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Outline

[J Key points from the previous lecture on CP violation
[0 General considerations on extending the SM

[0 Various New Physics models






B meson mixing

O Schrodinger equation for two states that at t = O are pure BY%and BY:

d (B _ [, D\ [IB%(V)
“dt (lED(t))) - (M B 35) (|Eo(t)))
mass matrix decay matrix

d The mass eigenstates are (]3:.~|2 + |q|2 = 1)

1B1) = p|B°) + ¢|BY)
|By) = p|B°) — ¢|B%)

d For the B system we have |I'12| < [M12]and we can write:
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Time evolution
O The evolution of pure interaction eigenstates is:

IBO(t)) = g4(1)|B% + Eg-(t)lé%

1BO(t)) = gg_(t)|80>+g+(t)|50>

where
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g_(t) = e~imt—Tt/2 —sthcos m —]—zcoshTsm m]

d In the A'=0 limit:
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CP violation in mixing

B% ... oo B1B% = 8= (a/p) 9-(t)
1B% ... b BI1B% = 3= (p/q) g-(t)

Q if |8] # |8, itis possible to measure CPV in decays to final states
accessible only to BY or B
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= | q
81 # 1Bl & || #1

O An example is the neutral semileptonic decay asymmetry to wrong sign
leptons:

r(BO»t) — ¢tuvX) — T (Bt) — ¢ 0X)

ag(t) = F(BO(t) — ¢+vX) + M (BO(t) — (—7X)




CP violation in mixing
d Only 2 amplitudes do not vanish:

A = (ttux|HY BO) A= (X |HYBO)
3 Their magnitude is the same: |A|2 = [ﬁ|2

O The time dependent rates are:

F(BO(t) — (TuvX) = gg_(t) A

r(Bt) = X)) =19 () A
p
d The asymmetry is:

1 — la/nl4 r small
ag(t) = |Q/P14 ~ I 12 < time independent
1+ lq/pl M2 large hadronic uncertainties




CP violation in decay

3 It stems from the difference between the rates for B — f and B — f
O We need two amplitudes with different weak and strong phases:

Ap = A1ei01F91) 1 A, 0i(02+02)
ﬁf = Ae01=01) 4 A, e1(02=02)

r(B—f)-T(B—])
(B—f)+T(B—/f)
B 2A1A>sin(d> — d1) sin(do — ¢1)

A7 + A% + 241 Ap cos(é — §1) cos(¢ — ¢1)

A =

d We A, A, and §,-9,: all these quantities are sensitive to nonperturbative QCD



Interference in decays with and without and mixing

O We look at the time dependent CP asymmetries of neutral B decays to final
states that are CP eigenstate:

A, - B°®) = fep) —T(B®) — fop)
fer = T(BO) = fop) + T (BO®) — fop)

O Same as CPV in decay, the only difference is that |f) = ne |f)
O We need two amplitudes, with different weak and strong phases!
d More amplitudes usually implies non-perturbative trouble...

O Evenif |[A(B° — f)| = |A(B® — f)| we can use B® — f~pand B® — B% — f-p

5O | E fop Ap vs ilA;



Interference in decays with and without and mixing
d Af == Aeié+i¢

97 ilo+5+ilargd—¢] _ ., qA
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d In formulae:

F(BO(t) — f) —T(B°(t) — f)

A = _
fep F(BO(t) — f) + T (BO(t) — f)
~ 2ImAy = |)*f|2
=— IVE sin(Amt) — e cos(Am t)
Sy Cr

O If[As]| = 1we get:

Ap.p = ImAgsin(Am i)



The three types of CP violation

O There are three quantities that drive CPV effects:
Af
Af

_ a4y
pAg

?

q
1 —
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O CPVin mixing: |q/p| # 1
O CPV in decay: |Ef/Af] + 1

O CPVin the interference between decay and mixing: A ¢ +* +1



Calculation of M,

O AB=2 transitions need to go through a W loop

w
e e VT 2 > g
ty tA W s
W
e VAVAVAVAVAVAV,Y a q t b

L As usual we write an effective Hamiltonian that captures the SD physics:
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'mu

G2m3 2

Amp = %ﬂBmB (f3BB) So ( ) |"Eb"“}q‘

mu

g C(VpVi)® [ —e 28 q=d

P Vi Vigl? —e=2Ps  qg=s



O This process is mediated by both tree and penguin operators:

A = (Tuas+ PS— P VVsh + (P = PL) ViV
- ~ _J
penguin pollution

O The last term is doubly suppressed:
Vub%fﬁ

—— = To=2 A(B® — J/YK®) V, Vi
cb ¥ es A(BC — J/YKO) — ViV,
P/T ~ O(0.1) '




B — ¢K

O This process is mediated by penguin operators only:

(P§ — Pg) Vi Vs + (P§' = Pg) Vi Viss

O The last term is only CKM suppressed:
VisVis . 19-2 A(BY — ¢K°) Vi, Ve
V. Ves AE— @KO) Vo Ves

+0(77)




B — @m

O This process is mediated by both tree and penguin operators:

o
b /
- u ] ek d
o
d
@

A = Trr Vi Vg + Prr VigVig = Trr VipVa (1 + 7o £)

penguin pollution

O Is the last term suppressed?
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Extraction of CKM angles
d For B — J/¥(¢)Ks we have:

q AUKO PK = ny; %dVbVCE Ves Cd == —Ziﬁ
= MyK S Ok
P A’t;,ho 94K Sﬂb%ﬁivc?’;:‘svcsvcd =

Athg

_ T(B%t) — J/yKs) — T(BO(t) — J/9¥Ks)
AvKs = FB0() = Jjuks) + T(BO) — Jj0Ks)

—ny K, SIN(2B) sin(Ampg, t)

O For B — wmm we have:
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A = — = - * — € ;
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Crr = O(Tﬂ'ﬂ')






General considerations

d

d

The Standard Model is the most general renormalizable theory given its
particle content

New physics enters via new particles:
» Higgs bosons
« fermions
e scalars
e gauge bosons

In order to escape present bounds, new particles can be
* very heavy with large couplings (e.g. stop)
« relatively lighter with smaller couplings (e.g. neutralino)

If masses are larger than energies presently accessible we have to look for
virtual effects

In order for these effects to be visible we have to look for processes that are
suppressed within the Standard Model



General considerations

O Interesting processes:
e rare decays
« CP asymmetries
e proton decay (accidentally protected in the SM)
e neutrino oscillations
e dark matter

 muon anomalous magnetic moment

L Hadronic uncertainties might be large enough to hide a possible new physics
signal



Example: a fourth generation

O We have now eight quarks:

L=UgiPUr+Dril Dp+QriP QL— (QL & 1"Ur+ QL ¢ J'Dr+h.c)
N— — 7
invariantunderUp — Ry Up ., Dp — Ry Dp and Qf — Sy Qf

where Ry, . R . Sy, € U(4)

d Using this U(4)2 symmetry we can write:
L = UpipUp+ Dgpip Dp+ QLD Q)
—(QL 34" Ur+Qf ¢ Vy' D+ hc.).

4x4 CKM matrix

O The eight quark masses are:

v

ﬁyd

v
\/ﬁyu:



Example: a fourth generation

 Mass eigenstate basis:

Uy, Ur,
—
Dy, VD
— U mUp— D VvmiDp+hc. — U m*Up — Dym®Dp + h.c
O There are no Flavor Changing Neutral Currents
ap DpZDr+ ar, DiZD;, — ag DpgDr+ar, DL V'ZV Dy,

4
O Flavour Changing Charged Currents follow a pattern similar to the SM:

_ 92
V2

- — 92 17 : ———
TV Dy, + DIy ~Ur| = =<5 |UW TV D + DL VIw=Uy,
Vud Vs Vub L;HB
Vea Ves Ve Ve
th Vis th V?EB

Vra Vs Vi, Vg t I



Example: a fourth generation

d

d

What happens to the 9 entries of the standard CKM matrix?

Some entries have been measured directly (tree level decays proportional to
a single coupling). Since the fourth generation is necessarily heavy, these
direct determinations are still valid.

On V, and V,, we have only indirect constraints (i.e. Amg, b=>sy, ...)

Note that loop processes are always proportional to combination of CKM

entries:
S
(] el B *
= > x VipVis

[

==

Before the measurement of V,,, it was possible to arrange the masses and
couplings of the 4t generation in such a way that V,, as small as 0.1 was
possible.




Example: a fourth generation

O Physical parameters in the 4x4 CKM matrix:

4n%—(3n7—1) =np+np+ (ny—1)°

yu yrf V
Separating angles and phases in V we get:
(np—1)%2 = ng(ng—1)/2+(ny—1)(ny—2)/2

6 real 3 imaainary

O What part of the phenomenology might drastically change?
o CP asymmetries
« Unitarity triangle fits (the 3x3 u-c-t submatrix is not unitary anymore)

O Smoking gun: direct production and detection of 4% generation quarks



More on loop effects

O Given a coupling, we can get direct or indirectblnformation:

W

£5...
t,b

Y
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More on loop effects

O Kinematically forbidden flavor-changing interactions:
=+

L The SM contribution is loop and CKM suppressed
d CKM-like new physics contributions are sizable even with heavy new

particles. If the t-s coupling is not suppressed, this new physics diagram
easily outguns the SM one.



The delicate structure

O The SM pattern of Flavor Changing Neutral Currents and CP violation follows
directly from the choice of using one single Higgs doublet to give masses to
all the fermions

d The two Yukawas (that contain 36 real parameters) break almost completely
the flavor symmetry of the SM: U(3)xU(3)xU(3)->U(1). Because of the latter,
26 of the 36 parameters are unphysical.

O The introduction of additional fields capable of interacting with quarks, lead
often to new flavor changing interactions. The latter cannot be usually rotated
away since we already used all the freedom allowed by the U(3)3 symmetry
to simplify the Yukawas.

d The SM has a very delicate structure: almost any addition to it will result in a
proliferation of flavor changing interactions and CP violating phases.



Why one doublet?

O For phenomenological reasons we needed to introduce LR interactions
among fermion fields:

L The hypercharges of the two Higgs doublets are opposite to each other and
we decided to use one doublet only:

= (’,-.T)O)
¢ =10090 = |  _
(—¢5

O This choice does not follow from any symmetry or principle, it is just the
minimal option

L We are completely free to add more doublets (not so for triplets)



The Two-Higgs Doublet Model (2HDM)

d

d

Let us introduce two Higgses with opposite Hypercharge: ¢, and ¢,

After electroweak symmetry breaking 3 of their 8 degrees of freedom will be
eaten by the W and Z, the other 5 remain physical.

The Higgs spectrum contains now a charged Higgs (Hi), a pseudo-scalar
Higgs ( A ), and two scalar Higgses (h, H)

The neutral components of both Higgs doublets acquire a vacuum
expectation value:

| 0 B
o=, rp)  leal=

Additional parameters up to now:
°* Myx, My, My
e tanf
o (mixing angle between H and h)

v
tan g = =
U1

'Uz/\/i)
0



The Two-Higgs Doublet Model (2HDM)

 Now we have to decide how to couple the Higgs doublets to the quarks

e Type-l : ¢, couples to up and down quarks, ¢, doesn’t couple to quarks
Liype—1 = —Qr, ¢1 7% Dr — Qr, ¢1 7“ Ug

- Type-ll : ¢, couples to the up quarks, ¢, to the down quarks
Liype_11 = —Q, ¢1 5% Dp — Qr, 62 §“ Up

« Type-lll: both doublets couple to up and down quarks

=~ . -d = =
Liype-m1 = —QL ¢1 71 Dr—CQr ¢1 91 Ur
—Qp, $2 95 Dr— Qr, 2 74 Ug



The Two-Higgs Doublet Model: type-li

 We have again only two arbitrary complex Yukawas:
« the CKM matrix is again the only source of flavor changing interactions
» there are no Flavor Changing Neutral Currents
« we have new Flavor Changing Charged Currents (charged Higgs)

O Charged Higgs FC interactions are CKM-like

O Charged Higgs loops contribute to several rare decays:

1% H*




The Two-Higgs Doublet Model: type-li

 Rare decays put a strong constraint on the charged Higgs mass:

0.4

MH>2OD GeV

0.35¢
250

0.3r

hep-ph/0603003
0.25¢ P /

0.27

0.15¢

B x10*
3.2 3.4 3.6

2.8 3 3.8 4 4.2

[Misiak et al., 06]



The Two-Higgs Doublet Model: type-l1ll

O The (non-diagonal) quark mass matrices are:

My, =

'UQ ~U  ~ VUl d ; Y2 d

’Ulﬁ
— ——=U1 Y, m Yy y
T BV M= At s

d In the mass eigenstate basis:

The unitary transformations that diagonalize the mass matrices do not
diagonalize any of the four Yukawa matrices

ﬁu,) R, = mdlag 7@- S’tl;: g::_l:,z Ry, = y;i:glag

T
S(ﬁ VoI

Unitarity again leads to the cancellation of flavor changing neutral
currents involving gauge bosons

The CKM matrix again appears in the W vertices:
V =SS,



The Two-Higgs Doublet Model: type-l1ll

O The delicate flavor structure of the SM is completely destroyed and

phenomenology imposes strong constraints on the various FC and CPV
parameters

O We have new flavor changing neutral and charged currents involving the
neutral and charged Higgses, respectively.

b S
h,H, A ,
SO ﬁmgq
3 b
b — 7
1:,{ _____ ! B~ — 17
o T



The Minimal Supersymmetric Standard Model (MSSM)

O

The MSSM is the minimal SUSY theory that contains the SM
gauge group and matter content

To each SM particle is associated a sparticle

SUSY predicts sparticles degenerate in mass with the
respective particles; hence we expect SUSY to be broken at
low energies

We do not know the mechanism of SUSY breaking and we
parametrize it with soft breaking terms

B this rises the number of parameters to about 124

A truly fundamental theory would fix most of them



The Minimal Supersymmetric Standard Model (MSSM)

[0 For deep reasons it is necessary to couple up and down quarks to
distinct Higgs doublets (as in the 2HDM type-11)

[0 Particles and sparticles interact via gauge bosons (and their
partners, the gauginos). As in the SM these interactions are,
initially, flavor diagonal:

[0 The soft breaking terms introduce new flavor structures.
Here are the terms involving the squarks:

cerks = QYMEQ + UTMEU + DIMAD
+QY' 610 + QY éaD



The Minimal Supersymmetric Standard Model (MSSM)

[0 After diagonalizing the quark Yukawas (i.e. switch to quark mass

eigenstates), particle-sparticle interactions are no-longer flavor
diagonal: BL

= ' = (Shi
g

[0 Unless a miracle happens, the diagonalization of the sdown-left
mass matrix will require a different matrix ( S,)

[0 In the quark and squark mass eigenstate basis, we have

djgf_z-
= H%,H’ (SySa)ij 7 i
g

0 This is the supersymmetric flavor problem

dif,




Minimal Flavor Violation (MFV)

[0 In the SM the quark Yukawas are:

'Lau = Su Yu R«i—,
Yd Su Vyq Rjg_

and the three unitary matrices S, R, and R, are unobservable

[0 In several new physics models (type-111 2HDM, MSSM, ...) these
matrices become observable

O The MFV principle requires these matrices to remain
unobservable

O In the MSSM this implies Sg = S'd, hence the absence of extra
sources of flavor changing



Minimal Flavor Violation (MFV)

[0 This means that all flavor changing interactions are controlled by
the CKM matrix

[0 For instance:

General MSSM: MSSM with MFV:
Sts f(mg/mg) i Vis f(mg/mg)



MFV: Model Independent Analysis

[0 Once we decide to walk the MFV road, the structure of new
physics contributions to rare decays and CP violating observables
IS very strongly constrained

[0 With generally, MFV contributions can be absorbed in the
following parameters:

rd d,SM oy d,SM 0210
My — Myp™ (14 hge?i91) = Myy" r2e2if
L ' Fi%
Mg, — My ™M (14 hsez?’g‘s) MM 22i6s
b I{ SM 2i _ S"Hr 210

[0 Some predictions for several observables change:

, — USM
Amp, — AmPr3 Ampy _, (Amp, Ty
d Amp, Amp, r2

ay i, — SIN2(8 + 64)



Model Independent Analysis: b—>d sector (B,)
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Model Independent Analysis: b=2>s sector (B,)

180
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Model Independent Analysis: s—2>d sector (K)
180

160

140

120




The UT fit

1.5_IIII|IIII_ IIIIIIII IIIIIIIIII
" excluded area has CL > 0.95 % -




What do we learn?

[0 The Unitarity Triangle fit is a tremendous check of the CKM
mechanism

0 Arbitrary new physics is amazingly constrained

O If new physics is MFV (i.e. shows proper respect to the CKM) the
UT fit constraints are partially lifted: in these models the scale at
which new physics enters (read: the masses of the new particles)
can be reasonably low.

O Complementarity between direct and indirect searches

N

- NP scale is identified - NP scale is poorly constrained
- little information on FC structure - completely explore FC interactions

AN /

Both necessary to pin down the New Standard Model
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