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1. Introduction

# Flavour-violating and CP-violating processes allow us to test high
energy physics

* Tests limited by precision.

* Standard Model (SM) predictions for those observables depend on
a few parameters — overconstrain those parameters.

Test the SM

# Already several 2 — 3 o tensions between flavour data and
SM predictions

# Phenomenological goals:

* Determination of fundamental parameters of the SM: quark masses,
Cabibbo-Kobayashi-Maskawa matrix elements.

* Unveiling New Physics (NP) effects. Even before non-SM
particles directly produced at

* Constraining NP models.



1. Introduction

# Interplay flavour physics with direct searches for new physics and
electroweak precision studies

— | Which is the correct extension of the SM?




2. Neutral B mixing

e By mixing parameters determined by the off diagonal elements of the
mMixing matrix

d [ |Bsa®) :(Ms/d_grs/d> B,/a(t))
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dt \ |Bs/q(t)) - |Bs/a(t))
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New physics can significantly affect M, ocAM, 4

* I'1o dominated by CKM-favoured b — ccs tree-level decays.



2.1. Mixing parameters in the Standard Model
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AMqtheor. = Vi Vaw*n5 So(z¢) M, f3_Ba,

* Non-perturbative input
5/B, B, (Mg = (B|O1|BY)(1) with  O1 = [biq'ly—albl ¢7]v—a
In terms of decay constants and bag parameters

‘= fB.\/BB,
B,/ BB,

* Many uncertainties in the theoretical (lattice) determination cancel
totally or partially in the ratio = very accurate calculation



2.1. Mixing parameters in the Standard Model
Experimentally: Mass differences very well measured.
AMyglexp. = (0.507 £ 0.005)ps~!  AM;s|exp. = (17.77 £0.12)ps— !
HFAG 09 CDF

Experimentally: Decay width differences still have large errors.

(%) = 0.010 + 0.037 (%) = 0.15 = 0.07
d S

HFAG 09



2.2. Bp mixing beyond the SM

# Comparison of experimental measurements and theoretical
predictions can constraint some BSM parameters and help to
understand BSM physics.

# Effects of heavy new particles seen in the form of effective operators
built with SM degrees of freedom

# The most general Effective Hamiltonian describing AB = 2 processes is
Hojr ™ ZCQ%JFZé@ with

i = ( P (L — 759l ) ($i7" (1 — 7s)w]) SM
QY = (%52(1 — v5) 1! ) P (1 — 75)@03) Qi = (15?;(1 — 75)%) (_Z(I — 75)%)
Qi = (Db —v)wl) (BT +7:)wd) QL= (Pp —vs)wd) (D4 + v5)wl)
QY , 5 = QY , ; with the replacement (I & v5)— (I F s)
where 1, is a heavy b-fermion field and i, a light (¢ = d,s) fermion field.
o C,L-,@ Wilson coeff. calculated for a particular BSM theory

e (BY9Q;|BY) calculated on the lattice



2.2. Bp mixing beyond the SM

# Some examples:

F. Gabbiani et al, Nucl.Phys.B477 (1996), D. BecireviC et al, Nucl.Phys.B634
(2002); general SUSY models

M. Ciuchini and L. Silvestrini, PRL 97 (2006) 021803; SUSY
Constraints on the mass insertions (|Re(8%,)rr| < 0.4, |(65)rr| < 0.1,...)
M. Blanke et al, JHEP 12(2006) 003; Little Higgs model with T-parity

A M, can be used to test viability of the model. To constrain and test the
model in detail AM,/AM,; and AT,.

Lunghi and Soni, JHEP0709(2007)053; Top Two Higgs Doublet Model
Constraints on 3y (ratio of vev's of the two Higgs) and m g+
M. Blanke et al, JHEP0903(2009)001; Warped Extra Dimensional Models

Constraints on the KK mass scale: anarchic approach seems implausible,
generally Mg > 20TeV but can be as low as Mg ~ 3T eV (moderate
fine tunning).



2.2. Bp mixing beyond the SM

# Some examples:
W. Altmannshofer et al, 0909.1333: SUSY flavor models

Identify useful flavour observables (Sy4, Bs — ppu~, ...) to exclude some
SUSY models and/or distinguish them from LHT and RS models. Updated
analysis of bound on flavor violating terms in the SUSY soft sector.



2.2. Bp mixing beyond the SM

# NP effects in B — BY mixing can be parametrized by

_ 21 ¢ 50
S S
(BY|HZ, |BY) = AJM + AT" = Cpo € Ba ASM

* The mixing phase also governs mixing-induced CP violation in
exclusive channels like Bs — J/v¢.



2.3. Unitarity Triangle analyses

# For V3 Via +V3iVea + V3 Via = 0 — | CKM unitarity triangle |.

(p-n)

Can use the following set of
parameters

Va Vi
Vea Vi

A= |Vu3|, |Vcb|, R and 5

: Via = |Vigle™*P

# Within the SM and CMFV

1 [mpo | AMpgo
Ry = &— . d m26 =S5
‘ £)\ mpBo AM o sin 20 vits




2.3. Unitarity Triangle analyses

* Mixing-induced CP asymmetry

A _ F(B (t)—yvKg)— F(B (t) =y Kg)
YKg — I'(BY(t)—»¢yKg)+I'(B(t)—ypKg) —

~ Syks SIN(AM1t) — Cyi, cos(AM t)

# In the presence of NP those relations are modified by

1 /mpgo AMBg Cpo

Ry = &=
1= mgo \| AMpo \| Cg

sin (26—|—2¢Bg ) = Sykq

QLO |»

with the NP parameters defined as

_ 219 L0
BO HY BO :ASM ANP: B ASM
(BglH¢ s | Bg) g T Ay CBge



3. Hints of New Physics in the Flavour Sector

# Most observations in the flavour sector are consistent with SM
expectations but ...

... there are currently several 2 — 30 tensions that may indicate
New Physics.



3.1. Tension in the CKM unitarity triangle

UT fit: Global fit to the CKM unitarity triangle using experimental and
theoretical constraints.

2 — 30 tension in the CKM description

* Tension is between the three most precise constraints: the
K9 — K9 mixing parameter ¢y, the ratio of mass differences
AMp,/AMpg, describing BY — BY mixing and sin(20).
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Laiho, Van de Water and Lunghi, arXiv:0910.2928

** Degree of tension depend on |V,

¢ (latt. average)| = (38.6 £1.2) x 1077

[Vine| = (41.6 £0.6) x 1073



3.1. Tension in the CKM unitarity triangle

2 — 30 tension in the CKM description

** Independent of (controversial) [V,
[Veze (latt. average)| = (3.42 £0.37) x 1072 |[V'1¢| = (4. — 4.5) x 1072

* If we assume no NP at tree-level at current precision
— tension can be a sign of NP either in K° or BY mixing.

** Current data prefer NP in KY mixing.

* Constraints from e, AMy/AMs, and |V,,/ V.| limited by lattice errors
for ‘Vcblemcl.: 5: and |Vub|emcl.



3.1. Tension in the CKM unitarity triangle

. UT analysis without using
semileptonic decays

* |Vup| and |V| inclusive and exclusive disagree by ~ 20
— eliminate the |V,;| constraint from the analysis in favor of

fgoy/Bgo or Br(B — 1v) X fgj
* 1.80 tension observed. Slight preference for NP in Bg mixing.

* Improvement in fzo./Bpgo and fp will help a lot to identify the origin
of the tension.



3.2. Mixing in the B, system: the SJ/W asymmetry
Lenz and Nierste, JHEP 06, 072 (2007)

# Study the mixing-induced CP asymmetry.

A _ DB = J/9¢)-T (B, ()= J/$¢) _
J/Y¢ = T(BO(t)—J/dd)+T(BI()—J/Pd)

Sr/we SIN(AMt) — Cjy/yp cos(AM t)

# Bs mixing phase (8s responsible for this asymmetry in the SM
(Bo|HEFf 1B} = AGM =210

(Sy/pe)sm = sin(2]Bs|) = sin | 2

ViV
arg< b tb)‘ ~ 0.04

csVeb

# World average based on flavour-tagged analyses of Bs — J/v¢¢ decays
in COF and DO is 2.20 different from SM predictions

0.12
(SJ/pé)esper. & 0-81J—r0.32

* Expect improvements of experimental measurements of S/,
asymmetry in CDF, D, LHCb, ATLAS and CMS.



3.2. Mixing in the B, system: the SJ/W asymmetry

* Possible new phases in B; decays would lead to correlated effects
between AB = 2 processes and b — s decays

(S7/p¢) = sin(2|Bs| — 2ép0)

— need to improve measurements of CP-violation in b — s
penguin decays.

# Enhancement of the asymmetry can be found in RSc and GMSSM.
Also supersymmetric flavour models with significant right-handed curr.
Buras, arXiv:0910.1032



3.3. Measurement of Br(Bs 4 — ptp™)

One of the main targets of flavour physics is measuring the highly
suppressed decay Br(Bs — puTu™).

* CDF (D®@) bounds Br(Bs — pTp~) < 3.3(5.3) x 1078,
Br(Bg — ptu™)<1x10"8

* The SM prediction for these branching ratios is given by

- G2 Qo 2
Br(Bg — p ) sm = TB, 71?77% (47r 2 9W> f%qmim3q| t};th|2Y2(xt)

% Uncertainty dominated by error in fp : 9-11%

* The most precise way of extracting these branching ratios is from

(in the SM)

Br(B tu~ . Y2 1

r(Bq — prp ):T(Bq)%ny( 2l ) m2 L) |
AM, ne \ 4m My sin?0yy, * S(zt) B,

** Uncertainty dominated by error in B,: 5-9%



3.3. Measurement of Br(Bg 4 — ptp™)

X bounds Br(Bs — utp~) < 3.3(5.3) x 10~8,
Br(Bg — pTp~)<1x10~°

* Using lattice determinations of B,

— Br(Bs — pTp~) = (3.19£0.19) x 10~ and
Br(Bg — pTp~) = (1.024+0.09) x 10— 10

** An error of 0.14 in Br(Bs — ptp~) is coming from B uncertainty.

* Scalar operators in the effective hamiltonian can enhance branching
ratios to current experimental bounds (example: Higgs penguin).

* In some models there is a strong correlation between Br(B,; — utpu™)
and AMpgo (example: MSSM with MFV and large tan(.)
q

** Testing the correlation predicted by those kind of models needs
a reduction of errors in the theoretical prediction for AMZM
— need smaller lattice errors for the non-perturbative inputs.



3.3. Measurement of Br(Bg g4 — ptp™)

# Tests of MFV: In the SM model and CMFV models, the following
model independent relation hold with » = 1 Buras, PLB566 (2003) 115

Br(Bs — ptp~) By 7(Bs) AM,
= — (8
Br(Bqg — ptp~)  Bs 7(Bd) AMy

Any deviation from this relation (r # 1) would indicate NP effects.

Supersymmetry, little Higgs models, extra space dimensions ...
discussed in Buras, arXiv:0910.1032

LHT: 0.3<r <16, RSc: 0.6 <r<1.3

* LHCb can reach the SM level for this branching ratio.



3.4. B — tv leptonic decay

o TV
m 1aQCD

. 1.90 discrepancy between fp values
N 5 from lattice (HPQcCD and

| FNAL/MILC) and experiment (using
Vo from lattice QCD)

A. Kronfeld, PHENO '09

| I | I | | | | | L1l | | | | I | I |
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* Differences: Fermion discretization describing b quarks.
HPQCD 09, PRD80(2009)014503: NRQCD.

FNAL/MILC 09, PoS LATTICE2008 278 (2008): Fermilab formulation.



3.4. B — v leptonic decay

fitter
Beauty 09
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2.40 discrepancy between SM
prediction for Br(B — 7v) from UT
fit (relies on several lattice inputs

fBO ’ BBO Q/BBO )aﬂd

experlmental average BaBar, Belle
CKM fitter, Moriond 09, Beauty 09
Br(BtT — T+V)ea:p —
(1.734+£0.35) x 10~4
Br(BY — 7Tv)orm fit =
(0.807019) x 10—4

# Alternative extraction of SM prediction

Br(BT — ttv)sm 3T

with ‘
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Vid
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Br(BT — 7tv)gy = (0.80 £0.12) x 104



3.4. B — v leptonic decay

# Discrepancy can be due to charged Higgs, but not a natural
explanation. Could increase or decrease SM Br.

* Most MSSM scenarios would lead to a suppression of the
branching fraction.

* Example: Limits in the 2HDM tan 3 — myg+ plane
(my+/tanB > 3.3 GeV)

# Reducing experimental errors will be difficult at LHCb. Good
prospects for a super-B factory



4. Lattice calculation of B mixing parameters
and decay constants

# Hints of discrepancies between SM expectations and some
flavour observables (see, for example, or

)

These analyses depend on several theoretical inputs including:
fro+/Bgo, fro, and the SU(3) breaking mixing parameter &:
q q q

# Comparison of AM and AI' with experiment also provides bounds for
NP effects

# Bag parameters Bg_, and Bg, can be used for theoretical predictions
predictions of Br(B — utu~) and Br(BT — rtv)



4.1. Some details of the lattice formulations
and simulations

HPQCD, PRDS80 (2009) 014503

Unquenched: Fully incorporate vacuum polarization effects

MILC Njfea = 2= 1l

u,d,s | Asqtad action: improved staggered quarks — errors C’)(aQOzS),
O(a*)

* good chiral properties

* accessible dynamical simulations

b| NRQCD: Non-relativistic QCD improved through O(1/M?), O(a?)
and leading relativistic O(1/M?)

* Simpler and faster algorithms to calculate b propagator
Improved gluon action

* For further reduction of discretization errors



4.1. Some details of the lattice formulations and simulations:
Parameters of the simulation

# Lattice spacing: Two different values a ~ 0.12 fm,0.09 fm.
Extracted from YT 25-1S splitting.

# Bottom mass: Fixed to its physical value from Y mass.
# Light masses: We work with full QCD points (mygience = Msea ).
* Strange mass: Very close to its physical value (from Kaon masses).

* up, down masses: six different values (m;?’m- ~ 230MeV)

— | chiral regime

# Renormalization and matching to the continuum: One-loop.

<01 >M%« (1 + prras) < O1 > latt

latt. ‘|‘PLSOés < 02 >

with O1 = [byu(1 —v5)q] [b7u(1 — v5)g] and Oz = [b(1 — v5)q] [b(1 — v5)q].



4.1. Some details of the lattice formulations
and simulations

# Need 3-point (for any Q — QX,Qég) and 2-point correlators

Q@
BO BO
Ty, t 71,1t
X2,12 F=0 Ty, 0

O (t1,t2) = Y (0195, (@1, 1) |Q ()] (#2,~12)[0)

L1,L2
CB () = >_(0l2g, (@2 (0,0)/0)
X
e Oy (Z,t) = b(Z,t)y5q(Z, t) is an interpolating operator for the Bg meson.
* Use smearing functions ¢ to increase overlap with the ground state

Cp (1) = b(Z2, ) y56(|72 — T1)q(Z1,1)



4.1. Some details of the lattice formulations
and simulations

We carried out simultaneous fits of the 3-point and 2-point correlators
using Bayesian statistics to the forms — extract < Ox > and st(d)'

Ne:cp_l .
C(4f>(t1,t2) _ Z Ajk ¢ Cj (_1)j.t1 (_1)k.t2 e—Eg)(tl—l) G_E(Bk)(tQ_l)
j, k=0

I gy = _
. (4)
CP(t) = 3 G (=1t en Pl
j=0



4.2. Results: qu \/MBQBBq
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fB.\/Bp. = 266(6)(17)MeV fB,\/Bp, = 216(9)(12)MeV

Chiral4-continuum extrapolations: NLO Staggered CHPT.
* accounts for NLO quark mass dependence.

* accounts for light quark discretization effects through O (agamgw)
— remove the dominant light discretization errors



Mg ;
I ¢ CoarseLattice| |

14 A Finelattice |7
— Continuum | 1
e Physical point

095001 002 003 004 005 006 007 008
rym,
fBsA/BB Vid
_ f8./Br, _ Via | = 0.214(1
§ fBy4/BB, L2 eayied) — Vis 0 (1)(5)

* Previous value used in UT fits and another analyses (HPQCD/JLQCD):
£ =1.20+ 0.06



4.2. Results: ¢

# Comparison of final HPQCD, PRDS80 (2009) 014503 and preliminary
FNAL/MILC, PoS LATTICE 2009, 245 (2009)
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a=0.12 fm, FNAL/MILC, renormalized
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4.2. Results: fp /Mp

q
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* To be compared with preliminary FNAL/MILC, PoS LATTICE 2008, 278
(2008)

fBS — 243(11)M€V de = 195(11)M6V




Impact of up-to-date lattice averages on UT.

Laiho, Lunghi & Van de Water,arXiv:0910.2928

1.0

Y*/dof.=16 A mm

N CL.=17% . AMy
yK y
0.6 7

04

€
02 K Vub #
00 Veb d

-10 -0.5 00 0.5 10

/)

* 12— 30 tension

* If we assume no NP at tree-level at current precision
— tension can be a sign of NP either in K or BY mixing.

** Current data prefer NP in K9 mixing.

* Constraints from ex, AMy/AMs, and |V, /Vep| limited by lattice errors
for |Vcb|eaccl.1 €1 and |Vub|excl.



5. Impact of up-to-date lattice averages on UT

When lattice QCD uncertainties become smaller

1.0f

yYdof.=65
C.L.=0.0004%

0.8f

0.6f

S|

04

0.2f

0.0, .
-1.0 -0.5

* Lattice QCD errors are reduced to 1% keeping central values.

* Use only exclusive |V,p].

Could see NP with a high significance!




5.1. Hints of New Physics in neutral B mixing

ckMfitter: (BO|MMTNF|BYY = ANP(BIMZEM|BY) V. Tisserand, 0905.1572

|_ | excluded area has CL > 0.68

Im A
Im A,

///

N

New Physics in B_ - B mixing

1.90 |1 Tension driven by the exp. 2.10 |1 Tension between sin(20)
measurement (285, Al'). and |Vyp|rv

* Tree-level mediated decays through a Four Flavor Change
(b — qiqjqr ) are SM

* NP effects in oscillation parameters, weak phases, semi-leptonic
asymmetries and B lifetime differences parametrized through A



6. Future plans for lattice analyses of B mixing
and decay constants

# Reduction of errors for fp_, fB,/BB,, § smaller lattice spacing
(a = 0.06, 0.045), more statistics, improved renormalization methods,
improved actions, better fitting and smearing methods ...

# Calculation of matrix elements needed for AI'; Lenz and Nierste,
JHEPO706 (2007) 072

2 ~
(%) - (m) [0.170 (féqBBq) + 0.059 R (fqusRQ) — 0.044 f;q]

* Useful to impose constraints on BSM building, M. Blanke et al, LHT

* Allows a theoretical prediction for

I'(BY - I+X)-T(BY - - X rs
(ASSL)SM_ ( ) ( )_Im< 12)

T I'(BY - It X)+I(BY — - X)

(A%;)sm ~ 107° Lenz and Nierste, JHEP 06 (2007) 072



6. Future plans for lattice analyses of BY mixing
and decay constants

to compare with the value of the asymmetry in the presence of NP

Z. Ligeti,M. Papucci and G. Perez, PRL 97 (2006) 101801

AT, S S
A, = — Yo ~ (2.6 4 1.0) x 107322

S

% Even Sy >~ 0.1 would lead to an order of magnitude enhancement
relative to SM.

* Some preliminary results HPQCD
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6. Future plans for lattice analyses of BY mixing
and decay constants

# Calculation of matrix elements corresponding to operators that
only appear in BSM theories.

* Only quenched calculation available

* Straightforward extension of previous calculation
— . work in progress

# Analysis of short-distance contributions to DY — DY mixing

* Also provides strong constraints on BSM physics

X already working on extending their calculation
to DY — DY mixing



7. More conclusions

# High precision measurements/calculations of low energy observables
allow to indirectly probe very short-distances.

* Test SM and BSM theories

* Learning about the flavour structure of the new physics.






Error budget for B’ mixing parameters

source of error fB. \/BBS de\/BBd ¢
stat. -+ chiral extrap. 2.3 4.1 2.0
residual a? extrap. 3.0 2.0 0.3
uncertainty
r;‘f/Q uncertainty 2.3 2.3 —
gB*pBr uncertainty 1.0 1.0 1.0
ms and myg tuning 1.5 1.0 1.0
operator matching 4.0 4.0 0.7
relativistic corr. 2.5 2.5 0.4
Total 6.7 7.1 2.6




5.2.2 Value of the UT angle sin(23)

The value of the UT angle sin(23) obtained from b — ggs penguin decays

is lower than from tree-level b — ccs (expected to be less sensitive to
NP).

* For example, sin(25)3_>¢Ko is 1.30 from tree-level average
(including, for example, sin(28)vky)-

* This tension can not be resolved at LHCb (only some clues from

Bs — ¢¢). Need Super Belle at KEK and Super-B machine at
Frascati.

* Need better measurements of b — ggs penguin decays.



5.2.4 The fp_  puzzle

|
f (MeV) f

(MeV)

Belle 0709.1340

CLEO 0808.2112
0712.117 ->0910.3602

HPQCD 0706.1726

FNAL/MILC Lat 08
-> Lat ’09 (preliminary)

ETMC 0904.0954 N =2

300

2008 3.60 discrepancy in
/D, between and
experiment. Agreement in

fk, f=, D, mp, mp,,

2mp,—Mmny,

2mp—my,.

2009 | 2.30 discrepancy

New , and
results.

* Leptonic decays occurs at tree level — disagreement difficult to

accommodate in BSM.

* Models with charged Higgs or leptoquarks can work
— signal in D — K(m)lv.



5.2.4 The fp_  puzzle
* Lattice calculations.

oK has redetermined the scale that converts lattice quantities
to physical units 1. New value will make their value lower by
1 —1.50— disagreement under 20. Update soon.

** Include effects of sea charm since errors are around 1%

** Need lattice results with different fermion formulations.
* Some experimental issues.

** Experiment uses |Ves| = |[Vyal-

** Better understanding of radiative corrections.

* should measure fp and fp_ with ~ 1% precision.



5.2.4 The fp_  puzzle
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5.2.6 Clarification of ; anomalous magnetic moment,
(g —2), anomaly

The measured (g — 2). is in excellent agreement with SM but measured
(g — 2), is significantly larger (3.10) than predicted.

* Hadronic (non-perturbative) contributions to (g — 2),, make the
comparison of data and theory a bit problematic.

* New experiments are being designed to reduce the experimental
error by a factor of 5.

* Need theoretical improvements too. Goal in light-by-light
contribution: a 20-40% reduction of the error.

* Example: Confirmation of exper. measurements — favour the
MSSM over LHT.



2.2. Bp mixing beyond the SM

# Some examples:

Isidori, Nir and Perez, Ann. Rev. Nucl. Part. Sci 2010:

Bounds on representative dimension-six AF = 2 operators.

Lerr=Lsm +Z

(d)
A

AN
@ Vi

Operator Bounds on ¢;; (A =1 TeV) Observables
Re Im
(Gry ur)? 5.6 x 1077 1.0 x 10~ ° Amp; |q/pl, ¢p
(crur)(érugr) | 5.7 x 1078 1.1 x 1078 Amp; |q/p|, b
(bry*dyr)? 3.3 x 107° 1.0 x 107° Amp,; SB, wuK
(brdr)(brdr) | 8.8 x 1077 2.6 x 1077 Amp,; SB, uK
(br,y"s1,)? 6.0 x 10~° 6.0 x 10° Amp.
(br sy)(brsgr) | 1.6 x 107° 1.6 x 107° Ampg




Mmixing parameters

Effects of NP in some flavour observables involving neutral meson

(Altmannshofer et al., arXiv:0909.1333 and Buras, EPS-HEP 2009)

AC RVV?2 AKM oLL FBMSSM LHT RS
D° — D° * % * * * * * * % * ?
S *kk | kkk | kkk * * *kk | Kkxk
Sexs * % * * % * * % * * %k * ?
B, — ptp % % Kk * %k * % * * % * %* % Kk * *

AC = SUSY flavour model with right-handed currents
RVV2 = SUSY flavour model with right-handed currents
AKM = SUSY flavour model with right-handed currents
oLL = SUSY flavour model with only left-handed currents
FBMSSM = flavour blind MSSM

LHT = Little Higgs models with T-parity.

RS = Randall Sundrum models



