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ABSTRACT: We consider supersymmetric extensions of the standard model with a vector-
like doublet (T B) of quarks with charge 2/3 and —1/3, respectively. Compared to non-
supersymmetric models, there is a variety of new decay modes for the vector-like quarks,
involving the extra scalars present in supersymmetry. The importance of these new modes,
yielding multi-top, multi-bottom and also multi-Higgs signals, is highlighted by the analysis
of several benchmark scenarios. We show how the triangles commonly used to represent
the branching ratios of the ‘standard’ decay modes of the vector-like quarks involving W,
Z or Higgs bosons can be generalised to include additional channels. We give an example
by recasting the limits of a recent heavy quark search for this more general case.
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1 Introduction

Vector-like quarks, whose left- and right-handed parts transform in the same representation
of SU(2), are usually considered in non-supersymmetric extensions of the standard model
(SM) such as little Higgs [1, 2] and composite Higgs [3-6] models. In supersymmetry,
where a vector-like (Higgs doublet) representation already appears in the spectrum of the
minimal supersymmetric standard model (MSSM; for a review see ref. [7]) in order to cancel
anomalies, vector-like quarks have been introduced mainly to raise the Higgs boson mass [8—
21] and thus ameliorate the tension of the MSSM with the measured value Mo = 125 GeV.

Recently, two of the authors have suggested a reinterpretation of the Higgs doublet su-
perfields, H, and Hy, as a fourth family of (vector-like) lepton superfields [22] in the context
of the ‘u from v’ supersymmetric standard model (urSSM) [23]. This seems to be more sat-
isfactory from the theoretical viewpoint than the usual situation in supersymmetric models,
where the Higgses are ‘disconnected’ from the rest of the matter and do not have a three-fold
replication. In this framework, in analogy with the known first three families where for each



lepton representation there is a quark counterpart, the possible existence of a vector-like
quark doublet representation (7' B) was proposed in ref. [22] as part of the fourth family.

The collider phenomenology of the production and decay of vector-like quarks in su-
persymmetric extensions of the SM can be quite different from the minimal vector-like
extensions with a single Higgs doublet [24, 25]. As already mentioned, supersymmetry re-
quires the presence of two Higgs doublet superfields, with their scalar components H; and
H,, generating charged lepton and down-type quark masses, and up-type quark masses, re-
spectively. Additional neutral singlet superfields can also exist, and their scalar components
are in general mixed with the Higgses. For example, in the next-to-minimal supersymmet-
ric standard model (NMSSM) [26] one extra singlet superfield N is included in order to
solve the p problem [27]. In the urSSM [23, 28], the p problem is solved using three families
of right-handed neutrino superfields 77, simultaneously reproducing at the tree level the
correct neutrino physics [23, 29-34]. In this model, since R-parity is explicitly violated,
all fields with the same quantum numbers mix together, and in particular the Higgses H,,
and H,; turn out to be mixed with the right and left sneutrinos, Ur and vy, although the
mixing with the left ones is very small and they are basically decoupled.

The additional scalars present in supersymmetry give new decay channels for the
vector-like quarks, with distinctive signatures of multi-top, multi-bottom or even multi-
Higgs signals. Current searches for heavy quarks 7" and B at the Large Hadron Collider
(LHC) for heavy quark pair [35-42] or single production [43—48] focus on the standard
decay modes,

T — Wb, T — Zt, T — h't,
B—Wt, B — Zb, B — h%. (1.1)

The aim of this paper is to explore the additional signatures that can arise in models with
non-minimal scalar sectors, using as benchmark the supersymmetric model with a vector-
like quark doublet (T" B) proposed in ref. [22]. Additional decay modes of vector-like quarks
T have been considered in composite Higgs [49], little Higgs [50] and two-Higgs doublet
models [51].

We begin by writing in section 2 the interactions for a vector-like doublet extension
when the scalar sector comprises two doublets H, and Hg, as in the case of the MSSM.
This corresponds to a limit of negligible mixing of the neutral interaction eigenstates HY,
HY with the additional scalars present in the benchmark model of ref. [22]. In section 3
we write the interactions in a more general scenario where HY and HJ mix with a scalar
singlet vr. We then study in section 4 the decays of the heavy quarks T and B for the
two scalar doublet model, and the model with two scalar doublets plus a singlet. There
we analyse in particular the dependence on the model parameters of the T" and B decay
branching ratios for the standard and the new decay modes.

As we have remarked, current searches focus on the standard decay modes of the heavy
quarks (1.1). For those searches, we generalise in section 5 the triangles that are commonly
used by the ATLAS and CMS Collaborations, where they display the interpretation of their
limits under the assumption that the branching ratios for the three modes (1.1) add up



to one, Br(W) + Br(Z) + Br(h’) = 1. Relaxing such assumption, we will be able to
plot these branching ratios within three-dimensional pyramids. Alternatively, a graphical
representation by a set of equilateral triangles obtained by slicing the pyramids will be
presented, and an example of how a standard search can be recast is given in section 6,
where we show in a realistic case the resulting limits in this set of triangular slices. Finally,
we discuss our results in section 7. Two appendices are devoted to collecting the partial
widths for the different decay modes of the heavy quarks, and giving the relation between
coordinates in the triangles and heavy quark decay branching ratios.

2 Interactions for two scalar doublets

We consider a supersymmetric model with three SM quark generations qr; = (uOLZ d%i)T,
uly, d%;, i =1,2,3, and an additional vector-like quark doublet Qr g = (T° Bo)g’R. (We
denote the weak eigenstates with zero superscripts.) The usual quark mass terms arise
from Yukawa interactions with the scalar doublets H, = (H,” HJ)" and Hy = (H} H; ).
In the notation of four-component spinors, they are

[: = —yluj* QLiuRjeHz + yflj* CjLideéH; — ij* QLURJ‘EH; + yfllj* QLdeéHa}k + H.C. y (2.1)

with € = 02 the 2 x 2 anti-symmetric tensor. There is also a Yukawa interaction of the
vector-like quark doublet with the scalar singlet vg [22],

L= —yZ4 QLQRZR +H.c., (22)

where we have applied a phase redefinition of the B% field to recover the conventions for
the non-supersymmetric SM extensions with vector-like quarks [25], which we use in the
following.

After the neutral scalars acquire vacuum expectation values (HO) = v,/v/2, (HJ) =
va/V2, (Vr) = vr/V/2, the quark mass matrices are

_ yrr ud, .
Emass - - (ﬂ%z TLO) 9 V2 < i

yzfj*% 914% TI%
dxvd 0

(@, BO) |7 V2 i) | He, (2.3)
Li L d* Vg ,* UR BO
Y4553 Yaa /5 R

We assume that the new vector-like doublet eigenstates dominantly mix with the third
generation, as it is expected from the mass hierarchy [52]. (This assumption is also in
agreement with stringent experimental constraints arising from flavour-changing processes
at low energies [53-56].) Therefore, we can ignore the first two generations and write the
relation between weak eigenstates and mass eigenstates as

tLRY _ pu thr) _ [ costip —sinbf e\ (1} 5
=YLR = .
Tr.r ’ TL07 sin 9%736_’% cos0f g TLO, ,
bR\ _ 1d Wr)_ [ costlp —sindf pe®) [b] o (2.4)
— YL,R - . o ) .
Brr Bg sin G%Re i%a  cos H%ﬁ Bg



with t%’ R= u%& R3> bOL, R= d%s, r3- The mixing angles of left- and right-handed fields are
not independent, but they satisfy [57-59]

tan 0% = ' tan g , tanff = ﬂtaunGdR. (2.5)

mr mp
In the following we abbreviate s} = sinfl}, ¢} = cosf}, etc. The agreement with the
precisely measured S and T parameters and Ry, R, A%B, Afp at LEP [60] requires that
these angles are small. (Note that for small mixing the (4, 4) entries in the mass matrices
are approximately the heavy quark masses.) We write in this section the interactions in
the mass basis in a MSSM-like case where the neutral interaction eigenstates H, HY have

small mixing with the other scalars. In this case we have

1
HY = 7 (cosah’ +sina HY +isin 8G° +icos B PY) ,
1
H) = — (—sinah® + cosa H) —icos BG° + isin B PY) , (2.6)

with h? being the SM-like Higgs boson, HY a scalar, P{ a pseudo-scalar and G" a Goldstone
boson. As usual, we define tan 3 = v, /vg, v = (v2 +v§)1/2 = 246 GeV, and « is the mixing
angle between the two neutral scalars h? and HY. For the charged scalars we have

HI =sinBGT +cosBHT,
Hj:—COSBG++SinBH+, (2.7)

with HT the physical charged scalar and G+ the Goldstone boson. Furthermore, we take
the alignment limit 5 — a = 7/2, since a small misalignment has no phenomenological
consequences on the heavy quark decays. We remark that the interactions written below are
the same for a non-supersymmetric type-II two-Higgs doublet model in which one doublet
H, couples to charge 2/3 quarks and the other doublet H,; couples to charge —1/3 quarks.

2.1 Light-heavy interactions

These interactions determine the decay of the heavy quarks. The interactions with the W
and Z bosons are the same as in the minimal model with one Higgs doublet,

Ly = —\% [T" (VP + VEPR) b+ ty" (Vi P, + Vi PR) B) W,[ + He.,
Ly = _% [ty (X5 Pr + X[PR) T — oy (X Pr + X[ Pr) B] Z, + Hee. (2.8)

In terms of the mixing angles, the couplings are

VTLb = s%c%e*i‘z’“ — c%s%e*i‘bd , Vﬁ = —c}fzs‘}i%e*i‘bd ,

Vi = chsteits — s, Vi = s,

X =0, XB = —shche

XbLB =0, XIFB = —stcﬁl{ewd . (2.9)



Under the assumption of perfect alignment 5 — « = /2, the interactions with the lightest

neutral scalar A" also have the same form as in the minimal models,

ng 0_ 9MB 7 1 L R 0
Ly = —=——t (VAP +YEPR) Th b(Y,5PL +Y,5Pr) Bh" +H.c.,
2M ( tT tT ) 2MW ( bB bB )
with the couplings
my
Y = shche® Yif = —shehe'™,
mr
Vih = shehe'?, il = M sdheiva,
mp

The interactions with HY and P{ differ by tan 3 and —1, i phase factors,

Lo = 2QEVTV cot B £ (Y4 Pr, + Vi Pg) THY
QQMB tan 8 b (Y P + Vi Pr) BH? + H.c.

Loy = ~igypcot BT (VihPr — Y/ Pr) TP
QQMB tan 8 b (Y, P — Vi Pr) BP? + Hec.

Finally, the interactions with the charged scalar can be written as

gmr
V2 M,
gmp

V2 My

Lye = — T (cot B Zf, Py, + tan 3 Z4%, Pg) bH ™

with the new couplings

d
L _ u.d_—id SL [ u2 w2\ —igyg
Z7y = spcre "t + a (sp”—sk) e,

UL d,—i L (. d ‘
zh = sfcfe v+ L (3R2 — 3L2> e ]
mr ST,

ZL — . cy st ewd—i— d (s"Q—SU2) eiPu
tB = s R L )
u .
zh = tsdeiva 4 L (8%2 - stQ) e'tu
cf
2.2 Light-light interactions

t (cot B Z{zPy + tan B Z{ Pp) BH + H.c.,

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

The inclusion of the new quarks modifies the gauge boson interactions of the third gener-

ation, leading to constraints on the mixing [25, 57]. These are written as

Lw = —Liy* (VEPL + ViEPR) 0W + He.
V2
Ly = —% [t_’y“ (tht/PL + Xt]t%PR — 2@,5812/{/) t

" (X4 P + X3 PR + 2Qusty) b] Z,.,

(2.15)



with

VE = el 4 stsdel(Pemda) Vit = sbshel(Pumda)
Xt =1, thi,? = 81}%27
X =1, Xip = s (2.16)

For small mixing angles, these couplings are close to the SM predictions. The couplings to
the SM-like scalar are the same as in the minimal vector-like extensions,

gmy — 0 amy - 0
Lpo=—=—"Yytth — Yy, bb A 2.17
hO 2MW tt 2MW bb ; ( )
with
Yu=ct,  Yi=ck. (2.18)

Yy is very close to unity due to experimental constraints, while Y;; can deviate from unity
at the few percent level. Still, the deviations in the top quark amplitudes for gg — h°
and h® — v caused by this difference are compensated by the contribution of the new T
quark, yielding a sum very close to the SM amplitude [25].

The couplings to HY and P} are similar, but with extra tan 3, —1, and =i factors, and
a 5 matrix for the pseudo-scalar,

EHg): 2M Yttcot,Bttﬂl Ybbtan,ﬁ’bel,
’CP1O = 2M Ytt cot 3 tyst Pl + 12 Ybb tan 8 bysb Pl . (2.19)
The interaction with the charged scalar is
Lyv = =L F(cot B Z5 Py + tan B 2 Pg) bHT + Hec., (2.20)
V2My

with

Zk = el 4 % (3%2 _ 5%2) ¢!(bu—ta) thg _ M [C%C% + % (5%2 d2> ei(¢u_¢d):| )
SL my SL
(2.21)
For masses larger than 2m, the heavy scalars HY and Py will dominantly decay into t or
bb, depending on tan 8. (For lighter HY, the decay into h°h° may be sizeable [61].) The
charged scalar is expected to decay mainly into tb.

2.3 Heavy-heavy interactions

The couplings between the two heavy quarks are not involved in production nor decay
processes; we collect here only for completeness. The Lagrangians have the same form
as for the light-light interactions but replacing ¢ by T" and b by B. The corresponding



couplings are

L d d_—i(du— R _ d
Vikg = cich + s st e Pu=0d) Vi = ¢gcr,

L R 2
Xrr=1, Xpr =g,

L R d2
Xpp =1, Xpp =CR (2.22)

2 d2

YTTZSQIL{ s YBBZSR ;

L wod —i(buda) L CE (w2 w2 R _MB | u.d —i(du—oa), CL (.42  .d2
ZTBZSLSLe +7’u(8R —SL ) N ZTB:7 SL8L€ +7<3R —$L> .

Cr, mr Cr,

3 Interactions for two scalar doublets plus a singlet

We consider here the mixing with one additional scalar singlet vr. We do not take the
most general 3 x 3 unitary transformations for the scalars and pseudo-scalars, but instead
we use simple two-angle rotations that ensure that there is a SM-like Higgs boson h° and
still yield a richer phenomenology than in the two-scalar doublet model. We write

H® = \}i [cosa h® + sinacos ¢ HY + sinasin ¢’ HY
+7LsinﬁG0+z’cosﬂcos€P10—|—7jcosﬂsin9P20] ,

HY = \2 [—sinaho—|—cosozcos¢9'H?+cosozsin9’Hg
—icosﬁGO—i—isinﬁcosﬂPlO—{—isinﬁsinOPQO} ,

~ 1

vp = 7 [—sin@'HY + cos ' HY — isin 0P +icosOP3] . (3.1)
The interactions with k" are unchanged with respect to the previous section. The light-
heavy interactions for up-type quarks with the scalars and pseudo-scalars can be obtained
from the interactions with HY and P in eq. (2.12), respectively, with the replacements

—cotﬁ—>—cotﬁcos0’+’;sin0’ (HY),
_cot5—>—cotﬁsin9’—;Rcosﬁl (H3),
cot6—>cot66080+l;sin«9 (PY),
cot § — cot Bsinf — /<alR cos 6 (PY), (3.2)

where we have defined kr = vg/v. The terms proportional to 1/kp arise from the vector-
like doublet coupling to the scalar singlet in eq. (2.2), which generates the (4,4) entries in
the mass matrices that approximately equal the heavy quark masses. Analogously, for the



down-type quarks the interactions are obtained by replacing

tanﬁ—>tan,6’cost9'+l;sin9’ (HY),
tanﬁ%tanﬂsin&’—l;cosﬂl (HY),
tanﬁ—manﬁcosﬁ—i-,;siné? (PYy,
tan 5 — tan Ssinf — ;R cos 0 (PY), (3.3)

in the scalar and pseudo-scalar interactions written in eq. (2.12).
The light-light interactions are slightly more involved. For the top quark, they are
obtained from eq. (2.19) by replacing

—CotﬁYtt—>—cotﬁcosl9'Ytt—Hleinﬁl(l—Ytt) (HY),
—cotﬁYtt—>—cotﬁsinc9’Ytt+;RCOSQ’ (1—Yy) (HY),
cotBYtt—M:othosGYtt—;Rsine(l—Ytt) (PIO),
cot Yy — cot Bsinf Yy + ’flR cosf (1 —Yy) (PYy, (3.4)

and for the bottom quark,

tanﬁ)@b%tanﬁcose'Ybb—;Rsine'(l—Ybb) (HYY,
tanﬁY};b%tanﬁsiDH'Y},b—}—/;COSH'(l—Y},b) (HY),
tanBYbb—ManBcosHYbb—;sine(l—ﬁb) (P,
tan 8 Yy, — tan Bsin 0 Yy, + HlR cos @ (1 — Yyp) (PYy. (3.5)

In addition to the decays into ¢Z and bb, mediated by the couplings in (3.4) and (3.5), the
scalars Hp, k = 1,2, can have more exotic decay modes such as h°h" [62].
Finally, the heavy-heavy interactions have the same form as light-light interactions but

replacing the quark masses and Y — Yrr, Yoy — YB5.

4 Decay of the heavy quarks

The heavy quarks T and B can decay into SM gauge or Higgs bosons plus a lighter quark,
cf. (1.1), as in the minimal models with a single Higgs doublet. Provided the channels are
kinematically allowed, they can also decay into the extra scalars plus a top or bottom quark,

T — Ht, T — Pt, T — H"b,
B — Hb, B — P, B— H t, (4.1)



L R L R
Vry 0.0084 —0.05 Vi —0.0084 —0.05

Xyr 0 —0.05 XvB 0 —0.05
Yir  0.06  0.0086 Yip 0.05 0.00024
Zry, 0.0086  0.05 ZiB 0.048  0.00022

Table 1. Couplings for the equal-mixing scenario with s% = 0.05, st = 0.05 (implying s¥ = 0.0086,
s =0.00024 for mr g = 1TeV).

with & = 1,2. The expressions for the partial widths are collected in appendix A. They
depend on the mixing angles s% and sﬁl%, the mixing in the scalar sector and the heavy quark
and (pseudo-)scalar masses. If T and B are much heavier than H,g, P,? and H*, the depen-
dence on the masses is mild. We will therefore fix the quark masses to mp = mp = 1 TeV,!
and new scalar masses to MHg = MP;? = Mpy+ = 0.5TeV.

The angle 9% determines the size of the charged current mixing of the T" quark and the
neutral current mixing of the B quark. Conversely, the angle 0% determines the charged
current mixing of the B quark and neutral current mixing of the T" quark. Therefore, the
decays of either T or B depend on both mixing angles. We will use several representative
benchmarks for the quark mixing, all of them with the phases ¢, and ¢4 set to zero:

i) Equal mixing s% = s%. We take both of them equal to 0.05, fulfilling indirect
R R
constraints [25, 63]. The couplings are collected in table 1.

(ii) Dominant mixing in the up sector, as it is expected from the quark mass hierarchy.
We take s = 0.05, s% = 0.01 as well as the limit case s% = 0.05, 8(11% ~ 0. The
couplings are collected in table 2.

(iii) Dominant mixing in the down sector. This inverted hierarchy needs some fine tuning
of parameters, but is studied for completeness. We take sﬁ% = 0.05, s%% = 0.01 and
the limit case s% = 0.05, s% ~ 0, giving the couplings in table 3.

We consider in turn the simpler model with only two scalar doublets (i.e. no mixing with
the singlet) and with two scalar doublets plus a singlet.

4.1 Two scalar doublets

For each of the quark mixing benchmarks in tables 1-3, we plot in figures 1 and 2 the
dependence of the branching ratios on tan 3. The results can be understood from the
relative size of the couplings and the tan S factors in the Lagrangian. In most cases it
is found that the new channels with neutral scalars HY or P{ and the channel with the
charged one HT in the final states do not compete among themselves, but only with the
standard ones. For T' decays we have:

The quark mixing induces a small splitting between the T' and B masses [25], which plays no role here
and is ignored for simplicity.



dominant up mixing

L R L R
Vry  0.0086  —0.01 Vig  —0.0086  —0.05
Xir 0 —0.05 Xop 0 —0.01
Yir  0.05  0.0086 Y,B 0.01 5x107°
Zp, 0.0086  0.01 Zig  0.048 5x107°

only up mixing

L R L R
Vi, 0.0086  ~0 Vig  —0.0086  —0.05
X;r 0 —0.05 X5 0 ~0
Yy 0.05  0.0086 Yog = ~0 ~0
Zr, 0.0086 0.00004  Zy  0.048 ~0

Table 2. Top: couplings for the up-mixing scenario with s% = 0.05, s& = 0.01 for mz p = 1 TeV
(for which s% = 0.0086, s¢ = 5 x 107°). Bottom: the same for s% = 0.05, s&4 ~ 0 (s% = 0.0086,
d

s¢ ~0).

dominant down mixing

L R L R
Ve 0.0015 —0.05 Vie —0.0015 —0.01
Xt 0 —0.01 XuB 0 —0.05
Yir 0.01 0.0017 Yip 0.05 0.00024
Zry,  0.0017 0.05 Zyg  0.0097  0.00024

only down mixing

L R L R
Vs,  —0.00024 —0.05 Vig  0.00024 ~0
Xt 0 ~0 XuB 0 —0.05
Yir ~0 ~0 Yip 0.05 0.00024
Zrb ~ 0 0.05 Zig  4x107*  0.00024

Table 3. Top: couplings for the down-mixing scenario with s% = 0.01, s% = 0.05 for my p = 1TeV
(for which s% = 0.0086, s¢ = 0.00024). Bottom: the same, for s% ~ 0, s§ = 0.05 (s% ~ 0,
54 =0.00024).
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Figure 1. Dependence of the T" and B branching ratios on tan 3, for the equal mixing and dominant
up mixing scenarios of tables 1 and 2.

e For equal mixing and tan 8 ~ 1, all T" decay channels are open and the branching
ratios are roughly of the same order. As tan 3 gets large, the H b mode dominates
because the tan Zﬁb factor in the coupling, with Zjlfb ~ sjl%, gets large while the

decays to H{t and PPt are suppressed by cot? 3. For small tan 3 the opposite occurs.

e For dominant up mixing, the Vi, and Zp7y couplings are small, hence the only relevant
modes are the neutral ones, and T' — H'b at large tan 3 if st is not too small. For
large tan 8, the decays into H?t and Plot are suppressed by cot? 5 and are negligible,
whereas for low tan § they dominate.
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Figure 2. Dependence of the T" and B branching ratios on tan 3, for the dominant down mixing
scenarios of table 3.

e For dominant down mixing, the Xy and Y;7 couplings are close to zero and the
charged current modes dominate. The decay into H b is determined by the tan 3 Zﬁb
coupling, therefore it is enhanced at large tan 8 and suppressed at low tan §, as in
the equal mixing scenario.

For B decays, the situation is reversed because the dependence on tan g is the opposite as
for the T" quark. We can see that:

e For equal mixing and tan ~ 1 all B decay modes have branching ratios of the
same order. At large tan 3 the factor ZtLB cot 8 in the coupling, with ZtLB ~ s, is
suppressed (in this case the coupling ZtRB is very small) while the decays to H)b and
Plob benefit from the tan? 8 enhancement and therefore dominate. For small tan j3
the opposite happens, and B — H~t dominates.

e For dominant up mixing the neutral couplings X5 and Y5 are small, and decays into
Zb and h'b are negligible. The ZtLB cot B coupling is suppressed at large tan 8 and
makes the B — H ™t channel small; for the same reason it dominates at low tan .
If the mixing in the down sector is not too small, at large tan 3 the decays into H{b
and P{b can be important, otherwise B — W™t is the leading channel at large tan 3.
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e For dominant down mixing the charged current couplings V;p and Z;p of the B quark
are very small, so we mainly have the neutral decays. B — HY and B — PPb are
enhanced at large tan 8 and suppressed in the small tan S region.

The neutral (pseudo-)scalars H ? and Pl0 produced in the heavy quark decays are expected
to decay mainly into ¢ (low tan 3, and provided the channel is kinematically open) and bb
(high tan ), with equal branching ratios for tan 5 ~ 6. The partial widths for the decays

are given in appendix A.

4.2 Two scalar doublets plus a singlet

In this case there are three additional parameters: the ratio of VEVs kp and the two
mixing angles # and 6. However, if we require that the Yukawa coupling y44 of the quark
doublet to the scalar singlet is of order one at most, then kg 2 6 for my g = 1 TeV and the
latter terms in egs. (3.2) and (3.3) are small. Consequently, for the situations of interest
the parameter xkr has little influence on the T and B decay branching ratios.

For T quark decays, we have found in section 4.1 that the HY and P modes are only
relevant when tan 8 < 1. In such case, the 1/kg terms in egs. (3.2) are subdominant and
the widths for T — HYt and T — Pt for the two scalar doublet model are shared with
the additional modes, with weights proportional to the sine or cosine squared of the scalar

mixing angles,

I(T — HYt) ~ T(T — H{t)| 0 % cos” 8,
I(T — HYt) ~ T(T — H{t)|,p,, % sin @',
I(T — PPt) ~ T(T = PPt)|,p % cos® 8,
L(T — Pyt) ~ T(T — PPt)|,p, X sin® 4, (4.2)

up to small corrections from the 1/kg term and the possibly different scalar masses. We give
some examples in figure 3 (left), for the equal mixing and dominant up/down mixing scenar-
ios, taking §# = ¢’ = 7/4. For clarity, we zoom on the low tan 3 region. For the rest of mixing
scenarios the results can easily be obtained from figures 1 and 2 and the above equations.
For B quark decays, we have also seen in section 4.1 that decays to H{b and P{b are relevant
only for tan 8 2 1. In this case, the 1/kg terms in egs. (3.3) are subleading and we have

I'(B — H{b) ~ T'(B — H{b)|,p,, X cos” 6,
I'(B — Hyb) ~ T'(B = H{b)|,p,, % sin® 0,
I'(B — Pyb) ~ T'(B — PPb)|,py, X cos” 0,
['(B — Pyb) ~ I'(B = P{b) |,  sin”6. (4.3)

Some examples, for the equal mixing and dominant up/down mixing scenarios, are shown
in the right panel of figure 3. Notice that the branching ratios for HY and P decays, and
also for HS and PQO, almost coincide, in contrast with T decays, because the interference
terms proportional to my are negligible. We remark that the branching ratios for the rest of
modes are almost the same as in the two doublet model, precisely due to egs. (3.2) and (3.3).

~13 -



0.50 ——————————————

| | equal mixing

T Hd

/ T SHIt
0.25~.

Branching ratio

Branching ratio

BoHt

Branching ratio

Branching ratio

dominant up mixing

0.75

0.50 o o
ToHt T-> Pt

TSHt T Pt

Branching ratio

0.25

0.75—

0.50—

Branching ratio

0.25—

dominant down mixing

S
%.2 04 06

n

10
tan B

Figure 3. Dependence of the T" and B branching ratios on tan 3, for the equal mixing and dominant

up/down mixing scenario of tables 1, 2 and 3.

The decay widths of H 2 and Plg into tf and bb can be obtained from the ones given in

appendix A with the replacements (3.4) and (3.5). They thus depend not only on tan 3

but on the scalar mixing angles 6, 6’ and the quark mixing. In addition, the scalars H 2

can decay into h°h°, with partial widths that depend on independent parameters [62],

and the branching ratio for a mass eigenstate that is mostly a Ur can be of order unity.

Also, cascade decays are possible (note that here we have considered the same mass for

all scalars, for simplicity, but this is not the general case), giving a variety of final states,

whose detailed analysis is beyond the scope of this work.
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5 Connection to standard searches

In the minimal SM extensions with a vector-like singlet, doublet or triplet and one scalar
doublet the branching ratios of T' (B) decays to Wb (Wt), Zt (Zb) and h°t (h°b) add up to
unity. We will refer to the branching ratios for these final states as Br(W), Br(Z) and Br(h°)
when considering indistinctly T" and B quarks. A given set of branching ratios, determined
by the heavy quark masses and mixing parameters, can be represented in a triangle where
two of the axes are, for example, Br(Z) and Br(h°), and the third one is determined by the
constraint that the sum equals one (see for example ref. [25]). This representation is also
very convenient to give the result of experimental searches [38—41]. In models with more
than one scalar doublet this is no longer the case, and instead we have an inequality

Br(W) + Br(Z) 4+ Br(h®) < 1. (5.1)

A set of branching ratios to W, Z and h° final states can then be represented by a point in
three-dimensional space, within the pyramid obtained by the intersection of the coordinate
planes and the plane Br(W) + Br(Z) + Br(h?) = 1, as in figure 4. Notice that the apex
of the pyramid is the origin, and the pyramid is resting on a lateral face. Points in the
equilateral triangle that is the base of the pyramid saturate the inequality (5.1), i.e. no
decays into the new modes involving H,g, P,? or H*. As one approaches the origin, these
new modes dominate and at the origin Br(W) + Br(Z) + Br(h?) = 0. This graphical rep-
resentation does not capture the different weights of the new modes (HY, PY and H*) but
to have a unique correspondence we would need a polyhedron in five- or seven-dimensional
space, which is difficult to draw on a two-dimensional plot. In any case, this representation
is useful as the current searches precisely target the W, Z and h° decay modes and in
principle have less sensitivity to the new ones.

We also plot in figure 4 the branching ratios of the W, Z and h° decay modes for
the heavy T quark (left) and B quark (right), with tan 8 ranging from 1 to 10, for the
scenario with two scalar doublets and three quark mixing benchmarks. (In the model with
an additional scalar singlet the results are very close due to egs. (3.2) and (3.3).) The
results are in agreement with those in figures 1 and 2:

(i) In the equal mixing scenario (red), the points corresponding to tan 5 = 1 are located
in the interior of the pyramid and approach the origin as tan g increases.

(ii) In the only up mixing scenario (green), for the T quark the tan 5 = 1 point is inside
the Br(Wb) = 0 lateral face and approaches the side Br(Zt) + Br(h’t) = 1 as tan
increases; for the B quark the point with tan 8 = 1 is in the side Br(Zb) = Br(h%) = 0
and approaches the vertex Br(Wt) = 1 with increasing tan .

(iii) In the only down mixing scenario (brown), for the 7' quark the points move within
the side Br(Zt) = Br(ht) = 0 towards the origin with increasing tan 3. For the B
quark the tan 8 point is inside the Br(Wt) = 0 lateral face and moves to the origin
as tan 3 increases.
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Figure 5. Two-dimensional slice of the pyramids in figure 4, with 0 < p < 1. Lines of constant
Br(W), Br(Z) and Br(h?) are drawn in brown, green and red, respectively.

Although the three-dimensional pyramids are convenient to represent the model pre-
dictions, they may not be useful to give the results of searches that cover the full volume.
Instead, one can work with triangular slices parallel to the base,

Br(W) + Br(Z) + Br(h") = p, (5.2)

with 0 < p < 1. One of such slices is represented in figure 5, and is analogous to the
triangles sometimes used by the CMS Collaboration to give the results of the heavy quark
searches [35, 37, 42]. The three vertices of the triangle correspond to Br(W), Br(Z) or
Br(h%) equal to p. The lines of constant Br(h®) are horizontal and the distance to the
base is proportional to Br(h®)/p. The same can be said about the lines of constant Br(W)
or Br(Z): they are parallel to the opposite side of the triangle, and the distance to that
side is proportional to Br(W)/p or Br(Z)/p, respectively. For illustration, in figure 5 we
mark several points with the values of (Br(W), Br(Z), Br(h?)). The details concerning the
correspondence of triangle points with branching ratios are given in appendix B.
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6 Recasting searches: an example

Limits on heavy quark masses for arbitrary branching ratios into W, Z and h° are obtained
by the ATLAS and CMS Collaborations using the following procedure. For a given heavy
quark mass, samples are generated corresponding to each pair i,j of decay modes, with
i,j = W, Z,h%. The signal efficiency after event selection of each combination, which we
denote as ¢;j, is calculated from simulation. Then, the efficiency for arbitrary branching
ratios of the heavy quark can be written as

e= > €;Br(i)Br(j). (6.1)

i,j=W,Z,h0

Given this efficiency, and the measured limit on cross section times efficiency, the limits on
cross section can be obtained, which can be translated into limits on the mass of the heavy
quark, using the cross section predictions from the theory.

In the presence of new decay modes the procedure is the same, but extending the
sum on ¢,j over additional channels X. The results can be represented in the triangles
introduced in the previous section, by making some hypothesis on these additional channels.
The first possibility is to assume that the new decays are just invisible to the search,? which
corresponds to setting €;x = 0, exx = 0. That gives a conservative limit on cross sections.
The second possibility is to make some hypothesis for the new decays and marginalise over
these new degrees of freedom when interpreting the limits on the branching ratios of the
standard modes. We will show an example of the latter.

We consider the search for TT production in ref. [64] by the ATLAS Collaboration.
This analysis focuses on final states with a single charged lepton, large missing energy (from
the invisible decay of the Z boson in T' — Zt), and at least four jets, reconstructed with
the anti-k7 algorithm [65], two of which are large-radius jets with R = 1.0, corresponding
to boosted W bosons. Small-radius jets with R = 0.4 are also used, requiring one of them
to be b-tagged. For a T mass of 1 TeV, the relative fraction of events after event selection
for the different decay modes of the T'T pair assuming Br(W) = Br(Z) = Br(h°) = 1/3
is given, as well as the global efficiency of 1% for the benchmark point Br(Z) = 0.8,
Br(W) = Br(h®) = 0.1. These data allow us to extract the efficiencies for the different
channels, relative to all decay modes of the top quarks and W, Z bosons,

6.9x10452x1073 1.6 x10°3
e=152%x10312%x10"29.0x1073]| , (6.2)
1.6 x 1073 9.0x 1073 1.8 x 1073

where we have ordered the channels as W, Z, h’. We note in passing that this matrix has
rank three, indicating that the efficiencies do not factorise, that is, they cannot be written
as €;; = €;€;. The search in ref. [64] is performed in a single event category, for which
the expected number of background events is 6.1, and the observed number of events is
7. For the luminosity of 36.1fb~! used in that measurement, we can obtain a 95% upper

2This not the same as assuming that the heavy quark decays invisibly.
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Figure 6. Lower limits on the T quark mass for several values of p (see the text), from a recast of
the limits of the heavy quark search in ref. [64].

limit on the signal cross section using Feldman-Cousins confidence intervals [66]. The
limits obtained are similar to those obtained by the ATLAS Collaboration with a profile
likelihood using the CL; method [67].

We recast the search by assuming that the efficiencies of decay modes involving the new
channels are similar to the corresponding channels involving 7' — h°t, that is, €;x = €;0,
exx = €pop0. This is a well justified assumption for tan 3 > 1, because T — h%t — bbt and
the new competing mode 7" — HTb — tbb lead to the same final state of an energetic top
quark and two b quarks. (In the sub-dominant decays T — Hjp /PPt we would also have
this final state as well as ¢ttt and h°h%t.) We can then write the efficiency for arbitrary
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branching ratios, including the new modes, as

€= Z €ij Br(i) Br(j) . (6.3)

i,j=W,Z,h0 X

With the so-calculated efficiency we obtain upper limits on the cross section, which we
convert into lower limits on the new quark mass mp, using the TT cross section at next-
to-next-to-leading order [68]. We present our results in figure 6, for several values of p
ranging from 1 to 0.2. For the standard case p = 1 our limits are in very good agreement
with the ones shown in ref. [64]. We do not present limits for heavy quark masses lower
than mp = 800 GeV because the efficiency changes with the mass, and for lower masses
the approximation of taking the efficiency for mpr = 1 TeV may not be adequate.

7 Discussion

In this paper we have considered a SM extension with an additional vector-like quark
doublet and an extended scalar sector. The generalisation of the minimal vector-like models
with one scalar doublet [69] is motivated by supersymmetric SM extensions, which at least
have two Higgs doublets H, and Hy as in the case of the MSSM. Supersymmetric models
with extra scalar singlets are also possible. This is the case of the NMSSM where one extra
singlet superfield is introduced to solve the p problem. In the case of the urSSM [23],
three families of right-handed neutrino superfields are used to solve this problem as well
as to generate correct neutrino masses and mixing. As a consequence, Higgses and right
sneutrinos can have a sizeable mixing.

Compared to standard signatures [24], in the models studied in this paper a wealth of
new signals can be produced, among which we can mention the decays T — ttt, T — hOht,
B — ttb, B — hh%, mediated by the new neutral scalars, as well as their combination
with the standard modes, when the heavy quarks are produced in pairs. The vector-
like doublet has two independent mixing angles in the up and down sectors, s% and sf,l%,
respectively, which control the relative branching ratios of the charged and neutral decay
modes. This freedom, together with the dependence of the new decay modes on the ratio
of VEVs tan 3, gives rise to a large number of possibilities for the decay of the new quarks,
which have been studied in detail in section 4. The decay modes of the T" and B quarks in
a vector-like doublet are the same that would be produced for other vector-like multiplets.
In this sense, the model considered here is representative of the possible new signals for
vector-like quark decays in supersymmetric models.

A simple graphical representation of heavy quark branching ratios in three-dimensional
pyramids has been given in section 5. For a generalised vector-like quark model, this allows
us for example to see at a glance to which extent the collider signals of the heavy quarks T’
and B in the model under consideration are close to the standard signals searched for by
ATLAS and CMS — and therefore covered by them. By using two-dimensional triangular
slices, the same data can also be presented in two-dimensional plots. This latter represen-
tation is more convenient for the presentation of limits on quark masses from experimental
searches, and is a generalisation of the equilateral triangles used by the CMS Collaboration.
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Heavy quark searches carried out at the LHC cannot cover all the possibilities for the
decays of the T' and B quarks. But, under reasonable assumptions, the results of experimen-
tal searches in the standard decay modes can be interpreted in more general scenarios where
the branching ratios to W, Z and h° final states do not sum up to one, Br(W) + Br(Z) +
Br(h%) < 1, due to additional channels. One very rough and conservative assumption would
be to take the new channels just as invisible for the searches. More refined interpretations
can be made by evaluating the efficiencies of the event selection for the new channels, and
marginalising the limits obtained over their branching ratios. We have provided one exam-
ple in section 6, by recasting an existing search. Such generalised interpretations of experi-
mental searches are feasible and should be pursued by the ATLAS and CMS Collaborations.

Finally, we point out that some of the new signatures like multi-top and multi-Higgs
production are quite striking and worth exploring with dedicated searches. And, in any
case, these new decay modes should be kept in mind when designing the event selection
of the searches, to try to make them as inclusive as possible, and sensitive to these new
signatures of heavy quarks.
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A Decay widths

The partial widths for the heavy quark decays into gauge or SM Higgs bosons are well
known, and we collect them here for completeness, together with the partial widths for
the new modes, in the case of no mixing with the scalar singlet. When the mixing is
significant, the corresponding expressions can be obtained from the ones below with the
replacements (3.2) and (3.3).

Defining r, = my/mg, where @ is the heavy quark and x one of its decay products,
and the function

Mz, y,2) = (2t +y* + 24 — 2279 — 22727 — 2y%2?), (A.1)
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the partial widths for T" decays are

2
g~ mr
(T — Wb) = GZTWMigV)\(mT,mbyMW)W {(IVEP + V1)
X [1 + ’I“‘Q/V - 27“13 - 27‘3[/ + Tg + r%vrg] - 127‘124/1“17 Re VT%V:,%*} ,
2
i g mrp 1/2 L2 R 2
T — Zt) = 12872, @)\(mT,mt,MZ) PLIXER +1X5P)
X [1 + r% — 2rt2 — 2r4Z + r? + r%rﬂ — 127“%7} Re XtLTXt]%*} ,
0 9> mr 1/2 L2 R|2 2 2
I(T — h't) = - A(mr, my, Myo )2 { (Y |* + [V ?) [1+ 7§ — ribo)
1287 M,
+4reRe YiFY }
2 42
g“ cot® B mp
D(T — Hyt) = W@/\(m% me, Myo)'/? {(’Yt%’z + YA {1 i - 7’?{9}
+4ri Re YipY/i*}
2 42
g cot® B8 mp
DT = PPt = S0 Mo me, Myg) 2 { (VP o VA [0 = vy
—4ri Re YY)
2
™m
(T — H'b) = L—QT (map, mi, Myp) '/ {(| 253 cot® B + | Zf} | tan® B)
647 M,
x [L+7f — %] +4ryRe Z5H, 25} . (A.2)
For the B quark they are analogous,
(B Wft _ .92 mB)\ M 1/2 VL 2 VR2
(B— )—@m (mp,me, Mw )2 {(IVB1* + [ViE?)
X [1 +rd —2r2 — 2y 4t + 7“124/7"?] — 12r%,7 Re 1@%%@*} ,
2
_ 9 mp 1/2 L |2 R |2
(B — Zb) = 128770124/@)\(m3’mb7MZ) PLIXEP + I1X5B1%)
x [L+7% =2 —2ry +rp +r3re] — 12r7m, Re X5 X5 1,
2
m
D(B = 1) = L~ 22\, my, M) /2 (Vi + (Vi) [1 + 7 = o]
1287 M2,
+4r, Re Y5V 5
2 pan2
g°tan‘ 8 mp
0B 1) = S = M e M) (VPP + B 1+ = vy
+4r, Re VpYiF}
24,02
g“tan® 3 mp
DB = PP0) = S Mo, M) V2 {52 + V) [ 07 = vy
—dn,ReYipYF'}
2
_ m
D(B — Ht) = 2— 5 \(mp, my, Mpe)'/? {(|1215]? cot? 8 + | 25| tan? B)
64 M2,
X [L4+7f — 13| +4nRe Z/5 25} . (A.3)
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Figure 7. Coordinates used to parameterise branching ratios in a triangle.

The partial widths for the decays of SY = HY, P{ into t and bb are

N g2 m2 4m2 p
[(S% — ) = =52 L v2cot? BMqo |1 — —=t
B N, ¢ m2 Am21P
['(S° = bb) = =5 2 v24an? BMeo |1 — —22 A4

with N, = 3 the number of colours and p = 3/2 (1/2) for HY (PY).

B Geometry of the branching ratio triangles

In the equilateral triangle of figure 7, representing the slice of the pyramid with Br(W) +
Br(Z) +Br(h%) = p, one can introduce two coordinates h and &, with h € [0, 1/3/2p] corre-

sponding to the height over the base and ¢ € [—(p/v2—h/V/3), p//2—h/+/3] the horizontal
displacement from the vertical median. In terms of them, the branching ratios are

I Ny Y B U N S A N
Br(W) = 3 N Br(Z) = \/6+\/§’ Br(h") Sh- (B.1)

Conversely, § = Br(Z) — Br(W), h = 1/3/2 Br(h®). The vertical median corresponds to
Br(W) = Br(Z), and the other two medians to Br(W) = Br(h?) and Br(Z) = Br(h°).
The centroid has the three branching ratios equal to p/3. The lines of constant Br(h°) are

h = \/gBr(hO) , (B.2)

as said before. The extreme points are at § = =& [p — Br(h?)] /v/2. The lines of constant
Br(W) are given by

horizontal,

h+ /36 = V6 [g - Br(W)} , (B.3)

with extreme points at h = 0, § = V2[p/2 — Br(W)] and h = /3/2[p— Br(W)], § =
—Br(W)/v/2. Lines of constant Br(Z) are given by

h— /35 =6 (g ~Bx(2)) (B.4)

with extreme points at h = 0, § = —v2[p/2 = Br(Z)] and h = \/3/2[p - Br(Z)], § =
Br(Z)/V2.
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