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Vectorlike fermions and Higgs effective field theory revisited
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Heavy vectorlike quarks (VLQs) appear in many models of beyond the Standard Model physics. Direct
experimental searches require these new quarks to be heavy, 2800-1000 GeV. We perform a global fit of
the parameters of simple VLQ models in minimal representations of SU(2), to precision data and Higgs
rates. An interesting connection between anomalous Zbb interactions and Higgs physics in VLQ models is
discussed. Finally, we present our analysis in an effective field theory (EFT) framework and show that the
parameters of VLQ models are already highly constrained. Exact and approximate analytical formulas for
the S and T parameters in the VLQ models we consider are available in the Supplemental Material as

Mathematica files.
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I. INTRODUCTION

The Standard Model (SM) has been remarkably suc-
cessful at explaining both precision measurements and
LHC data and so the possibilities for heavy, as yet
unobserved particles are highly restricted by the exper-
imental results. Here, we focus on new heavy quarks and
their impact on electroweak scale physics. Heavy SM-like
chiral fermions are excluded by the measured Higgs
production rates [1,2]. Therefore, we consider heavy
vectorlike quarks (VLQs), which are typically compatible
with Higgs measurements. Motivated by the excellent
agreement of Higgs measurements with SM predictions
[3], we assume that the observed Higgs boson is part of
an SU(2), doublet, H, and consider VLQs which can
couple to H. This class of VLQs occurs in many
composite Higgs models [4-9] and little Higgs models
[10-12] and hence is well motivated phenomenologically.
The phenomenology of VLQs has been considered in
some detail in the literature [13-24] and direct exper-
imental searches [25-38] require them to be heavy,
with M = O(800-1000) GeV.

We update previous fits [18-20] to the parameters of
VLQ models by performing a joint fit to the oblique
parameters and asymmetries in the b quark sector. The
study is extended to include restrictions from Higgs
coupling measurements with interesting results found in
models containing a B VLQ.

We briefly review the setup of the VLQ models that
we study in Sec. II. Section III reviews the contributions
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of VLQs to the oblique parameters and the Zbb coupling.
We find that in some regions of parameter space the
leading contributions to the oblique parameters can be
quite small even with significant mass splittings between
the VLQ multiplet members, due to numerical cancella-
tions. We discuss the effects of these regions on the
global fits to VLQ parameters. Section IV contains
numerical fits and we present some conclusions in
Sec. V. Appendix A contains a pedagogical description
of the triplet models, which should be useful for model
builders. The connection between our results in the full
VLQ theories and in an EFT approach for heavy VLQ
masses is given in Appendix B. Exact and approximate
analytical formulas for the oblique parameters in the
various models can be found in the Supplemental
Material [39].

II. VECTORLIKE QUARK BASICS

In this section, we introduce our notation for VLQs. We
consider the case where the VLQs interact only with the
third generation quarks, since mixing with the first two
generations is highly restricted by kaon and other low
energy physics measurements [16]. We indicate the SM
weak eigenstate quarks as,

7

0 _ 0 10

Yy = <b0>’ Ig: b,
L

and the Higgs doublet as,

(2.1)
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+
H = (ZO ) (2.2)
with ¢° = % The SM Yukawa couplings are,
~Lysu = AP HIG + 2,50 HD) + He.,  (2.3)
) LHTIR bYW 11Dk )

where H = io,H*.
The models we consider have vectorlike quarks in the
SU(2), representations,

Singlets: 79, BY;

Doublets: S, = (X9, T9),
wis = (T3, BY).
why = (Bg. Y3):

Trplets: g — (X0, 79, BY)
Pray = (T7, B, YY). (2.4)

This is a complete set of VLQ representations that have
renormalizable couplings to the SM Higgs doublet. The
quarks have electric charge Q7 = %, Op=-— %, Oy = %, and
Oy = —%, If there is only one VLQ representation, it is
simple to write the most general CP conserving couplings
between the SM fermions, the VLQs, and the Higgs
boson,]

Singlets: — Ly =g HT{, o+ M7 T, T0, ¢ +Hee.

—Lp, =y HB), o+ Mg B | B +Hec.

Doublets: — Ly = /131[/?”)’ JHIY+M XT‘/_/?XT), %

(XT).R
+H.c.

—Lrp :/14V7((JTB),LI:U% +/151/_/(()TB),LHb(I)€
+ MTB‘/_’(()TB),L’//(()TB),R +H.e.
—Lpy = AGW?By),LHb(I)?
+ MBYV_/(()BY)ALW(()BY),R +H.c.

. . — a 0’(1 g —
Triplets: — Lyrp = 47907 0°pxrpH +Mxrpprppyrs +H.c.

—Lygy =510 psy H + Mypypluyppy + Hee.
(2.5)

Note that we do not include mixing between SM
fermions and VLQs with identical quantum numbers

"This can be straightforwardly generalized to models with
more than one VLQ representation [20,21,40].
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since these terms can be rotated away by redefinitions
of the fields. The singlet and doublet models have been
extensively discussed in the literature [13-21], and we
include a useful discussion of the details of the triplet
model in Appendix A.

The gauge eigenstate fields can be written in general as,

70 ( )k ) B0 (b%R> (2.6)
LR — LR — .
T} r Bj &

where 70 = T9, T or T9 and B® = BY, BY or B? (the X and
Y fields do not mix with the other fermions and are
therefore also mass eigenstates). The terms contributing
to the mass matrices are found from Eq. (2.5) and we write
them as,

—Ly =TIM' Ty + B)M"BY + MyY, .Y &

+ MxX, X, & (2.7)

We denote the mass eigenstate fields as (7,7) and (b, B)
and they are found through biunitary transformations,

T < tL.R ) Vt < t(l)l’R )
L.R — — )
Tpr LA T9 &

bLR) <b2R>
BLr= )=V} o, 2.8
= (pn)=vial ") 0¥
where
cos 0% —sin6;%
Vie=1 . = R (2.9)
sinfy . cosOp

For simplicity of notation we abbreviate cos 87 = ¢}, etc.
Through these rotations we obtain the diagonal mass
matrices

m, O
My = Vi MI(VE)T = ( )

0 M,
my, 0

Mo = VIM" (Vi)' = < o u ) (2.10)
B

There are relationships between the angles and mass
eigenstates that depend on the representation (see for
example [19]),
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TABLE 1. Left-handed fermion—-W couplings as defined in Eq. (2.14). We assume all couplings are real, and neglect the SM
CKM angles.
Model A, Aly Afg Afy A%y A%, Ay Aby
T, ch st
B, ¢ St
Wxr ch st cl —sh
v ddesit ddoid dedt -
Yy CIZ c,’i —sf
VXTB chL + V25t sb cLsL \/_SLCL stsh +V/2ch b chli V2chsh V2ct —V/2s!
YrBY chct +/2s sh ch st —/2sh b shs +/2¢h e st ch —\/2¢h st V2ch —V2sh
Doublets (XT): M% = M%(ck)? + m?(s%)? Bsinglet: s?, My
(TB): M%(ck)? + m2(sh)? = M3 (ck)? T singlet: si, My
+ m3(s%)? (XT) doublet: s%, M
(BY): M3 = M%(c%)? + m3(sh)? (TB) doublet: sk, s, My
Triplets (XTB): My = M7(c%)? + m?(s%)? (BY) doublet: 52, My
= M%(ch)? + m2(sh)? (XTB) triplet: s, My
M?3 2 TBY) triplet: s., M. 2.13
sin(26%) \/E(MZT - m;)sm(ZH’L) (TBY) wiplet: s, My (2.13)
B b
The couplings to the W boson are,
(TBY): M}, = M(ch) + mi(s})?
= M? 2 9
M7 (ch)* + mi(s) Ly = \/Q(quﬂA”qL + qRyﬂAl]qR)W; +H.c. (2.14)

2 _ 2
My —m;

: by _ ‘
sin(202) \/E(M2 )SIH(ZH 2 where ¢, ¢/ are any two quarks in the model for which
(2.11)  Q(g') — Q(¢’) = 1. The values of A" in the VLQ models
we consider are reported in Tables I and II.
and The neutral current couplings to the Z boson are also
modified. The couplings for f; i=1 b, T, B, X, Y are,
My gtan 0%’ = m, , tan 0" singlets, triplets
My gtan@" = m, , tan 6%’  doublets. (2.12) Lz= zizyfﬂ’” [XEPL + XEPr —208;53%1f;,  (2.15)

Examples of the derivation of these relations are given in
Appendix A for the case of vector triplets.

Except for the (TB) doublet model, there are sufficient
relationships that the results can always be expressed in
terms of two parameters. For our numerical fits, we take as
input parameters,

where sy = sinfy is the weak mixing angle. The SM
couphngs are normalized such that XL = ¢;j for i = t and

—6;; for i = b, with all other X equal to 0. For
multiplets containing a heavy charge —% quark with isospin
18 that mixes with the SM-like b quark or a heavy charge %

TABLE II. Right-handed fermion—W couplings as defined in Eq. (2.14). We assume all couplings are real.

Model Al Als Al'g AT Axr A% Ay Apy
Ty

BS

Wxr Ch —sh

i sioh ~she chh ~clsh

1:) cﬁ’e —slf‘,
YXTB V2sksh —V/2shch V2ckeh —V2cksh V2ck —V2sh

YrBy V2sksh —V/2shch V2cheh —V/2chsh V2ch —V/2sh
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quark with isospin 75 that mixes with the SM like ¢ quark,
the diagonal ferrnlon couplings to the Z are,’

XR =sxR

1’

X = I5(1 = 8;7) (1 = 81) + 65X

123

(2.16)

where the I term in the left-handed couplings survive only
for the top and bottom quarks, and

6Xpy = (7P + 1) Xy = (sp)* 15

oXip = (s)?(5 —1) 68X = (sp)1}
6Xfy = =1+ (c7)?(IF + 1) 6Xfp = (cp)*1}
8Xfr =1+ (cp)* (15 = 1) 6Xfr = (cp)*1}
X5y =6X8y =X 5X4y = 6X8, =1%. (2.17)
The off-diagonal couplings to the Z boson are,

X{rj :5Xl.Lj(1 —8;) XR —5XR( -6;), (2.18)

where
SXky = —sbch (18 +1) SXBy = —shcbIB

85Xk = —=st et (15 = 1) SXB. = —shch I, (2.19)

Finally, the couplings to the Higgs boson can be para-
metrized as,

h_. ,
L =——fic;fk +Hec. (2.20)
v
The flavor nondiagonal fermion-Higgs couplings are
important for double Higgs production [8,41] and can be

found in Ref. [19]. For models with a singlet or triplet
VLQ,

cij = VLFV} Misg (2.21)
and for models with a doublet VLQ,
Cij = MgV F Vi, (2.22)
where
1 0
F = . (2.23)
0 0

These formulas hold for both the charge % and charge —§
sectors. The X and Y fermions do not couple to the Higgs.
The diagonal Higgs couplings are given in Table III.

2 3 = (2,0, =2) for triplets, (1, —1) for doublets, O for singlets.
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TABLE III. Diagonal Higgs couplings to fermions.

Model Cpp CpB Cy crr
T, my - m(cy)? Mz (sy)?
B; my(c7)? Mp(s7)? m, -
Yxr myp - mt(CtR)z MT(Sse)z
Vs my(cp)? Mp(s})? m,(ck)? My (sk)?
Yy my(ch)? Mg (sp)? my )
WXTB my(cp)? Mp(s})? m(cp)? My (s)?
Y1y my(c})? Mp(s7)? m,(cp)? My(s;)?

III. VLQ CONTRIBUTIONS TO PRECISION
MEASUREMENTS

Electroweak precision data place strong restrictions on
the parameters of models with VLQs. In this section,
we review the contributions to the oblique parameters
and the Zbb couplings in the VLQ models introduced in
the previous section.

A. Oblique parameters

The general expression for the contribution to the T
parameter from fermions is [4,13,42]

o ] (ABP 450, 03
ij

+2Re(A5AR)O_(y;.y,) -

ij“tij [<|X |2+|X | )9+(yi7yj)

+ 2Re(XlL]X5*)9_(y,-,yj)]}, (3.1)

2

M2, .
where N. =3, y; =5/ My, are the fermion masses,
2 i

and Af‘]R, XLR are defined in Egs. (2.14) and (2.15)
respectively. For the input parameters we use [43]
m; = 173.5 GeV, m;, =42 GeV, mz =91.1876 GeV,
my = 80.385 GeV and define the weak angle through

cy = Z’TVZV The functions 6 (y;.y;) are,

2y1y, <J’1>
0 , =y +y,— log( — 3.2
L) =yt > =7, g Y5 (3.2)
1+Y2 Vi
0_(y1.y2) —2\/)’1)’2 2 n(% -2/, (33)

We note that 0,(y.y) =0_(y,y) =0. When y; > y,,
Y>>y

0. (y1,y2)" ety y; and 0_(y;,y,) —> 0. We will make
use of these properties as we compute all electroweak
parameters in the limit m;, < m;.

As customary, we subtract the SM
contribution,

top-bottom

AT =T - Ty (3.4)
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where

PHYSICAL REVIEW D 96, 015006 (2017)

2
N. mj

Tsvi =———0,000y) = —5—. 3.5
SM 16752, 1+ (Vs ) 16752, 112y (3.5)
For the top and bottom singlet partner models, the exact results are simple [13,18]
Tsinglet: ATT = Y™ (2[4 (0 2) 420, 2T log(rr) + (s1)2r (3.6)
167s2,M3, ** L Ly =1 T LT '
. N m? 2
Bsinglet: AT?: = m (s8)2rg [1 — log(rg) + (s%)?], (3.7)
where rp = Z—z’ The contribution to the T parameter in the (BY) doublet model also has a simple expression:
BY N mj (ck)? b\[( b2 bia( b2 b4
(BY) doublet: ATPY = — —————rp<32 log(cg)[(cg)” + 1] + 8sz[4(ck)” — (sg)*] ¢- (3.8)
12875y, My,

In the large VL.Q mass and small mixing angle limits, we obtain simple approximate expressions for the 7" parameter for

all the VLQ representations,3’4

N .m?
T singlet: AT ~ %
8msyy My
N.m2
Bsinglet: ATB: ~ — %
8rsyy My,
N m?2(st)?
(TB) doublet: ATTE ~ #(SR)
8rsy My,
N .m2(st)?
(XT) doublet: ATXTN#(SRZ)
8msyy My,
N .m2(s2)3
(BY) doublet: AT# ~ NeM %)
1273, My,
N.m2
(XTB) triplet: ATXTE ~ %
8msyy My
N.m2
(TBY) triplet: ATTBYN_%
167573, M3,

The contributions to AT in the various VLQ models are
shown in Fig. 1 [Fig. 2 for the (7'B) doublet, which has two
mixing angles as free parameters]. Here we use the exact
expressions for the 7 parameter. For small mixing, the
contribution to AT is positive in the T singlet and (XTB)

JExact results are available in the Supplemental Material [39]
as a Mathematica notebook.

“In all our studies we will use the exact expressions for the
Peskin-Takeuchi parameters, retaining the full dependence on the
VLQs masses and on the mixing angles.

()7 logtrr) = 1+0( (14,
4 togtrs) + Ot
-3+ 210g(r7)] + O (540", (PR (550
3= 2og(rr)] + O (5" )
o)

(1 B1oetrr) =5+ 0( 5% 1)

3(5, Plog(rr) =21 + O (14, ).

rr
1

rr

triplet models, negative in the B singlet, (X7') doublet and
(TBY) triplet models, and extremely small in the (BY)
doublet model (RHS of Fig. 1), as one could expect from
the approximate results in Eq. (3.9). In all the models where
the T parameter is negative for small mixing AT changes
sign at an intermediate value of sin 6 and therefore vanishes
again for nonsmall mixing. In the case of the (X7) doublet,
ATXT ~ 0 even for s% ~ 1, due to a numerical cancellation.
Therefore, in these models there could be regions of
parameter space with quite sizeable mixing that are allowed

015006-5
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AT
M=1TeV
10— — T ‘ — —
L 1 1 B 4
y !
— T singlet ! 1 aN :
8 -+ B singlet ! - I’ / \ 4
-~ (BY) doublet ! o / v
b —- (XT) doublet ! 1, / \\ H
I .—. (XTB) triplet ! I / f
6 . [ Ny / \
i -—- (TBY) triplet , i / \ ?
. ; ‘| i
= 1l
< 4F ' 1
L N
[ \ F
- 1
g 1 7]
- 1 1]
- i 1]
O 1]
L l,L
I by
2 L L ‘ L
0.2 0.4 0.6 0.8 1
sin@
FIG. 1.

by precision tests. We will explore this possibility

in Sec. IV.

The mass splitting between the VLQ multiplet com-
ponents, Sg o, =My —My,, is fixed by the mixing
angles [Eq. (2.11)]. In the large VLQ mass and small
mixing angle approximation, and in the limit for massless

bottom quark,

o 1 m?
Doublets: —2 ~ = | (s5)2( 1 =5 ) = (s2)?
My 2 M7
2 2
5XTN_(55e) (l—m’><0
2
M; 2 M2
2
Spy (k) 1 310
M," 2 "2 (3.10)
B
(TB) Doublet Model
M,=1 TeV
3 —
;o
/I ~/.
2.5+ ;7
L 7/
L ,/ 7
r /o
2+ (s
E1sE Tl .
<7y T T /7 — sing,’=0.0
L e . sinekb:().l
L - - sing,’=0.3
- A = sing"=0.4
05F-ccmmmmmmmm= "
ok ! . . P
0.1 0.2 0.3 0.4 0.5
sinORt

FIG. 2. Exact results for AT for M; =1 TeV in the (TB)

doublet model.

PHYSICAL REVIEW D 96, 015006 (2017)

AT
l M=1TeV
. L R A
- A/
— T singlet //
.. B singlet s
L — — (BY) doublet o
05k — - (XT) doublet /'/
L =+ (XTB)wiplet -’
-—- (TBY) triplet -+~
- -
N e -
< 0 ~ TTTSsmningoo
T T
i TSl
05 I

0.05

L1 ‘
0.15 0.2

sin@

0.1

Exact results for AT for M = 1 TeV in the VLQ models. sin@ and M are identified in Eq. (2.13).

. . 57‘3 1 m,2
Triplets : —T~§ [( ’L)Z<1 _M_% — (s7)?
Oxr (STL)Z 1 mtz 0
w, " ) <
T T
Sy (s0)? 1
J\Z (sé) - (3.11)

From Eq. (3.11), in all cases & ~sin?6;, so for small
angles AT grows with the mixing between the SM
fermions and the VLQs. For large masses, the mixing
goes to zero for fixed Yukawa couplings (see Table III),
and decoupling is recovered [18].

The expression for the contributions to the S parameter
from fermions is [13,42,44]

N,
5= S { AL+ A5 i)

ij

+2Re(

015006-6

1
AGAG - 0isy ;) =5 X+ 1XEG ) ()

+2Re (XX - (y,»,yj)]}, (3.12)
where we subtract the SM top-bottom contribution,
AS =8 — Sqm (3.13)
N. 1 m>
Sem =— |1 —log(—5 ) | 3.14
I C

The functions appearing in S are [13],
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11y
) =5 _1 -
vy (1. y2) 379 Ogyz
w-(y) = -2 T2
o 6/Y1)2
SO +¥3) = 22y1y2 | 3ywn(yn +y2) ==y Y
2i(1.2) = 01 +y3) - 1)2 12001 +y2) 31 21002t
9(y1 —y2) 30vi =) Y2
Yity yit»m 2y1y2 Vi
X-(i.y2) ==y [ - + log—] 3.15)
o O R T S R T S ™ (
where y, (v,y) = y_(y,y) = 0 and in the limit y; > y,,
(o) 22 L Lygg (21 (roy) 2 L
l//+ Y1, Y2 3 9 g Vs 5 Y_\Y1,Y2 6 Vs
) 22 2 Stog (1), ) g (3.16)
+\JV1,)2 9 3 = ) —\J1-,)2 6 y . .
For the singlet bottom and top VLQ models, the exact results (full mass and angle dependence) are
) . N, 5(}’%—§—1)—22rTI 3(rp + 1)(rk —4rp + 1)
T singlet: ASTs = —@(SIL)Z {log(rT) + (c’L)2< T =17 log(ry) ||, (3.17)
: B, _ Ne (v b2 by2 "B
Bsinglet: AS% = —=(s7)*|=5(c})* + (4 —3(s7)*) log—|. (3.18)
18z p
As in the case of the T parameter, the (BY) doublet model also has a simple exact expression for S,
N
(BY)doublet: ASEY = F {4(43)2 log(c%) + (s%)? [1 +5(s5)% + (2 = 3(s%)?) logr—B] } (3.19)
T ry

The contributions to AS are shown in Figs. 3 and 4 using the exact results (full mass and angle dependence) in all the
models.

AS AS
o MelTeV | 02— = L TV
i — T singlet — Tsi'nglet
0.6 L -+ B singlet | 3 -+ B singlet
it ~— (BY) doublet 0.15 -~ (BY) doublet _
+ — - (XT) doublet L — - (XT) doublet R
r -— (XTB) triplet -— (XTB) triplet RS
0.45 .. (TBY) triplet — .. (TBY) triplet ,“"/'/
L 0.1 e _
g 02f o L
] 0.05|- e
or f e LT
02F h b - emmEem e =
0.4L \ L ! ] L. ! L L L
0 0.2 0.4 0.6 0.8 0 0.05 0.1 0.15 0.2 0.25
sin® sin@
FIG. 3. Exact results for AS for M = 1 TeV in the VLQ models. The parameters sinf and M are identified in Eq. (2.13).
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In the heavy VLQ mass limit (and assuming small
mixings between the doublet and triplet components),5

T singlet: AST"~ N (s 2[5 +2log(ry)]

+0< =)

(512 |5+ 410e”

o)

(TB)doublet: ASTE ~ @{( %)’ [3”10’5( Tﬂ

N
Bsinglet: ASB: ~—°

n (S%)2[7—410g(VT)]}
+

(XT)doublet: ASXT L)2[3 +2log(ry)]

(
~—C (s
(60°7)

O (
N
18z
Of (s
by2
NM —1+2log "B
18~ ry

ro{a)

N,
(XTB)triplet: ASXTB ~ —@ (s0)*[7+4log(rp)

sk (sk)*(
1

+

(BY)doublet: ASBY

- stog(rr)]+O( ()"

rr

N
(TBY)triplet: ASTBY~ﬁ(s;)2[1 +8log(r7)]

+O<(sg)4,rlT>.

The B singlet, (XT) doublet, and (TBY) triplet models
have the interesting feature that AT vanishes for particular
fine-tuned choices of the parameters with nonzero mass
splittings between the members of the VLQ multiplets. In
the left panel of Fig. 5 we show the VLQ mass and mixing
angle for which AT = 0 and in the right panel we show AS
for these parameters.

The oblique fit, ignoring correlations, requires AS < 0.3
at 95% confidence level [45,46], so there are regions where
both AT and AS can escape the oblique constraints in these
models. These fined-tuned regions will have important

(3.20)

SExact results are attached in the Supplemental Material [39]
as a Mathematica notebook.
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(TB) doublet model

0.8 ————7T T 7 T T 7 T 7T
L ab
— sin6, =0.0
® _-7
oo sin@ =0.1 _-
-
-
0.06 - -~ sing,"=02 - 7

2 004

0.02

- — o b b L
0 0.05 0.1 0.15 0.2 0.25

. t
sin6

FIG. 4. Exact results for AS for M =1 TeV in the (TB)
doublet model.

impacts on the global fits in the next section and we note
that the mass splittings between VLQ multiplet members
can be significant for these choices of parameters. Figure 6
shows the mass difference for the points where AT is fine-
tuned to be zero, corresponding to the mixing angles
of Fig. 5.

B. Contributions to Zbb

In the VLQ models where 5X%, vanishes at tree level, we
will use the one-loop contributions to the left-handed Zbb
coupling for our fit to electroweak precision data. This
occurs in the (7B) doublet model [Eq. (2.17)], as well as in
the T singlet and (XT) doublet models. The one-loop
corrections from 7 — T mixing to 5X%, are [4,14],

2

L __ 9 2 / t\2 /
0Xp, = W(SL) (f106,x) + (e} ) fa(x, X)), (3.21)

where x = m?/M%,, X' = M3 /M3, and the SM contribu-
tion has been subtracted. In the limit x, x’ > 1,

file,x)=x"—x+ 310g<x;/)
/ x/

IV. NUMERICAL RESTRICTIONS ON VLQS

The properties of VLQ models are restricted by Zbb,
oblique parameter, and Higgs coupling measurements. In
this section, we perform global fits to Zbb and oblique
parameter data and demonstrate that Higgs coupling
measurements are not competitive with the limits from
the electroweak parameters.

fa(x,x') =

015006-8
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Parameter points where AT=0
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Left panel: fine-tuned parameter points where AT = 0 in the B singlet, (X7T) doublet and (TBY) triplet models. The

parameters sin§ and M are identified in Eq. (2.13). Right panel: values of the S parameter corresponding to the points on the LHS.
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FIG. 6. VLQ multiplet mass splittings for parameter points
where AT = 0. Below and to the right of the yellow (orange) line,
all VLQs have masses larger than 800 GeV (1 TeV).

The experimental constraints from the right-handed Zbb
coupling are considerably weaker than those from the left-
handed coupling, so we consider only right-handed cou-
plings, 6X fb, that arise at tree level. On the other hand, if the
left-handed coupling is zero at tree level, we include the
loop corrections from ¢ — 7" mixing using the 1-loop results
of Refs. [4,14] reported in Eq. (3.21). In the VLQ models
where éXffb =0 at tree level, (T and B singlet, (XT)
doublet, (TBY) triplet), we use the 3-parameter fit to AS,
AT and 6X%, from Ref. [45].° In addition, 5X%, ~ 0 at tree
level also in the (X7'B) triplet model in the limit m;, < My
[Eq. (2.12)], and it vanishes in the (TB) doublet model
when we fix s%2=0. In all these cases we use the
3-parameter fit,

%6XL, = 2647 in the notation of Ref. [45].

AS =0.10£0.09
AT = 0.12 £0.07

5X%, = —0.0002 + 0.0012 (4.1)
with the correlation matrix,
1.0 0.85 0.07
p=108 10 0.13 (4.2)

0.07 0.13 1.0

In the (BY) model we have nonzero values for AS, AT
and SXF,. In the small bottom-mass limit 6X%, will be
extremely suppressed and one can neglect it. Indeed, for
m, — 0 the left-handed Zbb coupling is zero at tree level.
The one-loop contributions vanish as well, since all the
electroweak couplings of the bottom quark are proportional
to sz, which in this limit goes to zero [Eq. (2.12)]. The
3-parameter fit we use in this case is,

AS =0.08 £0.09
AT =0.10 £ 0.07

6X’,§b = 0.008 + 0.006 (4.3)
with the correlation matrix,
1.0 0.86 —0.19
p=1 086 1.0 -0.21 (4.4)
-0.19 -0.21 1.0

When both 6X%, and 6X%, are nonzero, we use the
4-parameter fit of Ref. [45] to AS, AT, §X%, and 5X%,. For
a massless b quark, this case only occurs in the (7B)

015006-9
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doublet model, where 5X15b arises at one loop. The
4-parameter fit is,

AS = 0.04 £ 0.09
AT = 0.08 + 0.07
85XL, = 0.006 4 0.002

5X§b =0.034 +0.016 (4.5)
with the correlation matrix,
1.0 0.86 —-0.24 -0.29
0.86 1.0 -0.15 -0.22
p= . (4.6)
-024 -0.15 1.0 091
-0.29 -0.22 0.92 1.0
We perform a y? fit,
Ay? = 2;(0; - 0)(6*);'(0; = OF),  (4.7)

where O; are the measured observables (AS, AT, 5X,§b,
SXK), 0{ " are their predicted values in the different VLQ
models, and a%j = o,p;joj, where o; are the uncertainties in
Egs. (4.1), (4.3) and (4.5). The correlation matrices are
given in Eqs. (4.2), (4.4) and (4.6). In each model, we scan
over the parameters to obtain the 95% confidence level
limits. All the models but the (7B) doublet have two
independent degrees of freedom [see Eq. (2.13)]. Also in
the (7B) model we will analyse two specific scenarios, one
with sZ fixed, and one with M fixed. Therefore, in all
cases the number of degrees of freedom is two, and we
require Ay? < 5.99.

2 .. L R
% fitto AS, AT, 8X,,~ (8X,,")
—_

025 ——
B — B singlet
L — - T singlet 4
0.2+ .~ (XTB) triplet -
RN — - (TBY) triplet 1
i \\\ ---- (BY) doublet
5 - S~
E r  TTTme——__
@ T ]
£ 01| -
005; -:=-_—.-_—_-.—_-:::‘_'.'_‘_'.'_':J:'.'"_'.'.'.':I::.;‘.'.;
ol . oy ]
500 1000 1500 2000
M (GeV)
FIG. 7. 95% confidence level allowed regions in the various

VLQ models, where the meanings of sin and M are defined in
Eq. (2.13). The regions below the curves are allowed.

PHYSICAL REVIEW D 96, 015006 (2017)
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03}
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0.1} .

of ]
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FIG. 8. 95% confidence level allowed regions in the (XT)
doublet model, where the dotted regions are allowed.

Our results for the regions of parameter space allowed by
the electroweak precision observables are shown in Figs. 7,
8 and 9, where we use the exact results for the oblique
parameters’

Reference [19] showed limits from the oblique param-
eters and the Zbb couplings separately, and our fit results
are roughly consistent with theirs, although the experimen-
tal constraints have tightened somewhat. For the 7, B
singlet models, the (BY) doublet model and the triplet
models, the limits on the mixing angles are quite stringent
and for large VLQ masses relatively independent of the
VLQ mass itself (Fig. 7).

The (XT) doublet model has an interesting region seen in
Fig. 8 (black dotted area), where the contribution to AT
vanishes, allowing relatively large values of the mixing
angle. This region is consistent with the AT ~ 0 region of
Fig. 1 for My = 1 TeV. Also in the (TB) doublet model
(Fig. 9) we find an interesting region with nonzero mixings
both in the top and bottom sectors allowed by the fit. On the
right-hand side (RHS) of Fig. 9, we see the allowed region
when both s% and s% are nonzero for fixed VLQ mass. The
maximum value of s% ~ 0.15 is relatively independent of
My, while the maximum value of s} decreases with
increasing VLQ mass. On the left-hand side (LHS) of
Fig. 9, the dependence of the maximum value of s on s
can be seen to be very slight, for fixed M. Doing a global
fit strengthens the bounds in the (7B) and (X7TB) models
relative to those of Ref. [19]. Models with B VLQs [47] are
allowed by the fits, with a relatively large mixing angle
permitted in the (BY) doublet model. The strongest limit on

"The exact result for AS in the (X7') doublet model shows
numerical instabilities in the small angle region. Hence, we have
used an expansion up to O((s%)') for s% < 0.2. At the matching
point, the exact result is stable and the difference with the
expanded one is below the percent level.
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(TB) doublet y” fit
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(TB) doublet ¥ fit
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R MT=1 TeV
.. MT=500GeV
o.15E L —- ME2TeV ]
0.1 ]
0.05] §
07 L L L L L L n L | L L L L \ L L L L
. 0.1 0.15 0.2

N t
smGR

FIG. 9. 95% confidence level allowed regions in the (7B) doublet model for different, fixed values of sﬁ’e (LHS) and M4 (RHS). The
regions below the curves are allowed. The fits in the two panels are performed separately, setting s% (LHS) and M, (RHS) to a fixed
value and fitting to the other two independent parameters represented on the x and y axis. The minimum chi-square of the fits are

different in the two panels.

models with B VLQs occurs in the B singlet case, where
for all My, the global fit requires s? < 0.04 due to the
strong dependence of &X%, on the mixing angle
[Eq. (2.17)]. We note that for large VLQ masses, the fits
asymptote to an approximately constant mixing angle in
each case. This suggests that the value of the VLQ mass is
not critical and that an effective field theory (EFT)
approach is warranted. We discuss the EFT approach for
heavy VLQs in Appendix B.

We have presented our results in terms of the masses and
mixing angles given in Eq. (2.13). Using Eq. (3.11), we
redisplay our fit results in terms of the allowed mass
differences between members of the VLQ multiplets. In
Fig. 10, we demonstrate that the maximum allowed mass
differences are of O(1-3 GeV), except for the (BY) and

Maximum VLQ mass splitting allowed by global fit

25 —— : —
-« (XTB) triplet, M=MT, Sm:M.‘.—M)< 1
[ —- (XTB) triplet, M=MT, 8m=MB—MT i
| - =+ (TBY)triplet, M:MT. Sm:MT—MY 4
20 - —.. (TBY) triplet, M:MT. 8'“:M.‘.—MB —
[ —— (TB)doublet, sin9:‘=l‘l, M=M,, § =M -M, )
-+ (XT) doublet, M=M,, § =M -M ]
b — (BY)doublet, M=M_, 3 =M -M, Bl
- 15 i
> ]
@) ]

A

- ]
w10 -

M (GeV)

FIG. 10. Maximum allowed mass splitting between the mem-
bers of a VLQ multiplet using the results of Fig. 7.

(TB) doublet models. For M ~ 1 TeV, the maximum
allowed mass splitting for the (BY) model is ~10 GeV,
increasing to ~25 GeV for M ~2 TeV. For the (TB)
model, the maximum mass splitting is ~5 GeV, indepen-
dent of the VLQ masses.

The mixing of SM and vectorlike quarks changes the
tbW couplings, AtLb’R. The limits from 7 and 8 TeV data
from ¢-channel single top production [19,48] are however
not yet competitive with the precision electroweak limits.
Limits on the mixing angles in VLQ models can also be
determined from direct searches for single production of a
heavy VLQ. These limits are model dependent, but tend to
be weaker than those from our precision electroweak fits,
especially as M is increased. For example, in the 7 singlet
model the search for single 7" production in the T — Wb
channel requires s% < 0.32(0.69) for M; = 1(1.5) TeV
[38]. In the (BY') doublet model, the same analysis requires
sk < 0.23(0.56) for My = 1(1.5) TeV.

Finally, in the VLQ models Higgs production and decay
rates are modified. The Higgs signal strengths for the gluon
fusion production channel using the 95% confidence level
results at 8 TeV are [3],

pi = 113105
up™ = 10857
i’ = 129103
up = 0.65105

ui = 1.07105s. (4.8)

The production rate gg — h and the decays h — gg and
h — yy are affected by the VLQ contributions through
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Gluon Fusion Signal Strengths
T singlet and (XT) doublet VLQ models, MT:I TeV

1 T T T
099F  — xx=py -
| — XX=WW, ZZ, or bb
. L
& 098
:LDIJ
0.97 -
A S S RN S S S SN SO S S SR S S S
0’960 0.2 0.4 0.6 0.8
sin®
FIG. 11. Higgs branching ratios in VLQ models with a (T)

singlet or an (XT) doublet normalized to the Standard Model
predictions.

loops of heavy quarks and changes in the SM quarks
Yukawa couplings, while the i1 — bb decay is modified at
tree level.

The contribution to the Higgs signal strength from
colored fermions is well known. At leading order [49],

|Zf thBmfFF(Tf)lz

hot EFp(zp)P?

o(g9 = h)
o(gg = h)lSM

g9F = . (4.9)

where cyr are the Higgs-fermion couplings defined in
Eq. (2.20), my is the mass of the corresponding quark,

cH = my. 7y = gy and

Higgs gluon fusion signal strengths
B singlet VLQ model, MB=1 TeV

PHYSICAL REVIEW D 96, 015006 (2017)

Fr(e) = 5[+ (r= 1)f(0)]
[sin™!(y/x)]? x<1
Jx) = { —Un(x, /x) —igf x> 1
o =14 -i. (4.10)

In the heavy fermion mass limit Fr(x) — 3, while for light
quarks Fr(7,) — 0. Therefore in the limit of massless b
quark and infinitely heavy (z,T,B) quarks, the leading
order Higgs production rate is independent of the fermion
masses,

(g9 = h)
o(99 = h)lsm

/’lggF -

|2
cff’ (4.11)

—"qu,T.B) o

The deviations of the gluon fusion production rate,

Hggr» are directly related to deviations in the b
couplings,
T,(XT): pger = 1
B.(TBY): pyr — 14 2(s7)* =1+ 6X%,
(XTB): pyr = 1+2(s7)* =1-6X},
(TB): pygr = 14 2(s%)* = 1 - 6X§,
(BY): pggr = 1+ 2(s%)* =1+ 8X§, (4.12)

We observe that in all cases the presence of heavy B
VLQs increases the Higgs signal strength.

Higgs gluon fusion signal strengths
(BY) doublet VLQ model, MB:I TeV

1.05 ———— — T 12 T
L - uggFW T Mo
1.04 - “gngb H, nghh
L % 115 ww 7z —
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ind b in b
s L sin R

FIG. 12. Higgs branching ratios in VLQ models normalized to the SM predictions. The vertical yellow lines are the maximum mixing
allowed by the electroweak fits for the B singlet (LHS) and (BY) doublet (RHS) models shown in Fig. 7.
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For the decay width to photons we have,

7t = I'(h = yr)
C(h = 7y)lsm

By 8N QF(cpp/my)Fi(ty) + Fy (o)

T B N Q) + Py

(4.13)

where fgy includes all SM fermions, QO and N are charge
and color of the fermion, F(x) is defined in Eq. (4.10) and

Fy(x) = _x_12 [2x% +3x +3(2x — 1)f(x)], with

Fy(0) = —7. (4.14)
(TB) doublet VLQ, M,= 1 TeV, sin,,"=0
1 S A B L I
0.998]
0.996]-
o] L
"y
=" - b
0.994|- i
0.992|- i
7\ TR NS S S NS S S S NS S SR S S R SR S SN S
099 0.05 0.1 0.15 0.2 0.25 0.3
sinGRl

FIG. 13. Higgs gluon fusion signal strengths in (7B) doublet VLQ model, normalized to the SM predictions. RHS has s% = 0.1

PHYSICAL REVIEW D 96, 015006 (2017)

Modifications of Higgs signal strength for the various
VLQs are shown in Figs. 11, 12, 13 and 14, where we
define,

w _ _olgg = )BR(h - XX)
998~ [6(g9 — h)BR(h — XX)]qy

(4.15)

The B and T singlet and X7 doublet models are so highly
constrained by the electroweak fits, that the deviations in
Higgs production are too small to be observed. In the (X7')
doublet model, there is a fine-tuned region (around s% ~ 0.5
for My ~1 TeV) where AT = 0. In this region, the yy
signal strength is reduced by ~1%, while the WW, ZZ and
bb signal strengths are reduced by ~2%. In the (BY) model,
the shift in the gluon fusion WW and ZZ signal strengths

(TB) doublet VLQ, M= 1 TeV, sinGRb:O.l

1.067””‘””‘”H,HH‘HH‘HH
—
1.04F ]
B — XX=yy 1
x i — XX=bb i
><,_,_103; — XX=WWorzz |
el I ]
= T ]
1.02f .
1.01F .
Pl e

0 0.05 0.1 0.15 0.2 0.25

sinGRl

and

LHS has s = 0. The vertical yellow lines are the maximum mixing allowed by the electroweak fits of Fig. 9.

Higgs Gluon Fusion Signal Strengths
(TBY) triplet VLQ model, M,= 1 TeV
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Higgs Gluon Fusion Signal Strengths
(XTB Triplet VLQ model, MT=1 TeV
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FIG. 14. Higgs branching ratios in the VLQ models normalized to the Standard Model predictions. The vertical yellow lines are the
maximum mixing allowed by the electroweak fits for the TBY triplet (LHS) and (XTB) triplet (RHS) models shown in Fig. 7.
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can be ~10% for the maximum allowed mixing, s% ~ 0.15,
while the increase in the bb signal strength can be as large
as ~7% (see Fig. 12). The (TB) doublet model can have
modest increases in Higgs signal strengths when the mixing
in the right-handed b sector is allowed to be significant
(RHS of Fig. 13). In the (XTB) triplet model, the Higgs
decay channels are constrained to be within about 4% of the
SM predictions.

V. CONCLUSIONS

We have considered restrictions on the parameters of
models with vectorlike quarks and updated electroweak fits
to the parameters of these models. The constraints on VLQ
masses and mixings are strengthened from previous fits.
Mixing in the B VLQ sector is highly constrained due to the
tree-level effect on the Zbb coupling, while mixings up to
sk ~ 0.2 are allowed in the T singlet case. In the doublet
models mixings up to sz ~ 0.1-0.15 are allowed, with an
interesting region of 0.3 < s% < 0.6 in the (X7) doublet
scenario and nonzero mixing allowed in both the top and
bottom sectors in the (TB) doublet model. In the triplet
models the mixing is somewhat more constrained,
s7 < 0.07. Finally, we show that in order for Higgs coupling
measurements to probe regions beyond those excluded by
precision fits, measurements of a few % will be required.
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APPENDIX A: VLQ TRIPLET LAGRANGIAN

In the following, the fields are the current eigenstates, but
for simplicity of notation we shall omit the superscript “0”.
To establish our normalization convention, we shall use

= I»Z’Ly”i(aﬂ - lgW[l(x) - ig/ﬂ(2)Bﬂ(x>)l//L
+ z]Ryﬂi(au - ig/]](l)Bﬂ<x))qR’

where y; is the top-bottom left-handed doublet, g =
{tg,bg} are the right-handed singlets, W, = Wy "7
(a ={1,2,3}) and o* are the Pauli matrices. They satisfy

L(SM)
(Al)

PHYSICAL REVIEW D 96, 015006 (2017)
[6%, 6%] = 2ievb ¢, Tr[o%?] = 269,  (A2)

The gauge boson interactions therefore read

3(SM)

ESS_/[) =eA [tL Ry”(
3(SM)

+ l_)L,RJ/”( bLzR + Yg;LR )bL,R:|

+ ZLZ L (0 - 20
Cw

+by 7”( 2Qb

+Y§LR)>fL,R

SW)ILR

SW)bL &l

+—W Iy'b +—=
\/§ LY oL
(SM)

where Iz(SM), Y, are the eigenvalues of the quark g =
{t1 r. by g} under o3 and the U(1), generator respectively,

W, byt (A3)

ﬁ

I?R(SM) _ Izism —o. I?L(SM) _ Izism 1
(sm)y _ 2 sy _ 1 smy _ 1
v =3, Vi ==3. vy = (A4)

This yields the correct charges for the top and bottom
quarks [first line of Eq. (A3)]. In the second line we
replaced the hypercharge quantum number with the cor-
responding charge of the quark as derived from the
first line.

As a reminder, the physical gauge bosons are defined by

Wl iw?
\/z ’

Bl‘ = CWA/t - SWz s

W = W3 = cwZ, + swh,.

and e = gsy = Jcy.

1. Vector triplets
a. Introducing the fields

Let p° be a fermionic field that transforms as a triplet
under SU(2),, ie.,’

OU_I(x),

Here a“(x) are the gauge transformation parameters and
"7“. For simplicity of notation, from now on we will

P’ = Ux)p U(x) = M7  (A6)

¢ =

¥Recall that the triplet vector field W, transforms as
i -
W, — U(W,, +§aﬂ>u !

A triplet fermionic field has a similar transformation law, up to
the shift term.
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omit the subscript “0” in the fermionic fields and use
U = U(x). Note that we can decompose fermions in a
SU(2), triplet on the basis of Pauli matrices as

p=pt (W,=W). (A7)
As for the charged gauge bosons, we introduce
12
L P Fip
=L 7 A8
3 (A8)
and we can use that
'+ ir? Tl —ir? (A9)

p'tt +pPe* =p* N

Let us remind ourselves that the charges of 7' & iz? (i.e., p*
and W¥) are 41 respectively,

[03, 7! + it?] = £ (¢! £i?). (A10)
b. Gauge invariance and the Lagrangian

From the transformation laws of the gauge and fermion
fields, the gauge-invariant covariant derivative must be
defined as’

D,p = 0,p —ilW,,p| (A11)

The Lagrangian, imposing also the correct normalization of
the kinetic term and adding the U(1), part, is then

L = 2Tr{piy*D,p} + 2Tr{g'Ypy"B,p}
1 1
= ETr{U“J”}iﬁ“}/" (0,0") + ETr{Ja [6”, 6]}

g_ll C 5C 1 a =d
x (510 "Wip ) +5Tr{o"e"} (g YP'r"B,p")

= P (Oup") + igp"y Wit e
+ g YP B, p°. (A12)

c. Couplings of the fermions to the EW gauge bosons

Let us recall that in the normalization we chose the

{X.T, B} triplet has isospin I3 ={2,0,-2}, Y, =3
and the {7,B.Y} triplet has I3 ~={2,0,-2},
Yy, = —%. The couplings to the electroweak gauge

bosons are easily derived from Eq. (A12) via the
replacements

*We want D,p— U(Dﬂp)U‘l, and we need to pick the same
normalization conventions as those for the Standard Model.

PHYSICAL REVIEW D 96, 015006 (2017)

1_f++f_ 2_-f+_f_
f - \/z ’ f =1 \/E s
f=A{p.W,} (A13)

Neutral couplings: The photon.—The photon couplings
allow us to determine the electric charge of the three
quarks. From the Lagrangian (A12), with the definition
of the gauge boson fields of the Standard Model, one
gets

3
c, —eA{ tyrpt < ;)err"ﬂ(Y)

3
+p—wp-( 7)] (Al4)
Hence
(1) for the triplet of hypercharge Y = %, pT =X has
charge 5/3, p? = T has charge 2/3, and p~ = B has
charge —1/3;
(ii) for the triplet of hypercharge ¥ = —3 L pT =T has

charge 2/3, p®> = B has charge —1/3 and p~ =Y
has charge —4/3,
as we expect.

Neutral couplings: The Z boson.—The couplings of the
quarks in the vector triplet to the Z boson are

[XTB _ 9
z 2CW

+ By”B(—Iq

ZXX (I} - 253 0x) + THT(~253,07)

— 253 0p)]

=7, X”X Z—ES + Ty*T —‘—ls
zcw 30w ) AT\ TR0
+By”B< 24+ = sw>}

(Tr*T ( - 25%,0r) + By*B(—2s3,03)
2CW

+ Y'Y (=15 = 253, Qy)]
-7z [Ty”T(Z —‘—‘sw> + By*B (%sw>
2oyt 3 3
_ 8
+ Yy”T<—2 + gs%v)] :

This is perfectly consistent with what one expects from the
Standard Model case (hypercharge minus twice the electric
charge).

TBY _
L7

(A15)

Charged couplings.—The couplings to the charged gauge
bosons are
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LyP = gW i (Ty*B — Xy*T) + gW,, (By*T — Ty*X),

LY = gW, (Ty*B — Xy*T) + gW, (By*T — Ty*X)
(A16)

and similarly for the ¥ = —1 triplet. Notice that these

couplings are a factor y/2 larger than the Standard Model
couplings [Eq. (A3)].

2. Physical couplings

To obtain the physical fields we follow the procedure
described in Egs. (2.6)—(2.9).

a. Y =2 triplet (X.T.B)

The physical couplings to the electroweak gauge bosons
read [cf. Egs. (A3), (A15), (A16)]

XXX,L = (2) XXX,R = (2)’
)2 st 0 0
Xtt,L = <(tL)t Lt L2>’ Xn,R = ( >’
cpsy (sp) 00
= (60
bbL = ,
cpsp 1= (ep)?
P (—2(SZ)2 2chsh )
PN adgsh 2k )
AxiL ( \/ESL\/_CL> Axir = (—ﬁs%ﬁck),
A (CLCL \/_SLSL CLSL \/_CLSL>
bL =
i chL \/icLsL sLsL chcL
AL \/zsRsR —\/_cRsR
T\ Vadsh Vadger )

This is in agreement with the results of Ref. [19].

We also show here how one derives the relations
among masses and angles of Eq. (2.11) for the (X, T, B)
triplet. Starting from the Lagrangian (2.5), the bare mass
matrices are

Mt — ﬂ,% /17\% , M — /lb\% A '
0 Mxrp 0 My

(A17)
Let us notice that
(Mf,,)? = VIMIMITVE = VEMIMIVE (g = 1.b).
(A18)

The condition
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(Mglag)(l n - mé
yields
q _ Mg q
tan 0, = a7 tan ;. (A19)

0

Next, one can “reconstruct” the square bare mass matrix,
both in the top and bottom sector, inverting Eq. (A18).
Imposing that the entry (2,2) is the same and equals
M3, = M%, we get

M5 = (¢} )M + (5] g)?mj = (¢} g)*M7 + (s} g)*m7.
(A20)

Finally, using
VI (M§,)2V] = MIMT" (g =1,b),  (A21)

and noticing that the entries (1,2) of these matrices are
related,

[MbMH](l,z) = MMxrp = ﬁ[MtMtT](l,z) (A22)
yields
(M3 —m})sin202 = V2(M% — m?)sin20,.  (A23)

b. Y = - 1 triplet (T.B.Y)

The physical couplings to the electroweak gauge bosons
read [cf. Egs. (A3), (Al5), (A16)]

() —clst
X”’L = t oot 2 )’
1+ (c1)

_CLSL
2(sk _20535%)

( 2CRSR 2(ck)?
(Za

—chst (00
Xpbr = _sh2 ) Xpbr = 0 0)
Xyyr = (=2), Xyyr = (=2),
chep +V2sysy  cpsp = V2e]s)
tbL - )
CLSL \/_CLSL SLSL + \/_CLCL
stsR —ﬂc%s%)
hR - ’
A 2CRSZ \/ch’ecﬁe
—V2sh —V2sh
Apyr = Apyr = E
\/_CL \/ECR

The top and bottom mass matrices are [Eq. (2.5)]
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M (ﬂ, \;— >, Mb <‘Lb\/v— ;Lg\}}—>.
G M;BY G 14;3)
(15 )

Following the same proof that lead to Eqs. (A19) and
(A20), we obtain

m
tan 0% = —Ltan ],
Mg
M5 = (c} g)*My + (s] g)*mj,
= (cLg)*M7 + (sp g)*m7. (A25)

Similarly, the equivalent of Eq. (A23) is

(M3 — m2)sin20, =/2(M% —m2)sin20%.  (A26)
APPENDIX B: EFT COEFFICIENTS
AND LIMITS FROM b AND
HIGGS COUPLINGS

Searches for VLQs at the LHC suggest that the masses
are relatively heavy, M = O(800-1000) GeV [25-37].
This means that we are always in the regime,

— <1,

o (B1)

my
—2.o0,
M

where an effective field theory approach is warranted. The
Lagrangian involving third generation SM quarks and
VLQs can be written as,
L=Lysuw+Lke+Lg (B2)
where Ly gy is defined in Eq. (2.3), L contains the VLQ
interactions given in Eq. (2.5) and Lk is the kinetic energy
term. At tree level, the heavy VLQs can be integrated out
using the equations of motion [50-52], generating an

effective low-energy Lagrangian that only contains SM
fields,

Lot = Lysm + Lig + Lon (B3)
where L, now includes only the SM quarks and
LqH = ZiCiOi + H.c. (B4)

contains the effective interactions of the SM quarks with
the gauge and Higgs boson through higher dimensional
operators (we restrict to dimension-6 operators). We have
normalized the coefficients of these operators to be
(’)(#) The new Higgs-fermion dimension-6 operators
are [53]:
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Op; = i(H+D/4H)(ER7ﬂtR)
Opp = i(HTDuH)(l_’RY”bﬁ
Op, = i(H'D,H)( y"w;)
Oy, = i(H'o"D,H)(fr oy )
Oty = (H'H) (@ Hby)
Oy = (H'H)(ip Hiy)

Ony, = (HTiDMH)(?RyﬂbR)' (B5)
To (’)(#), the coefficients of Eq. (B4) are given in
Table IV in terms of the Yukawa couplings and we
assume the splitting between the VLQ masses in a given
representation are small, corresponding to small mixing
angles. The different VLQ representations have quite
different patterns for the coefficients [51,53,54].

These operators generate non-SM interactions of the
fermions with the gauge and Higgs bosons. The inter-
actions with the W boson defined in Eq. (2.14) become in
the EFT limit,

AL =1+7Cy,
2

v

Aﬁy = ? CH!b’ (B6)

and the couplings to the Z boson defined in Eq. (2.15) are,

v?
5Xf = Y (Crg — Chy)
2
v
SXR = ——Cy,
1 2
L v?
0Xy) = 5 (Crg + Chy)
vz
5X§b = 3 —Cyp- (B7)

TABLE IV. EFT coefficients for VLQ models in the large VLQ
mass limit.

N t
Cur  Cuwp  Cuy Cy, Chy Chy Cun
T 0 0 i _A 0 Ay 0
4M2. 4M3. 2M%
B 0 0 _h A Ah 0 0
M3, aMmi  2M;
(T,B) P 2 0 0 Ay M3 Aals
’ - ) 52 2 2 M->.
Mm% 2M2 2ME 2M3 T
(X.T) 2 0 0 0 0 Ak 0
2M% 2M%
(B,Y) 0o _ .z 0 0 Wiz 0 0
2M3, 2M3,
(X,T.B) 0 0 342 2 Ba, B 0
aM2. am?. M2 2M%
(T,B.Y) 0 0 % _ A A A 0
M3, M 2M; M3,
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From Table IV, we see that right-handed W couplings are
only generated in the (7B) model, while non-standard W
couplings arise in the singlet and triplet models. In a similar
fashion, the doublet VLQ models have SM couplings of the
Z boson to the top and bottom quarks. Measuring the gauge
boson fermion couplings puts strong constraints on the
possible VLQ representations.

Finally, the 7, b couplings to the Higgs boson are also
modified,

LY,SM e Lh = —Yf}‘fh

1 31}2 S
Yy :7§<Af—TCHY>,

corresponding to,

(B8)
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U2

m
f

V2

For the singlet and triplet models, we have the interesting
relation between the Zf f couplings and the Higgs Yukawa
coupling,

(B9)

1}2

> C{IY singlet, triplet VLQs.

f —

Af(éXJéf - 2135X§f) =
(B10)

For nonzero Cﬁy’ the Yukawa coupling is no longer

proportional to the mass, leading to flavor nondiagonal
Higgs-fermion interactions [55,56].
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