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1 We are entering the TeV era.Why is ~5 GeV
precision physics still interesting?

Any theory of the weak scale (susy, technicolor,

WO oAy N T e

>l
3 g




| HCb reaches adolescence
S. Stone @ LPCC

LHCb Preliminary b
\E =7TeV = | rS_t

1.9 1/pb RO oscillations
seen at LHCD!
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first 3/ |/pb!

Tight cuts loose

Prefiminary 1/3 of events
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Invariant mass (GeV/c?) Invariant mass (GeV/c?)

Acp(Bo) = = 0.134 + 0.041
Acp(Bs) = = 043 +0.17

Raw asymmetries, stat. error only, have to be calibrated & corrected



We are entering the eV era.

Why i1s ~5 GeV high precision
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Indirect tests: new physics C.S.1.

SM has accidental symmetries (B, L), e.g.
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The SM ftlavor puzzle

Yp ~ diag (2-107° 0.0005 0.02)

1-10° 0.004 —0.04 + 0.001
8.1072+2-10"% 0.0002 0.98

YU%

( 6-106 —0.001 0.008 + 0.0041 )

Why this structure! Small & hierarchical.

Other dimensionless parameters of the SM:
gS ~I’ g~ 06’ g’ » 03’ >\Higgs~ I, ’9| = 10_9



UTHit 08, Isidori et.al ‘10
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UTHit 08, Isidori et.al ‘10

Operator Bounds on A in TeV (¢;; = 1) | Bounds on ¢;; (A =1 TeV) Observables
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UTHit 08, Isidori et.al ‘10

Operator Bounds on A in TeV (¢;; = 1) | Bounds on ¢;; (A =1 TeV) Observables
Re Im

(517"de) Amg; €k
(ngL)(ngR) Ampg; €x

(cLy ur)? Amp; |q/pl, o0
(cCrur)(CLur) Amp; |q/p|, ¢p
(bry*dr)? Amp,; Syks
(brdr)(brdr) Amp,; Syks

(bL")/'LLSL)2 AmBS

~ (brsL)(bLsr)

ol e
) s ) H b
it b YT O



Why are FCNCs so suppressed in the SM¢

no tree FCNGs: 9"/ (47)° ~ (1/30)2

2 _ 2

mixing & GIM mCmQ v sin? 0 ~ (1/400)2
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Flavor and CP in the SM

Experimental picture
+ spectrum, BR, Acp, particle-antiparticle oscillations
+ determine masses, mixing angles and phases

Theorist's view
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Flavor and CP in the SM

Experimental picture
+ spectrum, BR, Acp, particle-antiparticle oscillations
+ determine masses, mixing angles and phases
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Flavor and CP in the SM

Experimental picture
+ spectrum, BR, Acp, particle-antiparticle oscillations
+ determine masses, mixing angles and phases

Theorist's view
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Flavor and CP In the SM

Yukawa matrices Yy & Yp encode flavor violation

(QLQ1) e LT UG
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Charged currents:
measure only LH misalignment




Charged currents:
measure only LH misalignment

Neutral currents:
enhanced flavor symmetry
SU(S)Q i SU(S)uL X SU(S)dL

Yukawas diagonal, no (tree-level) flavor violation




CP violation In the quark sector

Two 3x3 Yukawa matrices: 2 x (9 real, 9 phases)

Flavor symmetry U(3)g x U(3)u x U(3)a/ U( )8
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Verwm) Veka = 1




Ve have come a long way. ..

source: utfit.org



Only a subset of all constraints, other precision tests also
consistent. ..



Tree level CKM

not affected by new physics, crucial to constrain NP

’y[o] = —1006 = 11
and 74 + 11

Need better precision
IN gamma to resolve
tensions in CKMI!




Tree level CKM

not affected by new physics, crucial to constrain NP

v[°] = —106 + 11
and ==

need better precision In gammal



Tree level CKM

not affected by new physics, crucial to constrain NP

need better precision In gammal



CKM assumption self-consistent?

“Most likely, CP violation in flavor violating processes
is dominated by the KM-phase.”

Various 2~3 g tensions: first signs of NP or flukes?




CKM assumption self-consistent!

“"Most likely, CP violation in flavor violating processes
is dominated by the KM-phase.”

Various 2~3 ¢ tensions: first signs of NP or flukes?
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~uture experimental challenges

These tensions might all go away with higher
statistics.

Want high precision determination of theoretically
clean observables.
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Future

These te
statistics.
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Flavor and CP In the SM

Yukawa matrices Yy & Yp encode flavor violation
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Flavor and CP In the SM

Yukawa matrices Yy & Yp encode flavor violation
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Minimal flavor violation

Chivukula Georgy; Buras et. al; D’Ambrosio et. al

New particles/interactions, but flavor structure ~Vckm

(QLQ7) (TRuR) 4 YiYy




New physics 1s MFV, ...

NFiavor Origin of flavor structure decoupled
/\Flavor > > /\NP

NP below Aravoris flavor degenerate
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MFV example: SUSY

MSSM with unbroken SUSY is already MFV!
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Example: Gauge mediation with Mmess << Aflavor
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MEV Technicolor?

Chivukula, Georgl ‘87; Chivukula, Georgl,Randall ‘87; Randall '93; Georgl '94, Skiba '96
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MEV Technicolor?

Chivukula, Georgl ‘87; Chivukula, Georgl,Randall ‘87; Randall '93; Georgl '94, Skiba '96

Simpler proposal:
AdS/CFT construction : 5D GIM mechanism

Cacciapaglia, Csaki, Galloway, Marandella, Terning, AWV, ‘08




Distinguishing MEV & SM 1s hara

D’Ambrosio, et al: Buras et al ‘05

B(B—K*I'T") B(K™— m'vv)

B(B—=X,I'T)  App(B—X ')




Distinguishing MEV & SM 1s hara

D’Ambrosio, et al: Buras et al ‘05

0~10 % AF=| measurement probes

' m = 6 [eV (tree) orm = 600 GeV (|loop)
\ A (TeV)

B(B—K*I'T") B(K™— m'vv)

BB=X,I'T)  Apg(B—X ')




Br(Bd,S — ,u+,u_)

n the SM both GIM and
nelicity suppressec

BT X m—i‘%b% ‘2
9 S
Mp
Can be magnitudes larger In

multi-Higgs models even In
MRy A MM

Br o« (tan 3)°
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Constrained — MSSM with
non-universal Higgs masses (NUHM)




Falsitying MFEV Is easy..

..once you have shown that the SM Is dead

e.g. Bobeth, Bona, Buras, Ewerth, Pierini, Silvestrini, A.WV.

MFV falsified by violating “sum rules”
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Is there anything else beside
the SM Yukawa couplings?
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Wil we be able to learn something
about the origin of flavor at the LHC!




Quark and Lepton
mass hierarchy

{O

(o) I — e j.p. . ﬂl. 5 > 9Q

t»cruw b»and  Tmpve Vs



Masses on a Log-scale

100 MeV

10 MV 1




The SM ftlavor puzzle

Yp ~ diag (2-107° 0.0005 0.02)
6-107° —0.001  0.008 4 0.004:
3

1-10° 0.004 —0.04 + 0.001
1079 +2-1078; 0.0002 0.98

YU%

Why this structure!?

Other dimensionless parameters of the SM:
gS ~I’ g~ 06’ g’ » 03’ >\Higgs~ I, ’9| = 10_9



Log(SM flavor puzzle)

—log |Yp| ~ diag (11 8 4)

12 7 95
—log|Yy|~ | 14 6 3
18 9 0

f Y =e 2, thenthe A don't look crazy




anarchic (“'structure-less”)

Mass;; o Y;e” MBleite)) split fermions/RS
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NP Flavor dynamics

Dynamics that generates hierarchies in masses &
mixings usually partially aligned with SM

(QLQ1) e LT UG
L




NP Flavor dynamics

Dynamics t
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NP Flavor dynamics

Dynamics that generates hierarchies in masses &
mixings usually partially al gned with SM

(QZLQJL) T YUYJ uRuR / YTYU
AN

- Effects are O(SM) but not MFYV, still
possible for M ~ TeV: expect
sighatures also in direct tests!




How low can we go!

Although the mechanism to generate the
hierarchies looks similar, constraints are
different.

(QLX Q1)




How low can we go!

Although the mechanism to generate
hierarchies looks similar, constraints a

depending on

Jiffaront model & charge
WisAR (OLXlig) assisnments
MFV: X1 = (Yy Y)Y = A2V Vay
MR, Gl W -0 1RO - NEB LR
6
0 —QI1+QJ
U<|>horizontal XIJ ~ (M) ~ )\1 or )\5 e



W low can we go!

> mechanism to generate
boks similar, constraints a

depending on

) model & charge
(OLXlig) assignments
Leurer Nir Seiberg
MFV: X Yu Vi) ~ A2V Vay
wave- 1J I 32
function/ oL Q)" VarVas
6
0 —QI1+QJ
U<|>horizontal XIJ ~ (M) ~ )\1 or )\5 o



Hierarchies w/o Symmetries

Arkani-Hamed, Schmaltz

SM on thick brane & domain wall = chiral localization
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Arkani-Hamed, Schmaltz

SM on thick brane & domain wall = chiral localization
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SM on thick brane & domain wall = chiral localization

thick wall
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Hierarchies w/o Symmetries

Arkani-Hamed, Schmaltz

SM on thick brane & domain wall = chiral localization
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Hierarchies w/o Symmetries

Arkani-Hamed, Schmaltz

SM on thick brane & domain wall = chiral localization
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Hierarchies w/o Symmetries

Arkani-Hamed, Schmaltz

SM on thick brane & domain wall = chiral localization

Log(flavor hierarchy)!
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ds® = dx,dx, — dy’

Randall, Sundrum
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ds® = dx,dx, — dy”

Randall, Sundrum

P e 4



Flavor In RS

Grossman, Neubert; Gherghetta, Pomarol; Huber;

UV IR

zero modes like
N flat ED

ight heavy
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Flavor In RS

Grossman, Neubert; Gherghetta, Pomarol; Huber;

IR

zero modes like
N flat ED

heavy
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Flavor In RS

Grossman, Neubert; Gherghetta, Pomarol; Huber;

IR

zero modes like

F(¢
n flat ED (t?)

heavy
KK modes *

e



Why are FCNCs protected!
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Randall, Sundrum

UV Ad S/C FT (popular science realization)

2
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Two ways of giving mass to fermions...
Bi-linear (like SM):

L=yfLOnfr, Om~(1,2)

1
P

strong
sector O




Partial compositeness

fon= Eelem (gelem) i ['comp (g*) =+ ﬁm’w

laSageas A




wo-site description

Contino,Kramer, Son, Sundrum

elementary composite

£el ementary —

Ly

£composite — 1

+ XD —m)x + XD — m)X — X (Ve HY" + Y HY?)

Emixing —




Partial compositeness

fon= Eelem (gelem) i ['comp (g*) =+ ﬁm’w

laSageas A




Partial compositeness

fon= ['elem (gelem) i ['comp (g*) =+ ﬁm’w

laSageas A




1) Linear coupling of SM fields to composites

£UV ) )\@RwL Contino, Pomarol

2) Strong sector conformal over large energy range

: .
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Partial compositeness

fon= Eelem (gelem) i ['comp (g*) =+ ﬁm’w

laS o




anarchic (“'structure-less”)

Mass;; o< Y;e” MBlete) split fermions/RS
Qo
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anarchic (“'structure-less™)

Mass;; Yéje_MR(Ci ) split fermions/RS
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Meanwhile In the Extra-Dimension

Fermion zero mode on the IR brane

Flc) ~ { (TeV/Planck)c_% cuialu/)

Wy c<1/2




Match SM spectrum and Vem

Hierarchical mass eigenvalues (6 conditions)
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RS GIM - partial compositeness

Flavor hierarchy from hierarchy in F

mqg ~ U FdLY*FdR




RS GIM - partial compositeness

Flavor hierarchy from hierarchy in F

mqg ~ U FdLY*FdR

KK gluon FCNCs proportional to
the same small Fi:




FCNCs assuming anarchy

Csaki, Falkowski, W; Buras et al; Casagrande et al

AF = 2 (strongest constraint from €k )
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AF =1 (strongest constraint from 6//6)
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Adding flavor symmetries:
flavor gauge bosons

O tensmn Wlth AF 2 bounds requwe some allgnment




~lavor gauge bosons at the
s G

red: gesr(—+),blue: |gef(++)|




~lavor gauge bosons at the
s G

red: gesr(—+),blue: |gef(++)|




Flavor scalars & gauge bosons

Csaki, Lee, Perez, AW in preparation
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FCNCs from composite Higgs

Agashe, Contino; Azatov, Toharia, Zhu
Further constraints from compositeness of Higgs
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Toharia, Zhu
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Anarchy alone does not seem to work
Agashe et al., Buras et al,, Casagrande et al., Gedalia et al.

o Finetuned scales! Raise the KK scale to Mk ~ 10-20 TeV

oy

- o Finetuned Yukawas! Yukawas might allow accidental

.
L



Spurion analysis

Without the Yukawas SM has
SU@3)g, X SUB)ur X SU(3)4,

olobal flavor symmetry.
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Anarchy and hierarchical F's
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Align down sector

similar to Nir, Seiberg 93 for MSSM
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Combination of K-K and D-D

. R Nir 07; Blum et. al ‘09
Cannot simultaneously eliminate constraints from D & K
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Combination of K-K and D-D

Nir O/: Blum et. al '09

Cannot simultaneously eliminate constraints from D & K

(QLQ%)

YpY,

V kM

/)

Yy V!

alisnment Susy models:

Mg, — Mg,

< 0.05 — 0.14,

ma, + Mg,

maQ — m,&l

Mg, + Mg,

< 0.02 — 0.04.

contribution to K-K mixing

no effect In D-D mixing






Aligning 5D MFV

Frtzpatrick, Randall, Perez; Csaki, Grossman, Perez, Surujon,A.VV,

SU(3)? flavor symmetry broken by Yukawas only
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Aligning 5D MEFV

Frtzpatrick, Randall, Perez; Csaki, Grossman, Perez, Surujon,A.VV,

Scan 5D CKM and test suppression Campy /' CaRrs
Keep € = 0.2 fixed.
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Alignment due to shining

Csaki, Grossman, Perez, Surujon, AW, in progress

In the bulk: gauged SU(3)o x SU(3)4 flavor
Flcg) = F(YiaYad'),  F(cq) = F(Yad'Yia)

Flavor broken by vev of Yukawa field Y=g only
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A theory of flavor at the




Flavor scalars & gauge bosons

Csaki, Lee, Perez, AW in preparation

9z = \g/_% dl&g(l, 17 _2)
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thanks to Seung Lee for the plot






Remark on lepton flavor

Higgs In the bulk
= H = H(z)




Remark on lepton flavor

Y4D ,19 N/ de5D zg( ) _(ML —I_MR Jy+Mu(y=a)

(ML, +MEpg, >MH)/ \(M +Mp,; <Mp)

—(ML + MR, )a

L;
azg

Neutrino wave function picks up UV taill of Higgs
Agashe, Sundrum, Okul

Exponential suppression of overall mass scale
but O(l) vV mixing angles.

Flavor symmetries alternative: Perez, Randall; Delaunay,
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Y4D ,19 N/ de5D zg( ) _(ML —I_MR Jy+Mu(y=a)

(ML, +Mpg >MH)/ \(ML +Mp,; <Mp)
, Yauje

— (ML, + MR, )a

Y

Neutrino wave function picks up UV taill of Higgs
Agashe, Sundrum, Okui

Exponential suppression of overall mass scale
but O(l) vV mixing angles.

Flavor symmetries alternative: Perez, Randall; Delaunay,



Mass terms from gauge interactions

Possible fermion embedding: 4 of SO(5)

) = chiral zero modes
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) = chiral zero modes

2) <As> marries fields in same multiplet

3) SO(4) invariant brane masses mix multiplets




4D CFI explanation

Contino, Pomarol

Quasl conformal sector between TeV ... My

Linear coupling of SM fields to composites
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KK gluon mass bound in RS

Csaki, Falkowski, A.VWV.;: Buras et. al.

(S - d) ImALR
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KK gluon mass bound in RS

Csaki, Falkowski, A.VWV.;: Buras et. al.

(S - d) ImALR

e
o
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mg
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Some are ok: any rationale to live here!?
Radiative stabilrty?
Bound depends on bulk QCD coupling gsx and Y=



Bound for pGB I—hggs

Csaki, Falkowski, AWV

(S - d) ImALR
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FCNC constraint more severe in composite pGB!
Why?Y* = gx/ 2 & fermionic kinetic mixings
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~ermion masses & Mixings

fermion masses

dre se pe

(large angle MSW)
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Higgs as flavon

Babu, Nandi '99: Giudice, Lebedev '08

iggs dependent Yukawas”

YU

<awas effective interaction after integrating out

heavy physics. Postulate leading terms are absent

Ly =Y (H) qriur;H® + Y5(H) qride; H
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Higgs as flavon: signals

Giudice, Lebedev '08

o Higgs
g dependent Yukawas
:
5
s
1B (h - bg) I' (h — cc) il it 9 [ (h—pp) 95
[(h—bb),,, TL(h—octgy Th—oTr7)gy T'(h— ptp)sy



Bound on the KK gluon mass

Csaki, Falkowski, AWV, Casagrande et al; Buras et. al.

(S - d) ImALR
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Csaki, Falkowski, AWV, Casagrande et al; Buras et. al.
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Some above the bound: any rationale to
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= more In M. Neubert's talk



Bound In the composite pGB

Csaki, Falkowski, AVV.:
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Y' = gx/ 2 & fermionic kinetic mixings
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