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Abstract

The Littlest Higgs Model with T-parity (LHT) belongs to the simplest new physics scenarios
with new sources of flavour and CP violation. The latter originate in the interactions of ordinary
quarks and leptons with heavy mirror quarks and leptons that are mediated by new heavy gauge
bosons. Also a heavy fermionic top partner is present in this model which communicates with
the SM fermions by means of standard W and Z° gauge bosons. We present a new analysis
of quark observables in the LHT model in view of the oncoming flavour precision era. We use
all available information on the CKM parameters, lattice QCD input and experimental data
on quark flavour observables and corresponding theoretical calculations, taking into account
new lower bounds on the symmetry breaking scale and the mirror quark masses from the
LHC. We investigate by how much the branching ratios for a number of rare K and B decays
are still allowed to depart from their SM values. This includes K+ — ntvo, K — nlup,
Kp— ptu=,€'/e, B— Xsv, Bsg — pTp~, B— K®¢te— B — K®yp. Taking into account
the constraints from AF = 2 processes, significant departures from the SM predictions for
Kt — ntwvp and K — 70vi are possible while the effects in B decays are much smaller. In
particular, the LHT model favours B(Bs — pu*pu~) > B(Bs — ™ )sm, which is not supported
by the data and the present anomalies in B — K®¢+¢~ decays cannot be explained in this
model. With the recent lattice and large N input the imposition of the €’/e constraint implies
a significant suppression of the branching ratio for K; — 7%vo with respect to its SM value
while allowing only for small modifications for K+ — ntvi. Finally, we investigate how the
LHT physics could be distinguished from other models by means of indirect measurements and
discuss the consequences for quark flavour observables of not finding any LHT state in the
coming years.



1 Introduction

Elementary Particle Physics stands at the threshold of big discoveries. The completion of the
Standard Model (SM) through the Higgs discovery in 2012 [1,2] has shown that we are on the
right track towards the fundamental theory. But there is a common belief that in order to
understand the nature around us new particles and new forces are required. Fortunately in
the coming years the ATLAS and CMS experiments will tell us directly whether new physics
(NP) is present up to scales as high as several TeV. These efforts will be accompanied by
the indirect search for NP with the help of quantum fluctuations. This indirect route to short
distance scales will be followed in this decade by several experiments [3], in particular the LHCb
experiment and to some extent by CMS and ATLAS through more precise data on rare B4
decays and CP violation. But equally important are the dedicated Kaon experiments NA62 at
CERN and KOPIO at J-PARC and the Belle IT experiment at SuperKEKB. Also the study of
charged lepton flavour violation and of electric dipole moments at various laboratories will be
very important in this respect.

One of the important questions in this context is whether the frameworks of constrained
Minimal Flavour Violation (CMFV) [4-6] and the more general framework of MFV [7] will be
capable of describing the future data. In models of this class, when flavour blind phases (FBPs)
are absent or set to zero, stringent relations between various observables in the K, Bg and BY
systems are present [5]. Consequently the departures from SM expectations in this class of
models in these three meson systems are correlated with each other, allowing very transparent
tests of these simple NP scenarios. However, generally these relations can be strongly violated,
implying often other correlations between observables characteristic for a given NP scenario.
Such correlations, being less sensitive to the model parameters than individual observables, can
often allow a transparent distinction between various models proposed in the literature [8].

Among the simplest extensions of the SM that go beyond the concept of MFV is the Littlest
Higgs Model with T-parity (LHT) [9-13]. In this model, new heavy fermions and gauge bosons
are present and the interactions of ordinary quarks and leptons with these new heavy mirror
quarks and leptons, mediated by new heavy electroweak gauge bosons, introduce new sources
of flavour and CP violation. The most characteristic signals of these new interactions are
violations of CMFV and MFV relations between observables in different meson systems. At the
same time, no new effective operators are generated beyond those which are already present
in the SM. Therefore non-perturbative uncertainties are not increased with respect to the ones
present in the SM. This operator structure can be tested by studying correlations between
observables from the same meson system.

In the last decade we have performed a number of extensive phenomenological analyses of
the LHT model [14-21]. Further phenomenological discussions of flavour in the LHT model can
be found in [22-24]. Our 2009 analysis in [21] has shown that significant deviations from SM
expectations were possible in the LHT model at that time. Our main findings in 2009, related
to quark flavour physics, can be summarized as follows:

e The CMFYV relations between K, By and B; systems can be strongly violated. This allowed
to remove the tension between ex and Sy, [25-29].

e Interestingly, in LHT it was not possible to obtain the mixing induced CP-asymmetry
Sye of O(1) and values above 0.3 were very unlikely. In fact the most recent data from
LHCb [30] confirm this prediction. Yet Sy, can be both enhanced or suppressed in the
LHT model. As we will stress below this could provide an important distinction from



other models, like the Two Higgs Doublet model with MFV (2HDMy) [31, 32] where
Sye can only be enhanced due to its correlation with Sy k.

B(Kp — 7%w) and B(K*T — 7tvi) could be enhanced by factors of 3 and 2.5, respec-
tively, but not simultaneously with Sy4. Also, a distinctive correlation between these two
branching ratios, typical for models with only SM operators [33], holds.

Rare B, 4 decays turned out to be SM-like but still some measurable departures from SM
predictions were possible. In particular B(Bs 4 — p ™) could be enhanced by 30%, with
a significant part of this enhancement coming from the T-even sector.

In view of the oncoming flavour precision era it is of interest to update our 2009 analysis, as
during the last six years substantial improvements on both experimental and theoretical inputs
have been achieved. In particular

The data from ATLAS and CMS, both on Higgs physics and on direct NP searches, provide
important constraints on the LHT parameter space. Further significant improvements can
be expected from LHC Run 2. In particular in our 2009 analysis we had restricted the
mirror quark masses to lie below the 1TeV scale, in order to make them easily accessible
to direct searches. The absence of a signal in run 1 of the LHC however pushes the masses
of these fermions to heavier ranges [34]. As we will see below this change has a significant
impact on the possible size of LHT effects in rare decays.

The values of CKM parameters extracted from tree-level decays are presently better con-
strained and will be significantly improved in the coming years.

Significant progress has been made by the lattice community in calculating various pa-
rameters like weak decay constants and non-perturbative B; parameters.

The mixing induced CP-asymmetry Sy4 is presently known with much higher accuracy
than in 2009.

The branching ratio B(Bs — utu~) has been found SM-like, as expected within the
LHT model, but significant NP contributions are still allowed due to large experimental
uncertainty and to lesser extent parametric uncertainties dominantly present in the value
of |V]|. Still, the improved precision on the SM prediction for B(Bs; — p*pu~) makes a
detailed comparison of theory and data possible.

The data on B — K®)¢*T¢~ from LHCD provided a new arena for testing the LHT model.
In fact, it will turn out that the LHT model is unable to describe this new data.

The new results for the non-perturbative parameters Bél/ 2 and Bg’/ 2 from lattice QCD
[35,36] and the large N approach [37] imply that £’ /¢ in the SM is significantly below the
data [38]. The question arises whether the LHT model could help in solving this problem.

Very importantly the NA62 experiment at CERN should provide in the next years a new
measurement of B(K™ — wTvi) which will be an important test of the LHT model in
view of very small theoretical uncertainties in this decay.

In view of these developments the two main goals of our present analysis are:

We confront the rich pattern of flavour violation in this model with the present data and
investigate the allowed size of new flavour violating effects, taking present bounds and
improved input into account.



e We investigate what size of new flavour violating effects will still be possible if we do not
find any LHT state during the next LHC run. This means setting the masses of new gauge
bosons and mirror quarks to be several TeV.

Our paper is organized as follows. In Section 2 we recall basic features of the LHT model
that are relevant to understand our analysis. In particular, we recall the flavour structure of this
model. Due to the absence of new operators, the full quark flavour analysis can be formulated
in terms of a number of one-loop master functions. We refrain from repeating the complete
formulae for these functions in the LHT model that can all be found in our previous papers.
But in Section 3 we collect the relevant expressions for quark flavour observables that can be
compactly written in terms of these master functions. This will allow us to indicate the changes
in the CKM input and in non-perturbative parameters as well as QCD corrections that took
place since our 2009 analysis. Section 4 is devoted to a brief review of the direct constraints on
the LHT parameter space, implied by the available data from ATLAS and CMS. In Section 5,
after presenting our strategy for numerical analysis and summarizing the input, we present the
results for a multitude of observables in the quark sector. The highlights of our analysis are
listed in Section 6, where we also present a brief outlook for the coming years.

2 General structure of the LHT model

2.1 Preliminaries

The Littlest Higgs model without [11] T-parity has been invented to solve the problem of the
quadratic divergences in the Higgs mass without using supersymmetry. In this approach the
cancellation of divergences in mpy is achieved with the help of new particles of the same spin-
statistics. Basically the SM Higgs is kept light because it is a pseudo-Goldstone boson of a
spontaneously broken global symmetry:

SU(5) — SO(5). (1)

Thus the Higgs mass is protected by a global symmetry. In order to achieve this the gauge
group has to be extended to

Gt = SU(3)e x [SU(2) x UL)]1 x [SU(2) x U(1)]2 (2)

and the symmetry breaking mechanism has to be properly arranged (collective symmetry break-
ing). Excellent reviews of Little Higgs models can be found in [39,40].

2.2 Particle content of the LHT model

In order to make the Littlest Higgs model consistent with electroweak precision tests and simul-
taneously having the new particles of this model in the reach of the LHC, a discrete symmetry,
T-parity, has been introduced [12,13]. Under T-parity all SM particles are even. Among the
new particles only a heavy Q = +2/3 charged top partner quark, called T, belongs to the
even sector. Its role is to cancel the quadratic divergence in the Higgs mass generated by the
ordinary top quark. The even sector and also the model without T-parity belong to the CMFV
class if only flavour violation in the down-quark sector is considered [41,42].



More interesting from the point of view of FCNC processes in the quark sector is the T-odd
sector. It contains three doublets of mirror quarks
3
u H)
3 ) - (3)
¢

up uy
dy ) &)

To first order in v/ f, with f = O(1TeV), the mirror quarks have vectorial couplings under
SU(2)r, x U(1)y and their masses satisfy

mip = m%[l ) My = m}lm ) My = m?{s : (4)
Mirror quarks communicate with the SM quarks by means of heavy gauge bosons
WI:_It bl ZH? AH7 (5)
which can be considered as “partners” of the SM gauge bosons. They are T-odd particles with
masses given to lowest order in v/ f by
g f tanfy My,
= == Wy = ) (6)
V5 V5 4.1

where g and ¢’ are the usual couplings of SU(2) and U(1)y, respectively.

MWH - MZH - gfu MAH

2.3 Flavour structure of the LHT model

The interactions between ordinary down quarks and mirror quarks, mediated by gauge bosons
Wf; , Zm, Ag, are governed by the new mixing matrix Vi4. The corresponding matrix in the
up (V) sector is obtained by means of the relation [22,43]

VITIUVHd = Vexkm - (7)
Thus we have new flavour and CP-violating contributions to decay amplitudes in this model.
These new interactions can have a structure very different from the CKM matrix.
The difference between the CMFV models and the LHT model can be transparently seen in
the formulation of FCNC processes in terms of the master one-loop functions that multiply the
CKM factors )\gz)

MWO=ViVig, A =ViVia, A =V Vi, 8)

for K, B; and Bs systems respectively. This formulation can be used straightforwardly here
because the LHT model has the same operator structure as the SM and the models with CMFV,
except that the real and universal master functions of the latter models become complex quan-
tities and the property of the flavour universality of these functions is lost. Consequently the
usual CMFV relations between K, By and B, systems are generally broken.

Explicitly, the new functions in the LHT model are given as follows (i = K, d, s)

s = SSM+§even+;i)Sfdd = [Sife'S, (9)
t

X, = XSM+XGVQH+;0X§M = |X;|ef%, (10)
t

Y, = YSM+Yeven+;i)ded = |y (11)
t

Z; = ZSM+Zeven+)\t)Zi°dd = !Zi\ewiz- (12)

t



Here S, Xswm, Ysm and Zgy are the SM contributions for which explicit expressions can be
found in [8]. Sevens Xeven, Yeven and Zeyven are the contributions from the T-even sector, that is
the contributions of Ty and of ¢ at order v?/f? necessary to make the GIM mechanism work.
The latter contributions, similarly to Ssm, Xsm, Ysm and Zgn, are real and independent of
i = K,d, s. Explicit expressions for them can be found in [14].

The functions gfdd, ded, 17i°dd and Zfdd represent the T-odd sector of the LHT model
and are obtained from penguin and box diagrams with internal mirror quarks and new gauge
bosons. Explicit expressions for these functions can be found in our previous papers [14,15, 21]
and will not be repeated here.

At this point it should be recalled that in our earlier papers, when calculating ded, ded
and Z?%4, we had overlooked an O(v?/f?) contribution to the Z°-penguin diagrams. This
contribution has been identified by Goto et al. [23] in the context of their study of the K — 7vw
decays in the LHT model, and independently by del Aguila et al. [24] in the context of the
corresponding analysis of the LFV decays u — ey and u — 3e. At the same time, these
authors have confirmed our calculations except for the omission mentioned above. The corrected
Feynman rules of [15] implied by the findings of [23,24] are collected in Appendix A in [21]. In
that paper also the implied shifts in the corresponding Z-penguin functions and consequently
in ded, Y;-Odd and Zfdd are given.

A review on flavour physics in the LHT model can be found in [44] and selected papers
containing details of the pattern of flavour violation in this model can be found in [14-16, 21,
23,24, 33|.

3 Basic formulae for quark flavour observables

3.1 AF = 2 Observables

The flavour parameters of the quark sector in the LHT model are first of all bounded by very
precise data on
Aj\js ; AMd ) €K, (13)

but also by the data on the mixing induced CP-asymmetries in BY — J/¢Kg and BY — J /¢
[30,45] !
Syrg = 0.691£0.017, Sye = 0.01540.035. (14)

Although Sy is found to be small it could still significantly differ from its SM value
Sy = sin(2|Bs) = 0.036 = 0.002. (15)

The numerical value for
Siks = sin2p (16)

depends strongly on the value of |V,;|, as can be seen from Fig. 4. Here § and (4 are defined by

V;fd = |V;‘,d‘€_iﬁ; ‘/ts = _’Ws|6_iﬁs- (17>

Tn our conventions Sy, = — sin ¢, with the measured value for ¢; quoted by LHCb and HFAG.



In the LHT model the mass differences AM; and AM, are simply given by

GE o & 2 p
AM, = G?MWmBs At ’ FBSBBSnB|SS| (18)
and a2
2 N
AM, = Zhnfym, O FR, By,ns|S4) (19)

with the numerical values of all parameters collected in Table 1.
Next, the presence of new sources of CP violation coming from the T-odd sector modifies
the SM formulae in (15), (16) as follows

Syks =sin(26 +2pp,),  Sye = sin(2|Bs] — 2¢B,) . (20)

Here ¢p, are NP phases in Bg — Bg mixings. They are directly given in terms of the phases of
the loop functions Sg:

20, = —9%. (21)

The formulae for AMy and ex are more complicated because also charm contributions are
present. They can all be found in [14]. The only modification relative to these formulae is the
change in the overall multiplicative factor in e

e/ geeliPe, (22)

where ¢, = (43.51 £0.05)° and k. = 0.94 £ 0.02 [26,46] takes into account that p. # 7 and
includes long distance effects in Im(I'12) and Im(M2).

In what follows we will present the most interesting branching ratios in terms of the functions
X, and Y;. The CKM elements that we will use are those determined from tree level decays and
consequently they are independent of new physics.

3.2 Bsgq— ptu~

Interesting implications on the LHT model arise also from the data on By 4 — p*p~. The most
recent prediction in the SM that includes NNLO QCD corrections [47] and NLO electroweak
corrections [48], put together in [49], and the most recent averages from the combined analysis
of CMS and LHCb [50] are given as follows:

B(Bs — ptp)sm = (3.65£0.23) - 1079, B(Bs — 7 exp = (2.8708) - 1079, (23)
B(Bg — pp )sm = (1.06 £0.09) - 1071 B(Bg — T exp = (3.9775) - 10710, (24)

The “bar” in the case of By — putu™ indicates that ATy effects [51-53] have been taken into
account.

As we will be using CKM elements determined in tree-level decays, it is useful to consider
the ratios

B(Bs — ptp~ v, ?
= BBs = itit) r(AT), (25)
B(Bs — ptp~)sm Ysm
B e Yy |?
RE = B(Bg — pp”) d | (26)
B(Bg — ptp~)sum Ysm




so that the leading dependence on CKM factors cancels out in these ratios. However, a residual
CKM dependence is present in the shifts due to contributions from the T-odd sector, as seen in
(11). The factor r(AT's) represents the difference between ATl effects in the LHT model and
in the SM. Using the general formulae in [54] we find in the LHT model

1 4 ys cos(265 — 2¢p,)
1+ ys

r(AL) = , (27)

where [45]

_ AL = 0.061 £ 0.005 (28)
=3 =0 .005.

We find that in the LHT model r(AT'y) deviates from unity by at most 0.5% and can therefore
be set to unity.

The ratios Rf;’; are independent of the meson weak decay constants. The relevant SM
expressions for these branching ratios can be found in [54]. Using these expressions together
with (25) and (26) the corresponding results for the LHT model can be found.

While the ratios in question show transparently the size of departures from the SM pre-
dictions independently of the values of weak decay constants and CKM parameters, they hide
these parametric uncertainties present both in the SM and the LHT model. In particular, both
branching ratios depend quadratically on the value of |V;|. The authors in [49] used the inclu-
sive value for |V| ~ 42.2 x 1073 and obtained the SM result B; — p ™ in (23) that is by 1.20
above the data. For the exclusive determinations of |V, as known presently, the SM would be
much closer to the data.

From the point of view of the LHT model it is rather crucial to find out whether the SM
prediction is indeed higher than the data or not. Indeed, as we will find in Section 5 the LHT
model favours a slight enhancement of B(Bs — p™pu~) over its SM value, while the data, as
seen in (23), favours a moderate suppression. Only a further improvement on the value of |V
and the relevant weak decay constants and most importantly future more accurate data can tell
us whether indeed this is a true problem for the LHT model.

Ys

The most recent NNLO estimate in the SM gives [55]

B(B — X¢y)sm = (3.36 £0.23) - 1074, (29)
which agrees very well with the most recent experimental world average
B(B — XsY)exp = (3.43+£0.22) - 107%. (30)

The branching ratio for B — X7y decay in the LHT model can be found in [14]. NP effects
in this decay turned out to be at the few percent level. Therefore although the room for NP
contributions to this decay decreased since 2006, the B — X¢v branching ratio still does not
pose a relevant constraint, beyond those from AF = 2 observables, on the LHT parameter
space. On the other hand the fact that in this particular case NP effects have been predicted
already in 2006 to be small could be regarded as a success of the LHT model. It remains to
be seen whether the improvements in the theoretical and experimental accuracy of theory and
experiment in this decade will change this picture, remains to be seen.



34 B — K®up

Of interest are also the exclusive b — svv transitions that are theoretically rather clean and
should be measured by Belle II at the end of this decade. The most recent SM estimate of the
relevant branching ratios [56] read:

_ Vool 1 _

BT - KT | Y 4.0+0.4)-107° 1

B( — I/V)SM |:0.0409:| ( 0£0 ) 0 R (3 )

B(B® = K*vi)gy = Vol 7° (9.2+0.9)-107° (32)
0.0409 ’

where the errors in the parentheses are fully dominated by form factor uncertainties. We expect
that when these two branching ratios will be measured, these uncertainties will be further
decreased and |V, ;| will be precisely known so that a very good test of the SM will be possible.

Again the ratios between the LHT and SM predictions for these branching ratios are very

simple
» BB — Kvy) | X, |
R B((B — Kvi)sm ’XSM ' (33)
w BB EKwr) | X | (34)
E* 7 B(B—= K*vi)sm | Xsm|

Note that similar to models with CMFV these two ratios are equal to each other, which con-
stitutes an important test of the LHT model. This is related to the absence of right-handed
flavour changing currents in this model.

3.5 K — wvv

The branching ratios for K™ — 7#tvo and K, — 7% in the LHT model are given as follows

. ImXer\? [ Rel ReXe ) 2
B(K+_>W+W):H+.[< - >+< COPX) ) : (35)
Im X\ 2
B(KL—>7TOVI7):/£L'< G > , (36)
where [57]
—11 A i
kg = (5.173 £0.025) - 10 [0225] , (37)
A 8
_ 1010
kr = (2.231 +£0.013) - 10 [0225} (38)

and A = |V,s|. For the charm contribution, represented by P.(X), the calculations in [57-61]
imply [62]
P.(X) = 0.404 £ 0.024, (39)

where the error is dominated by the long distance uncertainty estimated in [61]. In what follows
we will assume that NP does not modify this value, which turns out to be true in all known to us



extensions of the SM including the LHT model. Such contributions can be in any case absorbed
into the function Xcg. The latter function that describes pure short distance contributions from
top quark exchanges and NP contributions in the LHT model is given by

Xeft = VigVia Xk - (40)
The most recent SM predictions for the branching ratios read [62]

B(K" — 7vi)sy = (9.11 £0.72) - 1071 (41)
B(Kp — nvp)sm = (3.00 £ 0.31) - 1071, (42)

Experimentally we have [63]
B(KT = 1t vi)exp = (17.37132) - 1071 (43)
and the 90% C.L. upper bound [64]
B(Kp, — m00)exp < 2.6 -1075. (44)

Important improvements on these values are expected from the NA62 experiment at CERN in
2018 [65,66], and from the measurement of K; — 7°vz by KOTO around 2020 at J-PARC
[67,68].

3.6 Kp— putu~

This decay often constrains the size of NP contributions to K — 77v. Only the so-called
short distance (SD) part to a dispersive contribution to K7, — u*u~ can be reliably calculated.
It is given generally as follows (A = |V,s] = 0.2252):

B o (ReYE  _\?
B(Ky — ptp”)sp =2.01-1077 (Ag)ff - PC(Y)> : (45)
where at NNLO [69]
_ 22
P.(Y)= (1 - 2) P.(Y), P.(Y)=0.115+0.017 . (46)

The short distance contributions in the LHT model are described by
Yot = VisViaYie (47)

with
Ysm = ny Yo(x), ny = 0.9982 (48)

also entering Bs g — ptp~ decays. Yp(x:) can be found in [8] and 7y summarizes both QCD
and electroweak corrections [49].

As the long-distance contributions to K — u™pu~ are under poor theoretical control, only
a conservative upper bound

B(Kp — ptp)sp <2.5-107° (49)

can be derived [70].
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3.7 €'/e
3.7.1 SM Contribution

The starting point of our presentation is the analytic formula for £’/¢ within the SM [38,71]
Re(¢'/e)sm = hIm), - FSM (50)
with h = 0.92 £ 0.03 and
FSM = Py 4+ Px Xsum + Py Ysum + Pz Zsum + Pr Esy (51)

The first term in (51) is dominated by QCD-penguin contributions, the next three terms by
electroweak penguin contributions and the last term is totally negligible.

Complete information relevant for our analysis can be found in Appendix B of [38]. In
particular, the coefficients P; are given in terms of the non-perturbative parameters

2 2
_ (/2 114 MeV _ 53/2) 114 MeV
Rs= B ., Ry=DB 52
‘ 0 ms(me) + ma(me) ® 8 ms(me) +ma(me) (52)
as follows:
P=r" 4 rORs +r¥Rs. (53)

The coefficients rl(O), 7’2(6) and 7"1(8) comprise information on the Wilson-coefficient functions of

the AS =1 weak effective Hamiltonian at the NLO. Their numerical values for three values of
as(Myz) are collected in Appendix B of [38].
In our numerical analysis we will use for the quark masses the values [72]

ms(2GeV) = (93.8 £24)MeV,  mg(2GeV) = (4.68 £+ 0.16) MeV. (54)
Then at the nominal value y = m, = 1.3 GeV used in [38], we have

ms(me) = (109.1 £+ 2.8) MeV, ma(me) = (5.44 +0.19) MeV. (55)

Concerning the parameters Bél/ 2 and BéS/ 2) significant progress has been made since our
2007 analysis [18]. The RBC-UKQCD collaboration [35] determined rather precisely the value

of Bég/ 2), which transformed to the NDR scheme and the scale y = m,, reads [62]

B (me) =0.76 £0.05  (RBC-UKQCD) (56)
There is no precise result on Bél/ ? from lattice QCD. From the most recent results of the
RBC-UKQCD collaboration [36] the value of Bél/ ? has recently been extracted [37,38]

B (m,) = 0574015  (RBC-UKQCD). (57)

But also progress has been made in the large N approach of [73] (dual QCD) in which in

the large N limit one has Bél/Q) = B§3/2) =

bounds [37]

1. As the recent analysis shows one can derive the

B < B < 1. (59)

11



Moreover, while Bég/ 2 is found in the ballpark of 0.80 + 0.10, Bél/ 2 i generally smaller and
close to the lattice result in (57) but the uncertainties are rather large.

Probably the most important finding of [37] is the bound in (58) which implies an upper
bound on &' /e in the SM. Moreover, it has been shown that the pattern of the size of various
matrix elements in this approach is supported by the lattice results in [36].

In a very recent paper [38] a new analysis of £’ /¢ in the SM has been performed assuming that
the ReAp and ReAs amplitudes are dominated by the SM dynamics. In this manner one could
determine the matrix elements of QCD and electroweak penguin (V — A) ® (V' — A) operators
from the precise data on ReAy and ReAs with much higher precision than it is possible presently
from lattice QCD. The outcome of this analysis is the formula for €’/e in (50) which is given in
terms of Bélﬂ) and Bé3/2).

Using the upper bound in (58) Bél/z) < BE(;S/?) < 1.0 one finds, varying all other parameters
within their 1o ranges [38],

Im)\t

/ < T
Re(e'/e)su = [1.4 x 104

] (9.1+3.3)-107%. (59)

roughly by 20 below the experimental result [74-77]
Re(g'/€)exp = (16.6 £2.3) - 1074 (60)

Using instead the input from lattice QCD the values for ¢’/e in the SM are much lower [38].
We will investigate in Section 5, whether the LHT model could help to remove this discrepancy
between the theory and data.

3.7.2 LHT

The formula for €'/¢ in the LHT model reads [18] :

Re(e'/e) = h|\| Er, (61)
with A = 0.92 4 0.03 and
F., = Pysin(B — Bs) + Pg |Ex|sin g¥
+Px | Xg|sin X + Py |Y|sin B + Py |Zk|sin 55 , (62)
where
pE=p—-pB,—0K (i=X)Y,Z E). (63)

The coeflicients P; are the same as in the SM.

3.8 LHT model facing anomalies in b — s£1¢~ transitions

The recent highlights in quark flavour physics were the departures of the data on By —
K®putu~ from the SM expectations, and it is of interest to see how the LHT model faces
these data. To this end we recall the shifts caused by NP contributions in the Wilson coeffi-
cients Cg and Cig of the operators

Qg = (57, PLb) (L4"0), Q10 = (57, PLb) (IyH~50) (64)

12



in the LHT model. They are

sin? Oy Co'F = AY, — 4sin’ Oy A Z,, (65)
sin? yy CNF = —AY,. (66)

Here,
AY; =Y —Ysm,  AZs=Zs — Zgu. (67)

They can be found by using formulae (11) and (12).

The present anomalies in the angular observables in By — K*u™pu~ and the suppression
of the branching ratio for By — Ku™p~ below the SM prediction as well as the data on
Bs — ptp~ can be well described by [78-81]

CNP ~ —CNF ~ —(0.5+£0.2). (68)

The solution with NP being present only in Cy is even favoured, but much harder to explain in
the context of existing models. We refer to [81] for tables with various solutions and a collection
of references to recent papers.
While the anomalies in By — K*u*pu~ are subject to theoretical uncertainties, much cleaner
is the ratio
B(Bt — K+utp )Ll

RE = BT 5 Ko )T 0.74570-09 (stat) + 0.036(syst) , (69)

where the quoted value is the one from LHCDb [82]. It is by 2.60 lower than its SM value:
1+ O(107%) and is an intriguing signal of the breakdown of lepton flavour universality.

All these anomalies turn out to be a problem for the LHT model. The relation (68) is badly
violated in the LHT model, where due to the smallness of the muon vector coupling in the Z
penguin C})\IP turns out to be by an order of magnitude smaller than C%P. Moreover, C%P <0,
in variance with (68), is favoured in the LHT model. This is the origin of the enhancement of
Bs — ptu~ in this model mentioned above. In addition the breakdown of lepton universality
in the LHT model is absent at the tree-level and even if it can be generated at one loop level,
it is by far too small to explain the result in (69).

Thus, these anomalies, if confirmed by future more accurate data, have the power to exclude
the LHT model as the source of the observed pattern of departures from SM expectations for
b — s{T{~ transitions.

4 Constraints on the LHT parameter space

The previous two sections summarized the expressions for flavour observables to be used in our
numerical analysis. But, in addition, experiments from the various areas of particle physics
place strong constraints on the parameter space of the LHT model and they have to be taken
into account. While the indirect constraints from electroweak precision (EWP) physics are
largely unchanged with respect to our earlier analyses, major improvements have been achieved
on direct bounds thanks to the first LHC run. Additionally, the discovery of the Higgs boson
and the measurement of its production and decay rates yields new and partly complementary
input. A major analysis of current constraints on the LHT parameter space has been presented
in [34]. In what follows we briefly recapitulate the new LHT parameters relevant for our analysis
and review the current constraints.
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4.1 Electroweak and top sector

In the electroweak sector the only new parameter is the scale f at which the SU(5) — SO(5)
global symmetry breaking takes place. It determines the mass of the new heavy gauge bosons
and scalars and sets the mass scale for the new fermions.

In the top sector the parameter z; describes the mixing between the top quark and its T-
even partner 7. It also determines the masses of the Ty and T_ quarks, the latter of which is
not relevant for FCNC processes. These parameters are most stringently constrained indirectly,
namely from EWP and Higgs data.

EWP constraints on the LHT model have been studied in detail in [83], and in the context
of a simplified model in [84]. The recent update [34] showed no major changes, with scales as
low as ~ 400 GeV still consistent with EWP data if the parameter x, describing the mixing
between the top quark and its partner T4, is close to 0.5.

The bound on the symmetry breaking scale f however increases significantly when the LHC
Higgs data are taken into account. Higgs searches alone constrain the scale f to be above
~ 600 GeV, independently of the parameter x, [34].

Combining electroweak and Higgs physics constraints yields the lower bound [34]

[2694GeV  at 95% C.L. (70)

with 7, ~ 0.5. This corresponds to a fine-tuning of at least 5%.
Interestingly the choice
f=1TeV, xr, =05 (71)

we had made in our earlier analyses [14,15,21] is still consistent with the currently available
indirect constraints. Note that this choice fixes

mr, = 1.4TeV (72)

which is still well beyond direct limits from the LHC.

4.2 Mirror quark sector

The majority of new parameters in the LHT model is intimately tied to the flavour sector.
They arise from the mass matrices of mirror quarks and leptons. Only the mass matrix for
mirror quarks is relevant in the present paper. It introduces nine new parameters that can be
conveniently divided into the three masses? and a flavour mixing matrix Vp4 with three angles
and three CP violating phases. These are

d d d d d d
M, Miys M, Oz, 015, 033, Op, 073, Oa3, (73)
where the last six parametrise the matrix V4 in terms of the parametrisation presented in [43].

4.2.1 Bounds on mirror quark masses

The most stringent bounds on the LHT mass spectrum from the LHC experiments are on
the mirror quarks, due to their strong coupling to quarks and gluons. Similarly to squarks

2Note that the mirror fermions in a doublet are degenerate in mass, up to a small splitting from EWSB.
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in supersymmetry, they are pair produced by strong interactions and lead to missing energy
signatures with jets and possibly leptons in the final state.

In an early analysis [85] the CMS search for jets and missing transverse energy was used
to derive the expected bound m%; 2 650 GeV for 1fb~1 of data at /s = 7TeV. By now a
significantly higher integrated luminosity is available, and many squark searches with different
final states have been presented by ATLAS and CMS. The searches most sensitive to LHT
mirror quarks have been recasted in [34]. Interestingly the most stringent constraints have been
found to arise from the search for jets, leptons and missing energy, since the mirror quarks
dominantly decay into the heavy gauge bosons Wf;, Zp subsequently producing final state
leptons. Assuming a degenerate mirror quark spectrum, for f = 1TeV the lower bound

m, 2 1600 GeV (74)

has been obtained.

It should be stressed that the bounds on individual mirror quarks can be weaker if the require-
ment of degeneracy is lifted, similarly to the case of non-degenerate squarks [86]. Furthermore
the presence of flavour mixing between the various generations affects the constraints [87].

Upper bounds on the mirror fermion masses can be obtained from their non-decoupling
contribution to four-fermion operators [83]. The constraint on the mirror fermion masses scales
linearly with the scale f. For f = 1TeV, and assuming degenerate mirror fermions, the current
bound from LEP and LHC data [34] is roughly

my S 4.6 TeV . (75)

4.2.2 Constraints on mixing parameters

In contrast to the other LHT parameters, the parameters of the mixing matrix Vg, cannot be
constrained by determining the mass spectrum of new particles. However they will in principle
be accessible to the LHC by measuring the decays of the mirror quarks into the various SM
flavours. Such measurements of branching ratios and CP asymmetries would indeed allow for
the most direct determination of mixing angles and CP violating phases in the mirror sector.
Similarly to the determination of the CKM matrix from tree level decay, such a method gives
the most direct access to the parameters in question.

This task will however be challenging if not impossible to accomplish at the LHC. Luckily
FCNC processes come to the rescue here. Even with their help the determination of all these
flavour mixing parameters is clearly a very difficult task, in particular if no LHT particles will
be discovered at the LHC. On the other hand if in the second round of LHC operation new
particles present in the LHT model will be discovered, we will be able to determine f from
My, , Mz, or My, and x;, from m7_ or my,. Similarly the mirror fermion masses my; will
be measured.

Since the CKM parameters can be determined independently of the LHT contributions from
tree level decays during the flavour precision era, the only remaining free parameters in the
quark sector are ng and 5%. They can, similarly to the parameters of the CKM matrix, be
determined with the help of loop induced flavour violating processes. How this determination
of the matrix Vg from loop induced decays would be realised in practice has already been
discussed in [14,15] and we will not repeat it here.
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4.3 Parameter choices for our analysis

In our analysis we will study two different scenarios for the LHT mass scales.

Scenario A The first one assumes a low new physics scale
f=1TeV, (76)

in the reach of the LHC. A low value is clearly preferred by naturalness arguments. In order to
optimise the agreement with EWP data, as in our earlier analyses we set the mixing parameter

xrp =0.5. (77)
The mirror quark masses will be varied in the range (i = 1,2, 3)
1600 GeV < mY,, < 4500 GeV (78)

in agreement with the current constraints.

In this context we recall that in the T-odd sector only mirror fermions and new gauge bosons
are exchanged in loop diagrams. Consequently the mass splittings between mirror fermions
belonging to different doublets are strongly bounded by FCNC processes in correlation with the
departure of the matrix Vg from the unit matrix.

Scenario B The second scenario studies the pessimistic case that no new particles will be
found at the LHC in the coming years and no clear deviations from the SM predictions for EWP
observables will be found. Our goal here will then be to find out how large deviations from SM
predictions will still be allowed, with the hope that some deviations from SM predictions in
FCNC observables will be detected. Lacking a detailed analysis of the LHC reach, clearly we
can only guess what the bounds on the LHT scales will then be.

The improved knowledge of EWP and Higgs observables will push the symmetry breaking
scale f up to several TeV. We choose

f=3TeV, z,=05 (79)

as a benchmark value. Again the latter choice minimizes the LHT contributions to EWP
observables.
The direct bounds on mirror quarks will push their masses in the multi-TeV regime, and we
choose
4TeV <mil < 8TeV, (80)

with the upper bound obtained from an expected improvement in the four fermion operator
constraints.

5 Numerical analysis

5.1 Strategy

An important part of our analysis is the choice of the values of CKM parameters as this specifies
the room left for NP contributions. We will use the CKM parameters determined in tree level
decays. These are

‘Vus‘y |Vub’; "/cb‘7 - (81)
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The values for |V,s| and the angle v used by us are [45, 88|
[Vis| = 0.2253 £0.0008, v = (73.2753)°. (82)

The status of |V| is not satisfactory with exclusive determinations [72,89,90] giving signif-
icantly lower values than the inclusive [91] ones

[Veblexct = (39.36 4 0.75) - 107%, [ Vopfine = (42:21 £0.78) - 107 (83)
implying the weighted average of these results provided in [62]
‘chb|avg = (407 + 14) . 10_3 (84)

that we will adopt in what follows.
The status of |V,;3| is even worse due to the tensions between exclusive [90] and inclusive [72]
determinations of |Vl

[Viblexel = (3.72 £0.14) - 1073, [Viblinet = (4.40 £0.25) - 1073, (85)
The weighted average of these results provided in [62] reads
[Vib|ave = (3.88 £0.29) - 1073, (86)

but due to the recent LHCb result which gives the even lower value of |V, = 3.25 - 1073 the
situation is rather unclear. For the time being we will use the value in (86).

In this context, it should be mentioned that, using the central values of other input parame-
ters, even with the inclusive value of |V;|, the value of e in the SM is typically by (10 —20)%
below the data, unless the high inclusive value of |V,;| is used. However, the large uncertainty
in 7., found at NNLO level in [92] implies an uncertainty of roughly +6% in ex softening the
tension in the SM with ex. For a recent discussion see [93].

On the other hand for V| > 3.6 - 1072 the asymmetry S,k predicted by the SM is larger
than its experimental value. For the inclusive value of |V,;] it is even by 30 above the data. Then
new CP phases in the Bg — Bg system are required to achieve an agreement with experiment,
while then ek in the SM is fully consistent with the data. Thus some tension between the values
of e and Sy, in the SM is still present [25,26], but to reach a final conclusion, much higher
accuracies on |Vyp|, |Vep| and also on 7. are required.

The remaining input parameters are collected in Table 1. We will comment on some of them
whenever necessary. For the new parameters of the LHT model we will impose the bounds
summarised in Section 4. As in our 2009 analysis [21] we perform a randomised numerical
scan over the LHT parameter space, varying the input parameters in their 1o ranges. For both
scenarios A and B we generate a set of 10,000 parameter points each that satisfy the present
AF = 2 constraints.

5.2 Results for Scenario A
5.2.1 AF = 2 constraints

The presence of new contributions to the AF = 2 observables in (13) and (14) allows to resolve
possible tensions present in the SM, thereby putting some constraints on the new parameters.
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Gr = 1.16638(1) - 1075 GeV 2[74] [ mp, = 5279.58(17) MeV [74]
My, = 80.385(15) GeV [74] | mp, = 5366.8(2) MeV [74]
sin? Oy = 0.23126(13) [74] | Fp, = 190.5(42) MeV [72]
a(Mz) =1/127.9 [74] FB = 227.7(45) MeV [72]
as(Mz) = 0.1185(6) [74] | B, = 1.27(10), Bp, = 1.33(6) [72]
my(2GeV) = 2.16(11) MeV  [72] BBS/BBd = 1.06(11) 72]
ma(2CGeV) = 4.68(16)MeV  [72] | F,\/Bg, = 216(15) MeV [72]
my(2GeV) = 93.8(24) MeV  [72] | Fis,\/ Bg, = 266(18) MeV [72]
me(me) = 1.275(25) GeV [74] | € = 1.268(63) [72]
my(my) = 4.18(3) GeV [74] | np = 0.55(1) [94,95]
my(my) = 163(1) GeV 96,97] | AMy = 0.510(3) ps—* [45)
my = 497.614(24) MeV [74] | AM, = 17.757(21) ps~* [45)
Fi = 156.1(11) MeV 96] | Syxs = 0.691(17) [45]
Bg = 0.750(15) [72,73] | Sye = 0.015(35) [45]
ke = 0.94(2) 26,46] | AT, /Ty = 0.122(9) [45)
Nee = 1.87(76) [92] | 75, = 1.509(4) ps [45]
nw = 0.5765(65) 94] | 75, = 1.520(4) ps [45]
Ner = 0.496(47) 98] | 7B+ = 1.638(4) ps [45)]
AMp = 0.5293(9) - 102 ps~* [74] |Vus| = 0. 2253( ) [74]
lex| = 2.228(11) - 1073 [74] | v = (73.2153)° 88]
VA8 = 40.7(14) - 1073 (62] |Vj}fg| — 3.88(29) - 1073 62]

Table 1: Values of the experimental and theoretical quantities used as input parameters as of June

2015. For future updates see PDG [7}], FLAG [72] and HFAG [45].

These AF = 2 constraints will be taken into account in the predictions for AF = 1 observables
presented below.

At this point it should be recalled that in the LHT model the CP asymmetry Sy, can both
be enhanced and suppressed w.r.t. the SM. We will see this in the figures below. This is not
always the case in other models. For instance in the Two Higgs Doublet Model with MFV
(2HDMyzy) [31, 32], the asymmetry Sy can only be enhanced due to its correlation with
Sykg- Thus if eventually Syg < (Syg)sm will be found, the LHT model will still be viable, in
contrast to the 2HD My

Fig. 1 demonstrates that the LHT model can fit the data on AF = 2 observables for the full
range of the measured values of |V,,| and |V,;| covered in our scan. Yet, small values of |V,
and large values of |V| are favoured as for such values the data on Sykg and ex are easiest to
satisfy, respectively.

5.2.2 KT = ntviv and K, — ©%vi

The correlation between K+ — ntvw and K, — 7907 has been the subject of many analyses. In
Fig. 2 we show the correlation between B(K ™ — ntvi) and B(K, — 7v) as obtained from the
randomised scan over the LHT parameters. The experimental 1o-range for B(K™ — 7 tvi) [63]
and the model-independent Grossman-Nir (GN) bound [99] are also shown. We observe that the
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Figure 1: Distribution of viable LHT parameter points (f = 1TeV ) in the |Vi|, |Vis| plane, obtained
with a prior flat distribution.
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Figure 2: Correlation between the branching ratios of K+ — ntvi and K, — 7°vi in the LHT model
for f =1TeV. The large black dot shows the central SM value for our choice of input parameters,
and the light blue point shows the contribution from the T-even sector. The black LHT points are
excluded by the constraint from Ki — p*u~ [70]. The experimental 1o range for B(K+t — ntvi) [63]
is displayed by the grey band, while the solid black line indicates the Grossman-Nir bound [99].
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Figure 3: Branching ratio of K, — 7°vi as a function of Sys in the LHT model for f = 1TeV.
The large black dot shows the central SM value for our choice of input parameters, and the light blue
point shows the contribution from the T-even sector. The experimental 1o range for Syq ts displayed

by the grey band [45].

two branches of possible points found in [15] are still present and that significant enhancements
with respect to the SM predictions are allowed. In fact the possible enhancements are larger than
in our 2009 analysis. This counter-intuitive result originates in the non-decoupling behaviour
of the mirror quarks which, due to the constraints from LHC Run 1, have to be heavier than
assumed by us six years ago. The first branch, which is parallel to the GN-bound, leads to
possible large enhancements in B(Kj, — mv) so that, without the constraint from ¢’/e, values
as high as 5 - 107'0 are possible, being at the same time consistent with the measured value
for B(K+t — ntuvw). The latter branching ratio can reach values in the ballpark of 2 - 10710,
On the second branch, which corresponds to values for B(K; — w%v) rather close to its
SM prediction, B(K™ — ©tvi) can be strongly suppressed but also enhanced. However the
size of this enhancement is limited by the K; — p*pu~ constraint so that the present central
experimental value can only barely be reached. We will return to this constraint in explicit
terms below.

The presence of the two branches is a remnant of the specific operator structure of the LHT
model and has been analysed in a model-independent manner in [33]. Consequently observing
one day the K — mwrv branching ratios outside these two branches would not only rule out the
LHT model but at the same time put all models with a similar flavour structure in difficulties.
On the other hand in models like the custodially protected Randall-Sundrum (RS) model in
which new flavour violating operators are present, no visible correlation is observed, so that
an observation of the K — 7wy modes outside the two branches can be explained in such
kind of models [100]. This is also possible in models with tree-level flavour-violating Z and Z’
exchanges [101,102] if flavour changing left- and right-handed couplings are present.

5.2.3 KL — 71'01117, S'L/)Ks and S¢¢.

Next, of particular interest are the correlations of K, — 707 with the asymmetries Syrg and
Sye. In 2009 we have pointed out that large departures of Sy, from its SM value would not
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Figure 4: Branching ratio of K — 7°vi as a function of Syk, in the LHT model for f = 1TeV.
The large black dot shows the central SM wvalue for our choice of input parameters, and the light
blue point shows the contribution from the T-even sector. The green and red dots indicate the SM
predictions for |Vl ezer, = 3.5-1072 and |Vip|ine, = 4.4- 1073, respectively. The experimental 1o range
for Sykg is displayed by the grey band [45].

allow for large NP effects in the rare K decay within the LHT model. But as seen in (14) the
present experimental value for this asymmetry fully agree with the SM. In Fig. 3 we show the
correlation of B(Kj, — n'vi) with Syes. We observe that within the LHT model Sy can still
differ significantly from its SM value of 0.04 but large enhancements of B(Kj, — 7’vi) are most
likely when Sy is SM-like. It should also be noted that the large new physics effects are due
to mirror fermions as the T-even sector is CMFV like.

Fig. 4 demonstrates that for high values of |V,;| the T-even sector would not be capable
to lower the value of Syx, to agree with the data, while this can be achieved with the help of
the mirror fermions simultaneously allowing for significant departures of the branching ratio for
K — 790 from its SM value.

5.2.4 Correlation of K — wvv with K — ptp~ and €' /e

Of interest are also the correlations of K — mvi with K — utu~ and €'/e as they can limit
possible NP effects in K — wvi. In Fig. 5 we show the correlation between Kj — putpu~
and KT — 7Tvp. As pointed out in [100] this linear correlation on the upper branch should
be contrasted with the inverse correlation between the two decays in question found in the
custodially protected RS model. The origin of this difference is the operator structure of the
models in question: While in the LHT model rare K decays are mediated as in the SM by left-
handed currents, in the RS model in question the flavour violating Z coupling to right-handed
quarks dominates. In the LHT model consequently a large enhancement of B(K+ — ntvi)
automatically implies a significant enhancement of B(Kj, — p*u~)sp and this is not always
allowed by the upper bound B(K} — pu~)sp < 2.5 - 1079 [70], displayed by the dotted line
in Fig. 5. The horizontal branch in this figure, on which B(K* — 7tvi) is not constrained by
Ky — ptu~, corresponds to the upper branch in Fig. 2, while the upper one in Fig. 5 to the
lower one in Fig. 2.
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Figure 5: Correlation between the short-distance contribution to B(Ky — p*u~) and the branching
ratio of Kt — wtvw in the LHT model for f = 1TeV. The large black dot shows the central SM
value for our choice of input parameters, and the light blue point shows the contribution from the
T-even sector. The black LHT points are excluded by the constraint from Ky — p*u~, indicated by
the horizontal dotted line [70]. The experimental 1o range for B(Kt — ntvi) is displayed by the
grey band [63].

Another interesting correlation is the one of K — 7w and €’/ which has been analysed
by us in the LHT model in [18]. As we summarized in Section 3.7 significant progress has been
made since then both by lattice QCD and large N through the improved determination of the
relevant hadronic matrix elements of QCD and electroweak penguin operators. Using the upper
bound on Bél/Q) and B§3/2) in (58) the authors of [38] find €’/e in the SM at the bound in (59)
to be roughly by 20 lower than the data.

In our analysis we will consider first of all three choices for the pair (Bél/ 2), 35(33/ 2))

BMP =BP/P =10,  (red), (87)
corresponding to the upper bound in (58),

Bél/Q) _ 35(33/2) = 0.76, (blue), (88)

and the largest value for Bél/ 2 consistent

)

corresponding to the central lattice value for Bg’/ 2
with the bound in (58) and

Bé1/2) — 0.57, 32(33/2) =0.76  (green) (89)

corresponding to the central lattice values.

In Fig. 6 we show the correlation between K; — 7’vi and ¢/e for these three scenarios.
We observe that in the second and third case the SM prediction is significantly below the data.
Requiring the LHT model to obtain agreement with the data suppresses strongly the branching
ratio B(K, — mvv) below its SM value. At the bound in (87) taking all the uncertainties into
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Figure 6: Correlation between B(K — 7'vv) and Re(e'/¢) in the LHT model for f = 1TeV for
different values of (Bél/Q),Bé?’/Q)): (1.0,1.0) (red), (0.76,0.76) (blue), (0.57,0.76) (green), (1.0,0.76)

(magenta). The black dots show the corresponding central SM values. The experimental 1o range for
Re(e'/e) is displayed by the grey band [74-77].

account the suppression is moderate. This is in particular the case if we allow to violate the
inequality between Bél/ 2 and Bé?’/ 2 and choose

Bé1/2) = 1.0, B§3/2) =0.76 (magenta) . (90)

But this case is very unlikely in view of the bound in (58).

On the other hand Fig. 7 shows the analogous correlation between B(K™ — ntvi) and
Re(¢’/e). The two branches of Fig. 2 also manifest themselves in the present figure. The
horizontal branch with large enhancements of B(K+t — ntwvw) is disfavoured by &’/e. Fitting
the data on &’/e is possible within the LHT model without any suppression of B(K* — ntvi).
However significant modifications of this branching ratio with respect to the SM are then not
allowed.

5.2.5 Problems with B, 4 — putp~ and By — K®ete-

While until now the LHT model passed all experimental tests related to AF = 2 transitions and
rare K decays, the situation changes when B, 4 — putpu~ and By — K®)£+0~ are considered.

In Fig. 8 we show the correlation between the ratios RLY in the LHT model. While the
MFV prediction, represented by the straight black line, can be modified, this modification is
not sufficient to bring the theory in full agreement with the data. While the data would favour a
suppression of B(Bs — p* ™) relative to its SM value, the LHT model favours its enhancement.
The contribution from the T-even sector provides a flavour universal enhancement by 15%, and
particular values of model parameters in the T-odd sector are required to change this pattern.
We find that while the mirror quarks can enhance B(By — putu~) by up to a factor of 2, such
large values appear impossible together with a suppression of B(Bs — u*p~). Consequently
finding future data to confirm the present ranges of B(Bs4 — p'p~) will be problematic for
the LHT model.
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Figure 7: Correlation between B(K™ — ntvip) and Re(¢'/e) in the LHT model for f = 1TeV for
different values of (BS'?, B$*/®): (1.0,1.0) (red), (0.76,0.76) (blue), (0.57,0.76) (green), (1.0,0.76)

(magenta). The black dots show the corresponding central SM values. The experimental 1o ranges
are displayed by the grey band [63, 74-77].
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Figure 8: Correlation between B(B, — u*p~) and B(By — utp~) in the LHT model for f = 1TeV.
The large black dot shows the central SM value for our choice of input parameters, and the light blue
point shows the contribution from the T-even sector. The experimental 1o ranges are displayed by
the grey rectangle [50], and the MFV prediction is indicated by the solid black line.
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Figure 9: Correlation between B(K* — ntvi) and B(Bs — pu*p~) in the LHT model for f = 1TeV.
The large black dot shows the central SM value for our choice of input parameters, and the light blue
point shows the contribution from the T-even sector. The experimental 1o ranges are displayed by
the grey rectangle [50,63]. The black LHT points are excluded by the constraint from Kp — ptpu~.

The difficulty to suppress B(Bs — pu* ™) below its SM value is also seen in Fig. 9. Addi-
tionally we observe that for the lowest values of B(Bs — p*u~) favoured by the data, large
enhancements of B(K+ — 7tvw) are not allowed.

Even more problematic for the LHT model appear at present the data on By — K(K*){t¢~
as we discussed already in section 3.8.

5.3 B — K®up

In Fig. 10 we show the correlation between B(B; — u*u~) and B(B — K®vp) in the LHT
model. We observe a very strong linear correlation characteristic for models with left-handed
flavour changing currents in which the Z penguin dominates. We also note as in Fig. 9 that the
T-even sector by itself would be in conflict with experiment but the presence of mirror quarks
allows still to save the LHT model.

5.4 Results for Scenario B

Let us finally study the pessimistic scenario that no new particles will be discovered at the
LHC and all electroweak and Higgs physics observables turn out to be SM-like. In this case the
symmetry breaking scale f and the mirror fermion masses will be pushed into the multi-TeV
range, as discussed in section 4.3.

It turns out that in this case rare K decays, in particular the K — wvv decays, are the best
channels to observe a sign of the LHT model. As we can see in Fig. 11 significant enhancements
of the branching ratios of K+ — 7tvi and K — 7w will still be possible. Again we observe
the known two-branch structure. On the horizontal branch K — 707 remains SM-like, while
K™ — 7tvp can be enhanced by up to a factor of two. On the second branch the impact on
K* — mfvp is more modest, but B(K; — mvv) can be larger than its SM prediction by up
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is displayed by the grey band [50].
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Figure 11: Correlation between the branching ratios of K* — ntvv and K;, — 7vi in the LHT
model for f = 3TeV. The large black dot shows the central SM wvalue for our choice of input
parameters, and the light blue point shows the contribution from the T-even sector. The experimental
lo range for B(KT — wtvp) is displayed by the grey band [63], while the solid black line indicates
the Grossman-Nir bound [99].
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Figure 12: Correlation between B(Bs — utp~) and B(By — pu~) in the LHT model for f = 3 TeV.
The large black dot shows the central SM value for our choice of input parameters, and the light blue
point shows the contribution from the T-even sector.

to a factor of four. But again if the present low values of Re(¢’/¢)sy will be confirmed by more
precise lattice calculations, only a suppression of B(Kj — n%v) in Fig. 11 will be allowed and
B(K* — ) will be SM-like.

The effects in rare B decays on the other hand turn out to be much smaller and, in view of
experimental and parametric uncertainties, will be difficult to disentangle from the SM. In Fig.
12 we show the correlation between B(Bs — u*pu~) and B(By — ptp~) as an example.

It is interesting to see how the LHT effects in rare meson decays scale with the symmetry
breaking scale f. Naively, the new contributions are suppressed by v?/f? with respect to the
SM. This is indeed what we see in the T-even sector, displayed by the light blue point in the
figures. The case of the T-odd sector is however a bit more involved. Firstly, as we increase
the mirror quark masses simultaneously with the scale f, the size of the loop functions remains
unchanged and the only suppression stems from the v?/f? prefactor. However simultaneously

the constraints on the T-odd sector from AF = 2 observables become weaker, they scale like
2
52% <e (91)

with ¢ denoting the relevant combination of V4 elements and ¢ < 1 depending on the meson
sector in question. The T-odd contributions to AF = 1 processes on the other hand scale as

02
1

We conclude that the mirror quark contributions are only linearly suppressed by the scale f.

E— < %\/E. (92)

6 Summary

In this paper we have presented a new analysis of quark flavour observables within the LHT
model. Our analysis takes into account the most recent data from the LHCb experiment, the
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improvements on CKM parameters and hadronic parameters from lattice QCD and the new
lower bounds on the masses of new gauge bosons and mirror quarks. Our main findings are as
follows:

e The LHT model agrees well with the data on AF = 2 observables and is capable of
removing some slight tensions between the SM predictions and the data.

e The most interesting departures from SM predictions can be found for K+ — 7w and
K1 — 70 decays, when only constraints from AF = 2 observables are taken into
account. An enhancement of the branching ratio for K™ — wtvi by a factor of two
relative to the SM prediction [62] is still possible. An even larger enhancement in the case
of K;, — mVvw is allowed. But as we have shown in Fig. 6 the recent analysis of €’ /¢ in the

SM [38], based on new results for the non-perturbative parameters Bél/ 2 and Bég/ ? from
lattice QCD [35,36] and the large N approach [37], appears to exclude this possibility at
present. Rather a suppression of K — 7% is required to fit the data on ¢’/e. On the
other hand as seen in Fig. 7 no significant shifts of K™ — 77 v with respect to SM are
allowed.

e NP effects in rare B, g decays are significantly smaller than in rare K decays. Still they
can amount to up to a factor of 2 in the b — d system and to about 50% of the SM
branching ratios in b — s transitions, like B(B; — utp~) and B — K®up.

e More interestingly the pattern of departures from SM expectations for By 4 decays pre-
dicted by the LHT model disagrees with the present data. B(Bs — ptu~) is favoured
by this model to be enhanced rather than suppressed as indicated by the data, and the
simultaneous enhancement of B(By — ptp~) cannot be explained. More importantly
the LHT model fails to reproduce the By — K®)¢t¢~ anomalies observed by the LHCb
experiment.

The future of the LHT model depends crucially on the improved experimental values of
B(Bsq — ptp~) and on the future of the By — K® ¢t~ anomalies. If these anomalies will
be confirmed by future more accurate data and theory predictions, then the LHT model is not
the NP realised by nature. For this model to survive the flavour tests in the quark sector, the
anomalies in question have to disappear. Then also significant enhancements of the branching
ratios for Kt — 7tvw and K; — 7%7 will be possible. Note however that these could be
forbidden by &’/e if the future more precise lattice calculations of very Bél/ 2 confirm the bound
(58).

We have also analysed the case of a higher scale f = 3TeV. As seen in Figs. 11 and 12, NP
effects are significantly smaller than for f = 1TeV. Yet the rare K — 7wvw still show sizeable
LHT effects, which are particularly welcome as in such a scenario an LHT discovery based on
direct searches and electroweak and Higgs physics will be difficult. In addition thanks to the
pattern of deviations a distinction between the SM, the LHT model, and other NP scenarios on
the basis of flavour observables discussed by us should in principle be possible.

In view of these definite findings we are looking forward to improved experimental data and
improved lattice calculations. The plots presented by us should facilitate monitoring the future
confrontations of the LHT model with the data and to find out whether this simple model can
satisfactorily describe the observables considered by us.
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