b—‘z) ) Q1o = 6 (577"07) Zq Qq ((ﬁ:%bq%) v
Qs_10: L <~ R

e KK gluons give dominant contribution to QCD penguins Os-¢. Electroweak
penguins OJ7-10 arise almost entirely from exchange of Z and its KK modes

*Bauer et al., paper in preparation
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e Analogous expressmns for
Wilson coefficients Cxo1o of

opposite-chirality operators

Only four couplings:

» Ao, Agarising from g,
v and Xp, X, due to Z,
/) exchange

» former two couplings can
be made small, but latter
ones cannot

*Bauer et al., paper in preparation

Rare decays: Effective Hamiltonian®

Oy~ = M2, 6 652 c2 M2 (%p)2s
CRS — RS — _ QXZ%K (Ap)as,

CH> 67;\22;{ (Ap)23

CR> 9?\;}%{ (Ap)as — 3657;\22{}{ (Xp)23,
Ce® = Crp =

CHR> 9?\;}%{ (Ap)os + 2 1212)7;\;12{K (Xp)2s
ZQ:LG—%) ’Q+J\§§ZK5Q

20



Rare K decays: Golden modes”

e Spectacular corrections in very clean K — mvv decays. Even Grossman-Nir
bound, B(K; — 7°wv) <4.4B(K*— m"vv), can be saturated

N e
' ° 1181
100:- . i - SM: B(K™— w"vv) = 831011,
= | o, " 5) . 10-11
5 80t S : B(KL— 7)) = 2.7-10
~ S |
= ol S : 1 o
Oz o0 @@Q’/ ! ! ] - = central value and 68% CL limit
o & o | - BK+— mtvw) = (17.371132) - 10-11
K A0r | : from E949
Q . . L. l
ol S L | | e consistent with quark masses,
b | | CKM parameters, and 95% CL
- ! limit |ex| € [1.3,3.3]-10-3

*Grossman and Nir, hep-ph/9701313; Bauer et al., paper in preparation 21



Rare K decays: Golden modes”

e Sensitivity to KK scale extends far beyond LHC reach. K — mvv modes
offer unigue window to BSM physics at and beyond TeV scale

120

100}

[107"]

60|

404

B(KL - 7TOV)_/)

)

80|

M KK [TGV]

*Bauer et al., paper in preparation

S1]

M) ~ 2.90 MKK ;
M2 ~ 5.99 MKK ,

SM: B(Kr — n%p) = 2.7-10-1

® consistent with quark masses,
CKM parameters, and 95% CL
limit |ex] € [1.3,3.3]-10-3

21



Rare K decays: Silver modes”

e Deviations from SM expectations in K, — 7°%vv and K, — #°/*[~ follow
specific pattern, arising from smallness of vector and scalar contributions

10 ""I""I""I""I'. ''''
B . 81
St
- e'e” .
| i .0°
=T
= ol 7
P
L [ / ° .
Ol‘\‘ i .0 °
T .
0 }:" 7 !
O .............................
0 10 20 30 40 50

B(Kp - n'vv) [107"]

*Bauer et al., paper in preparation

SM: B(Kr — nv) = 2.7-10-11,
B(K; — nlete”) = 3.6-10-11,
BKr— nutp) = 1.4-10-11
for constructive interference

model-independent prediction

® consistent with quark masses,
CKM parameters, and 95% CL

limit |ex| € [1.3, 3.3] - 10-3

22



Rare B decays: Purely leptonic modes™

e Factor ~10 enhancements possible in rare Bys— 1'u~ modes without
violation of Z— bb constraints. Effects largely uncorrelated with |e|

SM: B(Big— uu) = 1.2-10-19,
BBs— u'u) =39-107°

> |

T | minimum of 5.5 - 10~ for 5¢
[ ) T ! discovery by LHCDb, 2 fb-!

N 30;" . ] B 95% CL upper limit from CDF
T 0p b, " : B(Bs— ') <5810

® consistent with quark masses,
CKM parameters, and 95% CL

limit of Z — bb

B(By— pp7) [10717]

*Bauer et al., paper in preparation 23



Rare B decays: Purely leptonic modes™

e Enhancements in Bys— w"u~ strongly correlated with ones in very rare
decays B — X;svv. Pattern again result of axial-vector dominance

70 [ _
[ 81
60F '
& sof
=
s 40:— >
L:L [ ’ *
? 30¢ :
5 | $
g 20} r
[ s Y
10:- f
o
0 5 10 15 20 25 30 35

B(B - X,vv) [1077]

*Bauer et al., paper in preparation

SM: B(Bs— uuw) = 39-107,
B(B— X;vv) = 3.5-10°

model-independent prediction

® consistent with quark masses,
CKM parameters, and 95% CL

limit of Z — bb

23



Rare B decays: Inclusive semileptonic modes™

e Once Z— bb constraints are satisfied, values for B— Xsu"u~ branching ratio
arising from Z and Z® exchange are typically within experimental limits

S ———————————————— —
' S1
! i SM: BB — Xspu) =~ 1.7-10-6
o | ' for g2 € [1, 6] GeV?2
= . .
*i: P . ) -.. . - = central value and 68% CL limit
T A R s A BB — Xsp'w) =(1.6+0.5)- 106
D [T RS N S| from BaBar and Belle
h SRR S WAL I (95 ._.___:.__"_?_’___'_'
Ir R o - ® consistent with quark masses,
o CKM parameters, and 95% CL
0246810 limit of Z — bb
Mgk [TeV]

*Bauer et al., paper in preparation 24



Rare B decays: Inclusive semileptonic modes™

e Deviations of zero in forward-backward asymmetry, g2, in B— X;u'u~ from
SM prediction might be observable at high-luminosity flavor factory

44— —
[ S
42L . ]
40 ‘
o3l oo temel S T SM: g5 = 3.6 GeV>
L -_______.g_c____..___“‘_':____ P -F-gt-g®
@) o ° Ve e’ 2 3% 5 o825 -

NO 36_ o‘g}.*'
S °

- = expected sensitivity at SuperB

(| XY factory, 75 ab-!
; 21 .’ . . o . I ® consistent with quark masses,
T CKM parameters, and 95% CL
oL | limit of Z — bb
2 4 6 8 10
Mgy [TeV]

*Bauer et al., paper in preparation
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Non-leptonic B and K decays”

e Electroweak penguin effects in rare hadronic decays such as B— Kz or

B — ¢K are naturally of O(1) compared to SM and can introduce new
large CP-violating phases. Similar effects can occur in K — 7w

08 ¥

0.6

‘ CKM2008

PRELIMINARY

Potentially relevant for:

0

02 04 06 0.8
sin(2p°")

*Bauer et al., paper in preparation

» explaining large CP asymmetries in
B — K= and determining of sin(2¢t)
from penguin-dominated modes

» studying correlations between ratio
ex/ex measuring direct and indirect
CP violation in K — 7w and large
effects in rare K decays

25



Correlations between ex/ex and rare K decays”

e Even in view of large theoretical uncertainties, data on ex/ex imply non-
trivial constraints on possible BSM effects in rare K decay

100
50} - = experimental 95% CL limit
_ ﬁ eklexk €[11.5,21.9]-104
5
: 0 ® upper value (theory parameter var.)
fm e central values (default theory pars.)
N lower value (theory parameter var.)
consistent with quark masses,
CKM parameters, and 95% CL
~100 limit |ex| € [1.3,3.3]-10-3

B(K; - 7%vvy) [1071]

*Bauer et al., paper in preparation 26



Conclusions

e | HC is there (maybe, sometime ...), but LHC discoveries alone unlikely
to allow for a full understanding of new phenomena observed

e Flavor physics can play a key role in this respect, since it offers a
unique window to BSM physics at and beyond the TeV scale

e \Warped extra dimensions offer a compelling geometrical explanation of
gauge and fermion hierarchy problem, mysteries left unexplained in SM

e Flavor-changing tree-level transitions of K and B; mesons particularly
interesting as their sensitivity to KK scale extends beyond LHC reach

27



