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ABSTRACT: The B-factories results provide an impressive confirmation of the Standard
Model (SM) description of flavor and CP violation. Nevertheless, as more data were accu-
mulated, deviations in the 2.5-3.5 o range have emerged pointing to the exciting possibility
of new CP-odd phase(s) and flavor violating parameters in B-decays. Primarily this seems
to be the case in the time dependent CP asymmetries in penguin dominated modes (e.g.
B — ¢(n')Ks). We discuss these and other deviations from the SM and, as an illustra-
tion of possible new physics scenarios, we examine the role of the Top Two Higgs Doublet
Model. This is a simple extension of the SM obtained by adding second Higgs doublet in
which the Yukawa interactions of the two Higgs doublets are assigned in order to naturally
account for the large top-quark mass. Of course, many other extensions of the Standard
Model could also account for these experimental deviations. Clearly if one takes these
deviations seriously then some new particles in the &~ 300 GeV to ~ few TeV range with
associated new CP-odd phase(s) are needed.
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. Summary & outlook

1. Introduction

The spectacular performance of the two asymmetric B-factories is a triumph of accelerator
science. Both machines appreciably exceeded their designed luminosities and presently
have delivered over 1 ab™! of data [f[.

On the one hand, the first crucial result is a striking confirmation of CKM-paradigm
of flavor and CP violation. It is clear that the CKM phase provides the dominant explana-
tion for the observed CP violation to an accuracy of about 10-15%. This strongly suggests
that new physics most likely can only show up as a perturbation requiring accurate mea-
surements and precise theoretical calculations.



On the other hand, many B-factory results indicate interesting deviations from the
SM. One of the most compelling hints of new physics are the measurements of the time-
dependent CP asymmetries in penguin dominated modes that turned out to be systemati-
cally smaller than the SM expectation. While the calculation of these asymmetries requires
to keep under control long distance QCD effects, the QCD factorization as well as several
other approaches shows that some of the modes are extremely clean (i.e. ¢Ks, n' K and
K K¢ K, final states). The magnitude of the deviation ranges from 2.50 to about 40 de-
pending on how one chooses to compare. The amplitudes for these decays are dominated
by penguin (i.e. short distance) contributions: hence, deviations in these CP asymmetries
are expected and quite natural in a very wide class of new physics scenarios. It is therefore

extremely important to follow this issue very closely.

Unfortunately a sizable reduction of the experimental errors on these asymmetries
requires significantly greater statistics and is bound to be slow: the projected doubling of
the integrated luminosity by the end of 2008 is unlikely to resolve this issue in a decisive
fashion. From a theoretical point of view, it would be extremely desirable to reduce the
experimental uncertainties at the 5% level because a Standard Model irreducible pollution
of a few percents is expected. The needed luminosity for this important enterprise may
have to await the advent of a Super-B factory [B—f].

In addition to this hint for new physics there are several other measurements that
deviate sizably from the respective SM expectations. Among those we have the muon
anomalous magnetic moment, difference in direct CP asymmetries in B — K decays
and the tension between |V,;| and the time-dependent CP asymmetry in B — J/¢ K.
In this paper, we present an extensive discussion of several important experimental hints
for deviations from the SM. As an illustration we study how a simple and well motivated
extension of the SM (the Top Two Higgs Doublet Model [J—[]) can handle the experimental
data.

Needless to say, the deviations seen in B decays [[] and some other aspects of flavor
physics, may also be accountable by many other extensions of the SM; for example super-
symmetry [I{], a fourth family [T}, a Z-penguin [[J], warped flavor-dynamics [[J] etc.
Clearly, the key features of any beyond the Standard Model scenario that is to account
for the experimental deviations in B-physics and other flavor physics that are being dis-
cussed here are that it has to have at least one new CP-odd phase and new particles in
the =~ 300 GeV to =~ few TeV range. Much more experimental information is required to
disentangle the various possibilities.

In section f] we present the list of problematic measurements that we consider and
summarize them in a pull table. In section [ we give a short overview of the Top Two
Higgs Doublet Model (T2HDM). In section ] we perform a chi-squared analysis of the
T2HDM and show how present experimental results, using observables that are relatively
clean, constrain its parameter space. In sections f] and | we present details of the calculation
of T2HDM contributions to various observables. A brief summary and outlook is given in

section ff.
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Figure 1: Unitarity triangle fit in the SM. The constraints from |Vi,/Ves|, ex, AMp,/AMp, are
included in the fit; the region allowed by ayx is superimposed.

2. Possible hints for deviations from the SM

In this section we summarize some of the experimental problems that have surfaced in the
past few years connected with the Standard Model picture of flavor physics. In particular we
focus on the tension between the measured time dependent CP asymmetry in B — J/¢Y K
and the rest of the unitarity triangle fit, the discrepancy between CP asymmetries in
b — s5s (e.g. B — (¢,7)Ks) and b — ces (B — J/YKj) transitions, the difficulties
in describing the CP asymmetries in the decays B® — K*n~ and B~ — K~V the
anomalous magnetic moment of the muon and the forward-backward asymmetry in Z — bb.

ayk: Standard Model prediction vs direct measurement. The standard unitarity
triangle fit, with the inclusion of the constraints from |V,,/Vel|, ex, AMp, and AMp,
predicts ayx = sin(23) = 0.78 + 0.04. Here, we used a simple x? fit in which we use the
inputs given in table [ and assume that all errors are gaussian (this means, for instance,
that we combine systematic and statistical errors in quadrature). The direct determination
of this asymmetry via the “gold - plated” 1K modes "yields [14] a%? = 0.675+0.026 and
deviates from the SM prediction by about two standard deviations. In figure [l| we show the
SM fit of the unitarity triangle in the (p,7) plane and the a,x constraint is superimposed.
From the figure it is clear that this effect is mainly due to the conflict between a,x and
|Vis|. Note also that the former measurement is clean from hadronic uncertainties and the
latter uses basically a tree-level process.

In order to test the stability of this 20 effect, it is useful to entertain a scenario in which
the errors on |V,;/V,| and on the SU(3) breaking ratio obtained by lattice calculations &g
are increased. Increasing |Vyp/Vep| = 10% (from about 7%) and 6¢; = 0.06 (from 3-4%),
the prediction for sin2(3 does not change much: we find sin(25) = 0.78 4+ 0.05. It is also
interesting to consider the impact of the very recent lattice determination of By presented
in ref. [1§]: using By = 0.765+0.017 4 0.040, the fit gets slightly worse and the prediction
for sin 23 reads 0.76 4+ 0.035. The conclusion of these exercises is that the strain between
the direct determination of ay,x and the rest of the unitarity triangle fit is quite solid ).



[Viw/Ves| = 0.1036 £ 0.0074 [R5 eXP = (2.280 +£0.013) 1073
AmEP = (17.77+0.10 £ 0.07)ps~* [24] afﬁés = 0.675 + 0.026
Ami? = (0.507 £ 0.005)ps ™ Br = 0.79 £ 0.04 + 0.08 [27, BY

+0.047
§s = 1.2105 o35

Table 1: Inputs that we use in the unitarity triangle fit.

Time-dependent CP asymmetries in b — s5s modes. Within the SM, the CP
asymmetries in penguin dominated b — s transitions such as ¢K, and 1’ K, are equal
to sin(23) up to some pollution from tree, that are expected to be fairly small in these
modes [[]-[g]. The calculation of matrix elements of penguin operators is an intrin-
sically non-perturbative task, and it has been recently studied using many different ap-
proaches R(—RJ. These studies show that while a precise calculation of hadronic un-
certainties is very difficult, at least three cases, namely n' K, ¢K, and K;K Ky P4 are
notably clean with only a few percent contaminations. In many other cases rough esti-
mates (see for instance refs. [[d, R, RO]) suggest hadronic uncertainties to be less than
10%. For example, ref. [R1] quotes ay i —apx = 0.01+0.01 and agx — ayx = 0.0240.01.
The measurements of the time dependent CP asymmetries in the 1’ and ¢ modes, yield
ayr = 0.61 £0.07 and agx = 0.39 £ 0.18. The latter deviates from the SM prediction
aszs = 0.78 £0.04 at the two sigma level.

It is rather curious that all the time dependent CP asymmetries in b — s3s have
been measured to be somewhat smaller than the B — J/Y K asymmetry. If we naively
compute the average of the CP asymmetries in all the b — sSs modes, even though only
three of the modes are very clean and others may have O(10%) uncertainties, one then
finds [asss]average = 0.52 £ 0.05 with a deviation of about 40 from the SM prediction and
about 3o from the value directly measured by the ¥ K method.

For the sake of completion, we also note that just averaging over the three clean modes
gives agjeqn = 0.57 £ 0.06. Since in so far as the SM is concerned, sin 2 may be measured
either by these three clean penguin modes or by the J/1¥ Ky modes, the best “SM” direct
measurement of sin 23 is given by the average over the (J/v, ¢, 1, KsK;) K modes: we thus
find sin 23 = 0.66 £ 0.02 which is again about 2.50 from the SM prediction of 0.78 + 0.04.

CP asymmetries in B — Km. The QCD-factorization predictions for the individual
CP asymmetries in B — Kn decays [BU, BI] are extremely sensitive to non-factorizable
(hence model dependent) effects and cannot be used to directly constrain the SM. Luckily
it turns out that, in the calculation of the difference between the CP asymmetries in
Bt — K*t7~ and B~ — K~ 7°, most model dependent uncertainties cancel and the QCD-
factorization prediction is quite reliable. The magnitude of this cancelation is apparent
in the comparison between the predictions for the individual asymmetries and for their



difference. The results of ref. [B1] read:

Acp(B™ — K~ n°) = (715115000810 9) % 2.1
Acp(B® — K~rt) = (455111520005 0) % (2.2)

where the first error corresponds to uncertainties on the CKM parameters and the other
three correspond to variation of various hadronic parameters; in particular, the fourth one
corresponds to the unknown power corrections. The main point is that the uncertainties
in the two asymmetries are highly correlated. This fact is reflected in the prediction for
their difference; we find:

AAcp = Acp(B™ — K n°) — Acp(B® = K~ 77) = (25 +1.5)% . (2.3)

In evaluating the theory error for this case, we followed the analysis presented in ref. [BI]
and even allowed for some extreme scenarios (labeled S1-S4 in ref. BI]]) in which several
inputs are simultaneously pushed to the border of their allowed ranges. The comparison of
the SM prediction in eq. (B.3) to the experimental determination of the same quantity [[[4]

AAZP = (14.4£2.9)% , (2.4)
yields a 3.50 effect.

Muon g —2. The muon anomalous magnetic moment has been thoughtfully investigated
in the literature. The most up-to-date calculation of the SM prediction suffers from model
dependent uncertainties in the calculation of the light-by-light hadronic contribution; nev-
ertheless, all the estimates (see, for instance, ref. [B for a collection of results) point to
a SM prediction that is lower than the experimental measurement by about three sigmas.
The inconsistency between the extraction of the hadronic contribution to the vacuum po-
larization from 7 and eTe™ data is still an open question. We note, however, that the use
of the former requires model dependent assumptions on the size of isospin breaking effects;
for this reason, most analyses prefer not to include 7 decay data. The most recent theory
estimate is B3]

a™M =116591785(61) x 107" (2.5)
while the present measurement is [B4, Bg]:

™ = 116592080(63) x 107" . (2.6)
The discrepancy is at the 3o level.

Forward-backward asymmetry in Z — bb. The LEP measurement of the forward-

backward asymmetry in Z — bb reads A%? = 0.0992+0.0016. The discrepancy between this

experimental result and the central value of the SM fit, (A%))SM = 0.1038 is at the 3 sigma
level. Care has to be taken in interpreting this result because the indirect determination
of A%’ from the forward-backward Left-Right asymmetry (A;) is compatible with the SM

prediction at 1 sigma.



Overview: the pull table. Let us give a global view of the status of the Standard
Model by collecting most measurements sensitive to the flavor sector and their deviation

from the corresponding SM predictions'. Note that several of the entries indicate deviation

from the SM in the 2.5 - 3.5 ¢ range.

Observable Experiment SM Pull
B(B — X,v) x 104 3.55 4 0.26 2.98+0.26 | +1.6
B(B — 1v;) x 10* 1.31+0.48 0.85+£0.13 | +0.9

Amp, (ps71) 17.77 £ 0.12 18.6 2.3 -0.4
api 0.675 & 0.026 0.78 +0.04 -2.0

apK 0.39 +0.18 0.80 & 0.04 -2.2

Ay i 0.61 £ 0.07 0.79 & 0.04 -2.0

K. K.K, 0.51 £ 0.21 0.80 & 0.04 -1.3
UK 4 K+ KKK 0.57 4 0.06 -2.9
UK+ K+KKK+pK) | 0.66 £0.02 -2.6
[@s5s]naiveaverage 0.52 4+ 0.05 3.7
AT, /T, 0.27 £ 0.08 0.147 £0.060 | +1.2
AAcp 0.144 £0.029 | 0.02540.015 | +3.6

ay x 101 1.16592080(63) | 1.16591785(61) | +3.4
A%’ 0.0992 + 0.0016 0.1038 -2.9

|Vip| x 103 4.31 £0.30 3.44 +0.16 +2.6

In the next section we will introduce a particular new physics model, the two Higgs
doublet model for the top quark (T2HDM), and see how well it can accommodate the

above mentioned deviations.

3. The two Higgs doublet model for the top quark

The T2HDM is a special case of type-III 2HDM. It was first proposed in ref. [f] and subse-
quently analyzed in refs. [, B, B6]. In this model, one of the Higgses has only interactions

1See section E for a detailed discussion of the various observables




involving the right-hand top, while the other one couples to the remaining right-handed
fermions (but not to the top). The main motivation for this model is to give the top
quark a unique status, thus explaining in a natural way its large mass; hence large values
of tan B (the ratio of the vev’s of the two Higgs fields) are preferred. As we will see in
the following, a consequence of the peculiar structure of the T2HDM is that the model
contains two additional flavor changing complex couplings on top of the standard 2HDM
parameters.

The Yukawa interactions of the quarks with the Higgs fields are:
[,y = _QLHlyddR — QLﬁlyu]l(u)uR — QLFIQYUII(B)UR + h.C. y (31)

where H; are the two doublets, H; = iJQH;‘, Y, 4 are Yukawa matrices, 1012) = diag(1,1,0),
and 1) = diag(0,0,1). After the electroweak symmetry breaking, the neutral components
of Higgs doublets receive two independent complex vev’s, v/ V2 = et cos By / V2 and
v9/V/2 = ve'®2 sin B //2, whose ratio is tan By = |ve/v1].

The quark mass matrices in the mass eigenstate basis are:

,U*
mqg — DE (715Yd> DR s (32)
my = Ul (”—Tyun“?) + ”—51@11(?9) Ur (3.3)
V2 V2

where m,, 4 are diagonal, U, g and Dy, g are unitary matrices and V = U£DL is the CKM
matrix. The charged and neutral Higgses interactions read:

H H Hf H
LS = —a Vmgdp—2r—= — g | myV—=2= + 2tV 2 __ 1 d; + h.c.
v vi/V2 vi/V2 v/V2 0 V2

(—dePR + muVPL) (G+ — tan ﬂHH+)

g2 _
= U

V2my

—i—EJrVPL(tan B + cot B )H T | d + h.c.

arp (PP HT + PG )dg + ap(PH, HY + PS,G1)dy, + h.c. (3.4)
0% 0%
052\/5 — vf;lﬁ]) ug + h.c. (3.5)
hOsinay — HO cos ag
sin By
Hsin(ay — By) + hP cos(ay — Br)
sin2 BH

oo D 10*
ﬁy = —dLmddR*i —ur, | my

Ul/\/5 UT/\/i—i_z

t _
_ g2tanfn [ (dpmadp + armyug)

2my

+1 (JLmd'yg,dR + ﬁLmu'y5uR) AV — TLLETUR

—i(1 + cot? By)ur ST ysurA° | + h.c.

= d (P10 + PIPHO 4 ins P A%Yd g + ap (PP R0 + PP HO 4 i PA° A%)up + hec.



where X = muU}T% 1®UR. The would be Goldstone boson GF, the charged Higgs H*, the
heavy and light scalars H? and A, and the pseudoscalar A° are given by:

(o) =S [ron () + 0 () ()] w0
(Zg'i) = Hon <fli> ) (3.7)

R — (cosw —sinw> (3.8)

with

sinw  cosw

The explicit expressions for the charged Higgs couplings are:

g2

PH — 72 tan Vmyg, 3.9
LR = B d (3.9)
Pl = 92 angy [(1 + tan~2 gg) =t —mu} v, (3.10)

V2my

g2
Pfp =~ Vi mg, 3.11
LR 2w d (3.11)
P =2 v, (3.12)

The explicit expressions for the neutral Higgs couplings are:

pr _ 92 tan Sy muSi.naH _ Efw (3.13)
2mw sin B sin® B
pt _ gt f [ cosan | oqsinan — fn) (3.14)
2myy sin By sin“ By
tan By 1 + tan? By
pAY _ 2tanpn _ 2T re” PH s 3.15
u 2mw tan? By (319)
tan By  sinagy
pht _ 92 3.16
d 2my Md sin Oy ( :
tan By  cosagy
d 2mw md sin Oy ( )
tan By
y st (3.18)

From the definition of ¥ it is clear that only the third row of the matrix Ug is relevant
up to an overall phase (i.e. we can take (Upg)ss real). Taking into account the unitarity
constraint, it follows that ¥ depends on only 4 real parameters. This statement can be
explicitly verified by employing the most general parametrization of a unitary matrix:
U = PV P, where P; are diagonal phase matrices and V' is a unitary matrix that depends
on three angles and a single phase (e.g. it is CKM-like). The third row of this matrix can
always be written as:

*

N

*

V1- ré\;w e

Ug = (3.19)

My ¥ %



where é and é’ are complex parameters with |é(/)| < 1. In models based on dynamical
top-condensation [B7, B§] and top-color BY, iJ] the parameters é () are naturally of order
€t = me/my (see also ref. [[H]); for this reason we introduce new parameters & ) = ecté )
with £0) = O(1). Neglecting terms proportional to the u-quark mass, the matrix 3 reads:

0 0 0
[ aeei-gp el 2emy/1- €121 - [
m ~ A~ ~ A~ A~ ~
C Nt To RO P et T ER1- B - R0 - 8P
0 0 0
=l 0 0 &¢|x+0 <e§t, @> . (3.20)
ectgl €ct§ 1 mt

From eq. (B.4) we find the following charged Higgs interactions between right-handed up
quarks and left-handed down quarks:

- £ Via £ Vis " Vi
\/%T § Via — Vea § Vie — Ves § Vie — Vi
W V;fd C0t2 BH/ect + Ect&‘/cd Vis COtZ BH/Ect + 6ctg‘/cs Vvtb COt2 ﬁH/Ect

(3.21)
In particular tgqr, (q=d,s) interactions are dominated by the & term for tan By > 10. In
conclusion, the parameters of the models are: tan By, o, Mg+, mgo, myo, mOA, ¢ and ¢
Finally let us comment on the renormalization scheme of the quark masses that ap-
pear in eqs. (B.4) and (B.§). In the calculation of the additional matching conditions to
various operators we integrate out the charged and neutral higgses at some high scale
o ~ O(myy,my); therefore, it is most natural to evaluate all the relevant couplings in
the M S scheme at the high scale. This observation has a very strong impact on the phe-
nomenology of the T2HDM because of the strong renormalization scale dependence of the
charm quark: mS (10)/mE*® ~ 0.45.

4. Global analysis

In this section we present the results of global x? fit of the T2HDM parameter space. Here
we just focus on the outcome of the fit and investigate how well the T2HDM can answer
to the problems we collected in section Bl A detailed discussion of the various observables
that we consider is given in sections ] and f}), in which we collect the experimental data
and the analytic formulae required to calculate T2HDM effects. In those sections we also
show the separate impact of each observable on the T2HDM parameter space.

We classify the various observables we consider according to whether neutral Higgs
exchange contributions are relevant or not. In the latter case, the parameter count of the
model is reduced to the sole tan By, my+, £ and &'. Observables insensitive to the neutral
Higgs sector of the T2HDM include: rare B decays (b — sy, b — s¢*4~, B — 7v), neutral
meson mixing (K, By, Bs, D), various CP asymmetries (time-dependent asymmetries in
b — ccs and b — sSs decays, asymmetries in flavor specific B decays, direct asymmetries
in the B — K system) and the neutron electric dipole moment (EDM). Among those
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Figure 2: Dependence of X2, on p, 7], my=, tan Bg, €], ¢, sin283, a and v. For each value of
the parameter on the x-axis, we minimize the chi-square with respect to all the others (including p
and 7.

observables that display some sensitivity to the neutral Higgs sector we consider the muon
anomalous magnetic moment, Ap and the Z — bb vertex (R, and the forward-backward
asymmetry Ap).

In the x? analysis we focus on the first set of observables and treat separately the & = 0
and & # 0 cases. In fact, the parameter £’ is related exclusively to transitions between the
first and third generations and impacts only B — 7v, DD mixing and the neutron EDM,
while being completely negligible in all other observables. The T2HDM phenomenology of
observables dominated by neutral Higgs exchanges is very similar to the one of a regular
Two Higgs Doublet Model and we will briefly summarize it in section [

Our general strategy is to include directly into the fit only processes for which the
theory error is reasonably under control; once a region of the T2HDM parameter space has
been singled out, we look at the other observables.

¢ = 0. As a first step we set & = 0. The x? that we consider includes the following
quantities: |Vip/Ver|, AMp,/AMp,, ayk, €k, B — X7y, B — Tv. The resulting function
depends on the CKM parameters p and 7, and on the T2HDM parameters my+, tan Gy,
€ = [€]e’e.

Note that, without the inclusion of T2HDM contributions, the overall x2-fit in the
SM is relatively poor (X?nzn ~ 6). Once T2HDM effects are included, the fit improves
drastically and we find X%m'n ~ 0. This implies that this set of measurements singles out a
clear sector of the parameter space not compatible with the T2HDM decoupling limit. In

,10,
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Figure 3: Contour plots corresponding to x2,,, <1 in the (my=+,tan By) and (&, ¢¢) planes. For
each point on the contour, we minimize with respect to all other variables. The dashed and dotted
contours correspond to £ = (1,2) and tan By = (30, 50) for the left and right plot, respectively.

figure [ll we show the unitarity triangle fit in the Standard Model; note, in particular, the
tension between the black contour and the constraint from a,x (not included in the fit).
In figure [}, we show the actual dependence of the full x2 on the CKM angles and the four
T2HDM parameters. The 68% C.L. intervals that we find are:

my+ = (66073%)) GeV , (4.1)
tan § = 2873% (4.2)
£E>05, (4.3)
pe = (110737 (4.4)
p=0.19+0.035, (4.5)
7 = 0.38 £0.03 . (4.6)
The corresponding ranges for the three UT angles are:
sin(26) = 0.77 £0.04 (4.7)
a=(89+6)°,
v = (64+5)°.

In figure [ we show the correlation between these parameters; the shaded areas correspond
to x2,;, < 1 and their projections on the axes yield the corresponding 1o regions.

We are now in the position of evaluating how well the T2HDM does with respect to
the pull table we introduced in section J. From the outcome of the fit it is clear that the
T2HDM can easily accommodate the deviations in B — Xy, B — 7v, ayg and [Vl
Unfortunately, for mg+ > 400 GeV, it seems quite difficult to accommodate the effect
required to reconcile the CP asymmetries in B — (1, ¢)Kg with experimental data (see
figure [[J in section [.4). The impact of the T2HDM on AMp, is not very large and is
perfectly compatible with the present experimental determination. Finally we do not find
any large contribution to the C'P asymmetries in B — K, hence within the T2HDM the
3.60 observed deviation remains unexplained.

— 11 —
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Figure 4: Contour plot corresponding to x2,;,, < 1in the (¢’, ¢¢/) plane. The rest of the parameters

are chosen so to minimize the y? for ¢’ = 0. In the plot on the right the light gray, dark gray and
black regions correspond to a neutron-EDM (given in units of 1072¢ e ¢cm) smaller than 3, between
3 and 6.3, and bigger than 6.3, respectively.

Let us note that the solution of the |Vp| vs ayr puzzle is achieved via sizable and
highly correlated contributions to both a,x and ex: after the inclusion of the constraints
from B — X,y and B — 7v, the solution of this puzzle was a crucial bonus that we could
not enforce (due to the extremely reduced number of parameters that we are considering).

Finally we point out that T2HDM effects on ay i are caused by large complex contri-
butions to the amplitude A(B — J/1K) and not to the B — B mixing matrix element
(i.e. Mldz) Since the former is dominated by the tree-level transition b — cés, any other
process controlled by this quark-level decay will display similar large effects. This is par-
ticularly true for time dependent CP asymmetries in B decays. The By — J/1 1’ mode,
for instance, is based on the b — cés amplitude, hence, in the naive factorization limit,
the T2HDM contributions to its time dependent CP asymmetry must be identical to the
corresponding ones in B — J/¢ K. Therefore, the above x? analysis predicts the T2HDM
contribution to this asymmetry to be in the +10% range. Given that the SM expectation
for this quantity is extremely small (the phase of the SM B, — B, amplitude is about one
degree), the measurement of a large enhancement in the B — J/¢ K asymmetry is a clear
indication for a resolution of the apsx puzzle via new physics in the amplitudes (as it is
the case in the T2HDM).

¢ # 0. In order to study the effects of non vanishing &', we fix the other parameters
to the values that minimize the x? we just studied; then we include contributions from
B — 7v, DD mixing and the neutron EDM (for the latter two, we impose upper limits —
see sections .9 and f.7 for details). Note that without the inclusion of B — 7w, the fit for
¢ = 0 favors values of ¢ smaller than 1 (the actual value that we use in the & # 0 fit is
£ ~0.38).

In figure |, we plot the region of (¢/, @¢r) plane for which this new x? is smaller than 1.
The main constraint comes from B — 7v, whose branching ratio is proportional to &?2. Tt
is interesting to dissect contributions to the neutron EDM: in the right plot in figure f| the

0—26

regions with increasing darkness correspond to a neutron-EDM (in units of 1 e cm)
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Figure 5: Plot a. mpy+ dependence of the branching ratio B — X, v in units of 10™%. Solid,
dashed, dotted and dotted-dashed lines correspond to (tanfg,£) = (10,0), (50,0), (50,1) and
(50, —1), respectively. There is no appreciable dependence on &’. The two horizontal dashed lines
are the experimental 68%C.L. allowed region. The blue region represents the theory uncertainty
associated to the solid line (similar bands can be drown for the other cases). Plot b. Portion of
the (tan B8g, myg=+) plane excluded at 68%C.L. by the B — X,y measurement. The shaded area
corresponds to £ = 0. The dotted and dashed lines show how this region changes for £ =1 and —1,
respectively.

smaller than 3, between 3 and 6.3, and bigger than 6.3, respectively.

5. Observables: the charged Higgs sector

5.1 B— X,y and B — X T/~

The experimental world average from the CLEO [, Belle i3, i4] and BaBar [45, [
collaborations is given by [B7]:

BR(B — Xi7)E, >1.6cev = (3.55 £0.247090 £0.03) x 107* . (5.1)

The B — X,/*¢~ branching ratio has been recently measured by both Belle [4§] and
BaBar [i9); in the low dilepton invariant mass region, 1 GeV? < m%e < 6 GeV?, the
experimental results read

B(B — X 707) = (1.493 + 0.50479-411) % 1076 (Belle) , (5.2)
B(B — X T07) = (1.84+0.7+0.5) x 107° (BaBar) . (5.3)

This leads to a world average
B(B — X £T¢7) = (1.60 £ 0.51) x 1079 . (5.4)

The effective Hamiltonian responsible for the transitions b — sy and b — s¢*¢~ is [B(]

a . 10 6
Her = —4-5VaVia | 2 Gl Pl + 3 Ciaw)Pig + Col) Py (5.5)
i=1 =3
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Figure 6: Plot a. my+ dependence of the branching ratio B — X,uu in units of 1076, Solid,
dashed and dotted lines correspond to (tan g, €&) = (10,0), (50, 1) and (50, —1), respectively. There
is no appreciable dependence on &’. The two horizontal dashed lines are the experimental 68%C.L.
allowed region. The blue region represents the theory uncertainty associated to the solid line (similar
bands can be drown for the other cases). Plot b. Portion of the (tan Gp, mpy+) plane excluded at
68%C.L. by the B — X, up measurement. The shaded area corresponds to £ = 0. The dotted and
dashed lines show how this region changes for £ = 1 and —1, respectively.

where the most relevant operators are
e

Py = me(gLo'lwbR)Fw/ > (5'6)
_ 9 = _uvma a
P8 - 167r2mb(SLJ T bR)G;,I,V ) (57)
Py = (gL'YubL)Z(Z’Yﬂe) ; (5.8)
¢
Pio = (19b2) ) _("150) (5.9)
¢

The leading order charged Higgs contributions in the T2HDM to the Wilson coefficients
C75.9.10 have been in explicitly calculated in refs. [, B, b1, Bq] (see egs. (7-15) of ref. [B4]).
The formula for the new physics contribution to C7 is:

<—th‘4§%>_1 Z {W};(yi) I (PgL);;ngL)E A(é/i) }

~ — [B(y) + tan® By Blye)] + £ tan? By [—%V—A@c) - ezt%myt)] (5.10)
cb ts

where both quantities in square brackets are positive for any choice of tan Gy and mpy+,

X (mw)

i=u,c,t

Yo = m2/m?%. and the loop-functions A and B are given in ref. [B(].
A numerical formula for the calculation of the B — Xy branching ratio is given in

ref. 53, BJ:

B(B — X)# w16 ey = 1074 |2.98 + 4.743]6C[* 4 0.789 |0Cs |* + Re(

(=7.184 + 0.612 i) 6C + (—2.225 — 0.557 i) 6Cs + (2.454 — 0.884 i) §Cs 50;) , (5.11)
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where the leading Wilson coefficients at the high scale are given by C'Z-(O) (o) = C'i(%) (o) +

0C; and the next-to-leading matching conditions are assumed not to receive any new
physics contribution, Cl-(l)(uo) = CZ-(’QM(,U,Q). The formula above has been obtain by ob-
serving that using the same numerical inputs of ref. [54, p] and taking (pc, pp, mug) =
(1.5,2.5,120) GeV, the NLO central value of the branching ratio coincides with the NNLO
one. Eq. (b.11)) also include an estimate of the new class of power corrections identified
in ref. 6] and of the analysis of the photon energy spectrum presented in ref. [57]. The
analyses in refs. [p4, b7 yield B(B — Xv) = (2.98 £0.26) x 10~%; we will therefore assign
a theoretical error of 8.7% to the central values calculated in eq. (p.11]).

The Standard Model matching conditions and numerical formulae for the calculation
of the integrated B — X ¢T¢~ branching ratios is given in ref. [5(]:

By = [ 2.1913 — 0.001655 Z(R10) + 0.0005 Z(R1oR%) + 0.0535 T(Ry) + 0.02266 T(R7R)
£0.00496 T(RrR%) + 0.00513 Z(Rs) + 0.0261 T(RsR}) — 0.0118 Z(Ry)
—0.5426 R(R10) + 0.0281 R(Ry) + 0.0153 R(R7R}y) + 0.06859 R(R+RY)
—0.8554 R(R7R:) — 0.00866 R(Rs) + 0.00185 R(RsR}y) — 0.0981 R(RsR)
+2.7008 R(Rg) — 0.10705 R(RgR%y) + 10.7687 |Rio|? + 0.2889 | 7|2
£0.00381 |Rs|? + 1.4892 | Ry } %1077 . (5.12)

where R; = C;(110)/CM (o). The SM prediction is BR(B — X¢¢t¢~) = (1.5940.11)107°
and we will assign a theoretical error of 6.9% to the central values calculated in eq. (5.19).

The impact that the B — X4y and B — X ¢¢ measurements have on the T2HDM
parameter space is shown in figures fjl and f|. In figure fJa we plot the B — X,y branching
ratio as a function of the charged Higgs mass for various choices of tan Sy and £. The
tan O dependence of the charged Higgs contributions to C7 is not very strong as it follows
from the proximity of the solid and dashed curves. The £ dependence is, on the other
hand, much stronger; here we plot results for { = (1,—1) (other choices of the phase yield
in between curves). This can be seen explicitly in figure fb, where we plot the allowed
region at 68% C.L. in the (tan By, my+) plane for various choices of £&. Comparison of the
plots in figures f] and [} shows that B — X ¢ does not provide additional constraints on
the parameter space.

5.2 Neutral mesons mixing

The off-diagonal element of the neutral K-mesons mass matrix is M, =
<70 |Heer| KV)/(2mpc), where the effective Hamiltonian is

2. 9
_ Ggpmy

Het = — s (ViVi)® - Cal(1)Qa (5.13)

with
QY = (Spvudy) (3pyMdy)

Q%R = (gL’VudL) (ER’VudR)
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Gr = 1.16639107° GeV 2 A = 0.2258 4 0.0014 [R7]
my = 80.426 GeV A =0.818 £0.012 27

mi = 0.497648 GeV p

0.197 + 0.031 7]

me(me) = (1.224 +0.017 4 0.054) GeV [B]] | 7 = 0.351 4 0.020 [27]

My pole = (171.4 + 2.1) GeV B aM5 (mz) = 0.1182 + 0.0027 [Bq]
sin? Oy = 0.2312 myz = 91.1876 GeV

miS = (4.68 +0.03) GeV [61]

Table 2: Numerical inputs that we use in the phenomenological analysis. Unless explicitly specified,
they are taken from the PDG [pg].
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Figure 7: Plot a. my+ dependence of the T2HDM contributions to Amy in units of 1073 ps~1!.
Solid, dotted and dashed lines correspond to tan Sy = 10, 25 and 50, respectively. There is no
appreciable dependence on € and &’. The horizontal dashed line corresponds to Am¥ < 0.3 Am3P.
Plot b. Portion of the (tan 3z, my+) plane excluded by the AmY < 0.3 AmEP constraint.

Q5™ = (Srdr) (5LdR) (5.14)
Y = (Srdy) (Srdy)
gLL = (ERUquL) (ERUMVdL) .

The additional operators QVER, Q?RR and QS’RR are obtained from QVIL, Q?LL and Qg’LL
by replacing L with R. The effective Hamiltonians that describe B and B; mixing are
obtained via the replacements (s,d) — (b,d) and (s,d) — (b,s), respectively. The D
mixing Hamiltonian requires (s,d) — (c,u) and ViV,; — ViV,,).

In the SM only the coefficient CVI receives sizable contributions (in the D meson
sector the GIM cancelation is more effective due to the smallness of the b quark with
respect to the top one).

In the T2HDM there are no tree-level flavor changing neutral Higgs currents involving
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1.1 N
m = 1.32 (mcl(-;}%)) +0.32 53 | Br = 0.79 +0.04 = 0.08 [27]

2 = 0.57 +0.01 [F]]

r = 0.985 [p]]

fx = 0.159 GeV 27 13 = 0.47 + 0.05 [F4]

Pl =-36169 | Py =2593[F9 PSEE = —18.1 6§
PyEE = —322 B | Am§P = (5.301 107%) ps! 7P = (2.280 £ 0.013) 1072

Table 3: Inputs that we use in the phenomenological analysis of K — K mixing.

#8.V/ B, = (0.281 £0.021) GeV [5G
fp./fB, =120 £0.03 B9
mMS(2 GeV) = (0.076 + 0.08) GeV [F7]

fB, = (0.216 £ 0.022) GeV 9]

§s = st/de V BS/Bd - 1'2101—8:835 [@]

mp, = 5.36675 GeV
PLE = —0.89

Pig =113

PPEE = —0.46
PyEE = —0.90

ng = 0.55 [63]

mp, = 5.2794 GeV
PLE = —0.98
Pyp =124

PPEE = 051
PyEl = —0.98

oP =0.675+0.026

Am5EP = (0.507 + 0.005)ps Aoge,

AmBP = (17.77 £ 0.10 + 0.07)ps !

fp =0.165 GeV [ mp = 1.8645 GeV | Bp = 0.78 +0.01 [B9, [7q]

Table 4: Inputs that we use in the phenomenological analysis of B, — Bq and D — D mixing.

down quarks; hence the Wilson coefficients for K, B and B, mixing receive non standard
contributions only through charged Higgs box diagrams. The latter can be found, for
instance, in eq. (A.11) of ref. [[{1] 2.

The situation is different for what concerns D — D mixing. In fact, from egs. (B-j)
and (B:20), it follows that the urcrS® (S = h, H, A) coupling is non-vanishing (albeit
quite small); therefore, it induces a tree level contribution to the Wilson coefficient Cf LL,
The charged Higgs box diagram contributions are obtained from eq. (A.11) of ref. [[7]]
with the following replacements: d — u, P¥ — (PP)! (for A = LR,RL and B = G, H),
V — VI, LR < RL and (ji) — (21). Neutral Higgs box diagrams involve the small
urcrS? coupling and are suppressed with respect to the tree level contributions.

5.2.1 KK mixing

The K — K mass difference and the measure of indirect CP violation in the K system are

*We defined the couplings PLH}fRL in eq. (@) in complete analogy to ref. [@]
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Figure 8: Plot a. my+ dependence of the T2HDM contributions to e in units of 1073 (e}F =
gPPHDM _ SM) - Solid, dotted and dashed lines correspond to || = 1 and tan Sy = 10, 20 and 40,
respectlvely Curves with 5 P positive and negative correspond to & = (1, —1), respectively. There
is no appreciable dependence on &’. The meaning of the blue region is explained in the text. Plot
b. Portion of the (tan Bg, my+) plane excluded by €. The shaded area corresponds to £ = 1. The
dashed line show how this region changes for & = ¢/, Other choices of the phase yield in-between

lines.

given by (see for instance ref. [54])

2 Re(ME) , (5.15)
A(Kyp — (7m)1=0) _ exp(im/4)
A(Ks — (mm)1=0)  V2Amg

Amg

Im(ME) . (5.16)

EK =

The expression for M{§ in presence of arbitrary new physics contributions is [f4, f, f2):

* G2 > * * * | *
(M) = T;f%BKme%V [Afmsomc)Hﬂnzﬂf F NN So(e, 1)), (5.17)

Fif = |So(a) + - C&@LK + 4 CVRR-FPleI?ClK + PLECTE
pSLL [CSLL n CSRR] PSLE [CSLE + CSBR] | (5.18)

where \; = ViV, xp = MZ /m3,, x. = M? /m%,v, the functions Sy are given for instance in
ref. [64], n; and r are the QCD correction to Sp(z¢) in the SM, fx is the kaon decay constant,
By and PA = PA/(4m,Bk) are lattice QCD determinations of the matrix elements of the
operators in eq. (5.14) [64, b3. The numerical inputs the we use are summarized in
tables B-f.

The K K mass difference receives additional long distance contributions; in the numer-
ical analysis we assume that such non-perturbative effects do not contribute to more than
30% of the observed mass splitting (i.e. (Amg)np < 0.00159 ps~!). See ref. [[Z for an
estimation of these long distance effects in the large N, limit. An approximate expression
for Amg is the following:

2
672

—E & BxmgRe(\;?) (771 [me(me)]? + @[mC(ﬁtﬁﬂtanélﬁH) - (519
H*E

AmK ~
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Figure 9: Plots a. my+ dependence of the T2HDM contributions to Amg , in ps~!. Solid,
dotted and dashed lines correspond to |{| =1 and (tan Su, p¢) = (30,0), (50,0), (50,7/2), respec-
tively. There is no appreciable dependence on £’. The horizontal dashed lines are the experimental
measurement. The blue band shows the theoretical uncertainties for the dashed line, similar bands
can be drawn for the other curves. Plots b. Portions of the (tan Sy, my=«) plane excluded by
Amp,, , - The shaded area corresponds to £ = 1. The dashed line show how this region changes
for € = e™/2. Other choices of the phase yield in-between lines.

1

Imposing the (Amg)yp < 0.00159 ps™' constraint, we obtain: mpgs >

89 (tan B /25)? GeV.

The exact numerical impact of the upper limit on (Amg)yp can be seen in figure [].
Comparison with figure f[b shows that for & > 0, this constraint is complementary to
B — Xgv.

The impact of the e measurement is shown in figure . Here we require e L2HPM ¢4
p g q K

lie in the e range extracted from the standard unitarity triangle analysis. A more correct
approach is to fit the unitarity triangle in the T2HDM and check whether each given
point in the parameter space gives an acceptable chi-square. This analysis is presented in
section [].

We find that the inclusion of the £x constraint has a very strong impact. Note that,
in this case, the effect is proportional to &; hence, B — X7 is still required in the £ ~ 0

limit.
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5.2.2 Bqﬁq mixing
The B, — B, mass difference is given by [[]]
2,9

G4m > * |2 B
GWQWmBqWBJ%qBBq {th‘/;q{ ‘Eﬁtq

Amp, = (5.20)

where thq is given by eq. (p.1§) with the replacement K — B,. We recalculated the
quantities PA = PA/(4npB B,) using the formulae presented in ref. [fj] and the lattice
results of ref. [, [[4]. The numerical inputs that we use are collected in table [.

The SM prediction for Amp, does not depend on the extraction of the CKM parame-
ters p and 7; using the inputs summarized in table i, we obtain Am%iw = (20.54+3.1) ps— L.
Note that, in the SM, it is possible to use the measurement of Amp, to obtain a second
determination of fp,v/By and of fp,v/Bs (via &), thus reducing the error on the prediction
for AMp,.

The situation for Amp, is different. From inspection of the standard fits of the uni-
tarity triangle, it is clear that is always possible to choose p and 7 such that the SM
prediction agrees perfectly with the experimental central value. For this reason, in the nu-
merical, analysis we just require the new physics contributions to Ampg, to be compatible
with the experimental determination up to an uncertainty given by the lattice errors on
IB,V/Ba. A more correct analysis requires a simultaneous fit of the new physics contri-
butions to ex, Amp,, ayk, and |V/Vep|. See ref. [[3 for a general discussion of New
Physics effects on Bg mixing.

From the plots in figure [§ we see that B, — Bq mixing data constraints are still much
weaker than the corresponding constraint on €.

5.2.3 DD mixing

The SM prediction for dmp range between 1076 ps~' and 1072 ps~! and is completely
dominated by long distance effects; in fact, the short-distance SM prediction has been
calculated and reads [[f@, [(q] zp ~ 1.5 x 1076 ps~!. The present experimental information
on DD mixing parameters 8, [[9], yields the following model independent determination
of the DD mass difference BQ): Amp = (14.5 £ 5.6)102ps~!. In the T2HDM very large
effects are possible (of order 1% [H]), and there is the possibility that the actual D — D
mass difference is entirely controlled by new physics short distance effects. In the numerics
we require the new physics contribution to the Amp not to exceed the measurement.
The D — D mass difference is given by

Amp = 1671~;mw ‘ q{ VLL+CVRR) <QVLL> n (CSLL+CSRR)< fLL> i
(CSLL CSRR)< SLL>_|_C < >+C < LR> (5‘21)

where the matrix elements are

_ 2 .
(DIQVH|D) = = mb [ BV (5.22)
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Figure 10: Plot a. mp+ dependence of the T2HDM contributions to Amp /Amp, . See the
caption in figure E Plot b. Excluded region in the (¢¢, my+) plane. The solid and dashed contours
correspond to tan B =30 and 50, respectively.
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Figure 11: Plot a. my+ dependence of the T2HDM contributions to Amp. Solid, dashed and
dotted lines correspond to [£€'| = 0.1, 0.2 and 0.5, respectively. We fix tan Sy = 50. The horizontal
dashed line is the experimental upper limit. Plot b. Portion of the (£¢’, my+) plane excluded by
Amp. The shaded area corresponds to tan g = 30. The dashed line to tan Sy = 50.

_ 5 A
(DIQY |D) = — 5 Rmp [ By (5.23)
(DIQ3""|D) = =R m} fpB5"" (5.24)
_ 1 A
(DIQI™|D) = —zRmp fpBr" (5.25)
_ 1 N
(D|Qz"|D) = S Rmp fpBy" (5.26)

and R = (mp/(me+m,))?. In the numerical analysis we use BYXF = Bp = 0.8240.01 [
(this value of the hat parameter Bp has been obtained from the lattice determination of
Bp(2GeV) [Bd, [70]) and set all the other B parameters to 1.

An approximate expression for the D — D mass difference is given by [§]

oM tan? By
3

G% .,
Amp = —5(&£7
p 67r2( ) o

(5.27)

4dm
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Figure 12: Plot a. Portion of the (tan 8y, myg=+) plane allowed by Rp., for ¢ = 0. Plot b.
Excluded region in the (¢/,mpg=+) plane. The dotted, solid and dashed contours correspond to
tan Bg =10, 30 and 50, respectively.

The strong ¢’ dependence implies that, once B — 7v data are imposed, no large deviations
can be observed on Amp as can be seen from Fig [L1].

5.3 BT — 71y,

The branching ratio for the decay B — 7v, has been recently measured by the Belle [RI]
and Babar [BJ] collaborations

B(B — tv;) = (L.797055 (stat) 1043 (syst)) x 107 [Belle] (5.28)
B(B — tv;) = (0.8810 %5 (stat) &= 0.11(syst)) x 10~* [Babar] , (5.29)

yielding the following world average
Bwa(B — tv;) = (1.31 £0.48) x 1074 . (5.30)

The SM expectation reads:

G2 2 2
Bam(B — Tvy) = % ( - m—;) FAIV 2 = (1.53 £0.38) x 1074, (5.31)
mp

where we used the PDG world average |Vy| = (4.31 £ 0.3) x 1073 from direct tree level
measurements only. The above result leads to

Bwa(B — Tv;)
Bsm(B — Tvr)

Rp;, = =0.86 +0.38 . (5.32)
If we use the fitted value of the CKM angles (|Vy3| = (3.68 & 0.14) x 1073, the predic-
tion reads Rp,, = 1.18 £ 0.50. The discrepancy between this determination of Rpg,, and

eq. (p.32) is a manifestation of the conflict within the SM between the present determina-
tions of V,,; and sin(20).
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In the T2HDM this process receives large tree level contributions via charged Higgs

exchange:
B(B = 1v;) = Bsm(B — 7v;) |1 — tan? 5H—m23 (1 - LW)I?’) : (5.33)
" ! m. mp Vb
~ Bsm(B — 1v;) |1 — tan® By mi (1 — 5’*mc_‘4b> '2 ) (5.34)
! m. mp Vb

The numerical impact of the constraint in eq. (.39) is very strong. In figure [3b we
show the impact of this constraint onto the (', mpy+) plane for various values of tan By.
Since the experimental to SM ratio in eq. (5.39) is smaller than 1, scenarios with ¢ > 0
are disfavored (see eq. (5.34)).

5.4 Time-dependent CP asymmetry in B — (J/¢,¢,1) K

The time dependent CP asymmetry in the decay B — fK, (f = J/v,¢,n') is given by

g = ————= 5.35
T T kP (5.35)
B, * D, B, D,
Ao = _(Mmd) A(B® — fKy) — 2B EFyt A(B® — fKy) 7 (5.36)
|ME: A(BY — [Kj) |FPa| A(B® — fKj)

where Ff‘i is obtained from eq. (f.1§) with obvious replacements. The effective Hamilto-
nian that controls the amplitude A(B° — fK) in the T2HDM is [5(]:

6

e
Mers = =75 VitV | 2 il +ZCZQ 1) + Cr(p) Or(w)| . (5.37)
i=1

where

= (SpyuT"cr)(CLy"Ty), (5.38)
= (SLyuer)(eLybr), (5.39)
= (5vub1) >_(07"9), (5.40)
= (5.7uT"br) Y _(q7"T"q), (5.41)
= (5L Y Yusbr) D (@7"1942443q), (5.42)
O6 = (SL%u Vo Yus TbL) (@71 7"29"3 T %), (5.43)
= (5b1) Y Qo(@r"q), (5.44)
= (529, T%b1) Y Qq(qv"T%q), (5.45)
= (829 Vuauabr) > Q@™ 4241 ), (5.46)

= ( (5.47)

= (cr (5.48)

§L7u17u27M3T bL ZQq Q'YMI’YMQVHSTG )7
br) (SLcr).
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Tree level and one-loop charged Higgs diagrams contribute to the following matching con-
ditions (we adopt the notation of ref. [5(]):

-1
AV, ViGr/V2 o Ve md o,
O ) = — Wl e/ V2) (P2 (PRL)s = 37 —57=€" tan® By, (5.49)
M+ cb M+
(10) _ K
6Cy " (o) = EH(l“th)tang Gy (5.50)
(11) _ 2 K
6C5 (o) = 057 Crt (@) 57— B (5.51)
1
005 (o) = —1509511)(#0) ; (5.52)
(11) _ 1 K
6C3q (o) = | Du(xum) +4 Cu(zm) (1 + 33%,[,)] tanZ By (5.53)
50(11) _ 3¢a1)
5 (Ho) = 50C3 (ko) , (5.54)

where 1o ~ O(my), x4 = m%/m?{i and

PH PH ot 2 * 2 2
o = Pre)ss (Pan)se tan” B ) 2 By s <—m> ~1-03¢ <tanﬁH93.55)
V, Vi m2 AGp /2 Ve \my 30

The functions Ep, Dy and Cp can be found in appendix A of ref. [83]. Note that the
results for the type-II 2HDM are recovered in the x — 1 limit.

Direct calculation of the anomalous dimensions involving the operator Op yields (in
the notation of ref. [5({)):

(10)

Yrr = —16, (5.56)
2

30 _ -, (5.57)

T = 0(#R.4) . (5.58)

The large anomalous dimension of Op implies a large impact of the running from the
high-scale g ~ O(my) to the low-scale pp ~ O(myp):

Cr(up) = 1~ %% Cg (o) , (5.59)

where n = as(po)/evs (1) > 0.53.
Let us first consider A(BY — J/¢K,). The impact of the QCD and electroweak

penguin coefficients is very small; hence the only T2HDM effect comes via the new operator
Opr. Adopting the naive factorization framework, the amplitude is proportional to:

_ 4 1 4 40
A(B® — J/YK,) §Cl(ﬂb) + 502(/%) +2 C3(up) + 20 Cs(up) + gCSQ(Mb) + 30562(/%)

~<Clm) (560

where the Cr contribution receives a factor of —1/2 and 1/3 from Lorentz and color
Fierzing, respectively. Note that the SM contribution (see for instance ref. [84]) has been

— 24 —



rewritten in the new operator basis eq. (5.37). Direct calculation of this amplitude in the
QCD-factorization approach [B4] shows that the naive estimate is a fairly good approxima-
tion.

The analysis of the amplitudes A(B° — (¢,1')K,) is more complicated. In this case the
QCD and electroweak penguin coefficients do play a leading role; moreover the magnetic
penguin operator Og contributes as well. In the following we adopt the QCD-factorization
analysis presented in ref. [BY]. After transforming the Wilson coefficients of ref. [B] into
our basis, we obtain the following expressions for the ¢ and n’ amplitudes:

A(B° = 1K) o (—0.04874 — 0.049057) — (0.00658 — 0.00058) 6CS™ (1)
—(0.00014 — 0.00002i) 5C4p) (o) + (0.00711 — 0.00275%) 6C5"" (110)
+0.0007 C7(p1) — 0.089 C(su) + (0.03567 — 0.01087i) Cr(po) , (5.61)
A(B" = ¢K,) o (0.03262 + 0.007917) + (0.00963 — 0.000508) 6C™Y (110)
+(0.00044 — 0.000027) 6CS” (110) — (0.00282 — 0.000131) 5C§' (410)
—0.0004 C(11p) + 0.047 C (1) — (0.01292 — 0.000927) Cr(po) - (5.62)

Note that the impact of the QCD and electroweak penguin matching conditions is sup-
pressed by an order of magnitude with the respect to the leading contribution; in fact,
the low-scale penguin Wilson coefficients are dominated by the tree-level coefficient Cs via
the RGE running. Not surprisingly, the effect of the other tree-level operator (Og) on the
running is also very large.

The experimental measurements of these three asymmetries read [L4]:

apk = 0.675+0.026 , (5.63)
ayk = 0.61+0.07, (5.64)
agx = 0.39+0.18 . (5.65)

In figure [[Ja, we show the size of T2HDM contributions to the CP asymmetries in
B — (J/¢,1, ¢)Kg for some choice of input parameters. In figure [db, we show the portion
of the (tan S, mp=+) parameter space that is allowed by the present measurements of these
asymmetries. From the inspection of the figures we see that at the 1o level it is possible
to reconcile the B — 9 and B — 7 asymmetries in a quite wide region of the parameter
space. The B — ¢ asymmetry, on the other hand, requires a too light charged Higgs.

5.5 AT, /T'
The B,-B, width difference is given by

AT, = =2 Dy cos(, + 0,) = ~2([Tialsar + 0Ty ) cos(d, + ) (5.66)
1
'y = ——(Bs|Im {i/d4x T Heﬁ(m)Heg(O)} | Bs) (5.67)
2mBS

where, in the Standard Model, Hqg is the effective Hamiltonian that mediates the bottom
quark decay and is dominated by tree level contributions. T2HDM contributions affect
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Figure 13: Plot a. my=+ dependence of the T2HDM contributions to ay,,/,4)x - Solid, dotted and
dashed lines correspond to |[£| = 1 and (tan Bu, ¢e) = (30,0), (50,0), (50, 7/2), respectively. There
is no appreciable dependence on &’. The horizontal dashed lines are the experimental measurement.
The blue band shows the theoretical uncertainties. Plot b. Portion of the (tan 8g, myg=+) plane
excluded by ay , ¢)x- The shaded area corresponds to § = 1. The dashed line show how this
region changes for £ = ¢/™/2 (in the first plot, the region excluded is below the dashed line; in the
second and third plots, it is above the uppermost dashed line and below the lowermost one). Other
choices of the phase yield in-between contours.

both 0 and T'{,: the former has been already discussed in section f.2.%; the latter are
induced by a new AB = 1 operator. The structure of the charged Higgs couplings in
egs. (B.9) and (B-10), implies that the operator Og receives the largest contributions. In
the numerics we will consider its effects together with the interference with the dominant
Standard Model operator O (see eq. (b.37) for the definition of the operators).

Direct calculation of the T-product in eq. (f.67) yields the following leading order
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Figure 14: Plot a. my+ dependence of the T2HDM contributions to AT'y/T's. We take |{] = 1
and tan By = 50. Solid and dashed lines correspond to ¢¢ = 0 and 7/2, respectively. The blue band
is the experimental 68% C.L. allowed region. Plot b. ¢, dependence of the T2HDM contributions
to ATl /Ts. We take €] = 1 and tan Sz = 50. Solid and dashed lines correspond to my+ = 100
and 200, respectively.

expression for the new physics contribution to I'{,:

G2y o 1—4z.C? CyC
SATS, = — ,pole Y 2 /71 ) 3 ¢ YRR 2 RRM2 M2
12 127T(2mBS)( cb CS) < ( 2 4 + 9 c,pole**"b,pole <Q>
C2
—(1+22) = (Qs>] (5.68)

where the operators ) and Qg are

Q = (bs)v_a(bs)v_a, 5.69)
Qs = (bs)s—p(bs)s—p 5.70)
and their matrix elements between Bs and B, states are

1
(@) = fhsm3, (1 + ﬁ> B, (5.71)

2

2 2 mp 1

= - ——=(2-—|B .72
(@Qs) [BsmB, (1 + )2 < Nc> s, (5.72)

with B = 0.87 £ 0.06 and Bg = 0.84 4 0.05 [Bf]. After normalizing to the total By width
we obtain:

AT, AT,
= 75, A; = + 7B, 0AT's cos(Bs + 0s) . (5.73)
s Ly SM
The SM prediction [B7, B§] and the experimental result [R5, BJ] read:
AT
[ } = 0.147 £ 0.060 , (5.74)
s SM
AT,
= — 0.27£0.08 . (5.75)
§ Jdexp
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5.6 CP asymmetry in flavor specific B decays

The CP asymmetry in flavor specific B, decays (only the decays B, — f and B, — f are
allowed) is given by:

@ _ T(Byt) = /) =T (By(t) = ) . r(@
ASL = DB, = N+ T By = ) Mlé) : (5.76)

From the discussion in section p.§ it follows that the T2HDM effects on I’%) are negligible,
hence we will consider only box diagram contributions to Ml(g). Adopting the standard
parametrization, Ml(g)/Ml(g)SM = rg exp(2if,) we get:

(@) 2 (@) in?2
Ag) = Im ( Fl(2q>> R < Fl(2q)> e (5.77)
My Jsm T Miy' Jsm
where [P0}, B4
(r%’ /Ml(gl))SM - [— (40 £16) — i (5+ 1)] x 1074 (5.78)
<r§§) /Ml(;))SM - [— (40 £ 16) +14 (0.22 + 0.04)] x 1074 . (5.79)
In the notation of section F.23, we have 72 exp(2if,) = Ff‘l/So(xt). From

eqs. (p.79), (p.79) we read the SM predictions:

(Agdg)SM — (5+1)x 107 (5.80)
<A(SdL>) o = (0220.04) x 107" (5.81)

Unfortunately the experimental errors on these asymmetries are at least an order of mag-
nitude larger than the SM expectations [01-[Pq]:

(Af;%)exp = (11£55) x 1074 (5.82)
(Afgg)exp = (—80+110) x 1074, (5.83)

In figure [ we show the size of the T2HDM contributions to these asymmetries for large
tan G .

5.7 Neutron EDM

The effective Hamiltonian that encodes charged Higgs contributions to the neutron EDM

1S:

€ — v
Mot = Y Cy | 153(00™ a0) Fiw (5.84)

q=u,d
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Figure 16: Constraint that the neutron EDM puts on the T2HDM parameter space. The shaded
area is excluded at 90% CL. The solid and dashed lines correspond to mzg+ = (200, 1000) GeV.

where

i=1 Ui H*

3 2

P i P ) i My,
{ LR ]. RL/1% B ( 5 > _I_ . } , (586)

=1 di mHi

and the function B is given in ref. [B6]. The dots stand for terms that do not contribute

3 H) m2
Z{ )i ( RLZIB(m2ui>+...}7 (5.85)
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to the imaginary part of the Wilson coefficients. In the chiral quark model, the neutron
EDM is related the valence quark EDM’s, d,, and dg4, via [07):

1
d, = 3 (4dg—dy) n7, (5.87)
[

where n¥ ~ 1.53 is the QCD correction factor. Approximate formulae for the up and down

quark contributions to the neutron EDM are (in units of e cm):

4 t 2 2
nEdy = 10-20¢ (AP P00 ) [(6.520.3) cos e — (15.940.7) sin ] (5.89)
3" 30 Mge

1 5 6 & (tan By \? [ 500 2 .
— =1 — 530. r—(1.65+0. / .
U d,, = 10 o1\ =30 o [(3.5+0.6) cos @ — (1.6540.3) sin ¢/ | (5.90)

where the uncertainties come from varying mg+ in the (200 — 1000) GeV range. Taking
into account that the 90% C.L. experimental upper bound on the neutron EDM is [RF
6.3 x 1072 ¢ cm, it is clear that the T2HDM parameter space is constrained only for
¢ # 0. Note that the huge enhancement in d, comes from Y13 o< m.tan By’ /my that is
not suppressed either by V,,; or, for large tan Gy, by the charm Yukawa.

In figure [l we show the impact of the present upper bound on the T2HDM parameter
space.

5.8 CP asymmetries in B~ — K~ 7% and B — K—nt

The direct CP asymmetries in the decays B~ — K 7% and B — K~ 7% can be calculated
(albeit with large errors) in the QCD factorization approach [B1]:

Aop(B™ — K%)= (11515755706 07) % (5.91)
Acp(B® — K-n") = (4511133 508755) % , (5.92)

where the first error corresponds to variation of the CKM parameters, the second and
third errors refer to uncertainties in the hadronic parameters used in the calculation and
the fourth error reflects additional uncertainties caused by the breakdown of the factoriza-
tion ansatz (that result in endpoint singularities regulated in terms of two extra complex
parameters). Because of a high degree of correlation, most of these errors cancel when
considering the difference between these two asymmetries. From ref. [BI]], we see that this
difference lies in the range [0.5,3.3]. Using the formulae presented in ref. [P§] and updated
numerical inputs, we find

AAcp = Acp(B™ — K 7°) — Acp(B® — K—n") =2.1(1 £0.5) , (5.93)

where the 50% error reflects the uncertainties studied in ref. [BI] and the possibility un-
usually large power corrections (scenarios S1-S4 of ref. [BI]). This SM estimate has to be
compared to the present experimental results [[L4]:

Acp(B~ - K 7% = (4.7+£26) % (5.94)
Acp(B® — K~ n%) = (-9.7+1.2)% (5.95)
AAcp = (144429 % . (5.96)
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Figure 17: my+ and ¢¢ dependence of the T2HDM contributions to AAcp. Solid, dashed and
dotted lines correspond to (tan 8y, |£]) = (50,1), (35,1) and (50,2), respectively. The blue band is the
experimental 68% C.L. allowed region. In plot (a) and (b) we fix e = —50° and my+ = 200 GeV,
respectively.

The effective Hamiltonian responsible for T2HDM contributions to AAcp and the relevant
matching conditions have been given in section f.4. For completeness we point out that
other approaches to the calculation of AAcp (see, for instance, ref. [P9]) are consistent
with the QCD-factorization results. Also note that it might be possible to accommodate
the present experimental results in models in which the color-suppressed tree contribution
is unusually enhanced [L0d].

In figure [[] we show the size of T2HDM contributions to AA¢p. Unfortunately, for
mp+ larger than 300 GeV we do not find any sizable effect.

6. Observables: the neutral Higgs sector

6.1 (9—2),

The anomalous magnetic moment of the muon receive potentially large contributions at
the 2-loop level via the Barr-Zee mechanism [0}, [[0]. These diagrams are able to account
for the large discrepancy between the SM prediction and the experimental measurement
only for very light pseudo-scalar mass (m4 < 100 GeV) [[L0J].

6.2 Ap

T2HDM contributions to Ap depend on both the neutral and charged Higgs bosons. For
any choice of the charged Higgs mass it is possible to find region of the (m4, my and ap)
parameter space for which the corrections to the p-parameter are in agreement with the
experimental bounds.

6.3 Z — bb

Charged and neutral Higgs contributions to the effective Z — b — b coupling affect both the
ratio R, = I'(Z — bb)/T(Z — hadrons) and the forward-backward asymmetry A;. The
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present experimental results are [2J]:

Ry, = 0.21629 =+ 0.00066 (6.1)
Ay = 0.901 +0.013 , (6.2)

where the value for A; has been obtained by combining the direct and indirect mea-
surements (from A, = 4/3 A(f)t’)b J/A¢). The SM fits for these two observables read:
REM = 0.21586 and AEM = 0.935. In particular note that A, shows a deviation of about
2.50 from the SM prediction.

The T2HDM contribution to the effective Z — bb vertex can be easily extracted from
the results of ref. [[L04]. These corrections depend on both the charged and neutral Higgs
sector of the T2HDM. Unfortunately we do not find any sizable effect in the portion of the
parameter space allowed by the other constraints.

7. Summary & outlook

Thanks to the spectacular performance of the two asymmetric B-factories, intensive studies
in the last few years have demonstrated that the CP and flavor violation observed in B
and K physics is described by the standard CKM mechanism to an accuracy of about 15%.
A very interesting result, potentially one of the most important discovery made at the
B-factories, is that the time dependent CP-asymmetries in penguin dominated modes do
not seem to agree with the SM expectations. At the moment these deviations are in the
2.5-3.50 ranges. Since these modes are short-distance dominated, they are very sensitive
to presence of beyond the Standard Model phases. Taking seriously this pieces of data is
suggestive of sizable contributions from a non-standard phase. For the sake of completeness
we also mentioned several other measurements that display a significant deviation from the
SM, such as difference in the CP asymmetry between K7~ and K*7° the (g-2) of the
muon and the forward-backward asymmetry in Z — bb measured at LEP

As an illustration of a new physics scenario that may account for the observed devi-
ations from the SM we have presented a detailed study of the two Higgs doublet model
for the top quark. The model is a simple extension of the SM which in a natural way ac-
counts for the very heavy top mass. We view it as an interesting low energy effective model
that encompasses some of the important features of an underlying framework of dynami-
cal electroweak symmetry breaking. Of course, the deviations seen in B decays and other
flavor physics, may also be accountable by many other extensions of the SM; for example
supersymmetry [[(], a fourth family [[[1], a Z-penguin [[3] or warped flavor-dynamics [[[3].
Obviously, the main features of any extension of the Standard Model that is to account
for the experimental deviations in B-physics and other flavor physics that are discussed
here are that there have to be new particles in the &~ 300 GeV to ~ few TeV range and
associated with these one needs at least one new CP-odd phase. Distinguishing between
various scenarios or nailing down the precise structure of some other models responsible for
the deviations that we have discussed will undoubtedly require much more experimental
information. In any case if the hints from the B-factories are really true, we will certainly
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witness a truly exciting era in Particle Physics as the LHC starts its long awaited opera-
tions in 2008. It should also be abundantly clear that infusion of precise information from
low energy flavor measurements will be crucial in interpreting the findings at the terascale
energy.
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