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  Motivation for VLQs

2

The simplest scenario is  vector-like quarks  mix with  light SM quarks via 
Yukawa interaction,  thus contribute to exotic  Higgs pair production.

Vector-Like Quarks exist in several BSM scenarios: Little Higgs Models,  Extra 
Dimensions, Strong dynamics and so on.

In Little Higgs model and Composite Higgs Model, vector-like top partners  
play the role of stabilising the Electroweak symmetry breaking. 

Vector-like quarks may interplay with new coloured scalars, heavy vectors,  
possible to  generate rich phenomenology. 
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Types of VLQ and Yukawa Interactions
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There are 3 possible doublets: one with the SM hypercharge Y , and two others with Y ±1.

Finally, one can add two triplets with hypercharge Y ± 1

2

.

In the following we will denote by U and D the heavy partners of the up and down SM

particles, namely the states that will mix with the SM fermions. We will denote by a X

the eventual extra fermion that does not mix with SM ones, because of a di↵erent electric

charge.

2.1 Two fermion mixing

The Yukawa coupling � connecting the heavy fermions with the SM ones will generate

a mixing between the two states, with the light one to be identified with the SM mass

eigenstate. In general, there are two types of mixing: the singlets and triplets couple to

the left-handed doublet, while the doublets couple with the right-handed singlets. In the

following we will study these two cases in general, adding two heavy states, U and D, and

parametrising their mixing with the SM states. This formalism can then easily adapted to

the di↵erent representations of the heavy fermions.

In the case of singlets and triplets, after the Higgs doublet develops a vacuum expec-

tation value

hHi =
 

0
v+hp

2

!
, (2.2)

where v ⇠ 246 GeV and h is the physical Higgs boson, the mass terms will look like

L
mass

= �yuvp
2
ūLuR � x ūLUR �M ŪLUR + h.c. , (2.3)

where x ⇠ �v with the proportionality factor depending on the representation U belongs

to (a similar expression holds for down-type fermions). In the singlet case, a mass term

ŪLuR is also allowed, however one can always find a combination of UR and uR to remove

such parameter and redefine the Yukawa couplings.

The mass matrix can be diagonalised by two mixing matrices

V L,R
u =

 
cos ✓L,Ru sin ✓L,Ru

� sin ✓L,Ru cos ✓L,Ru

!
, (2.4)

defined as
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!
, (2.5)

where mt0 � M � mt. The relations between the three input parameters and the mixing

angles and masses can be expressed as
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[Aguila, Victoria and Santiago,  2000]

M is the  Dirac mass for vector-like quark

Yukawa mixing  of  T/B and SM quark

Yukawa interaction 
is determined by 
EW Symmetry  
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Mixing Patterns
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Interplay of  2 VLQs

5

0

BBBB@

mu

mc

mt

y11 y21 y31 M1

y12 y22 y32 M2

1

CCCCA

0

BBBB@

mu x

1
1 x

1
2

mc x

2
1 x

2
2

mt x

3
1 x

3
2

M1

M2

1

CCCCA

0

BBBB@

mu x

1
2

mc x

2
2

mt x

3
2

y

1
1 y

2
1 y

3
1 M1 !

!

0
M2

1

CCCCA

Case A: 2 doublets mixing Case B: 2 singlets/triplets mixing

Case C: 1 singlet/triplet and 1 doublet mixing

Left and right rotations 
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[Cacciapaglia, Deandrea, Gaur, 
Harada, Okada, Panizzi  2015]

In a realistic set-up, there exit more than one VLQ multiplets, which change branching 
ratio and loosen the corresponding experimental constraints.
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Effective Lagrangian
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[Les Houches proceeding,  2015]
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For H-T -u and H-B-d , we parameterize ̂T/B
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p
2
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p
⇣ i/2�0h, to

charactrize the linear mass dependence of the couplings.
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For H-T -u and H-B-d , we parameterize ̂T/B
L/R =

p
2
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vSM
T/B

p
⇣ i/2�0h, 2�

0
h ⇠ 1

for MT/B ⇠ O(TeV), to charactrize the linear mass dependence of couplings.

For H-T -u and H-B-d , we parameterise ̂T/B
L/R =

p
2
MT/B

vSM
T/B

p
⇣ i/2�0h, 2�

0
h ⇠ 1

for MT/B ⇠ O(TeV), to characterise the linear mass dependence, so that T/B is
proportional to mixing angle between VLQ and SM quarks.

Haiying Cai (IPNL, France) Higgs pair production via VLQ 8 / 35

These interactions give decay channels: T/B ! Wq,Zq,Hq, X/Y ! Wq.
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Degenerate Bi-doublet Model
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Atre, Carena, Han and Santiago,  2009  (Original Model)

Interplay of 2 VLQs

One special case is 2 vector-like quark SU(2)L doublets carrying hypercharges of
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In the case of y1 = y2, this model gives one top partner mainly couple to Higgs
and one top partner mainly couple to Z-boson.

Haiying Cai (IPNL, France) Higgs pair production via VLQ 7 / 31

Due to sole mixing with u-quark

Maximise the  branching ratio of  T decay into Higgs plus jet !

New parameter 
in a generalised 

bi-doublet model 
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S and T Bound for Bi-doublet
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consider merely S-T bound,       could be large;
EW process competitive with QCD process !

 M = 1000 GeV; mix with first generation   T -u-h: ̂T
R =

p
2

MT
v T ,

p
2T = sin�R cos�R.

For tan� 6= 1, EWPT bound is stringent,

with only mild dependence on VLQ bare

mass MQ.

T

In special case tan� = 1: �T ⇠ 0 and

the log(m2
u/M

2
) term disappears in�S,

EWPT bound is very loose.

Blue (1�), Green (2�), Orange (3�)

H.Cai work in preparation
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LHC Bound from W+2jets
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work in preparation

tan� = 1 (y1 = y2)

For tan� = 1, the LHC direct
search puts stronger bound,
requires the T -u-h coupling to
be less than 0.1 MT /v.

For small beta ~ 0,  
kappa is mainly 

constrained by B
+jet production;  

while for beta ~ Pi/2,  
kappa is mainly 

bounded by X+jet 
production.
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VLQ induced Higgs Pair Production
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Figure 1. Leading order (BSM- ) production channels for Higgs pair production, Higgs - quark

partner - production, and quark partner pair-production. If the quark partner decays to hq, all
these channels yield a di-higgs signal.

1

QQ EW pair production scales as 4
T Qh single production scales as 2

T

At the Next-To-Leading order (NLO): d� = d�(0) + ↵s�(1), with �(1) including
contribution from field renormalisation, vertice correction and real emission.

We consider non-resonant di-Higgs production, induced by a pair of VLQs or a
single VLQ associated with a Higgs boson. Through Q(Q̄) ! h + j, the final
states are 2h+jets.

For the pure 2 h

process the loop

one is dominant:

Why NLO ) more precise theoretical prediction and better constraint on new physics.
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NLO Cross Section at LHC Run II
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LO result in light colours and NLO result in dark colours; 
PDF uncertainty and scale uncertainty added in quadrature

arxiv:1703.10614, Cacciapaglia, Cai,  Carvalho, 
Deandrea, Flacke, Fuks, Majumder and Shao

• QCD-induced QQ̄ is model independent,
dropping quickly with the VLQ mass.

• T-channel EW QQ production is included,
may start to dominate for MT > 1 TeV.

• Qh production benefits from smaller phase
space suppression, and only dominates over
the QQ mode for intermediate VLQ mass.

• T-channel VLQ exchanged hh production is
negligible, but the K-factor is large due to the
quark-gluon-initiated contribution at NLO.
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2b 2   Channel
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

fermions in the spinorial (MCHM4 [27]) and fundamental (MCHM5 [28]) representations one gets

c = d3 =
p

1� ⇠ , c2 = �⇠

2
, MCHM4, spinorial representation , (6)

c = d3 =
1� 2⇠p
1� ⇠

, c2 = �2⇠ , MCHM5, fundamental representation . (7)

Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, m
h

' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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[Contino, Ghezzi, Moretti, Panico,  Piccinini and Wulzer, 2000]

For mT < 1 TeV, 2b2� is sensitive to BSM e↵ects from VLQs at high luminosity LHC.

2b2� is promising to explore the trilinear h-h-h coupling or the non-linear h-h-t-¯t
coupling from Beyond Standard models, normally without boost e↵ects.

This channel benefits both from  large branching ratio of Higgs into bb and well identified  
di-photon signal, since the signal from a Higgs decay peaks on top of a continuum spectrum. 
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Signal vs. BKG 
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bb̄��

mT = 500 GeV, 20.0fb�1 TT̄ (QCD) QQ (EW) TH + T̄H gg ! HH

2b � tagged, |⌘b| < 2.5

p
b1(b2)
T > 55(35) GeV

46.8 1.28 9.58 0.165

2�, |⌘� | < 2.37

E
�1(�2)
T /m�� > 0.35(0.25)

34.3 0.94 6.32 0.109

95 < mbb < 135 GeV
105 < m�� < 160 GeV

23.74 0.68 4.75 0.087

Acceptance 15.6% 16.9% 13.1% 11.7%

Table : Number of events and final acceptance for the signal with mT = 0.5 TeV
and  = 0.2, given for an integrated luminosity of

R
Ldt = 20.0 fb�1 at ap

s = 13 TeV LHC. Here the QQ (EW) production includes: TT̄ + TT+ T̄ T̄ .
The b-tag e�ciency is set to be 70%.

Haiying Cai (IPNL, France) Higgs pair production via VLQ 13 / 31

Madgraph5 @ NLO / pythia8 / Fastjet

mT (TeV)
bb̄�� cc̄�� bb̄H ZH

0.5 1.0
2b � tagged, |⌘b| < 2.5

p
b1(b2)
T > 55(35) GeV

57.8 3.77 1811 287 0.14 0.409

2�, |⌘� | < 2.37

E
�1(�2)
T /m�� > 0.35(0.25)

41.6 3.05 1320 220 0.081 0.244

95 < mbb < 135 GeV
105 < m�� < 160 GeV

29.3 2.23 14.04 2.43 0.0055 0.0165

S/
p
B 7.20 0.55 — — — —

Table : The significance of S/
p
B at the NLO with

p
2T = 0.2, given for an

integrated luminosity of
R
Ldt = 20.0 fb�1 at a

p
s = 13 TeV LHC. The b-tag

e�ciency is set to be ✏b = 70% and ✏c!b = 10%.

Haiying Cai (IPNL, France) Higgs pair production via VLQ 18 / 32

other BKG b¯b�j, cc̄�j need be included, with j mimic one photon.

work in preparation

The significance 
shows sufficient 

sensitivity to light 
vector-like quarks
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Cut efficiency and Mhh spectrum
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• The cut e�ciency is ⇠ 15% for those channels, optimised near mT = 1.0 TeV.

• For the invariant mass mhh spectrum, additional cuts ph1T > 200 GeV and

ph2T > 150 GeV are put to remove most of QCD background.
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4b Channel
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) For a large mass VLQ, in order to account the boost e↵ect, jet substructure is

employed to reduce the QCD contamination.

bb̄bb̄

One possibility is to focus on the 4b final states as this channel has the largest
branching ratio of 33.3%. This will lead to the following basic selection rules:

Xhh =

r⇣
mh1 � 124 GeV

0.1mh1

⌘2

+
⇣

mh2 � 115 GeV
0.1mh2

⌘2

,

4 b-tagged R=0.4 jets with pT > 40GeV and ⌘ < 2.5, the b-tag e↵eciency is
pT dependent and ✏b ⇠ 0.7.

2 di-bjets need to be reconstructed to be di-Higgs candidates, for the signal
selection, we require �hh < 1.6.

�Rbb < 1.5 and ph1
T > 200 GeV, ph2

T > 150 GeV (with dependence on m4j).

Haiying Cai (IPNL, France) Higgs pair production via VLQ 23 / 35

bb̄bb̄

One possibility is to focus on the 4b final states as this channel has the largest
branching ratio of 33.3%. This will lead to the following basic selection rules:

�hh =

r⇣
mh1 � 124 GeV

0.1mh1

⌘2

+
⇣

mh2 � 115 GeV
0.1mh2

⌘2

,

4 b-tagged R=0.4 jets with pT > 40GeV and ⌘ < 2.5, the b-tag e↵eciency is
pT dependent and ✏b ⇠ 0.7.

2 di-bjets need to be reconstructed to be di-Higgs candidates, for the signal
selection, we require �hh < 1.6.

�Rbb < 1.5 and ph1
T > 200 GeV, ph2

T > 150 GeV (with dependence on m4j).

Haiying Cai (IPNL, France) Higgs pair production via VLQ 23 / 35

Higgs is decayed from a heavy VLQ, the bb̄ pair collimates into a small cone size
R ⇠ 2mH/pT ; for mT < 1 TeV, the resolved analysis is applicable, e.g. ATLAS cuts:

This channel has the largest branching ratio around  33 %,   yielding  more events 
than other channels,  but there is overwhelming b-enriched QCD  backgrounds.
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CMS search (AK8 jet)
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[Thaler and Tilburg , JHEP  03 (2011)]

CMS-like ‘fat jet’ is reconstructed by means of the anti-kt algorithm with a

distance parameter R = 0.8, and further satisfies:

��⌘J
C
h
�� < 2.4 , ⌧

JC
h

21 < 0.6 and m
JC
h

pruned ⇢ [105, 135] GeV

The ⌧21 is the ratio of N=2 and N=1 N-subjettiness defined to measure how

close a fat-jet to be N-prong.

mred = m4j � (Mh1 � 125 GeV)� (Mh2 � 125 GeV)

We require two clustered fat-jets to be Higgs candidates, passing those pseudo
rapidity, large pT , and reduced mass cuts:

|⌘(h1,2)| < 2.4 , pT (h1,2) > 200 GeV , |�⌘(h1, h2)| < 1.3 , mred > 1 TeV
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ATLAS search (Large-R jet)
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Following the large-R ATLAS analyses, we define a Higgs fat-jet JH as anti-Kt
jet with R = 1.0, trimmed by Delphes 3, that passes the basic selection:

⌘JH
< 2.0; 250 < pT < 2500 GeV; mJH

> 50 GeV

The signal region is defined by imposing extra constraints on 2 large-R jets:

pT (h1) > 350 GeV , pT (h2) > 250 GeV , |�⌘(h1, h2)| < 1.7 , �2
hh < 2.56 .

We optimistically assume that each large-R jet contains 2 b-jets, and each b-jet carries

1/2pT of the large-R jet, so that the b-tag e�ciency is mapped into the ATLAS table.



Haiying CAI    (IPNL, France) 18

Selection Efficiency
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For the resolved analysis, the e�ciency is maximal for the light VLQ mass, and

single VLQ production channel leads to higher e�ciency than pair production.

For the boosted analysis, selection e�ciency show di↵erence in each channel,

since these processes lead to di↵erent jet topology, to which boost jet tagger is

sensitive to.

arxiv:1703.10614, Cacciapaglia, Cai,  Carvalho, 
Deandrea, Flacke, Fuks, Majumder and ShaoMadgraph5 @NLO, pythia8 and Delphes.
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M4j  distribution and signal yields
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Compared with data obtained by ATLAS  PRD. 94. 052002 and CMS-PAS-HIG-16-002

Analysis Data SM
Signals (for given VLQ masses)

0.5 TeV 0.8 TeV 1 TeV 2 TeV

ATLAS-resolved (3.2 fb�1) 44 47.6± 3.8 47.0 3.34 0.78 -

ATLAS-boosted (3.2 fb�1) 20 14.6± 2.4 23.5 2.82 0.933 0.024

CMS-resolved (2.3 fb�1) 797 n.a. 120 7.27 1.68 -

CMS-boosted (2.7 fb�1) 15 n.a. 17.6 2.99 1.10 0.04

Table 1. Number of data and predicted signal and background events for four VLQ masses of
MQ = 500, 800, 1000, and 2000GeV, as obtained in the four reinterpreted LHC analyses and for
T = 0.07.

already sensitive to a large fraction of the model parameter space with present data. This

prevents us from requiring a specific design of a VLQ-dedicated di-Higgs search.

4 Characterising the signal

In this section, we study properties of the VLQ-induced di-Higgs signal that could be used

to characterise it. Whereas the QCD production of a VLQ-pair (and thus of a di-Higgs

system) is independent of Q, the corresponding EW channel rate scales like 4Q, whilst

the rate for the associated production of a VLQ with a Higgs boson scales like 2Q.

The knowledge of the resolved or boosted regime is important, and we additionally

consider a semi-boosted context where only one of the two Higgs bosons is boosted. This

new analysis strategy is expected to be important in asymmetric cases where the transverse

momenta of the two Higgs bosons are largely di↵erent, as it could happen from non-resonant

Higgs-boson pair production. We therefore define, in this section, three categories that we

denote by boosted, semi-boosted and resolved.

The fully boosted regime includes events where at least two Higgs fat jets are found

after following the boosted CMS-like analysis of Section 3.3 with the exception of the �⌘

selection of Eq. (3.14) that we omit. We tag as semi-boosted events in which only one

Higgs fat jet is found, but that contains two additional b-jets that are consistent with a

h ! bb decay as defined in the resolved CMS-like analysis of Section 3.2. We further

impose the two reconstructed Higgs bosons to satisfy Eq. (3.6). Finally, the fully resolved

category admits events with four well-identified b-jets as in the resolved CMS-like selection

of Section 3.2.

We analyse the properties of the two reconstructed Higgs bosons for VLQ masses of

500 GeV (left panel of the following figures), 1000 GeV (central panel of the following

figures) and 2000 GeV (right panel of the following figures). The results are summed over

all the three above-mentioned categories. In Figure 8, we present the distribution in the

invariant mass of the reconstructed di-Higgs system. The spectra are indistinguishable for

VLQ of mass equal to 500 GeV, as in this case the two Higgs bosons are mostly produced at

rest. When one increasesMQ, the Higgs bosons start to become more boosted, which results

– 17 –

[arxiv:1703.10614]

The ATLAS resolved analysis is sensitive to VLQ mass ⇠ 500GeV, although
the current strategy is not designed for a VLQ-induced di-Higgs search.
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M2J  distribution  for boosted case
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Compared with data obtained by ATLAS  PRD. 94. 052002 and CMS-PAS-HIG-16-008

) The boosted analysis in principle o↵er better handles to TeV scale VLQs.

Even for 500 GeV benchmark, the boosted technique benefits from the much

more reduced QCD background.

[arxiv:1703.10614]

) In the ATLAS large-R analysis, the peak of M2J distribution shows a good

property, shifting with the VLQ mass.

peak ⇠ MQ
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Counting  additional Jets
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Fraction of signal events containing the number of AK4 jets not from a Higgs decay.

) di-higgs events from VLQ (QCD and EW) pair production feature mostly

one to three extra jets.

) signal events from single Qh mode in general lead to one or two extra jets.

[arxiv:1703.10614]

This information help discriminate VLQ-induced scenario from direct hh production channel.
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Conclusions

We explore Higgs pair production induced by vector-like quark (VLQ), where the 
EW contribution can play an important role.  The general bi-doublet  VLQ models  
deserve a further investigation. 

For mT ~ 500 GeV,  2b 2gamma channel has larger sensitivity than other channels 
due to the clean      signal. In order to put accurate exclusion limit on VLQ models,  
higher luminosity is needed.

For the 4b channel,  we apply both resolved and boosted analyses to  VLQ-induced 
Higgs pair signals. For a large VLQ mass,  we show that boost effects lead to simple 
event topology,  so that jet substructure offers an effective analysis.

The boost analysis applies to other processes, e.g.  single VLQ plus jet production.
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