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Naturalness and Composite Higgs

= Naturalness considerations are still on of the main guidance for the search
of BSM Physics at the LHC

= In the SM no symmetries are protecting the 125 GeV scalar from
quadrative divergent radiative corrections

= NP contributions are required to stabilise the EW scale
= A moderate level of fine tuning requires NP to lie at the TeV scale

= The Goldstone symmetry guarantees lightness of scalars
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Naturalness and Composite Higgs

General idea

= The Higgs is a bound state of a new strongly interacting sector
at a scale f >> v with a cut-off scale ~10 TeV [Georgi and Kaplan '84]

= The lightness of the Higgs is ensured by its pseudo GB nature

= Strong sector resonances stabilise the Higgs mass at the EW scale

Concrete realisations

= SO(5)/SO(4) coset ensures 4 Gbs and a custodial symmetry: MCHM

[Agashe et al. '05]

= Two sets of composite resonances below the theory cut off:
» Spin one states, p°, P~
= Spin one half states, vector like top partners

= Non minimal cosets can provide extra scalars and DM candidate
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Naturalness and Composite Higgs
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A minimal Lagrangian for a Composite Higgs

[For a comprehensive review see Panico and Wulzer ’15]

1, M,
d,——pavt—L(p.—6./g,) +W(iD— M)W+, Dt,
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4
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A minimal Lagrangian for a Composite Higgs

[For a comprehensive review see Panico and Wulzer ’15]

f2 211 5 M, 0 1 VR (i 7 - £
LDEZd“TZ W+T(pu—eu/gp) +W(iD—M)W+t,Dt,

-------
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A minimal Lagrangian for a Composite Higgs

[For a comprehensive review see Panico and Wulzer ’15]

----------------------------

= SO(5)/SO(4) — 4 GBs which implies one (light) Higgs

0) —+
= Two triplet of EW vectors in the Adj[SO(4)]~SU(2),xSU(2);: Pr. r>PL R
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A minimal Lagrangian for a Composite Higgs

[For a comprehensive review see Panico and Wulzer ’15]

-----------------

P Le Mi T
Lo7d =7 W+7p(pu—eulgp) HW(iD— M)W+ Dt 3

----------

0) —+
= Two triplet of EW vectors in the Adj[SO(4)]~SU(2),xSU(2);: Pr. r>PL R

= A bidoublet of VLQs in the fundamental of SO(4) and a composite ¢,

) (T’B)UG (X:T)7/6
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A minimal Lagrangian for a Composite Higgs

[For a comprehensive review see Panico and Wulzer ’15]

f2 > 1 > Mi ~ 2 T (s —
LDZdM—ZpW+T(pM—eM/gp) +W (iD—M)W+t,Dt,

= SO(5)/SO(4) = 4 GBs which implies one (light) Higgs
0 +
= Two triplet of EW vectors in the Adj[SO(4)]~SU(2),xSU(2);: Pr. r>PL R

= A bidoublet of VLQs in the fundamental of SO(4) and a composite ¢,

(T B)1/6 (X, T)m

-----------
--------------------------------

. Lmear m|xmg between VLQS and SM ferm|ons partial composr[ness
[Kaplan '91]
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A minimal Lagrangian for a Composite Higgs

[For a comprehensive review see Panico and Wulzer ’15]

f2 > 1 o Mi ~ 2w (s P —
LDZdM—ZpW+7(pM—eM/gp) +W (iD—M)W+t,Dt,

= SO(5)/SO(4) = 4 GBs which implies one (light) Higgs
0 +
= Two triplet of EW vectors in the Adj[SO(4)]~SU(2),xSU(2);: Pr. r>PL R

= A bidoublet of VLQs in the fundamental of SO(4) and a composite ¢,

(T, B)1/6 X, T)m

----------------------

= Linear mixing between VLQS and SM ferm|ons partial compositness
[Kaplan '91]

« Interactions between O resonances and VLQs
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A minimal Lagrangian for a Composite Higgs

[For a comprehensive review see Panico and Wulzer ’15]

f2 > 1 > Mi ~ 2 T (s —
LDZdM—ZpW+7(pM—eM/gp) +W (iD—M)W+t,Dt,

= SO(5)/SO(4) = 4 GBs which implies one (light) Higgs
0 +
= Two triplet of EW vectors in the Adj[SO(4)]~SU(2),xSU(2);: Pr. r>PL R

= A bidoublet of VLQs in the fundamental of SO(4) and a composite ¢,
‘(T,B)yg (X,T),q
LDCl‘I!atR+C3@<pAa_eAa)taW+)’qu_5ULI"")’LszqutR

= Linear mixing between VLQs and SM fermions: partial compositness
[Kaplan '91]

« Interactions between P resonances and VLQs

-------------------------------------------------

--------------------------------------------------
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Composite Higgs at the LHC

[For a comprehensive review see Panico and Wulzer ’15]

= Modifications of the Higgs signal rates, controlled by "gz v2/f2
= DY and diboson production of P resonances: (semi)leptonic final states

= Pair and single production of VLQs L=195f" (s=8TeV
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= Limits on  resonances ~ 2 TeV, essentially from dilepton

= Limits on VLQs ~ 800 GeV, essentially from pair production
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Naturalness and Composite Higgs

4 f

P,
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Naturalness and Composite Higgs

EWPT require ~ 2 TeV PO resonances )
f' [Contino and Salvarezza ’15] p

0. T

‘---'

Light Higgs requires ~ 1 TeV top partners

[Matsedonskyi et al. '12]

t,h...
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Wide O at the LHC

= Naturalness, a light Higgs and the LEP/LHC data point to a particular

spectrum configuration

T S
~ 71 TeV ~ 2 TeV

T
p/\/\/\,< BR~1
T

= If kinematically allowed O will mainly decay into VLQs, since 9, > g,

= This relax LHC limits on O masses. Stronger limit set by the S-parameter
[DB et al. '12, Greco and Liu ’15]

= |t allows a different pair production mode for VLQs
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Wide O at the LHC

« Typically, 0 mainly decay inthe (X,T ), doublet
5/3 2/3
« X - /3 decays through charged current and give rise to a SS2L final stat

= The SS2L search use to bound X 5 can be exploited to constrain

X5/3

w w
X Xoy o™ trf\/\) b

5/3
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Wide O at the LHC

= We recast the CMS SS2L analyses targeting QCD pair produced X 5/3

LHC 8 TeV 19.5 fb™"

R - LHCS already E
: Direct searches not : : Se’f[ bOlImdS on this;
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[CMS SS2L search available at the MadAnalysis5 Public Analysis database wepage]
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Wide O at the LHC

= Testing the 13 TeV LHC sensitivity on this scenario

LHC 13 TeV

= Sensitivity with 100/fb comparable
with 3000/fb and just QCD production
R . Up to 3500 GeV P with 1700 GeV X5
can be excluded

= CMS already released SS2L analysis
with ~3/fb at 13 TeV. Not included here

: = Significant increase of the fine tuning
2400 1500 1800 1700 associated with top partners in CHMs

Mxg,q [GeV]

= If SS2L signals are detected, possible to investigate the underlying model
structure. High luminosity is required.
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Conclusions

= Composite Higgs models are a compelling alternative to SUSY theories

= Naturalness, a light Higgs and present collider data point to a scenario
where © can decay into a pair of light top partners

= These wide P excape the limits from direct searches, due to their
reduced rates into SM final states

= Providing an alternative mode for pair producing top partners they can be
bounded using VLQs designed analyses already with 8 TeV data

= LHC 13 will greatly improve on this naturalness favoured scenario

= Reconstruction of (possible) SS2L excess will shed light on the underlying
physics structure
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Conclusions

= Composite Higgs models are a compelling alternative to SUSY theories

= Naturalness, a light Higgs and present collider data point to a scenario
where @ can decay into a pair of light top partners

= These wide P excape the limits from direct searches, due to their
reduced rates into SM final states

= Providing an alternative mode for pair producing top partners they can be
bounded using VLQs designed analyses already with 8 TeV data

= LHC 13 will greatly improve on this naturalness favoured scenario

= Reconstruction of (possible) SS2L excess will shed light on the underlying
physics structure

Thank you!
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