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Broad composite resonances and their signals at the LHC
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The existence of the SU(2); triplet composite spin-1 resonances p* is a universal prediction of the
strongly interacting new physics addressing the naturalness problem. Such resonances have not been
found in the diboson final states, which are expected to be the dominant decay channels. In this work we
propose a new scenario where the left-handed quark doublet ¢; = (¢;, b; ) is fully composite. In this case,
the p resonances can be broad and mainly decay to the third-generation quarks. The {7 resonance search
channel is comparable in sensitivity to the dilepton channel. In addition, the same-sign dilepton channel in
fip®-associated production can probe the large-width region and complement the Drell-Yan production

channels.
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I. INTRODUCTION

The discovery of a Higgs-like boson at the LHC [1,2]
was a big step towards the understanding of the electroweak
symmetry breaking (EWSB). An attractive solution to
the associated naturalness problem is provided by the
composite Higgs models, in which the Higgs is a
pseudo-Nambu-Goldstone boson emerging from the spon-
taneous symmetry breaking G/H of some strongly inter-
acting composite sector at O(TeV). The EWSB is triggered
by some explicit G-breaking interactions between the
elementary Standard Model (SM) sector and composite
sector [3-5]. An important signal of composite Higgs
models is the presence of composite resonances. A spin-1
resonance similar to the p of QCD (denoted also as p here)
is probably one of the most obvious targets for collider
searches. In most previous studies, the p resonances tended
to be narrow and decay dominantly to the SM diboson final
states (i.e., WEZ/W*h, WTW~/Zh) [6,7]. In this article,
we propose a new scenario where the left-handed third-
generation quark doublet g; = (1;,b;)T is a massless
bound state from the composite sector. The p resonances
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can be broad and mainly decay to the third-generation final
states (i.e., 17, bb, th/1b). The search for spin-1 composite
resonances will be more challenging, as will be discussed in
this work. Currently, the LHC experimental collaborations
are planning for future search strategies, including the high-
luminosity upgrade. Our paper emphasizes a new direction:
the search for broad resonances. We present a benchmark
model in the framework of composite Higgs models,
offering timely motivation and important targets for testing
the strategies in this new direction of LHC searches.

The symmetry structure of a composite Higgs model is a
coset G/H, where the strong dynamics preserves H even
after confinement. Hence, the composite resonances should
fill complete multiplets of H. The SM gauge groups are
embedded in H. In popular benchmarks of the composite
Higgs model, the SM fermions are treated as elementary.
The third-generation fermions acquire their masses through
mixing with composite fermions [3—5]. In this scenario, the
coupling between the SM fermions and p is suppressed by
either p-SM gauge boson mixing or elementary-composite
fermion mixing. The p resonances couple strongly to other
composite states, such as the longitudinal modes of W and
Z, and the Higgs boson. However, the lack of color factor
enhancement and some accidental small factor lead to a
decay width—mass ratio of the p of O(g3/96x). Hence, the
p resonance appears to be narrow even if g, is sizable.

The heaviness of the third-generation fermions motivates
considering some of them as fully composite, as part of a
complete multiplet of H. Previously, 7z has often been
treated as a fully composite singlet of H [8,9]. Though
simple, this is not the only possibility. We will consider
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other possibilities. These give very different predictions for
the width of the p resonances, which lead to qualitatively
new features and challenges for collider searches.

II. THE MODEL

We present here a model that realizes the new features
discussed in the Introduction. Beginning with the fre-
quently used coset SO(5)/SO(4), we consider the left-
handed third-generation quarks as fully composite,
embedded as a 4 of SO(4),

ib, —iX,
1 by +X X
el () o
V2| i, +iT, qL
—tp+T1/ o3

where P is a4 x 4 unitary matrix. Under the decomposition
SO(4)x U(1)y - SU(2); x U(1)y, the quartet can be
decomposed as bidoublets,

dy/3 = 27,6 D 26 (2)

qr = (t7,b;)" and gF = (X, T1)" have the SM quantum
numbers (3,2), 5 and (3,2)/6, respectively. We assume
that the right-handed top quark #; is elementary. We
also introduce an elementary doublet g5 = (Xg, Tg)? with
SM quantum number (3,2);,,, which pairs with g7
and becomes massive [10]. We will write them as incom-
plete 5's of SO(5): 1z =(0,0,0,0,7¢)],; and g =
1/7V2(=iXg, X, iTg, Tk, 0)5/3. The spin-1 composite res-
onances—the p’s—span the adjoint of SO(4) = SU(2), x
SU(2)g. We mainly focus on the 3 of SU(2),, p*,
with @ =1, 2, 3. The relevant Lagrangian, following

the standard Callan-Coleman-Wess-Zumino procedure
[11-13], is

1 m, _x;
L= =gpisp™ +3 5 (G0 = ) + qgiPay

P
) _ 2
+ tRiDtR 4+ ‘PL]/” <1VM +§ngy> ‘PL
+ e WL T (g0 — eit) = yirf T UYL
— yZRfi%UlPL ‘l‘ H.C. 'I" ZaiQia (3)

where V, =0, — e, T — ie;* T“%. The field-strength tensor
is b =0,pl" —D,piit +g,eplipit. U=exp{iEhT'}
is the Goldstone matrix, with 7' being the generators of
SO(5)/SO(4). The Q,’s are a set of higher-order operators
[11]. The top-quark mass M, and the top partner masses M x
are given by

M, ~ Yar?U

N

There are various indirect constraints on this model.

My = yirf, My~ ygf. (4)

III. THE ANOMALOUS COUPLINGS

The first set of constraints comes from the modification
of the Zb, b, Zt, T,, and Wt, b, couplings. The composite
fermion kinetic term has an accidental P;p parity sym-
metry, which exchanges T% <> T and e," <> e,* [11,14].
This protects the Zb, b; coupling at tree level, avoiding
dangerous deviations with sizes &= v?/f?. More explic-
itly, the Lagrangian in Eq. (3) contains two potentially

dangerous operators: O] = g, y*q,(H'iD,H) and (’)(f)q =
<> -

qry"oq (H'6*iD,H). They can modify the Zb, b, cou-

pling as 5g;, = —% (] + c(L3>q) [15]. In our model, these

contributions cancel since ¢! = —c\" = 1/(4f2), as
shown in Eq. (3). However, the mass terms in Eq. (3)
do not preserve the P;p, which corrects the Zb,b,
coupling at the one-loop level. We have checked that their
constraints are weaker than the S, T-parameters [16,17].
The modifications to the Wt, b, and Zt, 7, couplings arise
at tree level, given by ogw,», ~ 697, ~ —&/4 [18]. The
bound from electroweak precision tests (EWPT) is
16921,1,| < 8% [18,19], which limits & < 0.32. The newest
limit of the Zt; 7; coupling from f7Z-associated production
at the 36.1 fb~! LHC is 169211, | < 10% (95% C.L.) [20],
corresponding to £ < 0.4.

IV. OBLIQUE PARAMETERS

In our model, the strong dynamics preserves an SO(4)
symmetry. Since SO(4) contains the custodial SU(2),
there is no tree-level contribution to the T-parameter.
The S-parameter receives a tree-level contribution from
the mixing of p and SM gauge bosons. One-loop contri-
butions to 7" and S come from heavy quarks, p resonances,
and the modified Higgs—gauge boson couplings. Since our
model in Eq. (3) is nonrenormalizable, the loop contribu-
tions to S and 7 are in principle incalculable. We regulate
the divergence with a cutoff A = 4z f. We use the results of
Refs. [21-23] for the contribution from the loop of p’s, and
calculate the contributions from fermion loops using the
formulas in Ref. [24].

There can also be an additional contribution to S-
parameter from higher-order operators. An operator that
is particularly relevant is

Q2 = g/)leL/ EaL/,w’ (5)

where E,‘fﬁ is given in Ref. [25], and
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u cos zfgzwﬂ | |2s1 2f (91B,, %) (6)

in the unitary gauge. It can contribute to the mixing
between p and SM gauge bosons, and hence shift S-
parameter. According to the so-called partial UV comple-
tion assumption, a, < 1/ g% [11]. Therefore, the kinetic
mixing between p, and W, induced by Q, is subleading.
We often define 5, = gja,, with f5, being a O(1) param-
eter. There is no similar contribution to 7-parameter, if we
assume custodial symmetry is preserved in the UV com-
pletion. In Fig. 1 we plot the 95% C.L. bound from S and T
measurements in the M, — g, plane with a, = m,/(g,f) =
1/2 with different values for , and y,z (see the Appendix
for the analytical formulas for S and 7 in our model at
leading order in &), using the limits on § and 7 in
Ref. [26]:

S =10.02+0.07, T = 0.06 £ 0.06, (7)
with a strong correlation of 92%. Note that the mass of the
top partner is roughly given by yzf. A small y,r will lead
to a strong constraint on f due to contributions to S and T
of O(M?/M%). Meanwhile, y;; explicitly breaks the
custodial symmetry and a larger y,, will lead to a stronger
constraint. We find that y,z ~ 2 gives the weakest bound
in our parameter space, as can be seen from the figure.
p> = 1/4 significantly relaxes bounds in the small-M,
region, as the tree-level contributions to S-parameter from
the higher-dimensional operator Q, and the mass term
cancel. The bounds from EWPT can be further relaxed
if there is a new positive contribution to 7-parameter
[21,22,27-29].

TTTTTTTWT‘FTTTTHT{TTTTTHTTTTTTTHTTT‘TT TTTTTJ,YHTTTT
6 E EWPT E
F 95%/C.L.Excluded region B
SE 5 > 3
E nr=3
E Y1r=2 E
4 ynr=1 -
S E
E. Solid thick: S,=1/4 ]
C Solid thin: S,=—-1/4 ]
3 Dashed: 8,=0 E
2F =
1 B s b L A

1 2 3 4 5 6 7
M, [TeV]

FIG. 1. The indirect bound (95% C.L.) from EWPT in the
M,- lane for a, = 1/2 with different values for and f,.
P gp p P VIR 2

The orange contours & = 0.13 and 0.04 represent the indirect
bounds at the current and 3 ab~! LHC [30-34], respectively.

Finally, we briefly comment on the flavor physics
implications. The main issue is the mass difference between
the B and B mesons, which requires [35]

0 2
Ecay (VL‘D <2x1073, (8)

where 0, is the projection of b; into the d mass eigen-
state, and ¢y, is the Wilson coefficient of the operator
(1/f*)q1v"q1317,4q.- In general, this strongly constrains
the fully composite left-handed top-quark scenario [36,37].
However, this constraint is very dependent on the under-
lying theory of flavor. For example, the Cabibbo-
Kobayashi-Maskawa matrix can originate from the
up-type quark sector. In this case, the down-type sector
is flavor diagonal, i.e., 8,, = 0, making the model free of
the B-physics constraint.

V. COLLIDER SIGNAL

The most significant difference between the collider
signal of the spin-1 composite resonances in our model
and those of the previously used benchmarks is the width.
The branching ratios into different final states and the total
decay width for the neutral resonance p° are shown in
Fig. 2. Since ¢, is fully composite, its coupling to p is of the
order g,. The dominant decay channels are 7 and bb for
M, <2Mx.1f M, > 2M, the decay into top partner pair is
significant, which is almost half of the total decay widths in
this region. Broad p resonances caused by the decay to top
partners were studied in Refs. [38,39]. The branching ratio
to the diboson final state is suppressed by a factor of
ay/(2N.). The suppression of the diboson branching ratio,
especially at small a,, makes them much less relevant.

10° g e 100%
O 80%
172} 10 4
.2 1
N N
s 160%
2107 | =
= 1 <
2 1409
= L ]
R 03 ]
E 3 20%
L rr 5x (|T+TI'>§
104 L Lunn Lot [T [ ] 0%
1 2 3 4 5 6 7 8

FIG. 2. The decay branching ratios and the total width-mass
ratios of p. We set g, =4,a, = 1/2, My =2 TeV,and ¢, = 1 for
the branching ratios. For I',/M,, the two magenta curves
represent g, = 4 (solid) and 5 (dashed).
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FIG. 3. Shape of the broad composite resonance at the LHC.
We set M, =3 TeV, a, =1/2, yjg =2, and ¢, = 1.

This is very different from the well-studied cases, where the
diboson channel is the most sensitive [7].

For broad resonances, the usual narrow-width approxi-
mation does not apply, nor is it correct to just add a large
constant width to the propagator. Instead, we need to
replace the propagator

1 1
ﬁ b
(3 —M2)> + M2T2 (5 —M2)* +3°T%/ M

©)

where /5 is the parton center-of-mass energy. This has a
significant impact on the shape of the resonance at the
LHC, as shown in Fig. 3.

There is no LHC search fully optimized for the broad
resonances presented here. Achieving maximal sensitivity
will be a challenge that deserves much more detailed
studies. In the following, we will recast some of the
LHC searches that still have sensitivity and highlight the
difference with the well-studied benchmarks.' First of all,
the searches in the diboson channel are not sensitive due to
its suppressed branching ratio. Moreover, the limit set by
searching for narrow resonances in the f7, bb, th /b, and
£*¢~ final states will not apply if I',/M, > 40%. The
systematic uncertainties on the backgrounds will have a
large impact for the large-width case. There are several
broad resonance searches at the LHC in the above channels,
but most of the searches have used the constant decay
width approximation which could mismodel the signal. For
the t7 channel, the large-width effect has been considered
uptol’,/M, ~30% by ATLAS [41] and CMS [42]. While
ATLAS searched in the semileptonic final state, the CMS
analysis combined all possible final states and is more
sensitive. In Fig. 4, we show the present limits and

'Another dedicated recasting for a similar scenario can be
found in a recent study [40].

T 80%

pp-p’-Itl-

pp-p’-ti E
pp-tip’>titi %
3 40%

r,/M,

120%

110%

M, [TeV]

FIG. 4. The current and projected constraints. The parameter
benchmarks are y;z =2, a, =1/2, and ¢, = 1. The ¢ and
£T¢~ bounds are based on the results from CMS [42] and
ATLAS [43], respectively. For the {7p® — f7f channel, we use
the SSDL event contour N(£*¢* + jets) = 20 to set an esti-
mate for the 3 ab~! LHC.

projected (3 ab™!) reach for the 7 channel (red shaded
region) based on the CMS result. The colored regions are
truncated at g, ~ 4 (I', /M, < 30%), beyond which reliable
extrapolations from current searches are not possible.
When g, increases, the reach of M, first decreases because
of the suppression of the coupling between the p resonance
and valence quarks at large g,. It then increases as the bb-
initiated production becomes important. The possibility of
abroad p° decaying into #+#~ has been studied by ATLAS
[43],uptoI',/M, = 32%. The corresponding limit and its
extrapolation to 3 ab~! are shown in Fig. 4 (blue regions).
The mass reach in the low-g, region is higher than the 7
channel, while in the high-g, region, due to the branching
ratio suppression, Zt#~ is worse.

Currently, there is no strong constraint from the bb
channel. ATLAS has searched for a broad bb resonance up
tol',/M, = 15% [44], but the constraint is too weak to be
shown in Fig. 4 due to the low integrated luminosity
(3.2 fb~!). CMS searched in the dijet channel for both the
narrow and broad resonances [45]. The study considered
the dynamical width effect, and gave results for I',/M, up
to 30%. Without b tagging in this search, its limit is weak.

Besides the Drell-Yan processes, there are other sensitive
channels. Since the left-handed top is strongly coupled, the
same-sign dilepton (SSDL) channel in the four-top final
state pp — t1p® — f#tf can be useful [46]. This channel has
a mild dependence on the modeling of the width. The
estimated sensitivity in our parameter space set by requiring
20 SSDL signal events (the green contour) is shown in
Fig. 4. This channel can cover the large-g, region, which is
hard to probe via Drell-Yan processes.

The signature in the large-coupling region g, X 4 would
be a very broad heavy resonance in the £7¢~, fi, bb,
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and tb/7b final states. One possible way to enhance the
sensitivity is to consider the interference between the signal
and the SM irreducible background. This is similar to
exploring the energy-increasing behavior coming from the
higher-dimensional (four fermion) operators [47-56]. Since
our p resonance is color neutral, the Drell-Yan production
channel does not interfere with the QCD ¢7 background.
The r-channel bb — bb and Drell-Yan #7#~ channels do
interfere with the SM irreducible backgrounds. Due to the
suppression of the bottom parton distribution function at
high energy and the suppression of the dilepton branching
ratio at large g,, they do not have significant sensitivity to
the region M, 2 4 TeV, g, 2 4. The productions of top
partners 7 and X can probe our model. Compared to pair
production, the single production of 7" and X can reach a
higher mass region. We estimate the sensitivity in the SSDL
channel from the single production of the charge-5/3 top
partner X, requiring N(£=¢* + jets) = 20. It can reach
My ~ 2.6 TeV (corresponding to & ~ 0.036, with y,;r = 2,
a,=1/2, and ¢, = 1). Additional handles on the signal
could become important as the reconstruction of a sharp
resonance is less effective. For example, the p reso-
nance strongly interacts with the left-handed top quarks,
and the polarization measurement of the top quarks in
the 7 final states can also help improve the sensitivity.
It is well known that in the top-quark rest frame, the
polar angle @ distribution of the charged lepton from
the decay t— bf"v reflects the right- (left-)handed
polarization of the top quark, i.e., dN/dcos@; ~ 1=+
cos@; [57-62]. Since the QCD-produced top pairs are
unpolarized, this distribution asymmetry can be used to
distinguish our signal from the background. See, e.g.,
Refs. [63,64] for detailed studies.

VI. CONCLUSION

In this article we considered the scenario that the left-
handed third-generation quark doublet ¢; = (7,,b,)7 is a
massless bound state of the strong dynamics, using the
minimal coset SO(5)/SO(4) as an example. We studied the
constraints on our model from EWPT (S, T-parameters,
and 8¢ ;) and direct searches at the LHC. Instead of the
diboson final state in the case of narrow spin-1 resonances
in the minimal composite Higgs model, the smoking gun
signature of our model is the broad resonances in the 77, bb,
£t¢~, tb/1b, and four-top final state channels. We have
recast the searches at the present LHC and made projec-
tions for the HL-LHC. We found that ¢7 is comparable to the
dilepton channel in our model, and the SSDL from the four-
top channel can probe the large-g, region. Further studies,
taking into account additional information such as the top
angular distribution and polarization, are needed to fully
optimize the search for such broad composite resonances.
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APPENDIX: ANALYTICAL FORMULAS
FOR S, T-PARAMETERS

In this Appendix, we list the analytical formulas for S, 7-
parameters in our model. We assume that £ is small and
keep the leading terms in the £ expansion. As discussed in
the main text, the total contribution can be divided into
three classes: the fermion loop, the p resonance loop,
and the Higgs loop with a modified Higgs—gauge boson
coupling:

S:Sf+S/)+SH, T:Tf+T/)+TH (Al)
The result for S-parameter reads
N In(el) - 15)
T 187y7x
N &(4In(M21e ‘ymf )+ 17 - 121n—)
- 36x
4z 41
s, = (1 apy) - = [1 + 22
5 16
3228242—2—21A
+Z<ap + + ﬂZ(apﬁZ a, )) Ogm_
P
3 2 3 2002
- 5ﬂ2(9ap -4)+ §ﬂ2(9ap -8,
¢ N
SH - —ln_» (Az)
122" M2
while the result for T-parameter reads
)
. N M? (6 In(2ef) - 11)
! 247 My 53y yipf?
,2Rf2
+NCM%§(%ln(y}W? ) — 5) N,y2p02E
24zM3,s3, 967tMWsW '
9¢ 8 A 3
T = 2 1—= 2 1 2 ,
’ 32nc%VaPK 3ﬁ2> T3 3ﬁ2+ S
3
S "

n-—.
167 ¢}, M
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The cutoff A is chosen as 4zf. From the formulas, we
can see that the IR contributions to S and T from the
modified Higgs—gauge boson coupling are anticorre-
lated. Since the measurements of S, T-parameters
are strongly correlated (92%), this will put a
strong bound on ¢ <0.012, if there are no other

contributions. In our model, both Sy and T, tend to
be negative and the absolute value of 7'y is preferred to
be larger than S;. Since the p contribution can be
positive, adding the p contribution can relax the bound
a little bit.
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