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In recent years several experiments revealed intriguing hints for new physics (NP) in B meson
decays involving b — ¢tV and b — s¢* ¢ transitions at the 4 — 5 ¢ level. These signs for NP are
supported by slight disagreements in the analogous observables with b — utv and b — du*u~
transitions. While not significant on their own, these processes point in the same direction.

Since all these observables are semi-leptonic, leptoquarks are prime candidates for a solution
to these puzzels since they give tree-level effects here while their contributions to other flavour
observables, which agree with the SM predictions, are loop suppressed.

In these proceedings we focus on the vector leptoquark SU(2) singlet which provides a natural
explanations for both the b — c(u)tv and the b — s(d)u*u~ data. However, to account for
the preferred NP effect in b — ¢(u)7TV large couplings to 7 leptons are necessary and loop ef-
fects become important. Including them in the phenomenological analysis, the fit to data is even
improved.

Finally, we review two UV complete models which give rise to the desired vector leptoquark
SU(2) singlet. The first possibility is to add either three generations of vector-like fermions to the
original Pati-Salam model and break the symmetry with a Higgs mechanism. Alternatively, it is
possible to break the PS gauge group to the SM one on a compact extra dimension like in Randall

Sundrum models.

An Alpine LHC Physics Summit (ALPS2018)
15-20 April, 2018
Obergurgl, Austria

*Speaker.
I thank the organizers for the invitation and the opportunity to present my research here. This work is supported
by an Ambizione Grant of the Swiss National Science Foundation (PZ00P2_154834).

(© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:andreas.crivellin@psi.ch

Vector Leptoquark Andreas Crivellin

1. Introduction

Even though the LHC did not directly observe any particles beyond the ones of Standard
Model (SM), intriguing hints for lepton flavour universality (LFU) violating NP in semi-leptonic B
decays were acquired:

b— s(d)te-

In these flavour changing neutral current processes (which are only generated at the loop level
within the SM) the ratios R(K*)) = 22K 1 11 [2]) indicate LFU violation with a combined
significance of ~ 4 ¢ [3-8]. Taking also into account all other b — sy~ observables (like
PS’ [9]), the global fit even shows compelling evidence for NP (> 50) [10]. Concerning b —
d(" ¢~ transitions, the theoretical analysis of Ref. [11] shows that the LHCb measurement of B —
wutu~ [12] slightly differs from the theory expectation. Even though not being significant on its
own, the central value is agrees with the expectation from b — s¢* £~ since the effect is of same
order and has the same sign as in b — s{*¢~, compared to the SM.

b— c(u)tv
For these charged current processes (which are mediated in the SM by a tree-level W exchange) the
ratios R(D(*)) = g:g(* T“: (with ¢ = e, ) measure again LFU violation. They differ in combination

)
()¢
from their SM predictions by ~ 4 ¢ [13]. Also, the ratio R(J/¥) = % [14] exceeds the SM
prediction in agreement with the expectations from R (D(*)) [15,16]. Concerning the analogous b —
utv transitions, the SM prediction for B — Tv depends on V,;, where previous lattice calculations
resulted in quite small values of V,;, while recent calculations give larger ones (see Ref. [17] for
an overview). However, the measurement is still above the SM prediction as can be seen from

the global fit [18]. In the ratio R(7) = 22XV there is a slight disagreement between the theory

prediction [19] and the experimental measurement [20] as well, which however does not depend

on V,;,. Again, these results are not significant on their own, but are within the expectation from
b — ctv assuming that NP scales like the SM as V,,/ V..

The vector leptoquark (LQ) SU(2),, singlet with hypercharge —4 /3 arising in the famous Pati-
Salam model [21] is capable of explaining all these anomalies [22-28] and therefore several at-
tempts to construct a UV completion for this LQ to address the anomalies have been made [29—41].
It can give a sizable effect in b — ¢(u)TVv data without violating bounds from b — s(d)vVv and/or
direct searches, provides (at tree level) a Co = —Cj solution to b — s¢ ¢~ data and does not lead
to proton decay at any order in perturbation theory.

2. Simplified Model for the Vector Leptoquark

Let us start the phenomenological study by considering a simplified model. It is obtained by
extending the SM by a vector LQ SU (2),, singlet with hypercharge —4 /3, mass M and interactions
with fermions determined (before EW symmetry breaking) by

Lyn = (Kk@YuLi+ Kﬁjfyuei) Vlwf +h.c..

After EW symmetry breaking, we work in the down basis, i.e. no CKM elements appear in flavour
changing neutral currents of down quarks. With these conventions at hand, we now study the
phenomenology taking into account the loop effects calculated in Ref. [43].
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Figure 1: Left: Regions in the K2L3—K3L3 plane for M = 1TeV: The blue regions are preferred by b — ctv
data, the (light) grey region is excluded by (B; — 7777) B — K*vV and the hatched region indicates the
(approximate) excluded region by LHC, obtained by a naive rescaling of the PDFs using the bounds of
Ref. [44]. Within the light red region Br[B — K*vv] is smaller than the expected BELLE II sensitivity.
Right: Predictions for B, — t+7~ and K — wvV (contour lines) in the K1L3-K2L3 plane for M = 1TeV and
k% = 1. The colored regions are preferred by b — c(u)Tv data (where we naively averaged R(D'*)) and
R(J/¥) or R(7) and B — TV, respectively). The gray region is excluded by K+ — 1t vV. Here we assumed
all couplings K’ to be real.

Assuming that kl; and k3, which are necessary to explain b — cTv data, are the only non-zero
couplings, we show in Fig. 1 that b — ¢7Vv data can be explained for a LQ mass of 1 TeV without
violating bounds from By — 77—, B— K*)v¥ or direct LHC searches.

Taking into account the effect of K1L3 in addition, many correlations arise. First of all, b —
c(u)tv is already at tree level correlated to b — s(d)t"t~. In addition, the W boxes generate
effects in B — K*)(m)vv and K — mvv. While the bounds from B — K*)(7)v¥ turn out to be
weaker than the ones from B, — t7 7", there are striking correlations with K — wvV as can be
seen from the right plot in Fig. 1.

Now we allow in addition non-vanishing couplings K3L2 and K%z, obtaining tree level effects in
b — su'u. Interestingly, due to the loop effects originating from the b — ¢TVv explanation, one
predicts a flavor universal effect in Cgﬁb and C;b which is supplemented by the the tree-level effect
in Cg fb = —C{l (f s With muons only. This means that the relative NP effect compared to the SM in
P/ should be larger than in R(K (*)) which is in perfect agreement with the global fit.

3. Possible UV completions

3.1 3 Generations of vector-like fermions

Our starting point is the Pati-Salam model [21] with the gauge group SU(4) x SU(2), %
SU(2)g. Thus, left-handed fermions transform as SU(2),, doublets while right-handed ones form
SU(2)g doublets. This necessarily leads to the introduction of three right-handed neutrinos. In
our model [33], we extend the fermion content of the original model having now 6 fermion fields

XI.L’R, YI.L’R, ZiL R which are all in the fundamental representation of SU(4) as well as (at least) two
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more Higgs fields X'? (see Ref. [33] for details). One does not need to explicitly specify the EW
symmetry breaking sector since we know that due to the decoupling theorem, the symmetry break-
ing sector must reduce, in the limit of heavy additional Higgses, to one light SU(2) doublet with
vev v giving rise the chiral fermion and weak gauge boson masses. This approach is model inde-
pendent in the sense that including additional physical Higgses would imply focussing on a specific
UV realization of the model. The predictions are very much the same as in the model independent
approach studied above. Furthermore, the bound from B; — By mixing (which cannot be reliably
calculated in the simplified model) is respected due to a GIM-like mechanism of the lepton and
their vector-like partners.

3.2 Randall Sundrum

Here we review the model of Ref. [36]. Within the SD RS space-time [45] the PS symme-
try group is a bulk gauge symmetry. The symmetry is broken to its SM subgroup by boundary
conditions imposed on the UV brane. As in the standard PS model, all fermions are embedded
into complete representations of the PS gauge group. In addition, they form bulk fields in the RS
background with the zero modes corresponding to the SM quarks and leptons. Their localizations
are in principle determined by their 5D bulk masses [46] but can be altered by the presence of
brane-kinetic terms. Since on the UV brane only the SM gauge symmetry is unbroken, the lo-
calizations of quarks and leptons can differ from each other. The Higgs doublet forms a 4D field
confined to the UV brane with couplings to the KK modes which are strongly suppressed, ensuring
the compatibility with electroweak precision tests.

The dual theory in 4 dimensions, according to the AdS/CFT theorem [47], is a compos-
ite model with a global PS symmetry and KK modes corresponding to composite resonances.
The gauging of the SM group explicitly breaks the global symmetry within the elementary sec-
tor. Therefore, the SM fermions are partially composite with a linear mixing of the elementary
fermions with composite ones of the same quantum numbers. Thus, the deconstructed version of
our model [48] contains composite vector resonances of the SU(4) x SU(2), x SU(2)g symmetry
group with common mass M and three generations of heavy vector-like quarks and leptons corre-
sponding to the first KK modes. We denote the mixing angles between composite and fundamental
f = sina/

fermions f = u,d, ! of flavour i s; = 7 and sy parametrizes the misalignment in flaovur space
between the leptons of the second and third generation.

Again, concerning the phenomenology, we want large effect in b — ¢Tv and thus a sizable
compositeness of the third generation is necessary. The scale of compositeness M should not be too
high and we choose 3 TeV. In order to get the necessary effect in » — su™ @ ~, while not violating
the upper limit on the T — 3 branching ratio, moderate values of sg (the degree of compositeness
of the second generation) are preferred. In the left plot of Fig. 2 we show the allowed regions in
the s9-s¢ plane for s5 = 0.2, s§ = 1/v/2 and 5§ = v/3/2 where with R(X)/R(X)sm ~ 1.07. Due
to the small coupling to muons (compared to the one to taus leptons) NP effects in b — cuv are
found to be below the permille level and are therefore consistent with current data [49]. One can
see that b — s~ can be explained at the 1o level without violating the bounds from D — D
mixing or T — 3. In the right plot of Fig. 2 we depict the correlations between R(X)/R(X)sm and

4

b — suu~ by scanning over sg, s3, 55, sg and sy. Only the points in parameter space which are

consistent with all experimental bounds are shown. One can see that a large effect in b — syt~
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Figure 2: Left: Allowed regions from b — sy~ (red) and the exclusion limits from D — D mixing (blue)
and T — 3 (gray) for M =3TeV, s5 = 0.2, 5§ = 1/v/2 and s = v/3/2. With these values, R(X)/R(X )sm =~
1.07 (with X = D,D* J /¥). We see that b — st 4~ can be explained at the 1 6 level without violating the
bounds from other observables. Right: Correlations between R(X)/R(X )sm and b — syt~ for M =3 TeV.
Here we scanned over 0.3 < s < v/3/2, 0 < 5§ < 0.2, 0.3 <s§ </3/2,0<s5 <0.2and 0 < s, < 0.3.
Only the parameter points consistent with D — D mixing are shown. As we can see, the predicted branching
ratio for T — 3 is large and very well within the reach of Belle II.

limits the size of the possible effect in R(X)/R(X)sm and vice versa. Furthermore, the solution
of the b — su™ 1~ anomaly predicts a large branching ratio for T — 3u which is within the reach
of Belle II. Due to the constraints from D — D° mixing and T — 31 one does not obtain sizeable
effects in b — stu. However, the constraint from D° — D° mixing could be relaxed by making the
first and second generation equally composite [32].
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