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Abstract The Higgs-portal lepton flavor violation is stud-
ied in a vector-like lepton model. To avoid the constraints
fromrare Z — Ziiﬁj.: decays, we introduce two triplet vector-
like leptons, (1,3)_; and (1, 3)g. The resultant branch-
ing ratio for 4 — 7 can be up to 10~* when the con-
straints from the invisible Z decays are applied. As a result,
the signal strength for the 7 channel has a 12 % devia-
tion from the standard model prediction, while the muon
g — 2 is two orders of magnitude smaller than the data, and
BR(z — uy) is of the order of 10712, A predicted doubly
charged lepton in pp collisions at /s = 13 TeV is analyzed,
and it is found that the interesting production channels are
pp — (Y] "W WEEWTF) Both single and pair produc-
tion cross sections of \Ill+ * are comparable, and can be a few
hundred fb. The main decay channels for the doubly charged
lepton are W+ — ¢F W and for the heavy singly charged
lepton they are ‘~IlfE — vW=*, ¢*Z. The numerical analy-
sis is carried out with regard to 13 TeV LHC with 100 fb~!
luminosity.

Due to anumber of unsolved issues, such as the origin of neu-
trino mass, dark matter (DM), and matter—antimatter asym-
metry, it is believed that the standard model (SM) of parti-
cle physics is an effective theory at the electroweak scale.
Since rare decays are important in the development of new
physics, the loop-induced flavor-changing neutral current
(FCNC) processes are generally used to examine the SM.
However, most hadronic processes involve very uncertain
non-perturbative quantum chromodynamic (QCD) effects,
and thus, even if new physics exists, it is not easy to distin-
guish this from the SM results due to QCD uncertainty.
Leptons do not carry a color charge, and QCD uncer-
tainty is thus much smaller in this case. However, due to
the Glashow-Iliopoulos—Maiani (GIM) mechanism, lepton
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FCNC processes inthe SM (e.g., u — ey andt — (e, n)y)
are highly suppressed; if any signal of lepton flavor viola-
tion (LFV) is observed, it is certainly strong evidence for
new physics. It is thus important to search for new physics
through the lepton sector [1-3].

With the discovery of the SM Higgs in the ATLAS [4]
and CMS [5] experiments, we are moving toward better
understanding the process of electroweak symmetry breaking
(EWSB) through the spontaneous symmetry breaking (SSB)
mechanism in the scalar sector. The next mission for the High
Luminosity Large Hadron Collider (LHC) is to explore not
only the detailed properties of the SM Higgs, but also the
new physics effects.

Since the SM Higgs has been discovered, it is of interest to
search for new physics through the Higgs portal. For instance,
an excess of events with a significance of 2.40 in h — urt
decay was reported by CMS in pp collisions at \/s = 8
TeV, where the branching ratio (BR) with the best fit is given
by [6]:

BR(h — ut) = (0.84703)% [CMS]. (1)

ATLAS also reported the same measurement and found no
significant excess, where the best fit is [7]:

BR(h — ut) = (0.77 £ 0.62) % [ATLAS]. 2)

Although the measurements of BR(2 — 1) are not conclu-
sive yet, inspired by the Higgs-portal events, a number of the
possible new physics effects that could explain the large BR
for h — pt decay have been studied [8—34]. In this study,
we explore the LFV in the framework of a vector-like lepton
model.

FCNC:s are quite a common phenomenon in the quark sec-
tor, such as neutral meson oscillations and b — sy . However,
with the exceptions of the neutrino oscillations we have no
concrete and solid signals to verify the LFV in the lepton sec-
tor, thus limiting our knowledge about this. In this context,
the measurements from ATLAS and CMS of the Higgs-portal
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LFV provide a good chance to better understand the lepton
sector. Following the hint of the SM with regard to whether
the Higgs couplings to the fermions appear in the Yukawa
sector, a possible minimal extension of the SM for Higgs-
mediated LFV is to include exotic heavy leptons or to add
a new Higgs doublet without imposing any symmetry [30].
In this work, we study the implications of adding heavy lep-
tons. In order to avoid the gauge anomaly, we investigate the
model with vector-like leptons (VLLs).

To achieve mixing with the SM leptons, the representa-
tions of VLL under SU (2) x U (1)y gauge symmetry can be
singlet, doublet [35-43], and triplet [44]. The VLLs from a
composite model are discussed in earlier work [45,46]. In
order to avoid the constraints from rare Z — Z?EEJF decays,
we study the triplet representations (1, 3)_; and (1, 3)¢ with
hypercharges ¥ = —1 and Y = 0, respectively. The new
Yukawa couplings are thus written

— Ly = LY)WgH + LY2Wor H + my, Tr¥ Wik
—i—m\pzT}”‘I/zL\IJzR + H.c., 3)

where we have suppressed the flavor indices; H is the SM

Higgs doublet, H = itp H*, the neutral component of Higgs

field is H® = (v + h)/~/2, and the representations of two
VLLs are:

%:(\I’r/ﬁ v )

VT /N2
L w2 s
= )

with W7 = CW; and W) = CWY). Since W, is a real rep-
resentation of SU(2), the factor of 1/ V2 in ¥, is to obtain
the correct mass term for Majorana fermion \I/g. Due to the
new Yukawa terms of Y| 2, the heavy neutral and charged
leptons mix with the SM leptons; after EWSB, the lepton
mass matrices become 5 x 5 matrices and are expressed by

L v
MZ:(ngv>’ MU=<vav>’ )

0 my 0 my

where we have chosen the basis such that the SM leptons
are in diagonalized states, my is the SM charged lepton mass
matrix, my =diag(my,, my,), and

—Y11 Yo Y11 Y21/2
Y= | -YnYa |, Y=v2|rorn2|. ©
—Y13 Ya3 Y13 Y23/2

We note that the elements of YX should be read as ¥;; =
(Y;)j, where the index i = 1, 2 distinguishes the Yukawa
couplings of the different VLLs and the index j = 1,2, 3
stands for the flavors of the SM leptons. Since the origin of
neutrino mass has not been concluded yet and is still model
dependent, we directly put the Majorana type of neutrino
mass term to the Yukawa sector. Since the detailed effects of

@ Springer

neutrino physics are irrelevant to this study, we do not further
pursue issues related to this and m,, = 0.

To diagonalize M, and M, we introduce the unitary matri-
ces Vl)?(,L with x = £, v so that M;‘(ia = VLXMX V,ifT. The
information of VLX and Vl)e( can be obtained through M, M;
and M ; M, , respectively. According to Eq. (5), it can eas-
ily be found that the flavor mixings between heavy and light
leptons in V}g are proportional to the lepton masses. Since
the neutrino masses are small, it is a good approximation to
take Vi ~ 1. If we further set m, = m; = 0 in the phe-
nomenological analysis, only t-related processes have sig-
nificant contributions. Unlike VI)Q( , the off-diagonal elements
in flavor-mixing matrices VLX are associated with Y| 2v/my;
in principle, the mixing effects can be of the order of 0.1. In
this study, we examine these effects on 4 — T and rare
tau related decays. To be more specific, we parametrize the
unitary matrices in terms of Y > as:

. 1353 —s{s{T/Z —&}
L~ B
ey 1343 —S{TS{/Z
I3 —&¢
Vi ~ ( W K. )
R ERT 13x3

where Vp & 1 is implied, s{ ~ vYX/my, and 81;; ~
vaYz / m\zl,.

Combining the SM Higgs couplings and the new Yukawa
couplings of Eq. (3), the Higgs couplings to all singly charged
leptons are given by

_ yt
—Lhee = hi, Vi (mg/” 0 ) Ve, + Hee., (8)

where ¢'T = (e, ju, T, T/, ©”) is the state of a physical charged
lepton in lepton flavor space. We use the notations of t” and t”/
to denote the heavy charged VLLs. Using the parametrization
of Eq. (7), the Higgs couplings to the SM leptons can be
formulated by

—Lpoe = Clililjrh + H.c.,

2 2
po_ Mg 3 (vY Yy v Y2 Yo
Cw—T[‘Sﬁ‘g( |
' V2

If we set m, = m, = 0, it is clear that in addition to the
htt coupling being modified, the tree-level flavor-changing
h—t—p and h—t—e couplings are induced, and the couplings
are proportional to m /v & 7.2 x 1073, In order to study the
VLL contributions to 4 — yy, the couplings for ~t't’ and
ht"t" are expressed as:

vy Y2
_»Ch\IJ\I/ — er:nl 1i h‘l,'/‘L'/ +
vy

2
v Zi Y2i h‘[//‘[// (10)
2m\p2 ’
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Due to the mixture between VLLs and the SM leptons,
the same effects also influence the gauge couplings of Z
and W to the SM leptons. To understand the modifications,
we discuss the gauge interactions below. With the covariant
derivative for triplet VLLs [51], we first write the Z-boson
gauge interactions with VLLs,

Ly = —izu |:‘i’LV” (I3' — 3 Qw) W + gy (—sfy Quw)Wr

— - 12 0
FW (=1 4+ 253) +\IJLW< 0 _1/2>xpL
. 120 -, 00,
+NR)/"((/) O>NR+LRV”(O _I)LR], (11)

where we have expressed the forms of couplings to be the
same as those in the SM, I} = 1/2(—1/2)and Qg = 0(—1)
for neutral (charged) VLLs, W7 = (W), ¥9) or (¥, ¥;),
NE = (005, wl,), and L} = (Wi, Wyp). It is clear that
the first two terms in Eq. (11) provide the flavor-conserving
effects; however, the last three terms lead to Z-mediated
FCNC couplings at the tree level. As mentioned earlier, the
flavor mixings in Vl)e( are associated with the lepton masses;
if we ignore the small effects, the gauge couplings of the
Z-boson to the neutral and singly charged leptons can be
expressed as

I e
¢ ¢ 2 Loy e ¢y
Cif =z —syQe)dij + 3 (VLi4Vtht = Viis VLf%) .
1
e o 2 56i46j4 for Qp =0
Cift ~ —siy Qudij + { i511-55]]-5 for Qp = —1

with¢'T = (v, va, v3, V4, v5) 01 (e, ., T, T/, 7). Asaresult,
the tree-level Z-mediated FCNCs only occur in the left-
handed currents.

The new gauge interactions of the W-boson with VLLs
are given by

Lw=—g (‘I’_?y“\lll_ —i—\Il_l_y“\lll__) W:
—g (\y_gy“\y;) Wi+ He.. (13)

With Vl)e( ~ 1, the W-mediated interactions of neutral and
singly charged leptons are expressed as:

Lwve = ——Npy"v? Vemns O
Y V2 L\ 0 V2
xVLﬁﬁ’LW: + H.c., (14)

where Vpy\s is the Pontecorvo-Maki-Nakagawa—Sakata
(PMNS) matrix without triplet VLLs, which can be regarded
as a model-dependent result, and is uncertain. Since m,, = 0,
in this study Vg = 1. With the flavor mixings in Eq. (7),
from Eq. (14) the W-boson interactions with the SM leptons
are formulated by

e
g _ _

Lwyve = —E(VI’ b2, )Ly Vemns | o | Wi+H.c.,

T

L
(15)
A v VT

EE E € +
Vemns = Vpmins — Vemns % - % Vins +v2e) g7
(16)

The Vppns is the 3 x 3 PMNS matrix, which can be extracted
from the matrix product of VLV(...)VfT in Eq. (14). Since
the minimal value of the PMINS matrix element is around
0.15 [47], the limits of Yy; and Y>; from the charged current
interactions may not be as clear as those from the rare Z
decays. Therefore, to constrain the free parameters, we focus
on the rare Z decays, such as Z — Kiiéf, invisible Z decays,
and so on.

Before studying the LFV-related phenomenologies, we
discuss the possible constraints on the free parameters Yi; 2;.
From Eq. (12), it can be seen that the Z-mediated lepton
flavor-violating effects can contribute to Z — (e, et, U1),
where the current upper limits of the data are [47]

Br(Z — et %) <7.5x 1077,
Br(Z — eTtF) < 9.8 x 1079,
Br(Z — puttF) < 1.2 x 1072, (17)

The severe constraints make the BR of 7 — tu decay far
smaller than the CMS measurements. In order to avoid the
bounds from the rare Z decays, we set Y1; = Y2; and my, =

muy,. As a result, the second term of C;}L in Eq. (12) for
charged leptons vanishes. However, the cancellations are not
complete in the Z — v;v; decays, due to the structure of Y"
in Eq. (6). That is, the invisible Z-boson decays can directly
constrain the parameters, where the current measurement is
Ffw =499 4+ 1.5 MeV [47] and the SM prediction is around
500 MeV. With Yy; = Y»; = Y; and my, =my, =my, the
partial decay rates for Z — V;v; and h — ut are given as:

F(z—>ﬁ-v-)~ﬂg—22|c.“.|2 (18)
vy 247_[ C%)V lj L] )
my, m? 302Y2Y3 ?
T(h o M M | IV 1273 19
R s (19)

Accordingly, we present the contours for I'(Z — v;v;) and
BR(h — tw) as a function of ¥; and my in Fig. 1a, where
numerically we adopt Y» = Y3 = Y and Y| < 1, the solid
line stands for Z — v;v;, the dashed line is for & — ut and
the values on the plot are in units of 107>, and I';, ~ 4.21
MeV is used. The results clearly show that the lepton flavor-

@ Springer



353 Page4of 7

Eur. Phys. J. C (2016) 76:353
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0.965
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Fig. 1 Contours as a function of ¥ and my: a for I'(Z — v;v;) and BR(h — put) and b for signal strength j,,,,, where the numbers on the plot

a for BR(h — ut) are in units of 1075

violating Higgs decay can only be up to 10~# when the data
for invisible Z decays are applied.

Next, we discuss the influence of new flavor mixings
on other Higgs decays. From Eq. (10), it can be seen that
the induced couplings of Higgs to VLLs can contribute to
h — yy through the loop diagrams; the decay rate can be
formulated as:

CvrL

Fth—yy) ~IMh > yy) 1+ ——————
Aw + NcQ?A,

’

(20)
02y Y2

Crrv = Zmlﬁ, — A2 (ty) (21

where Nc =3, Oy =2/3, Aw ~ 8.3, A; & —1.38, and the
loop integral from VLL is [48]

A1pp(t) = =271+ (1 — 1) f(1)?]

with 7g = 4m3,/m3 and f(x) = sin~'(1/4/x). We note
that although the coupling 4t 7 is modified by the new flavor-
mixing effects, we ignore its small contribution to the loop-
induced i — yy decay. The signal strength, which is used
to show the Higgs measurement, is defined as:

BR(h — f)
BR(h — fIsm’

_ o(pp — h)
o(pp — h)sm

where f denotes the possible decay channel. Taking ['y, &
421 MeV and o (pp — h) = o(pp — h)sm, we plot the
contours for w,,,, as a function of ¥ and my in Fig. 1b. For
comparison, we also show the constraint from Ffw in the
same plot. In these results we see that the deviation from the
SM prediction is about 4 % and is consistent with u,, =
1.17 £ 0.27 and 1.13 £ 0.24, as measured by ATLAS [52]
and CMS [53], respectively.

From Eq. (9), it can be seen that the modified Higgs cou-
plings to the SM leptons are still proportional lepton masses.

Hyy (22)
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By comparison with other lepton channels, it can be seen
that the tt mode is more significant, and thus we study
the influence on # — Tt 1~. Using the values that satisfy
BR(h — ut) ~ 10~%, the deviation of '(h — t+77) from
the SM results can be obtained:

2
_ Tth—ttt) 6v2Y7 | 088, (23)
Kre = My — ¢+7-) 8m?, D

If the SM Higgs production cross section is not changed,
the signal strength for pp — h — Tt~ in this model
is uzr ~ 0.88, where the measurements from ATLAS and
CMS are 1447032 [52] and 0.91 + 0.27 [53], respectively.
Although the current data errors for the Tt channel are still
large, the precision measurement of p;; can test the model
or give strict limits on the parameters.

In the following text we investigate the contributions of
new couplings in Eq. (9) to the rare tau decays and to the
flavor-conserving muon anomalous magnetic moment. We
first examine the muon g — 2, denoted by Aa,. The lep-
ton flavor-changing coupling 4.7 can contribute to the Aa,
through the Higgs-mediated loop diagrams. However, as
shown in Eq. (9), the induced couplings are associated with
myj/ vl ilRr ;5 that is, only the right-handed tau-lepton has a
significant contribution. The induced Aa,, is thus suppressed
by mim,/(vm%) so that the value of Aa,, is two orders of
magnitude smaller than current data Aa,, = a,, @ — aEM =
(28.8 £ 8.0) x 10710 [47]. A similar situation happens in
T — 3 decay. Since the couplings are suppressed by m /v
and m /v, the BR for t — 3u is of the order of 10714, We
also examine the process T — py via the h-mediation. The
effective interaction for t — wy is expressed by

e

Lf—”ﬂ’ = ——m¢fioy, (Cp P + CRrPR) T F"Y,

1672 &4

where C; = 0 and the Wilson coefficient Cg from the one-
loop is formulated as:
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Fig. 2 Contours for BR(t — py) (dashed) as a function of Y and

my, where the constraint from Fﬁv (solid) is included

T

ch.ch m2 4
Cp~-233(m—L__). 25
R Zm% N33 (25)

Accordingly, the BR for T — uy is expressed as

BR(t — uy) _ 3w,
BR(T — ebovr) 4G

|CrI*. (26)

We present the contours for BR(t — ny) as a function of Y
and my in Fig. 2, where the numbers on the plots are in units
of 10712, It can be seen that the resultant BR(t — py) can
be only up to 10~!2, where the current experimental upper
bound is BR(r — uy) < 4.4 x 1078 [47].

In this model, we have two new neutral leptons, two new
singly charged leptons, and one doubly charged lepton. Since
a particle carrying an electrical charge of 2 can have less
background and a clearer signature in colliders, we discuss
the potential for discovering the doubly charged lepton W, .
By electroweak interactions, W, ~ can be produced singly
and in pairs through the channels W W™ and W=~ W+,
where the former is from charged weak interactions while the
latter is from Z and electromagnetic interactions. In addition,
due to the flavor-mixing effects, the W couplings to W;” ~ and
the SM leptons can be written

wa;*z: —gliy" (£€i4PL+£§€i4PR) ‘pf_w++ H.c.
27

By the induced gauge couplings, the doubly charged lepton
can be produced through the W;” ¢ channels. We note that
due to e% o my, the right-handed current contributions can
be neglected. In order to discuss the production cross section
in pp collisions, we implement our model in CalcHEP [49]
and use CTEQ6L PDF [50] to do the numerical calculations.
In Fig. 3, we show the single and pair production cross sec-
tions of ‘llft * asafunction of my in pp collisions at /s = 13
TeV, where vY/my = 0.3 is used for the ¥ ¢ production.

1000

Vs =13TeV

500 f .
. vY / my =03

100 |

a(pp—>X) [fb]

N
o o
T 12

200 300 400 500 600
my [GeV]

Fig. 3 Doubly charged lepton production cross section (in units of fb)
as a function of my in pp collisions at /s = 13 TeV, where X in the y
axis denotes the possible channel

It can be seen that the production cross sections for W++¢
modes are one order of magnitude smaller than those for other
modes. For my < 400 GeV, the production cross sections
for U~ ~W*t and W~ which only depend on gauge
couplings, can be over 50 fb.

Next, we discuss the decays of W~ and ¥, . From
Eq. (3), we see that before EWSB, the triplet VLLs in W
are degenerate; however, the masses are split when the Y
effects are involved. Since W,  ~ cannot mix with other lep-
tons, the mass splittings occur in neutral and singly charged
leptons. According to Egs. (5) and (7), the mass of W~ shifted
from W~ " is:

2y y2
my- ~ mu, (1 LU it (28)

2
8mlIJl

With the bound from Ffw, the mass splitting is only 3 %.

Therefore, we still take My ~ M=~ ~ \I’? in this study.

From Eq. (27), we see that the W|” ~ decay pattern depends
on each value of Yukawa coupling Yy;. If we adopt Y1 =
Y12 = Y13 = Y, the better channels to search for the dou-
bly charged lepton are W, ~ — (e, u, T)W™ and the corre-
sponding BRs are fixed as:

BR(W, ™ — (e, 1, )W) ~ 1/3, (29)

where the lepton masses are ignored. Since t has hadronic
and leptonic decays and accompanies the neutrino when it
decays, the clear signal for probing the doubly charged lepton
should be W'~ — £W™ — £(£v), where £ = e, u and the
final states are the same-sign dilepton. The Higgs and gauge
boson couplings of W, to the SM leptons are given by

vYy; - g vYi

I‘pr = TEiL\IJl_Rh + 52

Ly Z
my iLY 1L= 1

li

Yii _ -
» by W Wi+ He. (30)

n 3v
me

@ Springer
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Table 1 Number of events for

the processes in Eqs. (32) and Final state (GeV) €~ W—¢tW+  ¢roWwtw—  ¢oW-W* ¢t wtz  etwoz
gi)f me:ﬁeag;ﬂ;i%sﬁ;fsmo my = 300 7600 12200 5800 900 400
eneray of 13 TeV are used 400 2400 4000 1760 297 121

500 928 1620 648 119 447

600 405 727 273 53.6 18.9

700 192 355 126 26.2 8.67

800 972 183 618 13.5 426

Itis found that the BRs for W — ({;h, £; Z, vW) are insen-
sitive to Y = Y1; and my, and their ratios are

Lih: 4;Z :vW ~0.02/3:0.1/3:0.89, 31

where ¢; denotes one of the SM leptons and the vW channel
includes all SM neutrinos. It is clear that the BR for vW is
one order of magnitude larger than other decay modes.

According to the analysis, there are two ways to search for
the doubly charged lepton in the model. In pair production,
the search channel is

pp — Yy VT > @ wOetwh, (32)

where £ = e, u, the W-boson can decay to leptons or jets,
and their corresponding cross section with my = 300 GeV is
76 b at /s = 13 TeV. The expected events with a luminosity
of 100 fb~! are shown in Table 1. In single production, the
search channels are

EEWEH W),

(ziwi)(gqiz), (33)

pp — \I-’lj:i\lffF — {
where the associated cross sections for my = 300 GeV at
s =13TeVareoc ((TvWTW™) = 122fb,c (£ vW~WT)
=58fb,c((T¢"WTZ)=9fb,and o ({ £TW~Z) =4 fb.
Without event selection criteria and event kinematic cuts,
we naively show the expected number of events with 100
fb~! in Table 1. In this work, we just show the potential for
discovering the VLLs, and the detailed event simulation with
kinematic cuts will be given elsewhere.

We also examine W** production via flavor-changing
interactions: pp — \IlllL 0¥, Although the cross section is
0(1)—010) fbformy = 300—400 GeV, as showninFig. 3,
it would be possible to find the signal with a sufficiently large
luminosity. This process will thus also be important, since we
could test the flavor-changing coupling vY/my in collider
experiments. However, detailed analysis of this is left for
future work.

In summary, we investigated Higgs-portal lepton flavor
violation by introducing two triplet vector-like leptons to the
SM; one is the hypercharge Y = —1 and the otheris ¥ = 0.
The model has the Higgs-mediated and Z-mediated flavor-
changing neutral currents at the tree level. When the bounds
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from rare Z — Z_,-Z j decays are smeared out, the invisi-
ble Z decays become the dominant constraints. As a result,
the branching ratio for 4 — v can be up to 107, muon
g — 2 is two orders of magnitude smaller than the current
data, and BR(t — uy) is of O(1071%). The deviation of
signal strength from the SM prediction in tt mode is 12 %.
We analyze the production channels for the predicted dou-
bly charged lepton. We find that the interesting production
channels in pp collisions are pp — (W, W, WEEWF).
Both single and pair production cross sections of \IJIJr+ are
comparable and can be a few hundred fb. The main decay
channel for the doubly charged lepton is W+ — ¢EW=,
while the heavy singly charged lepton is \IJIi — vW*E (*Z.
We then summarize possible signatures of our model with
the expected number of events for 100 fb~! luminosity at the
13 TeV LHC.
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