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Flavor physics: a wall of the SM edifice

Building up the Standard Model

@ 7 — 6 puzzle = Parity violation

@ Cabibbo angle =
weak coupling universality & quark mixing

@ GIM mechanism = no FCNC at tree level, charm
@ CKM paradigm = (at least) three quark families
@ Large B-B mixing = heavy top quark

@ Rate of radiative B decay =- top quark mass
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weak coupling universality & quark mixing

@ GIM mechanism = no FCNC at tree level, charm
@ CKM paradigm = (at least) three quark families
@ Large B-B mixing = heavy top quark

@ Rate of radiative B decay =- top quark mass

The standard model looks complete now,
with no confirmed signals of BSM physics at the LHC yet !
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Precision tests of the Standard Model
@ CKM elements: do they explain all CP violation ?
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@ What are the features of New Physics (if any) ?




Flavour physics: a window of the SM edifice

Precision tests of the Standard Model

@ CKM elements: do they explain all CP violation ?

@ Rare decays: new particles contribute through loops ?
@ Asymmetries: are the predicted SM relations obeyed ?
@ What are the features of New Physics (if any) ?

v

How to look at the multidimentional flavour data ?

@ Identify patterns of correlations

@ Correlations within a meson system give information on
BSM operator structure (V-A, tensor, LR, etc.)

@ Correlations among different meson systems tell about
underlying flavour symmetries (MFV, universality, etc.)




The philosophy of this talk

@ Will not start with a preconceived destination (model)
@ Will follow the pugmarks of data

@ Will talk about classes of models indicated by the data
@ ... and explore some of these directions

@ Cannot cover everything: shall try to give a “flavour” of
things



Pugmarks and directions

0 The signs: from precision measurements
@ CKM matrix elements
@ Mixing and decay in neutral mesons
@ Rare FCNC processes

9 Model-independent constraints
@ Quantifying NP contributions
@ Wilson coefficients of effective operators

Q Directions: specific new physics models
@ Models with two Higgs doublets (2HDM)
@ Minimal supersymmetric models
@ Models with Z’

e Concluding remarks
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0 The signs: from precision measurements
@ CKM matrix elements



Global fits to CKM elements
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Constraints in the p— plane:
@ theratio | Vp/ Ve
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2014-fits

KM paradigm
mostly vindicated !
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CKMfitter:

Constraints in the p— plane:
@ theratio | Vp/ Ve
@ e fromK — 7
@ Mass differences AMy and AM;g
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2014-fits

KM paradigm
mostly vindicated !

*hkkkkkkkkkkkkk Not SO fast ! *hkkkkkkkkkkkkx
***** Devil may be in the details | *****




Measurements for determination of CKM elements
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Precision measurements of | V|

Unitarity vs. semileptonic K decays vs. hadronic 7 decays

@ Semileptonic K decays = | V5| = 0.2255 + 0.0010

@ Strange vs. non-strange hadronic = decays
= |Vys| = 0.2202 + 0.0014

@ ~ 3o discrepancy !

[ K decays, Moulson CKM 2014
0.2232 + 0.0009
Feod K, decays, Moulson CKM 2014
0.2248 = 0.0006
e~  CKM unitarity, PDG 2013
0.2255 +0.0010
T Kv /1 - nv, HFAG 2014
0.2228 = 0.0019
—e— t - Kv, HFAG 2014
0.2211x 0.0020
——i © - s inclusive, HFAG 2014
0.2176 + 0.0021
—e— T average, HFAG 2014
0.2202+0.0014

1 1
0.215 0.2 0.225 HFAG-Tau
IVH’I 2014, prelim.




Kz vs. Kz tension in |V
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Hint of an anomaly in K2 ? Lepton non-universality ?
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@ Measured value of B(K — ev) is on the lower side.
CKMFitter, pre-NA62



Lepton universality in K> seems to be OK

Standard Model sEn (e
= e D(K+ — ptv)
K* - = (2.488 £ 0.010) x 107°
3 N PLB 719, 326 (2013)

PDG2008 | [+ Present average

Clark et al. (1972)

Heard et al. (1975)

Heintze et al. (1976)

KLOE (2009)
- =PDG 2010
NAB2
W full data set
SM

Lobaabaay il PRI AR W
23 24 25 26 27 28,
Ry<10

M. Piccini@SUSY2014




Inclusive vs exclusive |Vq| and | V|

Inclusive vs. exclusive

|Vub|:
@ Excl: (3.28 +0.15+0.26) x 1073
@ Incl: (4.36 +0.18 +£0.44) x 1072

~ 3o discrepancy
‘Vcbl:
@ Excl: (38.99+0.494+1.17) x 1073
@ Incl: (42.424+0.44 +0.74) x 1073
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Effective |V,p|: through B(B — 7v)
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N ~ Belle SL:1.25 + 028 = 0.28
e CKM Preliminary
’ Belle Had..0.72%) 31+0.11

Belle SL:1.54'
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|/ cxmiitter 2014:0.753

—-——
PRL110:131801(2013)
—e—  Belle: switched Rl
. i Belle Comb.:0.93:0.24
to using robust Private combination CKM 2014
——
——

2D fits instead

PDG 2014:1.14 + 0.2

of 1D E|
WA 2014:1.10 +0.21
E Private combination CKM 2014
=PI PR EPEPETEriS SPErErErE SrTErAre BrArrare ST S
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BR(B — t v)x 10*
P. Urquio, CKM14

@ Apart from the latest Belle measurement, all others
indicated excess B(B — 7v).



Belle 2007
BaBar 2008
Belle 2009
Belle 2010

BaBar 2012

R(D) = B(B — Drv)/B(B — Div)

@ SM Prediction: R(D) = 0.305 £+ 0.012
@ Measurement: R(D) = 0.440 + 0.058 + 0.042

Effective |Vy|: semileptonic B — Drv and B — D*tv

o

——

0.4

R(D)

L L L L
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R(D*)

= 2.20 enhancement

R(D")

B(B — D*tv)/B(B — D*tv)
@ SM Prediction: R(D*) = 0.252 + 0.003
@ Measurement: R(D*) = 0.332 +0.024 + 0.018

= 2.70 enhancement




Consolidating observations before going ahead

@ Semileptonic decays s — ufv as well as b — ulv
systematically give lower values of | V4| as compared to
those given by the leptonic decays of K and B.

@ For b — ctv, though, the branching ratios obtained are
larger. Some non-universality at play here ?

@ Lepton non-universality is severely constrained in the first
two generations, not so much for the third one. Models with
a charged Higgs are natural candidates. (Will be explored
later.)

@ For semileptonic B decays b — ufv and b — clv, inclusive
decay rates are systematically larger than the exclusive
ones.

@ A single hint may not be sufficient, but overall trends may
point the way..



Pugmarks and directions

0 The signs: from precision measurements

@ Mixing and decay in neutral mesons



Mass and width differences: theory and experiment

AM Measurements

@ AMy/Ty=0.774 £ 0.006 = | V|
@ AM;/Ts=26.85+0.13 = | V]

ATy and AT g: predictions and measurements

@ InSM, Aly/Ty = (42+8) x 10~*
@ Current limit: AT'y/I'y = 0.001 +£0.010
(HFAG)

@ InSM, Al's/T's = 0.137 £ 0.027

@ Measurement: Al's/I's =0.138 +£0.012
(mainly from Bs — J/v¢ at LHCb)




Lifetime difference in Bs and By decays

Contours of A(logl) = 0.5

% O e @ Al measured through Bg
{3 g e
=h0.20 5 to flavor-specific modes,
e s
4015 \\ /FT BS — K K 7J/¢f03
IO\ & Bs — J/v¢.
U — @ Some enhancement
BY — J/(6/ KK /) .
0.05 N possible, has to be
. B DCP even) through b — s77
0.62 0.66 0.70 0.74 transitions.

T, [ps]

@ Al 4 should also be
controlled by new
physics b — drr
transitions

lary/arMy

o oowen owor oo on Lenz, CKM2014

ATl’s are sensitive to models with 2’ )




The angles of the unitarity triangle

sin(2B") =sin(20;") vs Cep=-Agy

Moriond 2014

Cep =-Ace PRELIMINARY
3 Combined
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0.4 0.6 0.8 1
sin(2p°") = sin(205™
5 Gl for 2 dot

Gantours give -2A(n L) = A® - 1, corrssponding to 60.7-

@ The value of 5 consistent across multiple modes
@ The value of v consistent across experiments
@ a=1m—F—~vby definition True test of unitarity:

sin Bs = ‘ Vs Sinﬁ_ S(E(’H)‘ﬁs) [+ (’)()\4)]
sin(B+
K Aleksan et al, 1994

@ Measurements of 55 needed



The tale of two betas in Bs-Bs mixing

B trom Bs — J /¢
Y B;j/’/)o 1Arg< (Vcbvcs) >

125

e 3/Y(SM) = 0.019 + 0.001

Bs! from ag

© ag = (Als/AMs) tan ¢
@ ¢% = Arg(—Mi2s/T12s)

@ Arg(Ty2) # Arg(Vyp Vi)? since the (c-u) and (u-u)
intermediate states contribute to 5.

@ ¢$(SM) = 0.0041 + 0.0007
BS'(SM) = —0.0020 + 0.0003




J/
S

?: Angular analysis of Bs — J/¢¢

0.20
HFAG
68% CL regions
0.15 AlogL =1.15
- LHCb
‘v 1+3fb"
2010 Combined
4
0.05 .
C M‘ ATLAS
oo 491"
0.00
-15  -10 -05 0.0 05 1.0 15
6,5 [rad]
J/g
¢s = —263

@ Results for Al's very close to SM now: enhancement by
only a few tens of per cent possible.

@ ¢s=-0.03+0.11rad
Large (relative) enhancement in (g

J/be

is possible, also

detectable since the SM value is small and precisely

known.



$': Like-sign dimuon asymmetry
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@ SM = Ab = (-0.02373:3%)%

o AY = (-0.787 £0.172 £ 0.093)% = 3.9¢ deviation
(original DO result)

(*] ACP(BO) = aS/ = ﬁl\r/ls tan d)gl

@ Large Alg and/or large ¢g !



‘ CPV allowed

-0.2— + t + o
20
- 30
-0.4 i
-0 | | | | 50
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X (%)

@ Both Am/I" and AT /T significantly nonzero

@ D-D mixing detected.

@ Cannot be sure that it is all SM, long-distance contributions

hard to calculate

Arg(a/p) [deg.]

la/pl



Ef, m ‘ CPV allowed
>

FPCP 2014

o
SERE

Arg(a/p) [deg.]
2
,ﬁ
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|-<

- 1
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X (%) lg/pl

@ Both Am/I" and AT /T significantly nonzero
@ D-D mixing detected.

@ Cannot be sure that it is all SM, long-distance contributions
hard to calculate

@ ltis possible that |q/p| is significantly non-unity.
@ CP violation through mixing possible, not detected yet



CP Violation in charm

AAcr = A(D® = K*K") = A(D® = Tr*1T)
— e

g(’ o BaBar

':< 0.4 CDF

w 0.2 ‘

RN, S Belle prelim.

=< C
0.2F LHCb prehm (pion tagged)
0.4F o

E LHCb (muon tagged)

-().(x:- o

World average
——
P Y 0 TR B

!l -05 0 0.5 | o -1 1
A @) [%] AAp [%]
LHCb, Gersabeck, Staric, CKM14
Py AACP — Ad1r(K) Adlr( ) <tErI;)> Aglglr(K) <t(7")> Alndlr )
@ Note: AMiIr(K) and Aldir(r) can be different in prmmple
(by virtue of their definitions here).

@ Earlier anomalies seem to be disappearing !




Pugmarks and directions

0 The signs: from precision measurements

@ Rare FCNC processes



Flavour changing neutral current processes

@ Suppressed in the SM due to the loop factor, CKM
hierarchy, chiral structure and GIM mechanism.

CKM hierarchy predicts specific pattern of effects in the SM
ViVia ~5-1070 < VigVig ~1072 < ViV, ~4-1072
N N N

K system B, system B, system

> K decays in general most sensitive to BSM physics

(Slide from M. Blanke)



The rare but clean decay K — nvi

Not yet observed, but...

35

ETHT, E949

2

: Cvp < 0.5 G|
rmwé e Chp < A Gonl

[
n

Minimal flavor violation:

’ m Gup X A Gom

L] 5 m 15 0 25 3 35
' & Brik* = x*vi)

]

W' & BriK; = xhw
[

J. Brod, CKM14

@ Models can change the relative BRs of K, — 7% and
K+ — nTvi to a large extent



Branching ratios of Bs — ptu~ and Bs — ptu~

m
wl

F. Archilli, CKM14
@ B(Bs — pp) = (29+0.7) x 107°
@ B(By — pp) = (3.671%) x 10710
@ Compatibility with the SM: 2.2¢ for By, and 1.20 for Bs.



What NP can affect B(Bs/q — 1) ?

@ Sensitive to minimal SUSY model parameters:
{ - <
l"l) "“A -

m2m?2tan® 3
B(Bg — ppe) o | Vi Vigl —2———

A

@ Severely restricts large tan 8

6

90 5 exp

2, @ MFV models cannot

23 account for the observed
o2 values Buras 2014
E [ S @ Role for Z/ ?

o
N
w
N
o
(-]

BR(B,—u*u") (10779



Angular distribution in B — K*u™u~

1 a4 9 3
- = Floos Gy + S(1— F)(1— cos™ @ +
T dcosfy doos B dpdg? lﬁr[ 5 e+ (1= Rl k)

Ficos® 8y (2cos 8y — 1) +
L= F)(1 - o 04)(2e050, — 1) +
51 —cos® @)1 — cos” 8 ) cos2d +

4
Hamu-mﬁ%”mar +

Apn(1 — cos? 9 )1 — cos? ;) sin 26 ]



Angular asymmetries in B — K*utu~

Bmed
-—AM —--CMS ~-LHCbD —-ATLAS -&-CMS

ﬁﬁe{# u-_‘?_f&_

0.5
l.l x
a IGGV'IG'I 9°[GeVcY

A

Theay WeBhned
—-LHD

E LHCb LHCb
QS - 05 -
I [ anii ; ;
: ==+
-asf 5 o5 3

I.S 2
[GeV'lc'] Q*[GeViIcY

@ Zero of Agg is a clean observable: the form factor
dependence cancels at LO to give

Re[C§"(G5)] = —(2msmy/q5) C5'!

@ The zero crossing compatible with NLO predictions



The P anomaly

& : hes ]
3%+ +o- 1 e P = ﬁ largely
ol —— B free from formfactor
raal- ] uncertainties
'"-; . 1-"—+— :i' + .1 e Local discrepancy of
. *[eVic!) 3.70in Pg.
i @ p = 0.5% with

look-elsewhere effect.

@ No “intuitive” NP jumps
to mind, detailed analysis
needed.

3 2 1 o 1 2 3

Counting Ss: blue minus red



Lepton non-universality in B — K¢/

@ Theratio Rx = B(B* — Ktutp~)/B(Bt — Ktete)
expected to be 1.00 in SM

- lHlh g Slr - Edlc

R

5 L} I5 21}
7 G|

@ Measured value for 1 < g° < 9 GeV?:
Ry = 0.74570:0%9 + 0.035 = ~ 2.60 deviation from SM

@ Non-universality from Higgs not enough since Higgs
contribution is m,-suppressed.

@ Models with Z’ that does not couple to electrons can
explain this anomaly.



Possible enhancement of rare top FCNC decays

2HDM

MSSM

SM 2HDM MSSM RS
e tmeZ ~107 1070 1077 <107
S D by ~108 <107 <1078 <1070
t—cg ~107" <10°% <107 <1071
RS flavor t—=>ch ~ 10—15 < 10—2 < 10_5 < 10_4

Atwood-Reina-Soni 1996, Cao et al 2009, Agashe-Contino 2009
Azatov et al 2009, Casagrande et al 2010
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e Model-independent constraints



Pugmarks and directions

e Model-independent constraints
@ Quantifying NP contributions



Consolidated By and B results

L
[ [orcudsdmearas o> 088
2

Im A,

AT, &5 &T,(K'K) & Ul

Ag and ag B, &2, (B,) 1
Py % New Physics in B_- B, mixing
| R
4 0 1 2 3 2 1 0 1 2 3
Re Ay Re A,
Mjo M,
oA, — d A, — 125
d = Mig(SM)> =8 = Mips(SM)

@ [24/5(NP) = 0 assumed (not true in general)




MFV constraints from Bd and Bs mixing

T T T |
| [excluded area has CL = 0.68

1+ Ul ]
L s \SM point 9
L E - ]

< o
E [ ) USROS SO,
=
2 %’L New Physics in B - B mixing
T \
2 1 0 1 2 3




Pugmarks and directions

Q Model-independent constraints

@ Wilson coefficients of effective operators



Effective operators for meson mixing

Standard Modeli

d

In general : SM: BSM:
5 . . = _
01 = ("% Lq") (P 3uLg”) 04 = (b°Lg*) (b°Rg®)
Her = (1) O; = _
fF ; ci(1)Oi(p) 02 = (*Lg") (P Le°) 05 = (5°L¢®) (5° Rq®)
05 = (°Lg®) (¥ Lg*)
T
= il
> me,
@ Meson mixing measurements
! give limits on c* = 1 /A2

¢ ¢ ¢ ¢ G

7 2 3 ]
Lower bounds on NP scale
(in TeV at 95% prob.)



Lorentz structure of NP operators in b — suu

Heir(b — sptp™) = HIY + HE + HS + M

HY = TV, {Z ClIOW) + Cr 2y (80, (eP + MoPr)b) ™
+ Cs (Sw PLb) firyups + C1o (Sw PLb) firy. s }
Hy = % Vip Vis {Hv 57, PLb iy + Ra Sy, PLb fiyuysp
+ Rl 87 Pab it + FayuPab i}
HE = %ﬁ ViaVis { Rs SPab jis + Re SPab jinep
+ Rs 8PLb iyt + Rp SPub fivsi |
T\ O\‘/g:r Vi Vis {CT 80,wb fic™ 1+ iCre B0,ub ficasp ewaﬁ}

Alok-et al; 2014



Characteristics of NP Lorentz structures

New SP operators: affect B(Bs — u™ ™)

_ a2 f2 7
B(Bs — " pn7) Ge 624 B; il |Vrths|
z
4m? \ | Rs — R: Rr—Rpr 2m
1 mzl ms g = £ “(C1o+RAf RA)| o.
Bs b+mS mb+ms mB

= Strong bounds on Scalar and pseudoscalar operators

New T operators

Can enhance Arg(g?) in B — Kupu to ~ 20% for large ¢?

Alok et al 2011



Explaining the P; anomaly in B — K*

Re(C}p)

- 0 1 2 3
Re( C‘? Py

2 3
9'
Figure 4: Constraints in the C)P-C} plane (left) and the C}'*-C}, plane (right).

ngp = R\/,
@ Large change in Cg and Cy desired

@ This could correspond to Z’ with axial coupling to quarks
and vector coupling to muons

Ci=Ry, Cio=R,

@ Implementation uses gauged L, — L, symmetry

Altmannshofer 2014



Further constraints from B — K*uu

On effective Wilson coefficients:

Re(C;)

-0.4

-0.6
06 -04 =02 0.0 0.2 04 0.6

Re(CYF)

Altmannshofer 2014

@ A model-independent relation between many angular
observables
Mandal, Sinha, Das 2014



Rare top decays

Ci
Lest = Lsm + Z ﬁoi

Operators that are only weakly constrained by indirect probes

t—c t—u
SU(2) dipole O}% N> 075TeV AZ0.75 TeV
SU(3) dipole O, AZ40TeV AZ58TeV

Higgs penguin Of, N> 073TeV AZ0.73 TeV

J. Brod

@ TeV scales are already being probed here.
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Q Directions: specific new physics models



Pugmarks and directions

Q Directions: specific new physics models
@ Models with two Higgs doublets (2HDM)



B — tv and 2HDM new physics

2f2 V4 2 2 2
BB — 1) = CEBVw o 2 (1 _ m;) [1 _ ( i ) )\bb)\TT]
87 mg m

H+

@ Different types of 2HDM models:

Type Ayu oo ALL
| cotg cotp cot
Il cotpg —tanp —tang
1] cotg —tang cotp
IV cotp cotg —tang

@ MFV SUSY: constraints in the My+—tan g plane



Type-Ill 2HDM with non-minimal flavour violation

Ly = Q;p[YiieaHS — 4 H2din — Q1 [Yi€anHE + % H2]uir + h.c.
f 7

10
0.5}
= TR
¥ 0.0 A 4: iy
b _)_‘_)_ c
_osl L(R) 3 R(L)
€33 (c4a)
1 mr 4 Sin tan?
-1.0 Cgy =~ AT q’; ﬂQ B
-1.0 2v2Gp v Mg,

-disfavoured by BABAR!

Allowed lo regions for tan 8 = 50 and

Mgy = 500 GeV Cs, ~ 1 mr <l Slll]»ﬂI;anﬁ
v

[Crivellin at al.(’12), arXiv:1206.2634] 2v2CGFVa

@ AR(D) and R(D*) may be accounted with a single
parameter eg,.

@ Not possible for Type-| or Type-Il models



Pugmarks and directions

Q Directions: specific new physics models

@ Minimal supersymmetric models



Constraints on pMSSM

e i
o " " b 1" ppa Py la, ol TP LT
400 600 800 1000 200 400 600 800 1000
M, (GeV) M, (GeV)

Mahmoudi 2014
@ Black: all pMSSM, Gray: including the correct Higgs mass,
dark green: including B(Bs — pui1)
@ Flavour constraint disfavours low my , large tan 3, as
expected



Constraints from CMSSM for light stop (m; < 1.5 TeV)

m; [Tev]

m; [Tev]

+ Higgs boson mass

Ap[TeV] Aol TeV]

AD, Ghosh, Patel, Raychaudhuri 2013

@ Higgs mass constraints are dominant, at least at low tan
@ At high tan g, flavour constraints come into play again.



Pugmarks and directions

Q Directions: specific new physics models

@ Models with Z’



For enhancing B(K — ©vv)

B(K*=x*vv)(10°")

Buras 2014

@ Flavour-changing couplings of Z’

@ If left- and right-handed flavour-violating couplings are
present, sensitivity to scales up to 2000 TeV possible.

@ Predictions sensitive to precise values of CKM elements

@ For consistency with K — K mixing, some fine-tuning
needed



For explaining B — K*uu distribution

@ Gauge L, — L;, which is anomaly-free.

L=g(i'p—77)Z,

@ Z'g1q- coupling only through mixing with heavy vector-like
fermions charged under the U(1)’

@ Constraints from g — 2,
Bs mixing, T decays,
Z — 4y etc. included
Altmannshofer et al 2014




Other things models with Z’ can do
@ Enhance 'y, and hence AT, in B4-By and Bs-Bs systems
AD, Kundu, Nandi, 2007

@ Enhance B(Bs — 77) by orders of magnitude
AD, A. Kundu, S, Nandi, 2010

@ Account for the dimuon anomaly

@ Change the ratio of By and B; lifetimes
AD, Ghosh, Kundu, Patra, 2011; AD, Ghosh, 2012

=
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e Concluding remarks



Concluding remarks

@ B physics: a magnifying glass for testing SM
Thanks to the lattice colleagues for the precision.

@ Rare decays and precision measurements constrain
specific NP models as well as indicate what classes of NP
may be present

@ While rare K decays have the largest precision reach, the
large number of rare B decays offer probing power into the
flavour structure.

@ SUSY, multiple Higgses, Z’, extra qyarks, leptoquarks, ....
many possibilities

@ Only data will tell, one has to look closely, though...



A closer look can take you

From beauty...
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A closer look can take you

... to relativity !




So simply....

Follow the pugmarks




	The signs: from precision measurements
	CKM matrix elements
	Mixing and decay in neutral mesons
	Rare FCNC processes

	Model-independent constraints
	Quantifying NP contributions
	Wilson coefficients of effective operators

	Directions: specific new physics models
	Models with two Higgs doublets (2HDM)
	Minimal supersymmetric models
	Models with Z'

	Concluding remarks

