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resonance we are familiar with …!

*Neutral Naturalness (a last resort…) is not discussed in this talk
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How about Run 2? 

Single production with Boosted Analysis 
becomes more important! 

See next talk by Thomas Flacke! 

Backovic, Flacke, SL, Perez `14 
Backovic, Flacke, Kim, SL,`15 
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Compressed 
SUSY,

RPV SUSY, flavorful 
naturalness,...

increase tuning 
or,...

Partners are hiding due to non-trivial flavor physics effects

Compressed 
SUSY,

RPV SUSY, flavorful 
naturalness,...

discovery @ run2, or 
increase tuning or, flavorful 

naturalness,...
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This need not be the case, top-partner => “stop-scharm” admixture.

Can we use this trick to hide 
the top partner in composite 

Higgs models?

    Non-degenrate RH first 2 generation squarks is consistent with flavor constraints
Galon, Perez,  Shadmi ’13 



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.

Light Quark Composite Partners

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; 

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



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.

Light Quark Composite Partners

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; 

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



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

What if the first two generations of RH 
quarks are composite but not at
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General Set-up

The down-type sector can be realized analogously.

The lightest composite quark partner resonances are assumed to be 
in the 5 of SO(5)

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

5 = 4 + 1

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

Leff

elementary quarks:
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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

~



Partners in 4-plet

Let’s now
~

SO(3)C singlet: uR,
˜U , Um,h

SO(3)C triplet: Up, D, X5/3, EW Goldstones
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Partners in 4-plet

•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 7TeV 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



Bounds on u/c partner from 7TeV LHC

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
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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

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

Decay: U → 
hj (100%)

Most promising signal: 
pp →hhjj

~



Partners in Singlet @ Run I
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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Partners in Singlet: boosted analysis @ Run 2

14 TeV,

Run 2 of the LHC at 13 TeV can 
detect and measure 1TeV 

composite light quark partners  via 
boosted higgs pair +jets

in less than 35 fb-1!

Template 
Overalp
Method

b-tagging



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

    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 very light   => Flavorful Naturalness

Dedicated analysis for boosted Higgs/VB/top is required

    Singlet Partner has not been constrained much, but it will be 
probed much better @ Run 2

Light quark composite partners are interesting on its own, 
and also for flavorful naturalness, and have different 
phenomenology than that of top partners


