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The Higgs boson is produced at the LHC through gluon fusion at roughly the Standard Model
rate. New colored fermions, which can contribute to gg — h, must have vector-like interactions
in order not to be in conflict with the experimentally measured rate. We examine the size of
the corrections to single and double Higgs production from heavy vector-like fermions in SU(2)r
singlets and doublets and search for regions of parameter space where double Higgs production is
enhanced relative to the Standard Model prediction. We compare production rates and distributions
for double Higgs production from gluon fusion using an exact calculation, the low energy theorem
(LET), where the top quark and the heavy vector-like fermions are taken to be infinitely massive,
and an effective theory (EFT) where top mass effects are included exactly and the effects of the

heavy fermions are included to O M% . Unlike the LET, the EFT gives an extremely accurate
X

description of the kinematic distributions for double Higgs production.

PACS numbers:

I. INTRODUCTION

Having discovered a particle with the generic properties of the Standard Model Higgs boson, the next important step
is to determine what, if any, deviations from the standard picture are allowed by the data. The observed production
and decay modes of the Higgs boson are within ~ 20% of the expectation for a weakly coupled Higgs particle[l, 2] and
so the possibilities for new physics in the Higgs sector are highly constrained[3]. A convenient framework to examine
possible new high scale physics is the language of effective field theories, where the theory is constructed to reduce to
the Standard Model at the electroweak scale, but new interactions are allowed at higher scales. We study an extension
of the Standard Model where there are new massive quarks which are allowed to interact with the Standard Model
particles, and thus potentially modify Higgs production and decay rates. Heavy fermions occur in many Beyond the
Standard Model (BSM) scenarios, in particular Little Higgs models [4-7] and composite Higgs models[8-12] in which
the Higgs is strongly interacting at high scales. We consider models with both charge % and —% heavy quarks, but
where there are no additional Higgs bosons beyond the Standard Model SU(2)r doublet.

New heavy colored fermions which couple to the Higgs boson cannot occur in chiral multiplets since they would
give large contributions to the rate for Higgs production from gluon fusion[13, [14]. A single SU(2); heavy quark
doublet with corresponding right-handed heavy quark singlets would increase the gluon fusion Higgs production rate
by a factor ~ 9, which is definitively excluded. Vector-like quarks, on the other hand, decouple at high energy and
can be accommodated both by precision electroweak data, and by Higgs production measurements. Models with a
single multiplet of new vector-like fermions have been studied extensively in the context of single and double Higgs
production from gluon fusion[4, [15-422]. The rates for both single and double Higgs production in this class of models
are close to those of the Standard Model and the gluon fusion processes are insensitive to the top partner masses and
couplings. This general feature is a result of the structure of the quark mass matrix and can be proven using the
Higgs low energy theorems (LETSs)[12, 123, [24].

We study more complicated models with several multiplets of vector-like quarks in both SU(2); doublet and
singlet representations|25], which are allowed to mix with the Standard Model quarks and with each other. Higgs
production from gluon fusion can be significantly altered from the Standard Model prediction when this mixing is
allowed[18, 21/, 24]. We explore the possibility of having the double Higgs production rate be strongly enhanced or
suppressed relative to the Standard Model, while keeping the single Higgs rate close to that of the Standard Model.
Models with multiple representations of vector-like fermions have also been considered in the context of flavor, where
they have been used to generate a hierarchy of masses for the Standard Model fermions|26, [27].

Effective field theory (EFT) techniques can be used to integrate out the effects of heavy fermions. Low energy
physics is then described by an effective Lagrangian,
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where O; are the dimension—6 operators corresponding to new physics at the scale A. These operators have been
catalogued under various assumptions|11, 28, 129] and in this paper, we consider only those operators affecting the
gluon fusion production of Higgs bosons. We calculate the contributions to the f; obtained by integrating out heavy
vector-like quarks in SU(2), singlet and doublet representations, using the equations of motion. The new physics
arising from the heavy vector-like quarks yields corrections to the Standard Model SU(2);, x U(1) gauge couplings
and to the Yukawa couplings of the light fermions.

For arbitrary fermion mass matrices, we compute both single and double Higgs production from gluon fusion. As a
by product of our calculation, we compare rates found by diagonalizing the mass matrices exactly, from the effective

theory of Eq. [l which contains terms of O (7:—2? , and from the low energy theorems, where m; — co along with the

new vector-like quarks, in order to establish the numerical accuracy of the various approximations.

Section [l contains a brief description of the class of models studied here. A description of single and double Higgs
production using the LET description and the EFT with top and bottom quark mass effects included is given in
Section [l Analytic results in an example with small mixing between the Standard Model 3"¢ generation quarks
and the heavy quarks are given in Section [[V]in order to give an intuitive understanding of the new physics resulting
from integrating out the heavy vector-like fermions, while Section [V] summarizes limits from precision electroweak
measurements. Our major results are contained in Section [VIl where total rates and distributions for double Higgs
production are given in the full theory, the LET, and the EFT. Finally, some conclusions are in Section [VIIl

II. THE MODEL

We consider models where in addition to the Standard Model field content, there are two vector-like SU(2), singlets,
U and D, and one vector-like SU(2);, doublet, @, with hypercharges Y = 4/3, —2/3, and 1/3, respectively. We only
allow mixing between the new fermions and the 3" generation Standard Model quarks since the interactions of the
two light generations of quarks are highly constrained. The Standard Model 3”¢ generation fermions are

t
qL:<bi)utR7bRu (2)

and the heavy vector-like fermions are,

Q=(£)JAD, (3)

where the left- and right- handed components have identical transformation properties under SU(2)r, x U(1), allowing
for Dirac mass terms. Finally, the Higgs doublet takes its usual form in unitary gauge after electroweak symmetry
breaking,

0
(). Q)
V2
where v = 246 GeV is the Higgs vev, and h is the Higgs boson. The Standard Model Lagrangian involving the third
generation fermions and the Higgs boson is,

Lsy = iq Pqr + itgIPtr + ibpPby — <AthHtR + oGy Hbr + h.c.> + D, H> -V (H),
(5)

where H = iooH*, V(H) is the Higgs potential, D, = (8, — isT - W, — i%YBH —igst - Gp), T* = o for SU(2)L
doublets, T* = 0 for SU(2), singlets, c® are the Pauli matrices, for the quarks ¢ are the SU(3)¢ fundamental
representation matrices, for the Higgs t = 0, and Q = (Y + T3)/2 is the electric charge operator. The classical
equations of motion corresponding to Eq. [ are [2§],

iqu = /\tf{tR + M Hbp

iPtp = MHiqr
iPbr = MH'qp . (6)



The most general Lagrangian coupling the third generation quarks and the new fermions is Ly p,

Lyp = Ly + Lxp+ Ly

Ly = —MQQ — MyUU — MpDD
Ly = QiD)Q+TUED)U + D) D

Lg/ = _{AlaLE[UR+)‘2@LHDR+)‘3@RE[UL+M4§LQR+M5ULtR+M65LbR

+A\7G, HUR + AsG, HDpg + 2@ Ht g + MoQHbg + \M1QrHDy, + h.c.} . (7)

The much studied cases where the Standard Model top quark mixes with only a singlet or doublet vector-like
fermion[15-17, (19, 30-34] can be obtained from this study, as can the composite model case where the Standard
Model quarks do not couple to the Higgs doublet (Ay = Ay = A7 = Ag = A1g = 0). We will consider various mass
hierarchies in the following sections.

The mass and Yukawa interactions can be written as

where x§ p = (t,T,U)L R, XZR = (b, B, D), and the Higgs-dependent fermion mass matrices are

N My et W) Ma A5
MOy = | r(52) M on(ER) | MOMm) =] Mg M () |, 9)
Ms  da(2) My Mg () Mp

where typically \; ~ O(1). The mass eigenstate fields, ¢* = (T}, Ts,T3) and * = (By, Ba, B3), are found by means
of bi-unitary transformations,

— Lyt = XLV VOMO W) VAV + XL (VMO () (VETVRIXGR + hec.
= VL Mgk + 01 MlzogVlh + Pp Y W + P Y 0h + hec., (10)
and (Ty, By) are the Standard Model 3"¢ generation quarks. The diagonal mass matrices can be written,
Mbipy = VEMD )V
(Miag)® = VEMO ()M (0)1V]
= VEMD ()" MO0V, (11)

where we have set h = 0, the Yukawa matrix is
Yh = Vi (MOn) - MO©0)) Vi (12)

and similarly in the b sector.
The couplings to the W contain both left- and right- handed contributions,

—t2 b,
Ly = (Xza VX3 + Z XXy Z)WJ”W—hc

i=1,2

Sle gl

> (Ezj(UL)jWM%k + ﬁ%j(UR)jHW?%k) W+ hec., (13)

J,k=1,2,3

where
ULk = Z (V)5 (V)

Ur)jr = (V&)j2(Vi)an (14)



Finally, the couplings to the Z are,

g —t 4
Lz = 2ew Z {wL,j(Xz)jk’watL,k+wR,j(Xf%)jk'7uth7k
j,k=1,2,3

—b —b
_wL,j (Xz)jk%ﬂ/f%,k - 7/’R,j (Xf%)jk%‘/’?%,k }Z“

g
_E(QSI%V)JEMZ#’ (15)

where sy = sin Oy, ey = cos Oy, Oy is the weak mixing angle,

XDk = > (VH;i(Via
i=1,2

(Xh)jk = (VE)j2 (VA2
XDk = > (VD)i(Vi in

i=1,2
Xk = (VR)j2(VR)aw (16)
and J,, is the usual electromagnetic current,
m - —t ot —t ot —b b —b b 1
Jer = Qe | VLYV + pY*"UR| + Qu| Y L + VY YR| (17)

The Z couplings contain flavor non-diagonal contributions due to the off diagonal terms in XE?R. It is straightforward
to apply the results of Eqgs. and [I5] to find the gauge boson couplings in a specific model.

III. EFFECTIVE THEORY RESULTS

In this section, we consider single and double Higgs production from gluon fusion in the general model described
in the previous section. We begin with the results using the LET, in which the top quark and all top partners are
taken infinitely massive. We next include the top quark and bottom quark masses exactly and compute to (9(%),

X

where Mx is a generic heavy vector fermion mass. These results (EFT) are then matched to an effective Lagrangian
to determine the coefficients of the dimension-6 operators. We are interested in comparing the numerical accuracy of
the two approximations with the exact calculations for the gluon fusion rates.

A. Effective Theory From Low Energy Theorems

The low energy theorems can be used to integrate out the effect of the charge % massive particles, including the top
quark. In the limit in which fermion masses (Mr,, Mr,, Mp,) are much heavier than the Higgs mass, the hgg coupling
can be found from the low energy effective interaction of a colored Dirac fermion with the gluon field strength[35],

L = == h<i1n{det(M(t)(h)TM(t)(h))}) edern

- v (18)
h99 " 247\ Oh o "

where G;ju is the gluon field-strength tensor. With no approximation on the relative size of the parameters in M®,

the LET gives for the contributions from the top sector alone,

s h AMA: — Az A
L(t) @ |:1+2/\31)2<M>:|GA’MUGA

= — 1
hgg 127 v X 78] ( 9)

where,

= —2% det M(0) = v2A3(A1 A — Adrhg) + 2 [—A1M4M5 + MMsA; + My Myhe — \M My | . (20)



Having non-zero Az, the coupling between the doublet and singlet vector-like quarks and Higgs boson, is critical for
achieving a result which is different from the LET for the Standard Model:

as | h h2
2v2

A, pv A
LM, = 5= | = - }G 2es (21)

This can be understood by noting that when the mass matrix factorizes,

det (M(t)(h)) - F(ﬁ

)G()\i,Mx,mt), (22)
v

the LET has no dependence on the heavy mass scales and Yukawa couplings as in Eq. 211 [12, 123, [24]. In the limit
A3 — 0, we have:

h+v

det M® (n)

(23)

and the LET reduces to the Standard Model result.
In the limit M, My > My, My, v and all the Yukawa couplings \; are O(1),

. h Ad — Az
L = —[1—A3UQ(M)]G“”’AG;?V. (24)

hag " 197 0 MMy

If, motivated by composite models[12], we assume that there are no couplings of the Standard Model quarks to the
Higgs, then Ay = Ay = A7 = A\g = A9 = 0, and with no assumption about the relative sizes of the remaining terms,

(t) A,pv ~A
thg—>12 UG "G,

(25)

and the Standard Model result is recovered. Similarly to above, in this limit the determinant of the mass matrix
factorizes.
Double Higgs production can also be found using the LET [15, 118, 135],

a v
Ly = (Wln [det M(t)(h)TM(t)(h)DhOGA“ Ga,, (26)
and we obtain,
L(t) i Qg h2 )\ 2 )\ )\ )\ )\ 1 2)\31)2()\1/\,5 — /\7)\9) GA"“VGA
hhgg — _2471_? 1 =230 ( 1AL = A7 9) y_ X2 pv (27)
In the limit M, My > My, M5, v,
) as h? M AL — A7)g Aypv A
L = 14+ M0 | ———— | /GHHGY, . 28
hheg T 947 2 { +As < MMy v (28)
Since the b quark is not a heavy fermion, the effective ggh Lagrangian in the charge —5 sector requires more care

and the LET cannot be naively applied. In the next section, we formally integrate out the heavy T5,T5 and B, Bs
fields, while retaining all mass dependence from the light Standard Model-like quarks, T7, Bi.

B. Effective Theory with Top and Bottom Quark Masses

The effects of finite top and bottom quark masses can be included by using the classical equations of motion to
integrate out the heavy fields Ts, T3, B and B3|27, 128, 130, 131, 136]. We assume that M, My and Mp are of similar



magnitude and are much larger than v, that the Yukawa couplings, A;, are of O(1), and expand to O(1/M%),

A7 MMy MMs 1
= (- - il
UL ( T, Mg)( )+O<M3)

on = [ (i - ?cﬁ)w*m]m—&: i1+
e = (i = i) oo+ i)

oo = [y + Giy g Jorolon om0 )
@ = [+ (a - Aé’v?f)wﬂw gy = )

Ao oo Ao . 1
——gz(zlPH)tR - Vg(zIDH)bR + 0<M—§>

X MMy MM 5
M T MMy M? R

Ao AaMg MM, 1
+< e 4)HbR+(’)(—).

Qr =

M MM, M? M3
(29)
Substituting Eq. 9 into L}, + L,
MLy = LY,
MsA7 Mg MMyMs = AsArhg g
- H'H) g, Ht
- {< Y VR e v ve v ))QL R
Mghs Myl | AaMyMg =~ AsAioAin _
- - HYH) |g, Hb
+<MD M, T i, A Jactbe
1
+hc} + 5L€ff + O(M3 ) (30)
where 5L2ff collects the contributions from the terms in Eq. containing derivatives of the Higgs field[31],
INADTINDY:
oty = {3 (55 — 3 ) WiDuD @A )
Ir 4 M[Q] M2 Iz
L[ A2 A2 u
_Z<M—5+ 3 (H'o"D,H)(@,v"o"qr)
/\g T, F oAl )‘ T M
Ve (H ZD#H)(tR’y tR) + —= M2 (H 1D H)(bR’y bR)
Moo |, 7 - - 1
+ 2 [(HTzDuH)(tRw“bR)] } + h.c. + O(M3 ) (31)
Eq. BIl corresponds to ALp, of Refs. |29, [37].
Similarly, substituting Eq. into the kinetic energy terms of L’ p,
b
Lxp = Lif)f
1 ~ M; M2 A2 A2
_ 1 7 9
— 5{)\tQLHt3<M2 +W+(H H)|:M—[2J+W:|)
M2 M} A2 Ao
oG Hb S+ (HH)| % + 222
+oqr, R<M2+M%+( )LW%JFM2
1
+h.c. +O<M§’(>' (32)
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FIG. 1: Representative diagrams corresponding to integrating out heavy fields and generating the (a) tthh, (b) GA"‘”Gﬁl,hz,
and (c) G** G}, h operators in Eq. 33

The effective low energy Lagrangian after electroweak symmetry breaking contains only Standard Model fields,
but non-Standard Model coefficients and operators have been generated by integrating out the heavy fields. The
procedure of integrating out by the equations of motion occurs at tree level. However, at loop level, integrating out
heavy colored particles will generate operators of the form GA*“jGﬁ‘Vh2 and GA*WGth, which need to be included
in the effective Lagrangian:

CqOés A,pv Yy quas
T2 sy
= ig DqL + itrDtr + ibpPbg + |D,, H|2 — V(H) — mft — YiEth + cgt,jzﬁﬂ

—mybb — Yybbh + ¢ Bbh? + Cgas

Leff = Lsy + Lg;)f + Lefj + 6thf + = GA ,uuGthQ

9 7 7 +
+E{ [5gL tryHbr + 0gr tR"y‘ubR] W, + h.c.}

+CL {metL 82 +TrYutr 0 Zf + bryubr 0 Z1 + bryubr 52?{}2“
w
1
LY 0 (_) _ (33)
£r ME

The non-Standard Model like gauge boson coupling in lines 4 and 5 in the above equation originate from 5Lgf Iz

and 5L2}f is defined to be 5Ligf ¢ with these terms removed. In Fig. [[ we show representative diagrams illustrating

the generation of the (a) #th?, (b) GA’””GﬁUhQ, and (c) GA’“”Gﬁl,h effective operators. To (9(#), the Yukawa
X



couplings are shifted from their Standard Model values,
M? M2 30?2 [ N2 A2
2Y, = 1— |2 ZHT iy |y ST
VY, At{ [2M2+2M5+ 4 <M5+M2
_M5)\7 - M4/\9 + )\1M4M5 31)2

Az A7
My M MM T aMa, T

2 2 )\2 )\2
S )\3)\7)\9—)\t%( ot 9)
v

MMy ME T M2
Y,
ﬁ —1-‘1-515
me
M2 M2 302/ A2 )2
2V} = M l— | —2 6 L= (=2 4210
V2, b{ [2M2+2M1%+ 4 (M%+M2
MG)\g M4)\10 )\2M4M6 3’02
- — AsA10A
Mp M MMy 2Mar, Fe
2 2 2 2
mp v v [ A Ao
= 72— Ashodt — dp— [ =2 + 210
\/—U+MMD81011 b2(M%+M2
Yyv
me =1+0,. (34)

We see that Y; and Y, are no longer proportional to m; = My, and m, = Mp,. Non-Standard Model couplings of
the fermions to Higgs pairs are also generated, as are Higgs-gluon effective couplings,

ﬁ — i{_/\g)\7)\9+1)\t()\_$+/\_g)}
v aval MMy 27\Z Tz
B 3 mt>
T o202\ o
_ 3mydy
T2 3
ﬁ _ 3 {_)\8)\10)\11+1)\b()\_§+)\_%0>}
v ol MMp 2\ T e
- 3mb5b
T2 8
¢y = v2|:_ A3 _ Aol 1</\_%+/\_§+/\§+)\%0):|
MMy ~ MMp ' 2\MZ "M% MR
= —cgg. (35)

The top and bottom quark couplings to ggh and gghh are not included in ¢, and c44, but can be calculated at one-loop
using the effective interactions of Eq. The effective Lagrangian depends on only 3 new parameters: ¢4, d;, and Jp,
along with the physical masses, m; = M7, and my = Mp,, and v. It is important to note, that within the context of
this model, the coefficients of the effective Lagrangian cannot all be independently varied. This feature can also arise
in composite Higgs models [21].

The non-Standard Model couplings to the W and Z are given to O(1/M%) by,

2
02 [ A2 A2 v A9 A10
=) e
2,2
o v2 A2 t v )\9
021 =~} "R = Tare
2222 ,02)\2
62} = fips 02y = —aps (36)



IV. UNDERSTANDING THE FULL THEORY
A. Hierarchy 1

In order to understand some general features of the mass matrices we consider a hierarchy where the mixing angles
are small,

Av Av My Ms 2 Aiv
~ ~ ~—r~— and 6~ —.

My M M M M
This maintains the hierarchy, \;v < My, M5 < M, My, Mp, keeping the off-diagonal elements of the mass matrices
small. In this limit the matrices which diagonalize the top quark mass matrix can be written as

0

(37)

1-Llgp2 gD g2
Vi = oD 1 Lgp2 gt
ok _gut ]
1- 652 —gD2 g3
Vi = 0% 1 0 |, (38)
952
07,  05* 1- &

where the matrices of Eq. B8 are unitary to O(63).! The angles P (6°) can be thought of as the doublet (singlet)
vector fermion-mixing with the Standard Model-like top quark, and 7 as the doublet-singlet vector fermion mixing.
All angles are assumed to scale as Eq. B

In the small angle limit of Eq. B8] we can then solve for the parameters of the Lagrangian:

)\t% M4 )\7%
MBD©O) = | Qs M Mg

M5 )\3% MU

2 2
Mz, (1 - % - %) MTzel? - MT191€2 MTSHEQ - MT16‘IS%
2
= MT29}%)2 . MTIHE ]\47“2 ( _ %) —MT39{12 _ MTﬂgQ n MTIHEHI%
S2
Mp,0% — My, 05° Mg, 0% + My, 047 M, ( _ 9%)

As can be seen, according to the 6 scaling behaviour, this obeys the structure that we want (A\v < Ay 5 < M). In
the fermion mass-eigenstate basis,

—t
L= > 0YVikh, (39)
i,7=1,2,3

the small angle approximation to the charge % Yukawa interactions is,

Mr, Mg, 68° My, 05°
vx V' = | Mp,0R 0 — Mg, 0% — My, 08 | . (40)
Mr, 922 ‘]\4712911?2 + Mfeog2 0

The mass matrix in the b quark sector can be parameterized in an identical fashion to the above discussion.
The W interactions defined in Eqgs. [[3] and [[4], in the small angle approximation of Eq. B8 are

L= (0pr—0p)®  opr—op o5
Up = 6P — 0P 1§ (6P —0p")" —of” (41)
o5t —gu? 0
0 -8 o
Urp = | —oB®> 1 gm? |, (42)
0o i

1 Note that the hierarchy determines the leading behavior of the 6 expansion of the mixing matrices. Higher orders of this expansion are
determined by unitarity.
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where we have added the superscripts b, t to indicate mixing in the bottom and top sectors, respectively. The Z-fermion
interactions defined in Egs. [[3l and [I6] in the small angle approximation are

10 65

Xp=1o0o 1 —¢? (43)
2 2
07" —0F" 0
0 -8 o
Xp = | -5 1 gH?

0 e

The results for the bottom sector can be found by the replacement ¢t — b.
Comparing to the EFT of Eq. in the small angle approximation described above,

M-
Y, = =%
v
M
Y, = =2
v
t b
& = A =0
cg = —Cgq=0. (44)

In the EFT, this hierarchy reduces to the Standard Model and so does not produce large deviations in Higgs production
rates.

B. Hierarchy 2

Hierarchy 1 appears to give small A7, Ag, A3, Ag, A10, A11, which are the parameters that give deviations from the
Standard Model. We now describe a different hierarchy with My s < Ajv < M:

Mys v 2 Mys
o~ d 6~ 2 45
an i (45)

9 ~
)\i’U

The diagonalization matrices can be parameterized in both the t sector as?,

2 2
S0 o0 ~07
vi = | 6P +olles 1 Lol oH
03 —of 11 (05" +6l")
2 2
- 307 —07 —0%
VL = o8 1-L(eR%+el”)  -ef | (46)
0R0H + 0% ox - 3o

2 We omit the superscript ¢t and b on the mixing angles where it is obvious.



11

The parameters of the original top mass matrix, M) (0) from Eq.[ can be solved for to O(6?),

v 9s*  ¢D?
MN— = M _ L _’R
t\/§ T1< 2 2

My

= M, (087 + 05011 ) + M, 0507 — Mr,0F

v 2
A7ﬁ = My,07 — Mr, 0%
v 2
Agﬁ = M08 — M, 67
1 /om2 D2 H? HpH
AN—= = —Mp,0% — Mg, 08

v
V2
2
Ms = Mz, (056052 +60%7) + Mp,6R607 — My, 07
v
7= Moy, 0% 4+ My, 08 + My, 6708

My = Mg, [1 _ % (952 +oH? +9§2)] — Myp,0H 0% (47)

Finally, the Higgs couplings to the charge % fermions can be written as in Eq. B9]

vx Y=
My, (1- 65" - 08%) M, 02 — My, 07605 — 2M7, 050 My, 0268 + My, 03
My, 0505 + My, 07 M, (95 24 oR% 4ol 2) + 2Mr, 01 01 — M, 07 — Mz, 04

M, 03 — 2Mp, 0808 — My, 0208 2Mp, 0308 + My, 0% + Mp,0%  Mp, (95 2087 ol 2) + 2Mp, 01 01
(48)

Again, the b sector mass matrix and mixing can be parameterized in a similar fashion to the above.
Comparing to the EFT in Eq. (counting M, /M7, , ~ Mp, /Mg, , ~ 0), this hierarchy yields small deviations
from the Standard Model,

M
v, = =D (1—9§t2—9§t2)
M
Y, = vBl (1—91’:{’72 —9§b2>
3M
CS;Z _ 2U2Tl (9§t2—|—9€t2)
b 3Mp 2 2
i = S (08" +05)
M3, + M3
¢y ==y = (20" +65) + (20" +68"7) + 2———Leofl'o])"
Mg, Mr,
M3, + M3
+(205°° 1+ 05°%) + (20H°° + 6RY%) - 2—D2 L Ba glivgliy (49)
Mg, Mp,

Again, the superscripts ¢, b indicate mixing angles in the top and bottom sectors, respectively. Now we want to match
onto the LET, i.e, integrate out the top quark (7}), along with the heavier fermions T5, T3, Ba, and Bs. The effective
Higgs-gluon interactions are

« ho 14 cLET p2
L — S 1 LET\™ 99 v GA”U.I/GA ) 50
LET T Tor (T4 es™) v 2 v2 wy (50)

To obtain ¢“FT we use the full LET for the top quark sector in Eqs. 24l and 28, then add in the effect of integrating
out the heavy bottom quark partners, that is, the heavy down-type quark contributions to ¢, and ¢4y in Eq. This
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yields to O(6?),

g = —Cgy (51)
2 2 2 2
=2 (9{”’2 +oH gl 9§t2) 0507 4 9BV 4 o M, + M, ortoH 4 oMb, + M, gHbgHb.
MTQMTg MBQMBS

For degenerate heavy fermions, ¢4 is positive definite and so the contribution to double Higgs production from c4q4
always decreases the rate. Additionally, to increase the double Higgs contribution from c,,, 62 and Hg should have
opposite signs.

The mixing matrices for the W interactions are (Egs. [[3l and [I4).

1= L (05" +051%)  oPv" — oPt" 1 glivp5 o3?
Ur = | op*" — op*" + ofito5t 1§ (04 + 0" —pHY (52)
o5t —oH OHPOH! + 67007
oRboD! —oBt —0HR!
Un = | —0B" 1-4 (0B + 012" + R +0lt") ot
—gRvgtt ot pHvoH

The mixing matrices for Z interactions (Eqs. [[H and [[@)) in the charge % sector are,

1—05t% pHtpst oSt
Xt = | oftest 1—pHt>  _gHt (53)
oft _eft 9[]—/]1&2_'_92152
9}[%)162 _egt _egtz
Xp = | —0Bt 1-¢B° —oHt* gt
—0RtoH! oH gH?

The Z couplings in the bottom sector are found from Eq. (3] with the replacement ¢ — b.

V. LIMITS FROM PRECISION MEASUREMENTS

New heavy quarks which couple to the Standard Model gauge bosons are restricted by the oblique parameters |38].
In addition, the couplings of charge —% quarks are significantly limited by the measurements of Z — bb. These limits
typically require small mixing parameters. .

General formulas for the contributions of the fermion sector to AS and AT are given in Appendix A. It is useful
to consider several special cases here. For the case with only a top partner singlet (T3) with a mass Mg, > Mr,, the
only non-zero entries of the left-handed mixing matrices are,

t oyt
VL,11 = VL,33—CL
t _ £
VL,31 = —VL,13——5L
b
Vin = 1, (54)

while Vé’b can be set to the unit matrix, ¢y, = cosfr, s =sinfy, and

tan(20L) = V2 (1 — At > (55)

My A2+ A%)zﬁg

The result for large top partner masses is (after subtracting the Standard Model top and bottom contributions),

N, M2
AT] = ¢ 5 (—(1 + A YMZ — 2c2 M2 ln< Tl) + 52 M7, )
|: top singlet 167TS%/VMI%V ! ' M'12“3 :

N, M7
AS} = %53 <502 +(1- 302)ln< 2l >) : (56)
|: top singlet 187 r r r M'12“3
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where No = 3, in agreement with Ref. [15], which found that fits to the oblique parameters require s, < 0.16 for
Mrp, ~ 1 TeV at 95% confidence level. For fixed values of the Yukawa couplings, )\;, the mixing angle scales for large
]\4]’3 as,

’U)\i

Sr, ~ 57
T (57)
and the contributions to the oblique parameters from the top partner decouple,
222
[AT] ~ [AS} ~ i (58)
. . M
top singlet top singlet T3

The limit on the angle sy, in the above example arises because of the mixing with the Standard Model top quark.
Ref [15] contains an example where there is a heavy vector-like SU(2), doublet, @, along with vector-like charge
g and —z quarks U and D, which are not allowed to mix with the Standard Model fermions. This corresponds to
My = M5 =X =X =g = Ajg = 0in Eq. [ In this case, limits from the oblique parameters require that the
heavy fermions be approximately degenerate, M, ~ Mp, ~ Mp, ~ Mp,, while one combination of mixing angles is
unconstrained.

Limits can be also obtained from Z decays to bb by comparing the experimental result[39] for R; with the recent
Standard Model calculation[40],

I'(Z — bb)
I'(Z — bb)
R;™ = 0.21629 £ 0.00066
RyM = 0.2154940. (59)
Ry, can be related to the anomalous couplings of the b quark to the Z given in Eq. B3]
Rsmp—1—3575b+065b (60)
REM - . gr -09gpR -
From Egs. and [60] we extract the 95% confidence level bound,
M\? 1
(T) (1 0.224(1 — 2180 2) 2 2 TeV)”. (61)
8 + . ( - >\8MD )

The following discussion focuses on Hierarchy 2 of Section [[V] although it can be shown that the conclusions are
quite generic. We start by counting the degrees of freedom. Naively, there are 6 masses,

Mr,, Mt,, M1,, Mp,, Mp,, Mp, (62)
and 12 angles,
02'r, 00 'r: 01, 077R, 07 R, O R - (63)

However, M4 and M are the same in the top and bottom sectors, leaving a total of 16 independent parameters.
Considering Egs. [44] and B3] we see that if we forbid mixing between particles with different quantum numbers then
FCNCs involving the Z are eliminated. That is, #7¢ mixes a component of the Standard Model SU(2);, doublet with
an SU(2)y, singlet, and 08 mixes a Standard Model SU(2), singlet with a component of a vector fermion doublet.
We set these angles to zero to avoid restrictions from deviations in the 37¢ generation quark neutral current couplings,
in particular Z — bb:

9515 _ eDt _ 95b _ eDb =0. (64)

The angles 0 tR and 0H% I.r are left nonzero, since from Eq. BT we see that these are intimately tied to deviations from
Standard Model Higgs productlon rates. T he Z couplings to the top quark and heavy up-type vector quarks are then

10 0
Xt = [0 1-pH?  _plt (65)
0 —oHt gH? 4 g5t?
0 0 0
X = [0 1-08® gHt |

0 gH U’
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and the ¢t and b quarks have Standard Model-like neutral current couplings.
The W-mixing matrices in Hierarchy 2 are,

1 oPv? — gDt 0
Up = | 0P —0P"" 1 L (08" - 0") —gl® (66)
0 —pH pHbgH
0 0 0
Un = |0 1-1 (00" 1) g
0 pH! pHbgH!

Ur only depends on Hf L and 9{1 7, the mixing angles between the heavy vector fermions, while Uy, still depends on the
mixing between the heavy states with the Standard Model. Forcing the heavy-light mixing to be isospin conserving,
6Pt = 9Pt U, becomes

1 0 0
Up = |0 1-4 (68" +0ft") ot (67)
0 —olt orvoHt

and there are no gauge boson currents mixing the Standard Model top and bottom quarks with the new vector
fermions.
To summarize, taking into consideration electroweak precision observables, it is reasonable to impose the constraints:

07" = 05" = 07" =0R" =0, 07" =07" (68)
Under this assumption, the non-zero mixing angles are,
0%, 07", 0f'%, 02", 07'%, (69)
There are 2 constraints from My and M,
My = Mp,0P* = Mp,0P"°

1 2 1 2
My, <1 - Eoft - 59? > — Mp,08t9H¢

M

Mp (1——9Hb2 %9#2) Mp, 01b0H?. (70)

So, 95 = 95 b is only consistent if My, = Mp,, which fully eliminates isospin violation in the mixing between the
new heavy states and the 3" generation quarks. To make things simpler, we can also assume Mz, = Mp,, and then
Eq. [0 is satisfied when §Ht = 9H% and oHt = Hgb. (There are other possible solutions not requiring My, = Mpg,,
but for simplicity we focus on this limit.)

Now we only have a few remaining degrees of freedom: 4 masses (2 of which are known)

M, Mp,, Mrt, = Mp,, Mt, = Mg, (71)
and five angles,
9515 95b 0Dt — egb 0Ht — QII:Ib oHt eHb. (72)

At lowest order these angles are unconstrained by Z — bb and the oblique parameters only constrain the mixing among
the heavy quarks. These constraints can be found in Ref. [15]. Although this result can be shown generically without
assuming that 02 and 3 are small, these angles will manifest themselves in the CKM matrix when considering mixing
among the first three generations [20]. We therefore continue with the small angle approximation.

VI. RESULTS FOR HIGGS PRODUCTION

In this section, we compare the accuracy of the low energy theorem (LET) with the effective Lagrangian obtained
by including the top and bottom quark mass effects (EFT), Eq. B3] as well as with predictions obtained using the



15

full theory. We have two goals: the first is to understand the numerical limitations of the approximations to the
full theory. Our second goal is to search for a regime where single Higgs production from gluon fusion occurs at
approximately the Standard Model rate, while double Higgs production is significantly altered. Again, we focus on
Hierarchy 2 of Section [V B], since Hierarchy 1 (Section [V Al does not lead to significant deviations from the Standard
Model (Eq. E4]).

We normalize the predictions to the Standard Model rates,

R = a(gg — h)
h=
o(gg — h)sm
— hh
Ry, = _olgg = hh) (73)

o(gg — hh)sm

The low energy theorems of Eqs. [ and 27 including only the up-type quarks, predict to O(drgr),

Ry ~ 14+20rEr

4rET
Rpp ~ 1426 — 74
hh +20LET FSM (Mz, = 00) (74)
and
3M?
SM _ h
F (MTI_)OO):I_is—M}%’ (75)

where 6rpr = 2A3v2( M A; — A7)/ X is given in Eq. and Fp is defined in Eqs. [79] B3] B4l In the effective field
theory language of Eq. B3 dppr = ¢4. The presence of the A3 coupling does indeed allow single Higgs production
to differ from the Standard Model prediction. However, once Ry, is measured to be approximately 1, the deviations
of Rpp, from 1 are restricted to be small. Thus in order for the double Higgs rate to be different from the Standard
Model prediction, we need a region of parameter space where the low energy theorem is not valid.

The rate for single Higgs production in the effective theory including all top and bottom quark mass effects (EFT),

1

but integrating out the heavy vector-like fermions to O<W and assuming &y, 6; and ¢, are small, is given by,
X

| (L+0)F1ja(rry) + (1 +05) Frja(7,) + ¢ F5, |2
| F1/2(7-T1) + F1/2(TBl) |2

5t | Fiyo(rry) |2 46 | Fijo(7s,) |2 +(0¢ + 6b) Re (Fl/Q(TTl)F;/Q(TBl)>

| Fyyo(try) + Fiy2(7B,) 12 }

FaRe(Fyjatrn) + Fualr) )
| Frjo(mry) + Frya(7s,) 2

Ry, —

~ 1+2{

e rg ] , (76)

where 7; = 4M? /M7,
Fipp(r) = =271+ (1 = 7)f(7)]
2
[sin_l <%>} if7>1
i) = v : , (77)
—%[ln<i\/7‘/g> —’L'7T:| ifr<1

and Fyy, = —3 in the My, — oo limit of Fy/o(7r,). Neglecting the b contribution and noting that F o (7r,) is well
approximated by Flo;’z,

Ry ~142(6; +¢,). (78)

The ¢, contribution is in agreement with the LET result of Eq. [[4l
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FIG. 2: Non-box contributions to the spin-0 component of gg — hh. The dark circles represent the non-Standard Model
contributions, while the solid lines are either t— or b quarks.

FIG. 3: Box contributions to gg — hh. The dark circles represent the non-Standard Model contributions, while the solid lines
are either t— or b quarks. The crossed diagrams from the initial state are not shown.

Double Higgs production can be analyzed in a similar fashion. The diagrams shown in Fig. 2l contribute only to the
spin-0 projection, while the box diagrams shown in Fig [3 have both spin-0 and spin-2 components. The amplitude

for g4+ (p1)g® " (p2) — h(ps)h(ps) is

v 045 v i
AQB 6ABZ|: plap? FO(Satvu M; ) +P5L (plap27p3)F2(Svtau7Mj) ) (79)

where the sum is over the diagrams, M; denotes all relevant quark masses, P; and P> are the orthogonal projectors
onto the spin-0 and spin-2 states respectively,

Pl (p1,p2) = p1-p2g"" — pivh |

1
Py (p1,p2,p3) = p1-pag"” + oz (Miipiph — 2p1.p3 phpy — 2p2.p3 DYDY + sP5DY) (80)
T

s,t, and u are the partonic Mandelstam variables,

s=(p+p2)?, t=(p1—ps)’, u=(p2—ps)°, (81)
and pr is the transverse momentum of the Higgs particle,

ut — M

2
= —" 82
pPr s ( )

The individual contributions from the diagrams of Figs. 2 and B to O(ng—) are:
X

) oM AN, AM3,
FO() = 4(8_7]’(42){(1—1-&)}71/2< 5 >+(1+5b)F1/2< . )}

» AM2, aM3,
FO = —5tF1/2 + 5bF1/2

FéC) = —Cyg

3M?2
F(d) — _ h
0 s M3

FO(bOLE) — (1 + 25t)F0(b0w7SM) (S, t7u, MTI) (1 + 25 ) bOw S]W)( 7t; u, MBl) (83)
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FIG. 4: Standard Model rate for pp — hh from gluon fusion using the LET of Eq. [[4] normalized to the exact cross section.
This plot uses CT10NLO PDFs.

where F2°"5M (st u, Mp,) — 1 for My, — 0o and FO(bOI’SIV[)(s7 t,u, M;) contains the 6 box diagrams with a fermion

of mass M; in the loop. Analytic results can be found in Refs. [41,142]. In the effective theory, the spin-0 contribution
is,

Fy = R+ FRY+ R+ B + R
3M?
— {1—5,5—%4 —W{l—l—(&—l—cy] (84)
where the 2"? line is found in the limit M3 > s and neglects the b contribution. Taking ¢gq = —cg,
Fy — {1 + 6 + cg] ESM (Mg, — 00) — 2(cy + ) - (85)

The ¢, contribution is in agreement with the LET result of Eq. [[4, while the ¢; contribution is no longer proportion
to the Standard Model result.

The LET prediction for the total cross section for double Higgs production in the Standard Model normalized to
the exact result is given in Fig. @ as a function of center-of-mass energy. At v/S = 13 TeV, the LET is a reasonable
approximation to the total rate, while at higher energies the deviation from the exact result becomes large. We show
this for two choices of factorization and renormalization scales, iy = p, = 2Mj, (solid) and py = p, = My, (dashed).
The size of the deviation between the LET and exact calculation is very sensitive to the scale choices.

The divergence of the LET from the exact result can be understood by examining the partonic cross section for
g9 — hh shown in Fig. Bl For partonic sub-energies above around 1 TeV, the LET and the exact results increasingly

2
differ. The LET contains terms ~ %’gh, which are not present in the exact result.
T

The first hierarchy of small angles olf Section [[V] reduces to the Standard Model, so we do not expect to gain insight
from examining this limit. The second hierarchy, (Section [V BI), however, is more interesting. In Figs. [B and [7 we
show the total cross sections for gg — hh at v/S = 13 TeV and 100 TeV as a function of the lightest top partner mass,
Mr,, for a specific choice of small angles using the parameterization of Eq. The LET significantly overestimates
the rate at v/S = 100 TeV, but is a reasonable approximation at v/S = 13 TeV. The EFT, which contains the top and

3 Our normalization is % times that of Ref. [41] for the boxes.
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FIG. 5: Standard model partonic cross section for gg — hh.

bottom quark contributions exactly, agrees within a few percent with the exact calculation. From Egs. and [51]
we see that the EFT and LET depend on differences between the heavy vector-like quark masses and not the overall
mass scale. This result is confirmed in Figs. [l and [[] which show all the results are insensitive to the heavy quark
mass scale.

It is well known that the LET does not accurately reproduce distributions for double Higgs production|15, [18, 143].
For a choice of small angles and heavy quark masses, we show the invariant mass distribution of the Higgs bosons,
dfﬁ, in Figs. 8 @ 00, and [T at the LHC with v/S = 13 and 100 TeV. We include the Standard Model distributions
for comparison. The LET does a poor job of reproducing the exact distributions, both in the Standard Model and in
the top partner model. The curves labelled “SM” and “Full Theory” contain the exact one-loop calculations for the
Standard Model and top partner model respectively, while the curve labelled “Top EFT” is the top partner model
calculation using the results of Eq. The EFT reproduces the exact calculation quite accurately. We show this
for two parameter points to illustrate the robustness of this conclusion. Both points reproduce the Standard Model
single Higgs production rate to within ~ 10%. In a given model, therefore, the EFT can be used not only for the total
rate, but also for distributions. The distributions in the top partner model are quite similar to the Standard Model.
Scanning over small angles, we were not able to find an example with a large deviation from the Standard Model.

VII. CONCLUSIONS

We considered a scenario with both SU(2)r singlet and doublet vector-like fermions. Such a scenario could in
principle have large deviations from the Standard Model predictions for single and double Higgs production. However,
we were unable to find parameters consistent with electroweak precision measurements and the single Higgs production
rate which gave a significant deviation from the Standard Model prediction for double Higgs production.

We constructed two versions of an effective theory. The well known low energy theorem (LET) treats all fermions as
infinitely massive. The total cross section for Higgs pair production is well approximated by the LET at /S = 13 TeV,
but increasingly differs at higher energies. The LET cannot reproduce the invariant mass distribution of the hh pairs.
In order to include top quark mass effects, we derived an effective Lagrangian (EFT) containing only light fermions,
but with non-Standard Model coeflicients, which we computed to O(ﬁ) The EFT obtains accurate results for both
total and differential double Higgs rates. Our results can be used to reliably compute the leading effects of models
with heavy vector-like fermions.

An important result is the observation that the coefficients of the effective Lagrangian of Eq. B3| are not free
parameters, but are related to each other in any consistent model. Despite the proliferation of Yukawa couplings in
Eq. [ a consistent treatment yields an effective Lagrangian which depends on only 3 parameters, dp, d;, and ¢,. This
is similar to the case in composite Higgs models where deviations in Yukawa couplings and new effective operators
relevant for double Higgs production are tightly correlated [21]. Hence, we expect the EFT used to study Higgs
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FIG. 6: Total cross section for pp — hh for a choice of small angles using the hierarchy of Section [[YBl The EFT and LET

results are normalized to the exact one-loop calculation.
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production in composite Higgs models to be a very good approximation to a complete calculation.
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Appendix A: Oblique Parameters

The limits on the parameters of the fermion sector arising from contributions to gauge boson 2-point functions can
be studied using the S,T" and U functions following the notation of Peskin and Takeuchi[3§],

45%/11612/17 2 2 CIQ/V - 512/[/ 2
oS = ( ){szuwz) T2(0) — Ty (M3) — —HMMZ)}

M cw Sw
~ (Tww(0)  Tlzz(0)
ol = ( MZ M) (86)

In terms of the mixing angles and the mass eigenstates of the full theory, the contributions from heavy quarks,
including the Standard Model top and bottom quarks, to AT and AS are|32, 44],*

Ne
AT = L6752, M2, {Ei,j—1,273[(| Ur.ij |* + | Ur |2>9+(MT¢=MB]') +2UL,ijU]Tg)ij9_(MTi,MB].):|

—Yi<j=1,2,3 [(| Xi,ij I+ X;%,ij |2> 0+ (Mr,, M1;) + 2X£,in§{ij0*(MTi7MTj )}

IS [(| XY+ | X |2)9+<MBHMBj> L oxy XY 0 (Mp,, M, )} }

N,
AS = 37 M2 {Ei,j—1,273 K| UL.ij I> + | Urij |2>¢+(MT“MBJ-) + 2UL,ijU}TQ7ij¢—(MTi7MBj):|

—Ei<j:1,2,3 [(| Xi,ij |2 + | th%,ij |2) X+(MTNMTJ-) + QXE,ing,inf(MTmMT]‘ )}
_Ei<j:1,2,3 |:<| Xz,ij |2 + | X%,ij |2) XJF(MBi’MBj) + 2X2,ingtin*(MBiaMBj ):| } ) (87)

where the functions 64, x4+ are defined below and N, = 3.

2m2ma3 m?
9 _ 2 2 1ma (™M
+(m1,m2) miy +mj m% — m% n m%
2 2 2
0_(my,mg) = 2m1m2{ ;—i—mg 1n(m—;> —2}
17— My my
01 (m,m) 0
0_(m,m) = 0

(88)

4 We assume all entries in the mixing matrices are real.
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22m3 + 14m3 M3 log(m%> N 11m? + M2
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_ m?+m§_(m?—m§)2+[(m?—m§)3_<M_§>m?+m§
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m2 — M2 m2 — M2
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+[T_ 6 6M2 Fmy,ms)
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mi — mj mi +ms3 mj
= - 2 - (7
| [2+ (™ - e ) m ()
1
+s5 (f(mlvml) +f(m2,m2)) - f(m1,m2)}
=0
A 2 _ 2 2 2 _ 2 _ 2
_ _(2£> {man(w> _arctan(w
MZ Mz\/z Mz\/z
0 if,A=0
1 24 md— M2+ Myy/—A
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