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2 leading frameworks!
of naturalness



Composite Higgs

• Just as pion (PGB) is the lightest states in QCD, Higgs is 
a PGB of a new strong sector (with symmetry breaking 
scale f)  => Higgs is lighter than other resonances	


• Warped XD models: 5D dual (AdS/CFT correspondence) 
of Composite Higgs: 	


• Little Higgs: collective symmetry breaking	


• Holographic Higgs: Higss as a component of GB (A5)	


• Simple 4D effective description (Strongly-Interacting 
Light Higgs)

Georgi & Kaplan ’84

Randall & Sundrum,... ’90s

Arkani-Hamed, Cohen, Georgi ’00s

Contino, Nomura, Pomarol;    Agashe, Contino, Pomarol;   Hosotani,...

Giudice, Grojean, Pomarol, Rattazzi  ’07

NB: Higgs does not need to be a usual PGB; it can arise from other mechanisms,!
i.e. it can be a light dilaton Bellazzini, Csaki, Hubisz, Serra, Terning ’12, ’13

GUT works just as good as in SUSY

nice frame work, providing explicit realization of 
4D composite Higgs models	


-Higgs is GB under multiple symmetries 
-Two or more explicit symmetry breaking terms are needed to break all  symmetries protecting the Higgs mass.  
- No quadratic divergences at one-loop. 



Composite Higgs
Georgi, Kaplan ’84; Kaplan ’91;  Agashe, Contino, Pomarol ’05; 
Agashe et al ’06; Giudice et al ’07; Contino et al ’07; Csaki, 
Falkowski, Weiler ’08; Contno, Servant ’08; Mrazek, Wulzer 
’10; Panico, Wulzer ’11; De Curtis, Redi, Tesi ’11, Marzocca, 
Serone, Shu ’12; Pomarol, Riva ’12; Bellazini et al ’12; De 
Simone et al ’12, Grojean, Matsedonskyi, Panico `13; De 
Curtis, Redi, Vigiani `14,…

⇤EW

⇤UV strong 	

dynamics

weak 	

dynamics

IR scale is dynamically generated!
f ⇔ a symmetry breaking scale!⇤IR ⇠ g�f

g f

heavy	

resonances

need UV completion

Higgs mass term is !

irrelevant above ΛIR

PGB model often requires                      for less 
tuning to get ~125 GeV higgs mass

g f 6= g⇢f



• G/H1: Global symmetry G is broken by strong dynamics at 
some scale f to a subgroup H1. 	


• And a subgroup H0 is gauged (explicit breaking of G), 
including GSM=SU(2)L x U(1)em
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dim(G)� dim(H1)# of GB
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• Minimal choice:   H0 = H1 = GSM   and  dim(G)-dim(H1) ≥4

SO(5)/SO(4)

Minimal Composite PGB Higgs



Higgs potential radiatively generated by resonances 
loops (top is the largest contribution)	


!

Top contribution to the Higgs potential:
Contino et. al, 

Pomarol, Riva ’12

5 of SO(5) =4 + 1

with EM charge 5/3,2/3,-1/3,...

Minimal Composite PGB Higgs

Coleman Weinberg ’73



Higgs potential radiatively generated by resonances 
loops (top is the largest contribution)	


!

Top contribution to the Higgs potential:

=> light top partners (~1 TeV)  are required to 
obtain 125 GeV Higgs mass to avoid large tuning

Contino et. al, 
Pomarol, Riva ’12

5 of SO(5) =4 + 1

with EM charge 5/3,2/3,-1/3,...

Minimal Composite PGB Higgs

Coleman Weinberg ’73



But where are the partners @ LHC?

2 leading frameworks!
of naturalness



But where are the partners @ LHC?

2 leading frameworks!
of naturalness

SU
SY

composite 

Higgs



But where are the partners @ LHC?

2 leading frameworks!
of naturalness

SU
SY

composite 

Higgs



Current LHC Limit on composite Top partner

same-sign 
dileptons

W tag:             
2 subjets, 
Mj[60,130] 	


CMS top tag

ATLAS-CONF-2012-130

10.1103/PhysRevLett.112.171801

Simone, Matsedonski, Rattazzi, Wulzer `12
Azatov, Son, Spannowsky `13

Matsedonski, Panico, Wulzer `14
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Current LHC Limit on composite Top partner

same-sign 
dileptons

W tag:             
2 subjets, 
Mj[60,130] 	


CMS top tag

ATLAS-CONF-2012-130
MX5/3

& 800GeV

10.1103/PhysRevLett.112.171801

Simone, Matsedonski, Rattazzi, Wulzer `12
Azatov, Son, Spannowsky `13

Matsedonski, Panico, Wulzer `14

How about Run 2? 
!

Boosted Analysis becomes more 
important! 

!
Backovic, Flacke, SL, Perez `14 



General Set-up

Note: possible vector resonances are “integrated out” and do not appear directly in the effective description 

As a setup we choose the minimal composite Higgs model based on SO(5)/SO(4).  
We use the CCWZ construction in order to write down         in a nonlinearly invariant 
way under SO(5)

Leff

Coleman, Wess, Zumino ’69,   Callan, Coleman ’69 



L
mix

= �
q

q̄
lOOlO + h.c.

            (f ⇔ decay constant for the SO(5)/SO(4) breaking )

The flavor problem of theories with strong dynamics can be 
improved if the Yukawa couplings arise through mixings of 
elementary quarks with fermionic operators of the strong sector	


General Set-up : Partial Compositeness

• Partial Compositeness:                              
Elementary-composite states talk 
through linear couplings.                                                

D.B. Kaplan;  Gorssman & Neubert;  Huber,...

Composite 	

Sector	


SO(5) → SO(4)	

 full non-linear                  

SO(5) /SO(4) massive 
content

q,u,d

Aμ

Elementary	

Sector	


Typically (anarchy): Δi ≪ Δq3,u3 ∼ M , i = 1, 2 .

Q±, U± + ... +EW + H

ySM = �L�R
m 

' yLyR
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Composite 	

Sector	


SO(5) → SO(4)	

 full non-linear                  

SO(5) /SO(4) massive 
content

q,u,d

Aμ

Elementary	

Sector	


Typically (anarchy): Δi ≪ Δq3,u3 ∼ M , i = 1, 2 .

Delaunay, Gedalia, SL, Perez, Ponton `11	

Redi, Sanz, de Vries, Weiler `13	


Delaunay, Flacke, Fraille, SL, Perez `13	

What if the first two generations of RH 

quarks are composite but not at	

the same level, for instance:

yu . yc ⇠ yt ⇠ 1

Q±, U± + ... +EW + H

ySM = �L�R
m 

' yLyR

g 

�L �R

H

�i = yif



General Set-up

the strong sector resonances are classified in terms of irreducible representations of the unbroken global SO(4)

The down-type sector can be realized analogously.



General Set-up

5 = 4 + 1

Simone, Matsedonski, Rattazzi, Wulzer `12

Matsedonski, Panico, Wulzer `14
Backovic, Flacke, SL, Perez `14	




General Set-up

5 = 4 + 1

In this talk, I will focus on partially 
composite quarks scenario

Simone, Matsedonski, Rattazzi, Wulzer `12

Matsedonski, Panico, Wulzer `14
Backovic, Flacke, SL, Perez `14	
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At high M4, single production 
becomes dominant (just 

kinematics). 
Exactly where in M4 this happens 
is model dependent, but for most 
“reasonable” parameter choices 
somewhere between 1-1.5 TeV
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Top Partner Searches Beyond the 2 TeV Mass Region
Backovic, Flacke, SL, Perez `14	


Single production is 
dominated by X5/3 and B 

partners.
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D. Single Production Cross Section - Same Sign Di-leptons vs. Lepton-Jet Final States

In addition to very interesting event topology, the single X
5/3/B production is also interesting because at high

enough MX5/3/B it becomes the dominant production mode. The kinematics of singly produced X
5/3/B events

are mostly determined by two parameters: MX5/3/B and �X5/3/B (modulo e↵ects of spin correlations), while the
production cross section is subject to many other model parameters. Here we are not interested in details of models
but in general features of tt̄Wj event topologies and will hence leave the production cross section as a free parameter.
We consider a range of MX5/3/B , while keeping the width �(X

5/3/B) ⇠ 15 � 20% of MX5/3/B . Keeping the cross
section a free parameter has an additional benefit of presenting the analysis in a model independent fashion and being
able to apply our results to other new physics searches in the tt̄Wj channel.

In order to determine the “reasonable range” of cross sections, we consider several combinations of model parameters
in a general partially composite model. We do not make any assumptions about the mass hierarchy in the model (e.g.
we do not only consider the decoupling limit of M

1

� M
4

), while we make sure that each model parameter point
reproduces the correct mt.

The current limits of X
5/3/B partners place MX5/3/B & 1 TeV. Hence, if X

5/3/B is to be found during the future
runs of the LHC, it will be found almost exclusively in the events containing at least one boosted top quark and one
boosted W . Previous searches for X

5/3/B partners focused mostly on the same sign di-lepton searches, due to the
extremely clean signal, but at a cost of the signal rate. Compared to the inclusive single X

5/3/B production, the
signal rate is diminished by the branching ratio of W decays to leptons, resulting in

�
2l = �

tot

⇥ Br(W ! l⌫)2 = �
tot

⇥ (2/9)2 ⇠ 0.05�
tot

,

where �
tot

is the inclusive X
5/3/B single production cross section. In addition, we checked that the geometric

acceptance (i.e. |⌘l| < 2.5) for two leptons in a same sign di-lepton final state is 50%, implying that the total same
sign di-lepton cross section is at least a factor of 2 smaller after the event selections. Instead, here we propose to
search for top partners in channels which contain at least one lepton and a fat jet. Fig. 3 shows an example diagram of
singly produced X

5/3/B, including the decay modes, where we take the initial state radiated top to decay inclusively.
Compared to the same sign di-lepton searches, the starting signal cross section in our search strategy is

�⇤ = �
tot

⇥ 2⇥ Br(W ! l⌫)⇥ Br(W ! jj) = �
tot

⇥ 2⇥ (2/9)⇥ (2/3) = 6�
2l ,

if we consider both the top and the W decaying hadronically (but not simultaneously). Note that the signal cross
section is increased roughly by an additional factor of two for high MX5/3/B , where we expect X

5/3 and B to be nearly
mass degenerate. The same sign di-lepton cross section, however, remains the same at high MX5/3/B , as the top and
the W from the B decay are of the opposite charge

g

q q

W

W

W

W

X5 / 3

b
q, l

q, υ

υ, q
l, q

b

t

t

, B

l, q
υ, q

Figure 3: Single production of top partners with decay channels. We consider events characterised by a boosted tW system in
the case of X

5/3/B, as denoted by the ovals, in addition to a high energy forward jet and a top. Notice that the only di↵erence
in the X

5/3 production and B production is the sign of the decay products’ charges. We consider inclusive decays of the initial
state radiated top.

Single production of top partners 
might look like a “messy” final 

state (9 objects)

Large SM backgrounds 
(di-tops, W+jets, …)

M ⇠ O(1TeV)

Backovic, Flacke, SL, Perez `14	
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Boosted t / W
- Hard Lepton 
- Missing Energy 
- Fat Jets

  Unique event topology! 
At least three interesting handles 

on the SM backgrounds

8

III. RESULTS

We proceed to discuss the main results of the paper. The signal events at a
p

s = 14 TeV pp collider are
characterised by four distinctive features:

1. A single, high energy forward jet.

2. One boosted t or one boosted W (MX5/3/B & 1 TeV), as can be seen in Fig. 4 .

3. One hard (pT > 100 GeV) lepton, resulting from a top or W decay.

4. Two b jets, one of which can be a part of a top fat jet.

Fig. 4 shows the features of the signal and background fat jet pT spectrum. The pT distribution of background
events is characterised by a steep decline as a function of transverse momentum. Conversely, the signal distributions
tend to peak at roughly ⇠ MX5/3/B/2, with the PDF broadning e↵ects becoming significant at high MX5/3/B , as the
partner becomes more likely to be produced o↵-shell.

As we will demonstrate in the following sections, our event selection based on the unique single X
5/3/B event

topology, combined with boosted jet techniques, b-tagging and forward jet tagging can achieve sensitivity to X
5/3/B

top partners over a wide range of model parameters at the 14 TeV run of the LHC. We further argue that our results
are comparable and in some cases superior to the same sign di-lepton searches, with an additional advantage that our
method allows for the reconstruction of the resonance.
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Figure 4: Distribution of the hardest fat jet pT . Left panel shows the signal distributions for various masses of MX5/3/B , while
we show the backgrounds on the right panel. All plots are normalised to unit area.

In Section IIA we pointed out that at large MX5/3/B we expect the X
5/3 top partner and the B to be nearly

mass degenerate if the left hand yukawa coupling is not too large, a fact which has significant implications on the
phenomenology of the heavy top partners and highlights a key advantage of our method over the same sign di-lepton
searches. Since we do not consider the charge of the leptons as a part of the selection, the fact that the mass splitting
between X

5/3 and B is small means that our search is sensitive to both channels, e↵ectively doubling the signal cross
section. Conversely, requiring a presence of two same sign leptons would essentially veto the B production, as the B
partner decays to a top and W of the opposite charge. In the following sections we will consider the production of
top partners both individually and under the assumption they are mass degenerate where relevant.

Backovic, Flacke, SL, Perez `14	
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Compared to the same sign di-lepton searches, the starting signal cross section in our search strategy is
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if we consider both the top and the W decaying hadronically (but not simultaneously). Note that the signal cross
section is increased roughly by an additional factor of two for high MX5/3/B , where we expect X

5/3 and B to be nearly
mass degenerate. The same sign di-lepton cross section, however, remains the same at high MX5/3/B , as the top and
the W from the B decay are of the opposite charge
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Figure 3: Single production of top partners with decay channels. We consider events characterised by a boosted tW system in
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D. Single Production Cross Section - Same Sign Di-leptons vs. Lepton-Jet Final States

In addition to very interesting event topology, the single X
5/3/B production is also interesting because at high

enough MX5/3/B it becomes the dominant production mode. The kinematics of singly produced X
5/3/B events

are mostly determined by two parameters: MX5/3/B and �X5/3/B (modulo e↵ects of spin correlations), while the
production cross section is subject to many other model parameters. Here we are not interested in details of models
but in general features of tt̄Wj event topologies and will hence leave the production cross section as a free parameter.
We consider a range of MX5/3/B , while keeping the width �(X

5/3/B) ⇠ 15 � 20% of MX5/3/B . Keeping the cross
section a free parameter has an additional benefit of presenting the analysis in a model independent fashion and being
able to apply our results to other new physics searches in the tt̄Wj channel.

In order to determine the “reasonable range” of cross sections, we consider several combinations of model parameters
in a general partially composite model. We do not make any assumptions about the mass hierarchy in the model (e.g.
we do not only consider the decoupling limit of M
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), while we make sure that each model parameter point
reproduces the correct mt.

The current limits of X
5/3/B partners place MX5/3/B & 1 TeV. Hence, if X

5/3/B is to be found during the future
runs of the LHC, it will be found almost exclusively in the events containing at least one boosted top quark and one
boosted W . Previous searches for X

5/3/B partners focused mostly on the same sign di-lepton searches, due to the
extremely clean signal, but at a cost of the signal rate. Compared to the inclusive single X

5/3/B production, the
signal rate is diminished by the branching ratio of W decays to leptons, resulting in
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acceptance (i.e. |⌘l| < 2.5) for two leptons in a same sign di-lepton final state is 50%, implying that the total same
sign di-lepton cross section is at least a factor of 2 smaller after the event selections. Instead, here we propose to
search for top partners in channels which contain at least one lepton and a fat jet. Fig. 3 shows an example diagram of
singly produced X

5/3/B, including the decay modes, where we take the initial state radiated top to decay inclusively.
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if we consider both the top and the W decaying hadronically (but not simultaneously). Note that the signal cross
section is increased roughly by an additional factor of two for high MX5/3/B , where we expect X

5/3 and B to be nearly
mass degenerate. The same sign di-lepton cross section, however, remains the same at high MX5/3/B , as the top and
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Tagging of Boosted Objects

- We use the Template Overlap Method (TOM) 

- Low susceptibility to pileup. 

- Good rejection power for light jets. 

- Flexible Jet Substructure framework  
	 	 	 	 (can tag tops, Higgses, Ws …) 

Almeida, SL, Perez, Sterman, Sung ’10

Almeida, Erdogan, Juknevich, SL, Perez, Sterman  ’12

Agashe, et al (SL), Snowmass studies (top & RS benchmark) ’13

Backovic, Juknevich, Perez  ’13

Backovic, Gabizon, Juknevich, Perez, Soreq ‘14

For a gruesome amount of detail on TOM see:



Template Overlap Method
!!!

Template overlaps: functional measures that 
quantify how well the energy flow of a physical jet 
matches the flow of a boosted partonic decay

|j>=set of particles or calorimeter towers that make up a jet. e.g. 

|j>=|t>,|g>,etc, where:

“template”

Lunch table 
discussion with 

Juan 
Maldacena



Tagging of Boosted Objects

The red dots with circles are peak 
template momenta. They represent 

the “most likely” top decay 
configuration at a parton level.

Blue - positions of truth level top decay products. 
Gray - Calorimeter energy depositions. 
Red - Peak template positions. 

Typical boosted top jet



Blue - positions of truth level top decay products. 
Gray - Calorimeter energy depositions. 
Red - Peak template positions. 

Because templates are 
sensitive only to the 
energy depositions 

within the small cones 
the method is very 

weakly susceptible to 
pileup.

Templates are matched to jet energy 
distribution by collecting radiation 
within some small cone around 
each parton and minimizing the 

difference between the energy of the 
parton and the collected energy.

Typical boosted top jet

Tagging of Boosted Objects



No Pileup 50 avg. pileup

- Template Overlap Method 
- Good rejection power for light jets. 
- Flexible Jet Substructure framework  

	 	 	 	 (can tag t, h, W …)
11
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Figure 5: Template overlap distributions for signal and background channels. The left panel shows the peak template distri-
butions for hadronic t/W (top panel / bottom panel) candidate events with no pileup (solid lines), while the right panel is the
peak overlap for hadronic t/W (top panel /bottom panel) candidate events in the presence of 50 average pileup events (dashed
lines). The plots assume Basic Cuts and pT > 500 GeV for the fat jet. Notice that the signal distribution is weakly a↵ected
by pileup contamination.

e↵ect requires a full NLO event simulation, which is beyond the scope of our current study. It is impotent to note
that since here we only consider a leading order tt̄ sample matched to one extra jet, our estimates for the Template
Overlap’s ability to reject Standard Model tt̄ events is likely underestimated.

One of the most attractive features of TOM is its weak susceptibility to pileup contamination. Refs. [17, 18] showed
that the e↵ects of pileup are not significant on TOM (up to 50 pileup events). The low susceptibility to pileup is
a manifest of the fact that, by construction, TOM is sensitive mostly to the hard energy depositions within the fat
jet and less so to the incoherent soft radiation. Here we find similar results both in the case of the top as well as
the W, as shown in Figure 5. The signal distributions maintain a very similar shape upon the addition of pileup
contamination, with the signal e�ciency of the Ov > 0.5 cut remaining at ⇠ 65% for both hadronic top and hadronic
W candidate events. The shape of the background distributions is a↵ected more drastically in the presence of pileup,
however, notice that the region of Ov > 0.5 remains weakly a↵ected, resulting in a small e↵ect on the background
fake rate upon the overlap selection cut.

Tagging of Boosted Objects
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distribution if no pileup was present, while the red lines show the corresponding distribution at hN
vtx

i = 50 pileup
events. In both cases, our mass reconstruction method is able to resolve the resonance peak to a very good degree,
while e↵ects of pileup on the mass peak resolution remain weak at average 50 pileup events.
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Figure 8: E�ciency of MX5/3/B reconstruction in a pileup environment . In each case, we construct mX5/3/B from the missing
energy, the hardest lepton and the peak template. The blue line assumes no pileup while the red line assumes 50 average pileup
events. Only hadronic top candidate events are shown.

F. Projected MX5/3/B Sensitivity

The main question we would like to answer in this paper is how sensitive will the future LHC runs be to
di↵erent MX5/3/B in our analysis framework? For this purpose we analyzed several signal event samples with
MX5/3/B = (1.0, 1.25, 1.5, 1.75, 2.0) TeV. Varying other model parameters will change the value of the single
production cross section but will not significantly a↵ect the event kinematics. Hence, we fix all other couplings and
scales and leave the inclusive production cross section �X5/3/B a free parameter. An additional benefit of considering
�X5/3/B as a free variable is that our results in this section can be applied to other searches for BSM physics in
the same final state channel. In this section we assume no pileup contamination and postpone the discussion of 50
interactions per bunch crossing until the next section.

To illustrate the ability of our proposal to reject SM backgrounds, we begin with the example cutflow results in
Table II. We chose the values for the inclusive cross section in each table to be roughly in the mid-range of the cross
section values for model parameters which address the hierarchy problem and result in a correct mass of the top quark.
Perhaps the most exciting result of our analysis is that the future LHC runs will be sensitive to MX5/3/B ⇠ 2.0 TeV

top partners, where we find that 5� sensitivity should be achievable with 35 fb�1 of data (assuming b-tagging and no
forward jet tagging), while requiring a signal cross section large enough to give ⇠ 10 events, as shows in Table II.
Note that because our event selection is sensitive to both X

5/3 and B production, the final signal cross section we
achieve for hadronic top candidate events alone is higher than the the naive estimate of the same sign di-lepton cross
section (assuming a 50 % geometric acceptance for the two leptons).

We present detailed information for masses lower than 2 TeV in Table III. We find that the LHC run at 14 TeV
can achieve S/B > 1 for MX5/3/B > 1 TeV, with ⇠ 5� significance using the b-tagging proposal of Section IIID alone,
while the addition of a forward jet tag from Section III C results in an almost background free signal and a significant
improvement in significance at an additional 25�30% signal loss. Forward jet tagging alone is not su�cient to produce
desirable sensitivity to any of the MX5/3/B we considered, except for very large signal cross sections and integrated
luminosities. However, complemented by b-tagging, we find that forward jet tagging can significantly improve the
MX5/3/B sensitivity. The lower MX5/3/B (e.g. MX5/3/B ⇠ 1 TeV) cases benefit more from forward jet tagging, as the
signal cross section is larger and hence allows for lower final signal e�ciency. We find that an additional factor of
⇠ 4 � 6 in S/B improvement is typically achieved by adding a forward jet tag. We show a detailed comparison of
results with and without forward jet tagging in Fig. 10, where the left panels assume the b-tagging criteria without
the forward jet tag, while the right panels assume both b-tagging and a forward jet tag.

We can reconstruct the resonance mass
- Use the peak template (pileup insensitive)    : 

• hadronic top: 
• hadronic W: m2

X = (ptemp + pl + p⌫ + pb)2

m2
X = (ptemp + pl + p⌫)2
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In addition to very interesting event topology, the single X
5/3/B production is also interesting because at high

enough MX5/3/B it becomes the dominant production mode. The kinematics of singly produced X
5/3/B events

are mostly determined by two parameters: MX5/3/B and �X5/3/B (modulo e↵ects of spin correlations), while the
production cross section is subject to many other model parameters. Here we are not interested in details of models
but in general features of tt̄Wj event topologies and will hence leave the production cross section as a free parameter.
We consider a range of MX5/3/B , while keeping the width �(X

5/3/B) ⇠ 15 � 20% of MX5/3/B . Keeping the cross
section a free parameter has an additional benefit of presenting the analysis in a model independent fashion and being
able to apply our results to other new physics searches in the tt̄Wj channel.

In order to determine the “reasonable range” of cross sections, we consider several combinations of model parameters
in a general partially composite model. We do not make any assumptions about the mass hierarchy in the model (e.g.
we do not only consider the decoupling limit of M
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), while we make sure that each model parameter point
reproduces the correct mt.

The current limits of X
5/3/B partners place MX5/3/B & 1 TeV. Hence, if X

5/3/B is to be found during the future
runs of the LHC, it will be found almost exclusively in the events containing at least one boosted top quark and one
boosted W . Previous searches for X

5/3/B partners focused mostly on the same sign di-lepton searches, due to the
extremely clean signal, but at a cost of the signal rate. Compared to the inclusive single X

5/3/B production, the
signal rate is diminished by the branching ratio of W decays to leptons, resulting in
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where �
tot

is the inclusive X
5/3/B single production cross section. In addition, we checked that the geometric

acceptance (i.e. |⌘l| < 2.5) for two leptons in a same sign di-lepton final state is 50%, implying that the total same
sign di-lepton cross section is at least a factor of 2 smaller after the event selections. Instead, here we propose to
search for top partners in channels which contain at least one lepton and a fat jet. Fig. 3 shows an example diagram of
singly produced X

5/3/B, including the decay modes, where we take the initial state radiated top to decay inclusively.
Compared to the same sign di-lepton searches, the starting signal cross section in our search strategy is
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if we consider both the top and the W decaying hadronically (but not simultaneously). Note that the signal cross
section is increased roughly by an additional factor of two for high MX5/3/B , where we expect X

5/3 and B to be nearly
mass degenerate. The same sign di-lepton cross section, however, remains the same at high MX5/3/B , as the top and
the W from the B decay are of the opposite charge
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because of a boosted topology, assigning               works 
well for the purpose of resonance reconstruction. 

⌘⌫ = ⌘l

Note: very difficult to reconstruct the resonance 
mass with same sign di-leptons!



Can we break on through to 2 TeV?
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Figure 1: Dominant single-production channels for the top partners X
5/3, B, Tf1 and Tf2 (from left to right) at a proton-proton

collider.

phenomenological signatures of X
5/3 and the B are identical. We will hence focus our e↵ort on searches for X

5/3/B
states and postpone the searches for other top partners until future studies.

Upon the diagonalization of the mass matrix (see the Appendix for more detail) the masses of the top, and the
partners, are given by:

mt =
vp
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where M
1

and M
4

are the singlet and fourplet mass scales, � is a relative phase between them (see [20] for a detail
discussion on the model’s flavor parameters), f is the compositeness scale, yL,R are the left handed/right handed pre-
yukawa couplings, and ✏ ⌘ v/f . Eq. (1) reveals an important point which we will employ in the following sections.
The mass splitting between the M

5/3 and B goes as f/M
4

, implying that the heavier the X
5/3 partner is, the more

mass degenerate it becomes with the B state, provided yL is not too big.
Our current study will focus only on the tW decays of the top partners, since this is the only mode X

5/3 can decay
to due to charge conservation. The dominant couplings of X

5/3 and B states are of strength
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where cR is a right-handed strong sector coupling between the partners in the 1 and 4.3

B. Production of Top Partners

The top partners are colored and can therefore be pair-produced via QCD interactions, where the production cross
section only depends on the mass of the respective top partner. The top partners can also be single-produced via the

3 Notice that these couplings are chiral, where the partner couplings to left handed tops are suppressed by O(✏2). The dominance of right
hand couplings to tops result in characteristic features in the angular and pT distributions of the top decay products [21, 22] and could
help reveal the structure of top partner couplings (in case a signal is observed at the future LHC runs).

MX5/3
= M4 } For large M4, 5/3 and B 

partners are becoming mass 
degenerate

Production cross section 
nearly doubles, but only if 

the event selections are 
sensitive to both 5/3 and B 

partner 

Clear advantage over 
same sign di-lepton 

channels!

Possible additional handle:
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•  We showed that Run 2 of the LHC at 14 TeV 
can detect and measure 2 TeV top partners 
in a lepton-jet final state, with almost 5 sigma 
signal significance and S/B >  1 at 35 fb-1!

!
•  A sizeable part of the model parameter 

space parts which result in a 2 TeV top 
partner can be ruled at 2 sigma  with as little 
as 10 fb-1

 Template Overlap Method w/ forward jet 
tagging & b-tagging!

!
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Partners are hiding due to non-trivial flavor physics effects
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SUSY)
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Hard-wired” assumption:	


top partner (stop) is mass eigenstate.
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Flavorful Naturalness!!!
    It was demonstrate that in SUSY, the RH top squark 
flavor eigenstate can consist of an admixture of would be 
stop-like and scharm-like mass eigenstate. 	

!

=> Direct experimental bounds on the second generation 
squarks are rather weak, of O(400-500) GeV, since the 
associated searches are mainly sensitive to “valence” squark 
masses (masses of the first generation squarks) and are 
optimized for heavy squarks: To constrain, look for: tt, cc & tc + 
MET channels

Blanke, Giudice, Paradisi, Perez, Zupan ’13

Mahbubani, Papucci, Perez, Ruderman, Weiler ’12
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!!!
    Non-degenrate RH first 2 generation squarks is 
consistent with flavor constraints

Can we use the same trick 
to hide the top partner in 
composite Higgs models?



Custodial symmetry for Z->bb 	

=> allow for composite light quark without tension 
with precision tests	


!

Drastic change to phenology: large production rates, 
top forward-backward asymmetry, non-standard flavor 
signals ...	

!

And LHC implications for non-degenerate first 2-
generation partners.	


Composite Light Quark

Delaunay, Gedalia, SL, Perez, Ponton (x2) ’10; Redi, Weiler ’11; 	

 Redi, Sanz, de Vries, Weiler ’13;  Da Rold, Delaunay, Grojean, Perez ’13; 

Atre, Chala, Santiago ’13

Cacciapaglia, Csaki, Galloway, Marandella, Terning, Weiler ’07	

Delaunay, Gedalia, SL, Perez, Ponton (x2) ’10; 	


Delaunay, Fraille, Flacke, SL, Panico, Perez `13	

Kim, Flake, SL, Lim ’13	


Backovic, Kim, Flake, SL ’14

Agashe, Contino, Da Rold, Pomarol ’12

MFVRedi, Weiler ’11 Flavor problems in composite Higgs models can be solved!
if the composite sector has flavor symmetries, and light 
compositeness is allowed/ preferred /or even require
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General Set-up (just as in 3rd generation)

the strong sector resonances are classified in terms of irreducible representations of the unbroken global SO(4)

The down-type sector can be realized analogously.



Partial Composite light quarks
Delaunay, Fraille, Flacke, SL, Panico, Perez `13	

Flacke, Kim, SL, Lim `13	




Partial Composite light quarks

yL≪1, the Lagrangian for the composite states and	

the right-handed up quark becomes invariant under 
the custodial symmetry SO(3)c subgroup of SO(4)	


!
=> uR, higgs, U, and one comb. of 4-plet are singlet,	


while GB, and three comb. of 4-plet are triplet under 
SO(3)c

~

Delaunay, Fraille, Flacke, SL, Panico, Perez `13	

Flacke, Kim, SL, Lim `13	




Partners in Singlet

singlet

Flacke, Kim, SL, Lim `13	


main production channels:

fourplet/singlet splitting is dominantly!
induced by the SO(5) breaking of the strong dynamics

Delaunay, Fraille, Flacke, SL, Panico, Perez `13	

Flacke, Kim, SL, Lim `13	


u and U , being both SO(4) singlets, can only couple to an even number of Higgs doublets
~

Backovic, Flacke, Kim, SL `14	
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5 rep’

pair	

production

single	

production

Decay: U → hj (100%)	

Most promising signal: pp →hhjj	


!
boosted analysis needed (no 

LHC bounds yet)

yu . yc ⇠ yt ⇠ 1

~
Backovic, Flacke, Kim, SL `14	




Partners in Singlet Flacke, Kim, SL, Lim `13	


LHC bounds comes mostly from ATLAS-CONF-2013-072
Look for a deviations in pp → h(hjj) → γγX or bbX!
i.e. modifications to SM Higgs signals and their angular and pT distributions

The distributions shown 
result from!
a partially composite 
down-quark model with 
a partner mass of MUh = 
300 GeV and effective!
coupling =1(red striped 
region).
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LHC bounds for single production (partially composite):
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Partners in Singlet: boosted analysis for run 2
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Partners in 4-plet

Let’s now
~

Delaunay, Fraille, Flacke, SL, Panico, Perez `13	
SO(3)C singlet: uR,
˜U , Um,h

SO(3)C triplet: Up, D, X5/3, EW Goldstones



Partners in 4-plet
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Partners in 4-plet
Delaunay, Fraille, Flacke, SL, Panico, Perez `13	


•Single production: Wjj, Zjj!
[D0 Collaboration], Phys. Rev. Lett. 
106, 081801 (2011)!
[CDF Collaboration], CDF/PUB/
EXOTIC/PUBLIC/1026!
[ATLAS Collaboration], ATLAS-
CONF-2012-137 (4.64 fb-1 7 TeV)!
[CMS Collaboration],CMS-PAS-
EXO-12-024 (19.8 fb-1  8 TeV)

•Pair production: WWjj, ZZjj, hhjj!
[D0 Collaboration], Phys. Rev. Lett. 107, 082001 
(2011)!
[CDF Collaboration], Phys. Rev. Lett. 107, 261801 
(2011)!
[ATLAS Collaboration], Phys. Rev. D 86, 012007 
(2012) (1.04 fb -1 7 TeV)!
[CMS Collaboration], CMS-PAS-EXO-12-042 (19.6 
fb -1 8 TeV); Leptoquark search, final state: μμjj)



Bounds on u/c partner from Run 1, LHC

Model Independent predictions for WWjj cross sections through QCD pair production!
of −1/3 and 5/3 charge partners of the composite right-handed up and charm quarks.!
The solid black (red) line stands for the 7TeV (8TeV) cross section. They are the same for!
the first two generations and in both partially and fully quark scenarios.

95% CL exclusion limit

Delaunay, Fraille, Flacke, SL, Panico, Perez `13	




Predictions for Wjj cross sections of function of the fourplet partner mass 
M4x ,x = u, c, in the partially composite right-handed for two generation 
quarks. dashed curve is the 95% CL exclusion limit from the ATLAS and 
CMS searches at the 7TeV LHC run

Delaunay, Fraille, Flacke, SL, Panico, Perez `13	


Bounds on u/c partner from Run 1, LHC



Partners in 4-plet
Delaunay, Fraille, Flacke, SL, Panico, Perez `13	




Collider implications for split 2 generations  (similar to SUSY case)
Delaunay, Fraille, Flacke, SL, Panico, Perez `13	




Backovic, Gabizon, Juknevic, Perez, Soreq `13	


Vector resonances



Backovic, Gabizon, Juknevic, Perez, Soreq `13	


Vector resonances

Snowmass top quark working group report `13	

Warped Extra Dimensional Benchmarks for Snowmass `13	




Summary / Outlook
!!!
    Composite Higgs model (with H as PGB) provides a viable 
solution to the hierarchy problem and generically predict partner 
states to the fermions

!!!
    The phenomenology of composite light quarks differs from top 
partner phenomenology, and may hide top partners
!!!
    In the limit of first two generation degeneracy (as in MFV or U(2)-
symmetric flavor models), fourplet partners need to be heavy 
(>1.8TeV), but for non-degenerate case, charm partner can be 
allowed to be light   => Flavorful Naturalness

Analysis for boosted Higgs /VB/top will be improved the reach 
at Run2

!!!
    Top partner will be probed beyond the 2 TeV mass region at the 
Run 2 of LHC



COMPOSITE 
WIMP DM 
THROUGH 
THE DILATON 
PORTAL

!
BLUM, CLICHE, CSAKI, SL 
ARXIV:1410.1873V1

symmetry magazine
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conner by the null results 
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Z-exchange

• Z boson exchange 
excluded except for fine-
tuned corners of 
parameter space, and 
requiring tuning for 
Higgs mediation as well

Higgs-exchange



THE DILATON MEDIATED DARK MATTER 
MODEL 

• Embedding the SM partially or completely in a 
composite sector can solve the hierarchy problem, 
by making the Higgs boson composite.

Bai, Careba, Lykken 09’!
Agashe, Blum, S.L., Perez 09’
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THE DILATON MEDIATED DARK MATTER 
MODEL 

• Embedding the SM partially or completely in a 
composite sector can solve the hierarchy problem, 
by making the Higgs boson composite.

• Often such a composite sector arises as the low-
energy limit of an approximately scale invariant 
theory, where scale invariance is broken 
somewhere above the weak scale.

• If the breaking of scale invariance is spontaneous, 
then it is accompanied by a dilaton 
(corresponding GB) that couples to the fields in 
the composite sector through

Bai, Careba, Lykken 09’!
Agashe, Blum, S.L., Perez 09’



THE DILATON MEDIATED DARK 
MATTER MODEL
• For massive particles, coupling to dilaton is proportional to 

~M/f  

1.  A very economic way to couple the SM to the dark 
sector (singlet under SM gauge symmetry) 

2. DM coupling to SM resembles Higgs portal, but with 
an extra suppression of order (v/f)2 (mh/mσ)4  

• In the minimal set-up, basically three parameters 
determine the dynamics of thermal freeze-out in the early 
universe:  f, mϗ, mσ (all three around 1-10 TeV)



THE DILATON MEDIATED DARK 
MATTER MODEL

• Effective theory describing an approximately scale 
invariant sector, with dilaton, σ (GB from SSB at 
scale f) parametrized by spurion: 

!

• After EWSB, 

!

Csaki, S.L., Hubisz 07’,!
Goldberg, Grinshtein, Skiba 08’!
Bellazzini, Csaki, Hubisz, Sera, Terning 12’ 
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BENCHMARK MODEL
loop contribution + trace anomaly

DM = a composite of 
the conformal sector 

Csaki, S.L., Hubisz 07’



RELIC ABUNDANCE

• The dominant DM annihilation channel for MDM >> mt:

• Annihilations into SM states are assumed to proceed 
via dilaton exchange.



RELIC ABUNDANCE: 
EXAMPLE- SCALAR DM

• Assume: f, mϗ, mσ  ≫ mZ  WW,ZZ and, if kinematically allowed,  σσ dominates.

• mϗ > mσ

• mϗ << mσ

• 2mϗ = mσ

mσ >4𝜋f



RELIC ABUNDANCE: 
EXAMPLE- SCALAR DM

• Assume: f, mϗ, mσ  ≫ mZ  WW,ZZ and, if kinematically allowed,  σσ dominates.

• mϗ > mσ

• mϗ << mσ

• 2mϗ = mσ

Assuming no DM co-
annihilation with extra 
particles in dark sector, 

unitarity bound combined 
with relic abundance gives:  

!mσ >4𝜋f



DIRECT DETECTION

• Relevant dilaton effective Lagrangian:



DIRECT DETECTION

• Relevant dilaton effective Lagrangian:



INDIRECT DETECTION: SIGNATURE IN 
GCRS

AMS2



SOMMERFELD ENHANCEMENT & INDIRECT 
DETECTION 

• The parameter space of interest for the model 
includes the regime where mϗ > mσ. 

• In this regime, dilaton exchange produces an 
attractive Yukawa potential 

=>Sommerfeld Enhancement
Agashe, Blum, S.L., Perez 09’



SOMMERFELD 
ENHANCEMENT  
!

& INDIRECT 
DETECTION 

FOR DM MASS ABOVE 
A FEW TEV, LARGE 
VALUES OF THE 
SE FACTOR ARE 
POSSIBLE WITH SE 
LARGER THAN 100 IN 
RESONANCE 
REGIONS.

SE vs. the DM mass  
fixing mσ = 3 TeV



ANTIPROTON 

• CR injection rate density for antiproton:

from PPPC 4 DM ID, Cirelli, Corcella, Hektor, Hutsi, 
Kadastik et al.Particle Physics input: 

Energy dependent BR 
into stable final state pbar 

at dilaton rest frame 
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ANTIPROTONS 
• The basic result we find: 

the model survives our 
antiproton constraint by 
a large margin, unless it 
lives right on top of an 
SE resonance.

• If the model is near an 
SE resonance, then a 
detectable rise in the 
antiproton flux at high 
energy is predicted.

1. For DM mass below ~10 TeV, the rise would be in tension with current pbar 
data.  

2. For DM mass above 10 TeV, there is no tension with current data, and future 
measurements may detect the model in antiproton flux
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GAMMA RAYS
• Limit on DM annihilation from thehe FERMI 

gamma ray telescope (dwarf spheroidal galaxies)

• Limit from the HESS gamma ray observatory 
reported limits based on Galactic Center 
observations: Stronger, but more model-
dependent limits are obtained from 
ground-based air-Che-renkov telescopes.



COLLIDER BOUNDS

• The dilaton (roughly) mimics a Higgs 
boson, with couplings to massive SM 
fields suppressed by the factor v/f 
compared to that of the Higgs and 
couplings to massless gauge bosons 
that involve contributions from the 
matter content of the conformal sector.  

• Collider bounds on the dilaton can 
thus be obtained by recasting the 
results of direct production limits from 
Higgs boson searches.  

• We use the HiggsBound code version 
4.1.2, that incorporates all the currently 
available experimental analyses from 
LEP, the Tevatron, and the LHC.
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• The dilaton (roughly) mimics a Higgs 
boson, with couplings to massive SM 
fields suppressed by the factor v/f 
compared to that of the Higgs and 
couplings to massless gauge bosons 
that involve contributions from the 
matter content of the conformal sector.  

• Collider bounds on the dilaton can 
thus be obtained by recasting the 
results of direct production limits from 
Higgs boson searches.  

• We use the HiggsBound code version 
4.1.2, that incorporates all the currently 
available experimental analyses from 
LEP, the Tevatron, and the LHC.

Run 2 will probe 
higher dilaton 
mass ranges, 

and maybe DM 
can be produced 

at the LHC



SUMMARY
• Dilaton portal provides an interesting composite WIMP DM scenario where dilaton 

couplings to the SM and DM field are determined by scale invariance 

• The breaking scale of scale invariance f is fixed by requiring that the relic abundance 
matches the observed value, leaving the dark matter and dilaton masses as the main 
theory parameters 

• Collider searches for Higgs-like particle put model dependent lower bounds on f for 
dilaton masses up to  1 TeV, and exclude dilaton-mediated DM for  m

ϗ  
<300 GeV 

• Current direct detection experiment allows the most of the parameter space, except 
for m

ϗ  
<300 GeV if m

σ
 <300 GeV 

• Our analysis of indirect detection including antiproton and gamma ray data shows 
that the bulk of the parameter space is consistent with the current constraints. 

• Upcoming direct detection experiments will probe our model, and if DM is heavy 
(above 10 TeV), we may still see them through indirect detection, e.g. antiproton flux 
and gamma rays, with Sommerfeld Enhancement via dilaton exchange


