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The flavor, changing neutral current deday— 7 is studied in a renormalizable scalar leptoquark model with no proton decay. Analytical
expressions for the one-loop level contributions of a scalar leptoquark to the decay width of the precesg are presented. We find a
viable model parameter space via the current constraints on the muof)( the decays — uv, u — e, the LHC Higgs boson data and
the direct leptoquark searches at the LHC. Then, we evaluate the branching ratio of thé decay induced by leptoquarks, which is of
order10~° — 10~7. We find that with the branching ratio so suppressed, it will be difficult to observie ther . decay in current colliders,

but potential evidence could be observed at the Future hadron-hadron Circular Collider.
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1. Introduction With these encouraging values, searches for the LFV de-
cayh — 7u look promising with luminosities and energies
Once the Higgs boson was discovered at LHC by ATLAS andarger than the one searched at the Large Hadron Collider
CMS collaborations [1, 2], several phenomenological stud{LHC). This could be achieved at future super hadron col-
ies on Higgs physics were proposed, from high precision exkders, namely, High Luminosity LHC (HL-LHC) [31], High
periments to processes that would indicate physics beyonBinergy LHC (HE-LHC) [32], and at Future hadron-hadron
the Standard Model (SM). In this context, nonstandard Higg<ircular Collider (FCC-hh) [33], which will reach an inte-
couplings, including the Lepton Flavor Violating (LFV) ones, grated luminosity of up to 3 ald, 12 ab ! and 30 ab! and
are predicted by many models of physics beyond SM [3-8]center-of-mass energies of 14, 27 and 100 TeV, respectively.
In particular, neutrino oscillations are a consequence of their _
massive nature, which is not addressed by the SM. The exper- N our research, we study the deday- 7 in the frame-
iments with atmospheric, solar, reactor and accelerator neWork of a specific version of Leptoquark (LQ) models, as
trinos have provided evidence of this phenomenon [9_16]presented below. LQs can be scalar or vector particles that si-
which motivated the occurrence of LFV in nature. In the Multaneously carry lepton and baryon number and can appear
framework of the SM, LFV processes vanish at any order offaturally in grand unified theories based$0(10) [34, 35],
perturbation theory, which encourages the study of SM ex U (5) [36] and SU(6) [37], as well as in the context of a
tensions that predict sizable LFV effects that could be at the'U (4)r x SU(4)1, x SU(4) theory, where the lepton num-
reach of detection. In addition to decaysfas— ¢,y and ber is con5|dered'as a fourth cqlor [38,39]. These parti-
0; — ;0,0 particularly interesting is the decdy — 7, cl_es also appear in other extensions of SM, such as_Tech-
which was studied first in Refs. [17-19]. Subsequent studie8icolor [40,41], supersymmetric models with R-parity viola-
on its detectability appeared soon after [20, 21], which mo1ion [42], models with composite fermions [43-45], etc. The
tivated a plethora of analysis in the context of several SM-QS may or may not have well-defined barya#) and lep-
extensions [22—28], where the authors of Ref. [22] gave théon (L) number; however, those with violating interactions
first correct prediction, including the GIM-like suppression ¢@n mediate the proton decay unless an extra symmetry is
of this observable in the presence of right-handed neutrinosinvoked to forbid the diquark couplings, otherwise the lep-
Searches for the LFV decay— 74 carried out by CMS toquark masses are expected to be at the Planck scale to en-
and ATLAS collaborations in theu ander channels were ~Sure the stability of the proton [46]. The low-energy LQ phe-
presented. However, no significant excess over the SM exiomenology has received considerable attention, and possi-

pectation was observed [29, 30]. The upper limits9at, ~ ble LQ manifestation in various processes has been exten-
confidence level, are: sively investigated [47—-49]. The LQs with left and right-

handed couplings to fermions are interesting candidates to
explain the discrepancy of the muon anomalous magnetic
CMS:BR(h — ) < 0.25%, moment (AAMDM) since they induce an enhancement by a
factor m;/m,, ~ O(10%) or my/m,, ~ O(10) compared
ATLAS :BR(h — i) < 0.28%. to the SM. Furthermore, the non-chiral LQs interactions can
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enhance as well the rare LFV Higgs boson dekcay 7. The symmetries afU (3)c x SU(2) x U(1)y allow the
The spirit of our work was essentially studied also in thefollowing zero-fermion-number interactions of the LQ dou-

Refs. [48, 50, 51], whose branching ratB& (h — Tp) are blet 12, [54]

of orderO(1%) because an explanation for an apparent ex- oo i i i oA~

cess of théBR (h — 1) reported by the CMS [52] and AT- Lr=o = hsy Ry upita Ly, + hipQrepRs + He, (1)

LAS [53] collaborations was provided. However, the authors ] ) ) .

of the aforementioned works carry out fine-tuning in order toWhereF’ = 3B+ L is the fermion numbery}, andLj, denote

explain the supposed excess, although nowadays it is rulegll (2)z quark and lepton left-handed doublets, respectively,

out. In our work, we take into consideration updated data, inWhereasi; andej, are the corresponding singlet fields, with

cluding the electrotig — 2), which can be accommodated si- ¢ @ndj the generation indiceshor,»r are, in general, the

multaneously with the muofy — 2) and the decays — uy, ~ Yukawa coup!ings matrices. _
L — e, After rotating to the LQ mass eigenstates/; and(; 3

The oraanization of our work is as follows. In Sec. 2. we (where the indices refer to the electric charge of the two lepto-
briefly disguss the generalities of the LQ model that.wé arequark states) via an unitary rotation, we obtain the leptoquark
) . . . lings t k-lept [
interested in Sec. 3. There is devoted on the constraints on tt%mp INgs 10 a quark-iepton pair
relevant model parameter space whose values will be used in
our analysis. Section 4 is focused on the calculation of the i g ij ) J
LFV decayh — 7u amplitudes and decay width. In addi- Lr=o=e ()‘L PrAgPr ) s s
tion, we present the number of signal and background events & Prdi Q% + He @)
produced at LHC, HL-LHC, HE-LHC, and FCC-hh. Finally, RO R8T

conclusions and outlook are presented in Sec. 5. where Py, i are the chiral projection operators. Since the

flavor eigenstates were rotated to the mass eigenstates, the
couplings\y  andnj; already encompass such information.
. In order to avoid the very stringent constraints on the LQ
2. Theoretical framework couplings to fermions of the two first families in our study,
we consider thaf2; 3 only couples to the second and third-

It is quite feasible to Study the |0W_energy |ept0quark phe_generation fermions. On the other hand, the scalar |ept0quark
nomenology in a model-independent way via an effective{22/3 couples to down quarks-lepton pair, inducing the decay
Lagrangian, under the assumption of renormalizability and’ — s7 at one-loop level. However, we are interested in the
SM gauge invariance. Deeper analysis about the most gef@ffects of the non-chiral LQ2; 3 on the FCNC decay of the
eral effective interactions of scalars and vector LQs can bé&liggs boson.

found in [46,54]. We focus on a simple renormalizable LQ ~ The leptoquark coupling to the photon, which is neces-
model, where aSU(2) doublet R, with quantum numbers sary for the calculations of theAMDM and the LFV decay
(3,2,7/6) is added to the SM. With this unique representa-T — 7, can be extracted from the leptoquark kinetic La-
tion, it is not necessary to implement additional symmetriegrangian

that forbid the proton decay sindg, does not couple to a PR

pair of quarks. After the electroweak symmetry breaking, L5 5 ieQa, 0, QA + Hee, (3)

two LQs with fractional electric chargey/'3e and5/3e ap-

pear, where the latter has non-chiral interactions to fermions¥hereQq, stands for the leptoquark electric charge. Finally,
therefore, its contribution can improve the branching ratio ofthe Higgs boson coupling to LQs can be obtained from the
the LFV Higgs boson decaR(h — 7u) at the one-loop following renormalizable effective LQ interaction to the SM
level. The phenomenology of this model has been studiedliggs doublet

in Refs. [47,55] and more recently in Ref. [49] where con-

straints on the couplings to a lepton-quark pair were obtained L= (M3, +\p,®@'0) <R£R2) , 4)
through the analysis of theAMDM and the LFV tau de-

cayT — py. We are interested in the contribution of the whereMpg, is the LQ mass. Then, we derive the Higgs boson
non-chiral leptoquark since it gives rise to a chirality-flipping coupling to the LQy

term which is proportional to the internal quark mass that

can enhance the Higgs boson deéay» Tu. Although the L D AuHQ Q. (5)
complete expressions for the non-chiral LQ contribution to

h — Tu were obtained in [49], the aim of this work is the where we denote the dimensionless coupling associated with
analysis of the signals events in the present and future cothe Higgs-LQ interaction term as,.

liders. For our calculations, we require the LQ couplings to  All the Feynman rules obtained from the previous La-
fermions, the gauge bosons, and the Higgs boson, which cagrangians are required for our calculations and can be con-
be obtained from the effective Lagrangians presented belowsulted in Fig. 1.
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uj s s ever, we will consider the conservative valug; = 4, which

7/

7 agrees with the perturbative limit.

---- N/ Py + X Pp ----= Asv

N 3.1. Constraints from the muon anomalous magnetic
L N dipole moment and the LFV decayr — uy

z f The discrepancy between the theoretical and experimental
. values of theuAMDM has been a long-standing unsolved
ANANNK —ieQs(p' — p)" —~8ijieQ" problem within the SM framework. On the theoretical

A N A side, the update SM theoretical prediction was reported in
N SG) 7 Ref. [60], whose value is; " = (116591810+43) x 10~ 1.
FIGURE 1. Feynman rules for the couplings of the LQ to the pair On the eXpe“meEtal side, the Brookhaven eXp?rll{nem E821
lepton-quark, the Higgs boson, and the photon. For complete-reports the vaIueMXP = (116592089+64433) <10 [61].

ness, we also present the interaction of the photon with a fermion-1nese values yield t8.7 o level discrepancy

antifermion pair, wheré) ; stands for the fermion charge in units _
of the elemental charge. Say, = al P —ai™ = (279 £ 76) x 107, (6)

14

that could be explained by the existence of new physics. In
. this work, we consider the leptoquaik ;3 contribution as an
3. Constraints on the parameter space of the explanation for theiAMDM. As pointed out before, the LQ

scalar LQ model mass must be rather heavy due to the LHC constraints; how-
ever, one can still get sizable effects in ji®MDM since the
3mp|itude can be enhanced by the factar/m, compared
to the SM. As for the chiral leptoquafR, 3, its contribution
a,, is proportional to the muon mass and therefore sub-
minant. The scalar leptoquatk 3 induces thetAMDM
at one-loop level via the Feynman diagrams of Fig. 2 for

We now turn to the analysis of the parameter space for th
LQ model previously introduced. We first start with a brief
discussion about the constraints on the mass of the LQ a
its coupling to the Higgs boson. Regarding the LQ couplingdo
to fermions, we employ the@ AMDM to constrain the LQ
coupling to au-quark pair and the LFV decay — u~y to f. = f; = p. Then, the contribution ta, from LQ can
constrain ther-quark ones. It turns out that low energy pro- ble writtjen aS'. ’ "

cesses strongly constrain the couplings to the first-generation '

fermions while over the second and third-generations are less | N.m? 1 2q]? 2912

restricted. e =7 g2 Z m2 ‘)‘Lq + ’)‘Ig I(zq)
Constraints on the mass for the LQs have been obtained g=te TR

by the ATLAS [56] and CMS [57] collaborano_ns from the n Map, /\eLq)\%* T(z) ), )

LHC data at,/s = 13 TeV, where the most stringent value my

ma,,, % 1 TeV, at 95% at confidence level (CL), was ob- ) ) )
tained assuming that the third-generation leptoquasks where N, is the c<_3|or nu_mber of the_ internal fermion and
mainly decays into a bottom quark and-depton. Second- ¢ = ¢, 1, 7. The kinematic loop functions(z,) and.J(z,)
generation leptoquark pair production searches also give a#gpend on the variable, = mg/m?zs/gv and they are given
upper limit, at 9% CL, of 1.5 TeV on the LQ mass [58]; in Appendix A. It is interesting to note from EdZ)(that the
however, we omitted that limit sinde, 3 couples to second
and third-generation fermions. The leptoquark doulflgt
can give large contributions to the oblique parameters unless
the mass eigenstat€s ;3 and(,,3 have a small mass split-
ting [59], then we will assume the boumd,, ,, > 1 TeVin

our analysis. On the other hand, the scalars LQs can consider
ably modify other loop-induced Higgs boson processes such
asH — ~~ and the production cross-section of the Higgs bo-
son via the gluon fusion mechanigm — H. In particular,

for the model, we are interested in the leptoqudiks; and
(25,3 that contribute to the loop functions and the correspond-

ingLQ Coupllng tothe Higgs bos% ~ /\95/3 N /\92/3_can FIGURE 2. Feynman diagrams that contribute to the de¢ay—
be constrained by the so-called Higgs boson coupling modm in the leptoquark model, wherg and f; can be leptons

ifiers. Such analysis was carried out in [49], where the COu{qyarks) if the internal fermiorf;, is a quark (lepton). Théls 3

pling Ao can take values in the interva-5,5) for an LQ  represents the leptoquark with electric chasgd in units of the
massmg,;,, = 1 TeV. For larger values of the LQ mass, the elemental charge. Similar diagrams contribute to theAMDM,

allowed area slightly increases, being of ordr0); how-  only the replacemenf; = f; = u must be done.
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SpaceMath

LQs having both left and right-handed couplings to charged
leptons can generate much larger contributions due to the en- 1.0
hancement from the quark mass in the loop, mainly the top 0.8
quark. If one assumes that the discrepadiey is due en- )
tirely to the scalar leptoquark contributiou‘rpQ, we can ob- -
tain constraints on the leptoquark left and right coupling to “,35
the muon-quark paik; .
As for the constraints of the LFV processes, the exper-

0.6

imental boundBR(r — py) < 4.4 x 1078, obtained by 0.2%

the BaBar experiment, restricts the LQ coupling$,, and 0.0

A7’z. The Feynman diagrams for the LFV decay— ’ 00 02 04 06 08 1.0
induced by the scalar LQ are shown in Fig. 2 for= 7 and et

fj = p. Just like theuAMDM, we only consider the lep- AL

toquark (2,5 effects along with the top quark. We do not
consider the charm quark since it gives a small contributio
compared with the top quark.

The decay width for the procegs — f; can be written
as

rFIGURE 4. Allowed region by electron anomalous magnetic dipole
momentia. (red points) and the — e~y decay (blue points).

by the LQ mass and, therefore, larger areas for the LQ cou-
plings are found when the LQ mass increases.
Nevertheless, the Fermilab Muog2) experiment [62],
which will have four times the precision of the experiment
mj 2 ) ) conducted at Brookhaven National Laboratory, could con-
x| 1= [W] (‘L| +18| )7 ®)  firmata higher statistical significance the Brookhaven dis-
crepancy with the SM. This would be a clear sign for physics
where form factord. and R are presented in Appendix B. BSM. Conversely, if thed — 2) measurement confirms the
In order to explore the allowed values for the couplingsagreement between measurement and SM theory, then this
VLt/R (¢ = u,7), we use the discrepancy of theAMDM would place very strong limits on the existence of many BSM
along with the experimental bound on the LFV tau decaytheories, such as the one considered in this paper. However,
In Fig. 3, the allowed points in the plang/ A" vs \*A\%7  in our study, we are considering a scenario such that if the dis-
are displayed for different values of the LQ mass. We ob-crepancy disappears, our result would not be affected. On the
serve that the leptoquark coupling products can be of the orontrary, we must wait for the update of the Fermilab Muon
der of 1072 for an LQ mass ofng,,, = 2000 GeV; how-  (g—2) collaboration and compare between the constraint im-
ever, the allowed area slightly decreases when the LQ magmsed by the — u~y decay. This is because we find that this
ismq, ,, = 1000 GeV. This behavior is understandable sincedecay is more restrictive thaa,, .
the loop functions of the low energy processes are suppressed As far as the electron AMDM is concerned, the most
current measurement of the fine structure constant =
137.035999206(11) [63] differs by 5.40 from cesium recoll
measurement [64]. While the former is in agreement with the
m05,3=1 TeV e mq,,=3 TeV SM, the latter seems to point to a slight tension correspond-
ing to a factor of 2.5. This controversy needs to be settled
"‘s"“ "“ before concluding on the possible new physics BSM.

3}- . . . :
Given the above, it is worth mentioning that this model

L(fi — ij) 16

° Mg, ,=2 TeV * mq,,=10 TeV

....o'

—_
=]
‘N
S
.
3

S
% can simultaneously explain both the. (considering the re-
1073 sult reported in Ref. [64]) anda, as well as the bounds
on the BR of bothy — ey andh — pe. For illustra-
tion, we present in Fig. 4 thas’-\$* plane, in which the
107 blue points represent the ones that satisfy the upper limit
B R : on BR(u — evy) [65]; meanwhile, the red points represent
) P the values for whichia, is corrected (in case of being pre-
1076 1075 1074 1073 102 served [64]). We do not include points for the deday- ue
At since it is easily explained in our theoretical framework.
e t ly expl d th tical f k
FIGURE 3. Allowed region in the\’ \i” —\!*A!7 plane agree with The allowed region that satisfies bath, andy — ey

the xAMDM and the experimental bound on the LFV tau decay is_the one in WhiCh .the points_ ovt_arlap, and we observe that
T — py for me, , = 1 TeV (orange points onlinejnq, , = 2 this allowed region is a combination of the values)\éf ; .

TeV (magenta points onlinejaq, , = 3 TeV (red points online), ~ For example, the values that accommodate, setting
me;,, = 10 TeV (blue points online). L= =109 (values that satisfy the upper bound on the
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fi tions, the invariant amplitude can be written in the form
M(h — ) = u(p, )(FLPr + FrPr)v(pu),  (9)

where theF;, and Fr form factors are given in terms of

7 Passarino-Veltman scalar functions and can be consulted in
Appendix B.
After summing over the polarization of the final fermions,
“ﬂf/ h we introduce the average squared amplitude into the two-
e a” I body decay width formula to obtain
h N
N A2 (m, ,m2 m2
L C N S fi T'(h—Tp) = ( h -)
d) 167rmh

FIGURE 5. Feynman diagrams for the rare deday— f;f; in-
duced by the scalar leptoquarks. In particular we consider the con- X <|:|FL|2 + |FR|2}pu *DPr
tribution of the leptoquark with electric chargg’3 which arises
from the leptoquark double®s.

) ) ) — 2m,m,Re [FLF§]> . (20)
decayu — ev), are in the interval (0.1-1). In an inter-
mediate regime, we find values fof] ; ~ O(107?) that
explain both observables. The graph was generated by therel'(h — 7p) = D'(h — 7~ %) + F(h — 77pu) and
SpaceMath package [66]. the scalar product s, -p, = (m7 — [m +m?2])/2. We write

the exact formula for the decay Wldth which includes the in-

. . terference term proportional to lepton masses. However, for
4. Decayh — 7p induced via scalar 1epto-  the numerical calculations, we omit such a term since it is at
quarks least four orders of magnitude less than the main contribu-

tion.
We now turn to present the LFV Higgs decay, which is eval-

uateq from thg Feynman Qiagrams shown ip Fig. 5 Althoughy 1. Branching ratio BR(h — 74)

the triangle diagram of Fig. 5a) has ultraviolet divergences,

they are canceled out by the bubble diagrams b) and c). In thi@nce the free model parameters involved in the decay width

case, it turns out that the diagram with the vert&®; 3253 ~ were constrained, we are ready to present3REh — ),

is ultraviolet finite. which is displayed as a function of the LQ model parameters
Once the invariant amplitude for each Feynman diagraninvolved in the process. We consider a Higgs boson mass of

was written down, we used the Passarino-Veltman reductiod25 GeV whose total width i5;, = 4.07 x 1073 GeV.

scheme to solve the loop integrals [67], which was carried Figure 6 shows the contours BfR(h — 71) as a func-

out with the implementation of the Mathematica package sotion of A”(“‘) couplings in the)\t”A” )f")\g plane, for

called Package-X [68]. After some algebraic simplifica- mq,,, = 1 2 10 TeV.

7.0 8
L17x 1077 7.2%10 1.60x 10°%
0.02 m B
Mg = 1TeV L04x 107 ( \ o L4410
s " Mg, =2TeV 16.0x107% Mg, = 10 TeV
4x107Y 12410 1.28% 1078
9.10x 107 :
| - L12x10°%
2 4.8x 107 )
3x107 5 T80x107" o~ 3
e = L L] L L] P
~ T ~ 51 ~0 o1 T 9.60x
S = 650x10°% 3= < = =
Ed - — - =4 —
2x10 % % 3.6x107% % 8.00x 107
5.20%x 107"
0.005 \ 6.40x 1077
107
3.90% 107" 24x107
4.80% 107
| |
-5 e ——— = -t -3 — Z =] 0.0
Gx107 L\-xlo'; 2t,,.x10 T35SI0 |260x10 2x10 ﬁ“‘?ﬂ ”_ L2x10 " 0.000 0005 0010 0015 0020 (320x10°"
AFAL AFAY 1.2x 10 AEAM_Y
130x 107 1.60x 107"
a) b) c)

FIGURE 6. Branching ratio of the decay — 7u as a function of)\R<L L(r) couplings for a)mgs/3 = 1TeV, b) ma;,, = 2 TeV,
¢) ma;,, = 10 TeV.
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We observe that there are regions in N -\ N7
plane in which theBR(h — 7u), for an LQ mass of
me,,, = 1 TeV, has values up td0~7. While in the
case ofmgq,,, = 10 TeV, aBR(h — 7u) of order up
to 1078 is predicted. We note that this small variation in
the branching ratio is due to thaf,_g(L))\tLT(R) increases as
mq, ,, increases, as shown in Fig. 3. We also note that our
results are lower by up to 6 orders of magnitude than the
result reported by the authors of Ref. [48]. They found a
BR(h — 7u) of up to %, where the destructive cancella-
tion among amplitudes is achievable by fine-tuning. Never-

theless, this encouraging result is now excluded by the upper

limit imposed by the ATLAS and CMS [29, 30] collabora-

tions: 0.28%, 0.25%, respectively. Similar rates can be found
in the Refs. [50, 51] in which an explanation for an appar-
ent excess of th8R(h — 7u) reported by the CMS [52]

The electron channel must contain exactly two
opposite-charged leptons, namely, one electron and
one muon. Therefore, we search for the final state
plus missing energy due to undetected neutrinos.

e BACKGROUND: The potential SM background
arises from:

1. Drell-Yan process, followed by the deca&y —
TT — eUrVelhVr V.

2. WW production with subsequent decayis —
eve andW — pv,,.

3. ZZ production, later decaying intd — 77 —
eV Vepivrv, andZ — vu.

and ATLAS [53] collaborations was provided. The authors

?r: Rlef.t[69] hsvgtsnalyzted the d(;cayg I“ 1r/r;)ed|ated BY " Table | shows the number of background events in which
the leptoquark with guantum num ers (3,1,-1/3) (correspond; e consider the optimally integrated luminosities associated
ing tq _the leptoquarksS; in the nomenclature of Ref. [46]). with each collider, namely: HL-LHC3 ab-': HE-LHC
Specifically, they found BR(h — 7y) of order10~ and 12 ab!; FCC-hh,30 ab~!. We compute the cross-section

e : .
101, assuming a value foks of O(1) andO(4r), respec- ¢ 'y 2 cvaround processes witMadGraphs at NLO in
tively. These results are comparable with ours, although W%CD [71]

are not considering a value for, so close to the pertur- ) . N

bative limit. Furthermore, the phenomenology of the lepto- S far as the signal is concerned, we present in Fig. 7 the
quarkS; has been studied in Ref. [70], where they found thapumbertgf S|gtnal events produced at the HL-LHC as a func-
S, can also explain the predicted and measured value of thi®N Of Az(1) AL r) couplings formg, , =1, 2, 10 TeV and
(L AMDM. an integrated luminositg = 3 ab~!. While in the Figs. 8,

4.2. Number of signal events TABLE |. Number of background events. In all cases we take into

. . . . account the optimal integrated luminosities: HL-LHb~*; HE-
Let us first explicitly mention the background and signal Pro- hic. 12 ab ! FCC-hh.30 ab .

cesses:

e SIGNAL: We consider the main production mode of ~ Background
the Higgs boson at hadron colliders, i.e., the gluon fu- process HL-LHC HE-LHC FCC-hh
sion mechanism with its subsequent decay intoa Drell-Yan 194988300 1474246800 12337410000
pair: WW production 5031000 50400000 503100000
99 — h — TP — evrvep. (11) 77 production 69720 584400 10161000
HL-LHC 20.7 HL-LHC 12:0 ‘ HL-LHC 0
e | ng, = 1TeV . my, = 2TeV i 1.9x10-2 \ mg,, = 10TeV
1.1x107%) . 1.6x1072 "
16.1
3.3x1074 o T"* 4 1.4x10°3 Tﬂ i
2 |13 8.4x10°% ] ) =
E'-‘: g; E‘: ; = :.:-q:l‘lxlﬂ" 2 (74
2522007 £ 115 =5 [ = =5 3 =
= 5.6x107 2 60 8.4%10 ° & 145
2l = &
= T 5.6x107 Mle
11x107Y 28x107|
6.9 3.6 283107 \ 0.87
THEKI0T TR0 ZBaI0T 38x10~ . 2.8x1077 5?3:10‘ X107 1.3x107 I 2.8x1077  8.4x10° 1.4x107% 1.9x1072 08
)‘g‘"“‘l.r 2.3 "\[if"{f 1.2 “{t:’l’lltr 0.29
a) b) | c)

FIGURE 7. Number of signal events produced at the HL-LHC as a functio}nﬁQE)/\t{(R) couplings for ajyna, , = 1 TeV, b)mq, , = 2
TeV, ¢)mq,,, = 10 TeV. In all cases we usé = 3 ab".
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FIGURE 8. The same as in Fig. 7 but for the HE-LHC add= 12 ab .
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FIGURE 9. The same as in Fig. 7 but for the FCC-hh ahe= 30 ab*.

TABLE II. Kinematic cuts applied to the signal and main SM background for the FCC-hh with a center-of-mass\gnefgh00 TeV and
Line = 30 ab~! andmaq,,, = 1 TeV.

Cut number Cut Ns Np(=) srec-nh
Initial (no cuts) 4230 1.29 x 10'° 0.0373145
1 [n°] < 1.5 3891 4.6 x 10° 0.0572067
2 In*| < 1.5 3780 2.78 x 10° 0.0717467
3 0.1 < AR(e, p) 3671 1.25 x 10° 0.10387
4 40 < pr(e) 3592 1.2 x 10® 0.321392
5 50 < pr(p) 3422 8.37 x 107 0.374058
6 40 < MET 3257 1.92 x 107 0.742309
7 110 < meol(e, p) < 140 3081 1.6 x 108 2.43522
8 25 < Mr(e) 2087 1.2 x 108 2.70744
9 15 < Mr(p) 2879 9.2 x 10° 2.99237

9 are shown the corresponding cases for the HE-LHC andhgq,,, = 1 TeV could reach about 21 (252, 4230) events at

FCC-hh, respectively. the HL-LHC (HE-LHC, FCC-hh). As far agig, ,, = 2 TeV

is concerned, the number of events produced at the HL-LHC
We note that for specific regions in th‘é@)\tg—)\i“)\g (HE-LHC, FCC-hh) is closer to 12 (150, 2500). Finally, for
plane, the number of signal events for an LQ mass of
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an LQ mass ofng, , = 10 TeV the events produced are 3 This model incorporates to the SMSd/(2) scalar LQ dou-

(35, 590) at the HL-LHC (HE-LHC, FCC-hh). blet with hypercharg& = 7/6. In such a model a non-chiral
Although the branching ratiBR(h — 7p) is very sup-  LQ with electric chargel = 5/3e that couples to charged
pressed and not detectable in current colliders, we analyzddptons and up-type quarks are predicted, which contributes

the feasibility for the study of — 7 decay at future collid- to the LFV decay of the Higgs boson.

ers. In order to isolate the signal from the background pro- As far as the analytical results are concerned, we present
cesses, inspired in the strategies of ATLAS and CMS colthem in terms of Passarino-Veltman scalar functions. As for
laborations [52, 72], we applied the kinematic cuts shown inthe numerical analysis, in order to have a realistic calculation,
Table Il, where we have considered the following benchmarkve obtained bounds on the parameter space involved in the
point: A mg, ,, = 1 TeV and,/s = 100 TeV foran integrated  calculations via the most up-to-date experimental constraints

luminosity of £;y = 30 ab™!, i.e,, for the FCC-hh. on the LHC Higgs boson data, the muon and elecfgon?2),
We observe that the main kinematic cut is the collinearthe LFV radiative decays — uvy andu — ey, explaining
mass, which is defined as: all the processes simultaneously.
Miny(e 1) Iﬁ%\ We find that for specific regions of the allowed parame-

== ter space in the . \i7 -\ \i7 plane, theBR (h — ) is of
|Pp| + EFSS- Pp order10~2 — 10~7. Although these results are highly sup-
and miny (e ) the visible invariant mass. (12)  pressed, we impose kinematic cuts to isolate the signal as
much as possible, and we found that the signature is out of
detection in current colliders, but evidence for the— 7u
decay could be had at the FCC-hh.

Meol(e p1) = T’ with o =

5. Conclusions

The decay width of the LFV decay — 7u in the context

of a simple LQ model with no proton decay was calculated.
|

Appendix
A. Analytical expressions for the calculation of constraints
A.1 Radiative decayr — py and yAMDM

For the sake of completeness, we present the exact expressions for thefdeeay;~ induced by the leptoquark; ;.
Thereby the form factorg and R of Eq. 8) can be written as

N.m; . o o
=D (maAEXGann +mXE AL ars +m AP Mars), (A1)
Q573 g=t,c

where the explicit form of the coefficients is
1
arr = Qo, (2772 { — {:cj(xl —2&) + ﬁqxi}A{xj, 1, 1/90(1}/953» + {xl — §q}A{mi, 1, 1/9cq}
gt
— 9.0 it g9 4 €201 _ Mg,
NjiCaaq + { LjTg +§qnﬂ} og(z4) = {x] fq}
A J

2
2xja:

+ Qq (2;2 [{%’(wi +26g) = &qui p My, 1, g b oy — {ws + & M @i, 1, /2y )
ji

Mji Mji
+ 2anji02q9 + Qm;x- {Qa:qa:jxi + 5377]‘1‘} log(zq) + mi{x] + fq}] ) , (A.3)
il /
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arr = Qao, (nl [%7 1, \/Tq,} [x“ 1 \/@] - log [xq]>

+ Qq ( ! Alzj, 1, \/Tq,] — [xl,l,\/ﬁ} 1og [24] +qu9> (A.4)

Tji

where we employ the shorthand notation= m?/mQS/3 & = x; — landn;; = x; — x;. The functionA(z1, z2, z3) iS given
by

1
xl,mQ,x3 1
A(zy, 2o, d , A5
(21,22, 23) = /lez—i— (—z1 + 2% —23)z + 23 (A-5)
0

with X the triangle function\(x1, 2, 23) = 2% + 2% + 23 — 2v122 — 22923 — 27321. We also define the following set of
Passarino-Veltman scalar functions:

0 2 2 2
Coag :mgs/sCo(O,m ,m2,md_ /3’on/a ,my), (A.6)

c?

2 2 2 2 2
qqQ) — mﬂs/gco(oamjvmiamq7mqamﬂs/3)- (A7)

The coefficientyy,;, can be obtained fromzr by exchanging the external fermion masses.
From the Eqgs.A.3) and (A.4) one can obtain the approximate expressions in the limit of smpalhdz ; (limit of vanishing
external fermion masses). Then the following results are valid for the LFV deeayy and theu AMDM

1 — 62, + 322 — 622 log [z 2+ 3z, — 622 + 23 + 62, log [z
I(xq)ZOéRR(.%'q)%QQk< o + 32 = 6 log o, +Qq| — et TP [‘Z]7 (A.8)

12[z, —1]" 12[z, —1]"

(A.9)

—1+a7 —2xglog |z 3—dx, + 22+ 2log [z
J(Iq)—aLR(xq)zQQk<— ! g [q]>+ q( 1" %q [24] .

2[1 — 2] 2[1 — 2]

The above expressions agree with the formulas presented in [73].

B. Form factors F}, p contributing to the » — 7 decay

In order to write the form factor8’z andFy, of Eq. 9), we first define the following set of Passarino-Veltman scalar functions

A, = By (mi,m%o/s, m?) — Bo(0,mg, Lgr T m?), (B.1)
A= Bo(mz,m% 5/ ) By (0,mg, 550 ), (B.2)
Aur = By (mi,mﬂs/s,m ) By (mT,mQ e 2), (B.3)
Ay, = By (m%,mg,mg) By (mi mQ /3,m2), (B.4)
A, = By (m,%,mg, mg) — By (mz,m%/g,mg), (B.5)
Coaer = miy, ,, Co(mi, mi,, m2,ma,ma, mdy, ), (B.6)
CQQq = mQ /SCO(mh,m“,mT,m?zS/S, 52)5/3,7713). (B.7)
The form factorF'’s of Eq. (9) can be written as
Fro= 105 (oo XPXY + Brn XS + BruNENT + Bradd A% ). ®9)
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where the coefficiens; ;, has the following form

gmay,, T Aan, zy, 2] ,
Brr = 277LW\/‘%7)\E‘;3}17[;[L; x‘r) ( 2xq77!:” |:§q{x[LAT - $7Au} - -TM-TTAMT] — Ty [77;“' - xh] [nuh + 2§q + xT] C(?qQ

+ [xh{xu §q} {:chrfﬂ}nW] log(z4) +2Iu{ {nhHerT}o:hA{xh,\/*q,\/*} {x“ nhT}IHA{IM717\/Tq}

AQUTy,
mQ5/3 \/'r;t)\(x’za Ly L

-|-2$7-£CTA{$T, L, \/"Tq}} ) + ) ([nuh‘mf} zu A [x#, L \/57(1] + [mh{§q+x7}+{x7_£Q}7]#T} ngﬂq

L 10§i$q) [mh{gq + xu} - {xu — fq}nw} + [xT - U;LH]A[@%, 1, 1} — QxiA[xT, 1, @}) (B.9)
N

The coefficientirr can be obtained frond.; by exchanging the lepton masset:r = Brr(m, < m;). As for the
coefficientsGr, andgy g, they have the following form

gMQ;,54/Lq

dmw N @, Ty, 1)

BrrL =

(2)\ [xh,m#, :UT] [(ETA}W - m#AhT]nw + 222 [:Eh + 77;”] [xT, 1 \/7} + 222 [ﬂh# + acT]

A[,’EH, 1, \/gTq] - Q[mh{xu + CL‘-,—} - nﬁT} J:hA[a:h, VZqs \/an] -2 ngg [xh{nhu + 21‘796”} + 3mh{anm - scT}

AQU

+ zq{z} + 27];2”}} — log(z4) {77,2” —zp{zy + 2 — 25(1}]) - \/>C’mq7 (B.10)

MO a/Ta/Tur/Tr [ N Th, Ty, Tr
ﬂLR = LT, ﬁﬁf( [Ih T ® ] A,u‘r — Tp [nhu - 2£q - CUT]C;LqQ - 2£ChA[1'h7$q7xq] + Z, [xh + 77;”]

QmW)‘(xha Ly 1‘7—) Nrp
1
Az, 1, Zg| + e [2n — nur | Azr, 1, /T + Og(xT) {quxTxh — &y + xr an + gqnﬁTD : (B.11)

The form factorF, can be obtained fromi’z employing the following replacement
Fy = Fp (xg o x;;). (B.12)

If we consider the limit of vanishing external fermion masses, BdL@) reduces to
Mg 2 2 2 2 2 2 2 2
BRL(mq,mQS/3) N (Bo [mh,m m } — By [O,mgs/g,mq} + Aqv“Cy O,mh,O,mq,TrLQS/g,mQS/3

+ [mz +m?25/3}00 [O,m%,o,més/37m3,mﬂ). (B.13)

and the remaining; functions vanish in such a limit. This result agrees with the one presented in [48, 50].
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