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Motivation

, Atlas and CMS found a Higgs-like resonance with a mass mh ∼ 125 GeV and
couplings to γγ, WW , ZZ , bb, and ττ compatible with the Standard Model
(SM) Higgs.

/ The Standard Model suffers from the hierarchy problem.

⇒ Search for an SM extension with a Higgs-like state
which provides an explanation for why mh, v � Mpl .

One possible solution: Composite Higgs Models (CHM)
• Consider a model which gets strongly coupled at a scale f ∼ O(1 TeV).
→ Naturally obtain f ≪ Mpl .

• Assume a global symmetry which is spontaneously broken
by dimensional transmutation → strongly coupled resonances at f
and Goldstone bosons (to be identified with the Higgs sector).

• Assume that the only source of explicit symmetry breaking arises from
Yukawa-type interactions.
→ The Higgs-like particles become pseudo-Goldstone bosons
⇒ Naturally generates a scale hierarchy v ∼ mh � f ≪ Mpl .
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Composite Higgs model: general setup

Simplest realization:
The minimal composite Higgs model (MCHM) Agashe, Contino, Pomarol [2004]

Effective field theory based on SO(5)→ SO(4) global symmetry breaking.
• The Goldstone bosons live in SO(5)/SO(4)→ 4 d.o.f.
• SO(4) ' SU(2)L × SU(2)R

Gauging SU(2)L yields an SU(2)L Goldstone doublet.
Gauging T 3

R assigns hyper charge to it. Later: Include a global U(1)X and gauge Y = T3
R + X .

⇒ Correct quantum numbers for the Goldstone bosons
to be identified as a non-linear realization of the Higgs doublet.

We use the CCWZ construction to construct the low-energy EFT.
Coleman, Wess, Zumino [1969], Callan, Coleman [1969]

Central element: the Goldstone boson matrix

U(Π) = exp
(

i
f

ΠiT i
)

=


1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 cos h/f sin h/f
0 0 0 − sin h/f cos h/f

 ,

where Π = (0, 0, 0, h) with h =< h > +h
and T i are the broken SO(5) generators.
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From it, one can construct the CCWZ d i
µ and ea

µ symbols
E.g. kinetic term for the “Higgs”:

LΠ =
f 2

4
d i
µd iµ =

1
2

(∂µh)2 +
g2

4
f 2 sin2

(
h
f

)(
WµWµ +

1
2cw

ZµZµ
)

⇒ v = 246 GeV = f sin
(
< h >

f

)
≡ f sin(ε).

Note: In the above, the Higgs multiplet is parameterized as a Goldstone multiplet
and it is assumed that a Higgs potential is induced which leads to EWSB.

Concrete realizations c.f. e.g. Review by Contino [2010], Panico et al. [2012], ...:
Couplings of the Higgs to the quark sector (most importantly to the top)∗

explicitly break the SO(5) symmetry.
⇒ Couplings to the top sector induce an effective potential for the Higgs
which induces EWSB.

∗
c.f. Delaunay, Grojean, Perez [2013] for the influence of other quark partners on Higgs physics
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How to include the quarks?

In the SM, the Higgs multiplet
• induces EWSB (X in CHM),
• provides a scalar degree of freedom (X in CHM),
• generates fermion masses via Yukawa terms (← implementation in CHM?).

One solution Kaplan [1991]: Include elementary fermions q as incomplete linear
representations of SO(5) which couple to the strong sector via

Lmix = yqIO
OIO + h.c. ,

where O is an operator of the strongly coupled theory in the representation IO.
Note: The Goldstone matrix U(Π) transforms non-linearly under SO(5), but
linearly under the SO(4) subgroup→ OIO has the form f (U(Π))O′fermion.

Simplest choice for quark embedding:

q5
L =

1√
2


idL

dL

iuL

−uL

0

 , u5
R =


0
0
0
0

uR

 , ψ =

(
Q
Ũ

)
=

1√
2


iD − iX5/3

D + X5/3

iU + iX2/3

−U + X2/3√
2Ũ

 .
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BSM particle content (per u-type quark):

U X2/3 D X5/3 Ũ
SO(4) 4 4 4 4 1
SU(3)c 3 3 3 3 3

U(1)X charge 2/3 2/3 2/3 2/3 2/3
EM charge 2/3 2/3 −1/3 5/3 2/3

Fermion Lagrangian:

Lcomp = i Q(Dµ + ieµ)γµQ + iŨ/DŨ −M4QQ −M1ŨŨ +
(

icQ
i
γµd i

µŨ + h.c.
)
,

Lel,mix = i qL/DqL + i uR/DuR − yLf q5
LUgsψR − yR f u5

RUgsψL + h.c.
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Derivation of Feynman rules:
• expand dµ, eµ, Ugs around 〈h〉,
• diagonalize the mass matrices,
• match the lightest mass eigenvalue with the SM quark mass
→ this fixes yL in terms of the other parameters
(light quarks: mq � v/

√
2; if yR ∼ 1⇒ yL � 1)

(top quark: mt ∼ v/
√

2; requires yR ∼ 1 and yL ∼ 1)
• calculate the couplings in the mass eigenbasis.
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Masses and couplings

The SM like quark:

mu =
v√
2
|M1 −M4|

f
yLf√

M4 + y2
L f 2

yR f√
|M1|2 + y2

R f 2
+O(ε3)

Partners in the 4:

MX5/3 = M4 = MUf1 +O(ε2)

MD =
√

M2
4 + y2

L f 2 = MUf2 +O(ε2)

Singlet Partner:

MUs =

√
|M1|2 + y2

R f 2 +O(ε2)

Couplings (examples):∣∣∣gR
XWu

∣∣∣ =
g√
2
ε√
2

∣∣∣∣ yR f M1

M4MUs
−
√

2cR
yR f
MUs

∣∣∣∣+O(ε3)

∣∣∣gL
UsWd

∣∣∣ =
g√
2
ε√
2

(
yLf
(
M1M4 + y2

R f 2)
MUf2M2

Us
−
√

2cLyLf
MUf2

)
+O(ε3)
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Production and decays

Production mechanisms (shown here: X5/3 production)

q q′

X
u/c
5/3u/c

W

u/c Du/c

X
u/c
5/3u/c

W

(a) EW single production (b) EW pair production (c) QCD pair production
Decays:
• X5/3 → W +u (100%),
• D → W−u (∼ 100%),
• Uf1 → Zu (dominant),
• Uf2 → hu (dominant),
• light quark partner: Us → hu, top partner: also Us → Zu, Us.→ Wb
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Bounds on top partners from run I

• ATLAS and CMS determined bounds on (QCD) pair-produced top partners
with charge 5/3 (the X5/3) in the same-sign di-lepton channel.
MX5/3 > 770 GeV ATLAS [1409.5500] , MX5/3 > 800 GeV CMS [PRL 112 (2014) 171801]

• ATLAS and CMS determined a bound on (QCD) pair-produced top partners
with charge 2/3 (applicable for the Ts,Tf1,Tf2). [Similar bounds for B]
MTs >∼ 350 (810) GeV ATLAS [1409.5500] , MTs > 687 (782) GeV CMS [PLB 729, 149 (2014)]

(the bound depends on the BRs assumed for Ts → th, tZ , Wb)
• Bounds including single-production channels: Matsedonskyi, Panico, Wulzer [2014]

for earlier work, see also Li, Liu, Shu [2013]
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Figure 3: Bounds on the mass of a charge-5/3 state, decaying exclusively to Wt as a function of the single-
production coupling cR. The cR coupling is assumed to be the only relevant coupling of the resonance with
the SM quarks. The green and blue shaded regions correspond to the ATLAS and CMS bounds respectively.
The dashed gray lines show the contours with �X/MX = 0.2, 0.3, 0.5.

The second scenario assumes es.p. = 0.5 ep.p. in analogy with the 8 TeV ATLAS search. As a
third possibility we consider the case es.p. = ep.p. which believe to be realistically achievable by a
dedicated search. The number of expected background event, with the cuts of Ref. [28], is B ' 10
for 300fb�1 of integrated luminosity. By rescaling we easily obtain the background for di↵erent
luminosities and thus we estimate the minimal number of signal events needed for exclusion. We
take Sexc. = 3

p
B for B > 1 and Sexc. = 3 if B < 1. This of course relies on the assumption that the

background cross-section will be approximately the same also for the single production dedicated
analyses.

The results are reported in Fig. 4. We see that 20 fb�1 of integrated luminosity could put, in the
absence of a signal, a coupling-independent limit MX > 1.2 TeV from QCD pair production. The
limit can reach 2 TeV for sizeable single production coupling strength. The figure also shows, on
the right panel, the projections for 100 fb�1 (i.e. the final luminosity goal of Run-2), for 300 fb�1

and 3000 fb�1.

2.3 A slight refinement

In most cases the Simplest Simplified Model provides an accurate description of the X5/3 phe-
nomenology, however there are corners of the parameter space of explicit models where other
e↵ects should be taken into account. The most relevant one is the presence of a Left-Handed single
production coupling, which leads us to turn Eq. (2.1) into

L5/3 =
gw

2
cR X5/3R /WtR +

gw

2
cL X5/3L /WtL + h.c. . (2.5)

As explained above, cL is structurally suppressed with respect to cR, however it can become com-
parable or even larger than the latter in some cases. Below we show how this new parameter can
be taken into account by setting limits in the 3-dimensional parameter space (mX , cR, cL) of this
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Figure 9: Current bounds (left panel) on the mass of a charge-2/3 state decaying with 50% branching ratio
into Wb. The bounds are presented for di↵erent values of the coupling cL to the bottom quark. The gray
shaded area is excluded from pair production only, the green shaded area corresponds to the estimated
exclusion from b-associated single production [37]. In the right panel: estimated projection of the bounds
for the 13 TeV LHC run. The dash-dotted blue lines show the contours with �/M = 0.2, 0.3, 0.5.

the present CMS and ATLAS analyses seem to be targeted exclusively on pair production, in such
a way that a recast to include single production is not doable. To get an idea of how much the
single production process can improve the pair production bounds we thus focus on the analysis
of Ref. [37] and reinterpret their results. For our reinterpretation we extracted from the results of
Ref. [37] the number of signal events needed for the exclusion (Sexc = 26) and the cut e�ciency.
Unfortunately the data included in Ref. [37] allows us to extract the cut e�ciency only for one mass
point, thus in our reinterpretation we assume that it is roughly independent of the resonance mass.
The results of our analysis are shown in Fig. 9. The plots show that, in the case of the 8 TeV LHC
searches, for small values of the single production coupling (cL . 0.3) the strongest bounds come
from pair production. For larger values, instead, single production leads to a bound that steeply
increases with cL and reaches MT & 1 TeV for cL ' 0.7. To obtain the projections for the 13 TeV
LHC run, we assume that the number of events needed for the exclusion and the cut e�ciencies
coincide with the 8 TeV ones. The result is shown in the right panel of Fig. 9.

3.2.2 A two-Partners interpretation

As a final example in this subsection we consider one scenario in which two resonances can contribute
to the same final state. This possibility is not uncommon in explicit models in particular in the
composite Higgs framework. A typical example, on which we will focus in the following, is the case
in which a charge 5/3 state (X5/3) is present together with a charge �1/3 resonance (B). Both
resonances contribute to final states with two same-sign leptons, moreover the signal e�ciencies
for the two states are similar.8 For our illustrative purposes it is thus reasonable to simplify the
analysis by assuming the same cuts acceptances for both states. A more rigorous study, of course,
will require a separate determination of the B state acceptances. Some di↵erence with respect to

8This was verified for 7 TeV collider energy in Ref. [11].

22

Note: In the above plots cR = 2gR
XWu/g and cWb

L = 2gL
UsWd/g as compared to the coupling formulae given earlier.
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Determining bounds on partners of light quarks from run I

• Bounds on partners of light quarks in the 4
Delaunay, TF, Gonzales-Fraile, S.J. Lee, Panico, Perez [JHEP 02 (2014) 055]

◦ From QCD pair production: Mu,d,s,c
4 > 530 GeV

(from ATLAS and CMS searches applicable to WWjj,ZZjj final states)
◦ Single production:

(from ATLAS and CMS searches applicable to Wjj,Zjj final states)
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Determining bounds on partners of light quarks from run I

The above results for light quark partners assumed absence of a singlet partner.
In the presence of an SO(4) singlet quark partner, bounds from
single-production channels are relaxed:

Delaunay, TF, Gonzales-Fraile, S.J. Lee, Panico, Perez [JHEP 02 (2014) 055]
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Figure 10. Bounds on right-handed up quark fourplet partners in the presence of an additional

light singlet partner. We set f = 600GeV. (Left) 95% CL bounds in the yu
R − Mu

4 plane for

different values of Mu
1 and c = 0 in partially composite models. Solid lines include both the

reduced production cross section of fourplet states and reduced branching due to cascade decays,

while dashed lines assumes a 100% branching ratio of X5/3, D and Up into W/Z+jet. (Right) 95%

CL bounds in the cu
1 − Mu

4 plane for Mu
1 = Mu

4 /2 and different values of cu
L/cu

1 in fully composite

models. (cR = cL was assumed for simplicity.)

dominant effect in this case comes from the reduced production cross sections. In fully

composite models the presence of the extra singlet only reduces EW gauge bosons plus

jets signals through eventual cascade decays. The couplings relevant for these decays are

found in eq. (2.38). They depend on the parameters cL,R, while X5/3, D, and Up decays are

controlled by c1 (see eq. (2.35)). The ratio of branching ratios between these two channels

scales like c2
L,R/c2

1, so that constraints on the fourplet partner in fully composite models

are substantially relaxed when Mu
1 ! Mu

4 + mW/Z and cL/R ≫ c1, as shown on the right

panel of figure 10.

Several comments are in order. First of all, effects from the cascade decays are only

relevant in a small region of parameter space. For mU1 " Mu
4 + mW/Z , on-shell cascade

decay is kinematically forbidden and phase-space suppressed off-shell. For mU1 ≪ Mu
4

the effects are also negligible. Indeed, in this regime, although cascade decays would be

kinematically allowed, the mass eigenstate U1 almost coincide with the singlet and thus

has a suppressed coupling to the custodial triplet states X5/3, D and Up. Cascade decays

therefore only play a role when mU1 ! M4 + mW/Z . Note also that c ̸= 0 in partially

composite models also affects production cross sections and decays of the fourplet states.

In particular, c < 0 (c > 0) enhances (further reduces) single production of fourplet

states. Finally, modifications due to the extra light singlet significantly depend on the

value of f in partially composite models. Implications of a change of the latter are however

straightforward to estimate as dominant effects are controlled by the M1/f ratio.

6 Conclusions

We studied the phenomenological implications of a large degree of compositeness for the

light generation quarks in composite Higgs models. We focused in particular on scenarios

– 32 –

Limits on yu
R as a function of M4 for different values of M1.

Solid: full limits. Dashed: limits ignoring signal loss due to cascade decays.
⇒ Bounds on SO(4) singlet partners are important! 13 / 21



Motivation
Partially composite quarks

Bounds on quark partners from run I
Prospects for composite quark partners at LHC run II

Conclusions and Outlook

Determining bounds on partners of light quarks from run I

• Bounds on partners of light quarks in the singlet TF, J. H. Kim, S. J. Lee, S. H. Lim [JHEP 1405

(2014) 123]

◦ From QCD pair production: Mu,d,s,c
4 > 310 GeV

(using pγγT ,Njet , p
jet
T from the h→ γγ search in [ATLAS-CONF-2013-072])

◦ Single production:
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Prospects for composite quark partners at LHC run II

At run II, we have more energy
⇒ searches are sensitive to higher quark partner masses.

However, for composite quark partners there are two additional genuine aspects:

1. Single-production channels (if present) will become more important
as compared to QCD pair production channels.

2. For heavier quark partners, their decay products become strongly boosted
⇒ we need dedicated search strategies for boosted tops, Higgses, EW
gauge bosons.

Two examples:

1. Maximizing the sensitivity for the “most visible” quark partner:
An optimized search strategy for top partners in the 4.
M. Backović, TF, S. J. Lee, G. Perez [arXiv: 1409.0409]

2. Maximizing the sensitivity for the “least visible” quark partner:
An optimized search strategy for singlet partners of light quarks.
M. Backović, TF, J. H. Kim, S. J. Lee [arXiv: 1410.xxxx]; to appear this Friday

15 / 21



Motivation
Partially composite quarks

Bounds on quark partners from run I
Prospects for composite quark partners at LHC run II

Conclusions and Outlook

Prospects for composite quark partners at LHC run II

Search for top partners in the qttW final state with semi-leptonic decay of tW .

1000 1500 2000 2500
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c   = 3Rc   = 2R

c   = 1R

c   = 0R

pair production

production

single production
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g

q q

W

W

W

W
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b

q, l

q, υ

υ, q

l, q

b

t

t

, B

l, q
υ, q

The final state is characterized by We use this by
- a high energy forward jet → used as a tag
- two b’s ⇒ demand two b-tags
- a highly boosted tW system with:
– one hard lepton, → pl

T > 100 GeV cut
– missing energy,
– “fat jets”, → reconstruct boosted t/W

using Template Overlap Method (TOM)
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Prospects for composite quark partners at LHC run II

Search for top partners in the qttW final state with semi-leptonic decay of tW .
M. Backović, TF, S. J. Lee, G. Perez [arXiv: 1409.0409]

MX5/3/B = 2.0 TeV, �X5/3+B = 15 fb, L = 35 fb�1, hNvtxi = 50

X5/3 + B �s [fb] �tt̄ [fb] �W+jets [fb] ✏s ✏tt̄ ✏W+jets S/B S/
p

B

Fat jet candidate t W t W t W t W t W t W t W t W

Basic Cuts 1.6 2.3 76.0 556.0 5921.0 3879.0 0.36 0.51 0.06 0.46 0.19 0.12 3⇥ 10�4 4⇥ 10�4 0.1 0.1

pT > 700 GeV 1.3 2.0 60.0 506.0 1322.0 1082.0 0.28 0.45 0.05 0.42 0.04 0.04 9⇥ 10�4 8⇥ 10�4 0.2 0.2

pl
T > 100 GeV 1.2 1.9 23.0 349.0 912.0 733.0 0.27 0.41 0.02 0.29 0.03 0.02 0.001 0.001 0.2 0.2

Ov > 0.5 1.0 1.3 12.0 170.0 354.0 254.0 0.23 0.30 0.01 0.14 0.01 0.008 0.003 0.002 0.3 0.3

MX5/3/B > 1.5 TeV 0.9 1.2 0.7 106.0 168.0 160.0 0.20 0.26 6⇥ 10�4 0.09 0.006 0.005 0.005 0.003 0.4 0.3

mjl > 300 GeV 0.8 0.4 0.5 12.0 111.0 27.0 0.17 0.08 4⇥ 10�4 0.01 0.004 9⇥ 10�4 0.007 0.02 0.4 0.7

b-tag & no fwd. tag 0.3 0.1 0.08 2.7 0.2 0.5 0.07 0.03 7⇥ 10�5 0.002 5⇥ 10�6 2⇥ 10�5 1.3 0.09 3.7 1.0

fwd. tag & no b-tag 0.5 0.3 0.2 3.7 32.0 7.8 0.10 0.06 2⇥ 10�4 0.003 0.001 3⇥ 10�4 0.02 0.05 0.6 0.9

b-tag and fwd. tag 0.2 0.1 0.03 0.9 0.03 0.1 0.05 0.02 2⇥ 10�5 7⇥ 10�4 1⇥ 10�6 4⇥ 10�6 3.7 0.2 5.3 1.3

Table 5. Example cutflow for signal and background events in the presence of hNvtxi = 50 interactions per bunch crossing, for MX5/3/B =

2.0 TeV and inclusive cross sections �X5/3/B . No pileup subtraction/correction techniques have been applied to the samples. �s,tt̄,W+jets are the

signal/background cross sections including all branching ratios, whereas ✏ are the e�ciencies of the cuts relative to the generator level cross sections.

The results for MX5/3/B = 2.0 TeV assume both X5/3 and B production.

–
3
1

–
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Prospects for composite quark partners at LHC run II
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M. Backović, TF, S. J. Lee, G. Perez [arXiv: 1409.0409]
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The requirement on the presence of four fat jets pre-selects signal event candidates, as we expect two pairs of boosted
Higgs-light jets to appear in the final state 11. In order to determine which of the four jets are the Higgs candidates,
we select the two highest pT fat jets which satisfy the TOM requirement of

Ovh
2 > 0.4, Ovt

3 < 0.4 , (25)

of Section III B. The requirement on peak template overlap is designed to select the two Higgs candidate jets in the
event, while ensuring that the jets are not fake tops. If less than two fat jets pass the overlap requirement, the event
is rejected.

The overlap selections in Eq. (25) deserve more attention. Figure 3 illustrates how utilizing multi-dimensional TOM
analysis (i.e. Ovh

2 and Ovt
3) can help in reducing the background contamination of signal events. If we consider only

Ovh
2 (dashed line), a significant fraction of tt̄ would pass any reasonable overlap cut. However, in a two dimensional

distribution, it is clear that many of the tt̄ events which obtain a high Ovh
2 also obtain a high Ovt

3 score. Contrary
to tt̄ events, the signal events almost never get tagged with a high Ovt

3 score, as it is di�cult for a proper Higgs fat
jet to fake a top. Hence, an upper cut on Ovt

3 (solid line) e�ciently eliminates a significant fraction of tt̄ events, at a
minor cost of signal e�ciency. Note that the peak at Ovh

2 ⇡ Ovh
3 ⇡ 0 in the signal distributions corresponds to events

where the hardest/second hardest fat jet is likely a light jet.
Figure 4 illustrates the e↵ects of Ov cuts on the mass distribution of the two highest pT jets. Note that the

intrinsic mass filtering property of TOM can be clearly seen in the results. The mass resolution of the Higgs fat jets
improves upon the cut on the overlap, while the contributions from both high mass and low mass background regions
is significantly diminished.

In addition to jet substructure requirements for Higgs tagging, we require both Higgs candidate jets to contain at
least one b-tagged r = 0.4 jet within the fat jet, as prescribed in Section III C.

In order to pick out the light jets, we re-cluster each event with r = 0.4 (also necessary for b-tagging) and select
the two highest pT jets which pass the requirement of

pr=0.4
T > 25 GeV, |yr=0.4| < 2.5, �Ruh > 1.1 , (26)

where �Ruh stands for the plain distance in ⌘,� between the r = 0.4 jet (i.e. the up type quark) and each of the
Higgs candidate fat jets. We declare these jets to be the u quark candidates.

Since we expect two Higgs fat jets in the final state, a comparison between the masses of the two hardest fat jets
which pass the overlap criteria provides a useful handle on the background channels. In order to exploit this feature,
we construct a mass asymmetry

�h ⌘ mh1 � mh2

mh1 + mh2
, (27)

Cut Scheme
Basic Cuts

Demand at least four fat jets (R = 0.7) with

pT > 300 GeV, |⌘| < 2.5

Declare the two highest pT fat jets

satisfying Ovh
2 > 0.4 and Ovt

3 < 0.4

to be Higgs candidate jets.

At least 1b-tag on both Higgs candidate jets.

Select the two highest pT light jets (r = 0.4), with pT > 25 GeV

to be the u quark candidates.

Complex Cuts

|�h| < 0.1

|�Uh | < 0.1

mUh1,2 > 800 GeV

Table III: Summary of the Event Selection Cut Scheme.

11 Selecting 4 R = 0.7 fat jets also simplifies the TOM jet substructure analysis.
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14

�s [fb] �tt̄ [fb] �bb̄ [fb] �multi�jet [fb] S/B S/
p

B

Preselection Cuts 6.8 4.6 ⇥102 8.4 ⇥103 2.8 ⇥105 2.4⇥ 10�5 7.5 ⇥10�2

Basic Cuts 1.2 4.6 16.0 6.8 ⇥102 1.7 ⇥10�3 2.7 ⇥10�1

|�mh| < 0.1 8.2 ⇥10�1 1.7 6.5 2.8 ⇥102 2.9 ⇥10�3 2.9 ⇥10�1

|�mU | < 0.1 5.6 ⇥10�1 5.5 ⇥10�1 2.0 87.0 6.3 ⇥10�3 3.5 ⇥10�1

mUh1,2 > 800 GeV 5.0 ⇥10�1 3.6 ⇥10�1 1.6 67.0 7.3 ⇥10�3 3.6 ⇥10�1

b-tag 3.4 ⇥10�1 4.4 ⇥10�2 1.1 ⇥10�2 1.5 ⇥10�2 4.8 7.5

Table IV: MUh = 1 TeV , �s = 6.8 fb , L = 35 fb�1

�s [fb] �tt̄ [fb] �bb̄ [fb] �multi�jet [fb] S/B S/
p

B

Preselection Cuts 2.4 4.6 ⇥102 8.4 ⇥103 2.8 ⇥105 8.15⇥ 10�6 2.6 ⇥10�2

Basic Cuts 6.0 ⇥10�1 4.6 16.0 6.8 ⇥102 8.6 ⇥10�4 1.4 ⇥10�1

|�mh| < 0.1 3.9 ⇥10�1 1.7 6.5 2.8 ⇥102 1.4 ⇥10�3 1.4 ⇥10�1

|�mU | < 0.1 2.7 ⇥10�1 5.5 ⇥10�1 2.0 87.0 3.0 ⇥10�3 1.7 ⇥10�1

mUh1,2 > 1000 GeV 2.2 ⇥10�1 1.9 ⇥10�1 1.0 45.0 4.8 ⇥10�3 1.9 ⇥10�1

b-tag 1.34 ⇥10�1 2.2 ⇥10�2 8.5 ⇥10�3 1.2 ⇥10�2 3.1 3.8

Table V: MUh = 1.2 TeV , �s = 2.4 fb , L = 35 fb�1

Our results show that boosted jet techniques combined with fat jet b-tagging and kinematic constraints of pair
produced heavy particles can achieve S/B > 1 with signal significance of ⇠ 7� at 35 fb�1, assuming light quark
partners of MUh

= 1 TeV. The significance we obtain is su�cient to claim a discovery of 1 TeV light quark partners.
In addition, we find that probing masses higher than 1 TeV will require more luminosity and will be challenging at
Run II of the LHC. However, even with 35 fb�1 signal significance of more than 3� is achievable for MUh

= 1.2 TeV,
enough to rule out the model point.

Requiring that there exist four fat jets with pT > 300 GeV in an event, together with our boosted Higgs tagging
procedure result in an improvement of S/B by roughly a factor of 70-100 at ⇠ 20% signal e�ciency relative to the
pre-selection cuts. Additional cuts on mass asymmetries improve S/B by roughly of factor a 3 in total.

The greatest improvement in both S/B and S/
p

B comes from fat jet b-tagging, where we find an enhancement by
a factor of ⇠ 500 � 600 in S/B and 15 � 20 in signal significance. The improvement is largely due to the enormous
suppression double fat-jet b-tagging exerts on the multi-jet and bb̄ backgrounds, with the signal e�ciency of ⇠ 50%.
The high rejection power of b-tagging can be understood well from results presented in Figure 7. The signal events
almost always contain at least one b quark in each of the fat jets which pass the boosted Higgs tagging criteria.
Conversely, almost no multi-jet and bb̄ events contain two “Higgs like” fat jets with each of the tagged heavy boosted
objects containing a b-jet. The only background channel which seems to contain a significant fraction of events with
both fat jets containing a proper b-tag is Standard Model tt̄. Still, we find that only about 10% of the tt̄ events survive
the double b-tagging criteria.
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• Composite Higgs models provide a viable solution to the hierarchy problem.
Realizing quark masses via partial compositeness requires quark partners.

• Top partners (in the MCHM) are constraint from run I to MX >∼ 800 GeV.
• The phenomenology of light quark partners strongly differs from top-partner

phenomenology.
◦ For partially composite quarks with partners in the fourplet, we find a flavor and yR

independent bound of Mu/c
4

>∼ 525 GeV as well as stronger flavor and yR

dependent bounds ( e.g. Mu
4
>∼ 1.8 TeV, Mc

4
>∼ 610 GeV for yu/c

R = 1).
◦ For partially composite quarks with partners in the singlet, we find a flavor- and λeff

mix
independent bound of MUh > 310 GeV as well as increased flavor-and
λeff

mix-dependent bounds.
• For run II, single-production channels and strongly boosted top and Higgs

searches become important.
◦ Performing dedicated searches for boosted tops, the X5/3 can be discovered even

at masses beyond 2 TeV.
◦ Even the (currently weakest constraint) singlet partners of light quarks can be

discovered at masses beyond 1 TeV.

21 / 21


	Motivation
	Partially composite quarks
	Bounds on quark partners from run I
	Prospects for composite quark partners at LHC run II
	Conclusions and Outlook

