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Quick overview:  
composite Higgs
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Composite Higgs, briefly
• Higgs is a composite bound state - 

no fundamental scalars!


• EW symmetry broken by strong 
condensate directly1, or by generated 
Higgs potential2


• Natural dark matter candidates (e.g. 
“dark baryons”), stabilized by 
accidental symmetry e.g. the proton3. 


• Downside: underlying physics is 
strongly-coupled, so prediction can 
be difficult…

3

1 “technicolor” 
2 “composite Higgs”, “little Higgs”, … 
3 See || talk by E. Rinaldi, Friday morning.
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Composite Higgs, continued1
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• Fundamental Higgs terms removed

L = LSM � Lh + LHC + Lint

(credit to C. Pica for this nice approach to describing the “anatomy” of composite Higgs)

• EW breaking, and SM mass terms.  No 
fundamental scalar —> four-fermion operators:
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(extended technicolor) (partial compositeness)

• New strong “hypercolor” gauge+fermion interactions:

or

1 more info: TASI lectures by R. Contino, arXiv:1005.4269
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Composite Higgs at colliders
• Signals vary depending on model, but some 

generic features:


• Lots and lots of new particles!  (But can be 
many TeV and/or very broad.)  EW boson 
final states are common (since these 
states are partly composite!)


• Excited states of EW bosons, W’/Z’/h’.  
With PC, top-partner T (and related 
exotics like X5/3)


• Can have QCD colored states (needed 
with top partners)


• Some examples: limits on modified Higgs 
couplings (top), top-partner search (bottom)

5

arXiv:1509.00672

arXiv:1509.04177
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Lattice and Composite Higgs1,2

• Lattice gauge theory is numerical and non-perturbative - can work with 
directly!  (No details on lattice here, but see Ruth Van de Water’s plenary)


• Very successful for QCD, and we can turn the dials to study more 
general theories:

6

• (Multiple reps are interesting for partial 
compositeness3, limited lattice results so far.)

1 T. DeGrand, arXiv:1510.05018 
2 C. Pica plenary @ Lattice 2016 
3 Ferretti & Karateev, arXiv:1312.5330

L = LSM � Lh + LHC + Lint

(Nc,Nf,R): SU(Nc) gauge theory, Nf fermions in irrep R
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Lattice for composite 
Higgs: highlights
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Vector Meson Dominance
• Vector meson dominance (VMD): saturation of vector 

channel by a single resonance (ρ).  Phenomenological 
model of low-energy quantities based on rho mass and 
width.


• VMD works well in QCD (~10%) for some things, e.g. 
KSRF1 relations:


• What happens in other strongly-coupled models?

8

1K. Kawarabayashi and M. Suzuki, Phys. Rev. Lett.16, 255 (1966);  
Riazuddin and Fayyazuddin, Phys. Rev. 147,1071 (1966).

electroweak decay

HC-strong decay
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LSD Collaboration, arXiv:1601.04027

• Test of one KSRF relation (Fρ/Fπ), nice agreement, little mass dependence


• Other relation gives gρππ from Mρ/Fπ (convention: Fπ~93 MeV in QCD.)

(3,8,F)
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• Another test of VMD: pion vector form factor.  Works very well for light 
“pions” (above).


• More directly, the vector meson should give a resonant contribution to 
the timelike pion form factor.  Harder calculation, but in progress.

(2,2,F)
A. Hietanen, R. Lewis, C. Pica and F. Sannino, arXiv:1308.4130
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S-parameter and Higgs potential

• Many insights from 
vacuum polarization - 
strong correlator of 
external currents.


• Calculate on lattice at 
fixed momentum q2 and 
fermion mass m, 
extrapolate as needed 
(depends on the quantity 
and the model…)

11
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For our Nf = 6 simulations, mf is not yet small enough
to see clear evidence for these chiral logs. For smaller mf ,
the log mf terms would be replaced by logarithmic depen-
dence on the PNGB masses in the full theory.

Simulation Details Simulations are performed using
domain-wall fermions and the Iwasaki improved gauge ac-
tion [11]. The domain-wall formulation suppresses the chi-
ral symmetry breaking associated with fermion discretiza-
tion, and preserves flavor symmetry at finite lattice spac-
ing, both desirable properties for computation of the S-
parameter. Gauge configurations are generated as in Ref.
[1]. Dimensionful quantities are given in lattice units.

The lattice volume is set to 323 ⇥ 64, with the length of
the fifth dimension Ls = 16 and the domain-wall height
m0 = 1.8. The choices � = 2.70 for Nf = 2 and � =
2.10 for Nf = 6 lead to nearly the same physical scale in
lattice units. Simulations are performed for fermion masses
mf = 0.005 to 0.03, although the Nf = 2 results for
mf = 0.005 may suffer from finite-volume effects, and
are not included in the analysis. At finite lattice spacing,
even with mf = 0, the chiral symmetry is not exact, with
the violation captured in a residual mass mres ⇧ mf . The
total fermion mass m is then m ⇤ mf +mres.

Current Correlators The lattice expression for the cur-
rent correlator of interest is

�µ�
V V (Q) = ⇥µ��V V (Q

2) � (QµQ�/Q2)⇥�V V (Q
2)

= Z
�

x

eiQ·(x+µ̂/2)�Vµ(x)V �(0) (2)

and similarly for �AA. Here Vµ is the conserved domain-
wall vector current, V � is the non-conserved local cur-
rent, and Z is a non-perturbative renormalization constant.
(x + µ̂/2) appears because Vµ(x) is point split on the
link (x, x + µ). The use of conserved currents ensures
that lattice artifacts cancel in the V � A current correlator
�V�A(Q2) ⇤ �V V (Q2) � �AA(Q2) [12].

We calculate �V�A(Q2) for a range of positive (space-
like) Q2 values, and for each mf extrapolate to Q2 = 0 to
determine the slope 4⇤�⇥

V�A(0) entering the S parame-
ter. In Fig. 1, we show the simulation data for �V�A(Q2),
along with fit curves. The data itself indicates that for
Nf = 2, �⇥

V�A(0) increases at smaller mf values, while
for Nf = 6, it decreases, already suggesting a relative de-
crease in S per electroweak doublet at Nf = 6. We fit
the �V�A(Q2) data for Q2 < 0.4 using a four-parameter,
Pade(1,2) form (linear numerator, quadratic denominator).
These fits, behaving like 1/Q2 at large positive Q2, are
shown with statistical error bands in Fig. 1. Each has two
poles at real, negative Q2, but they represent a time-like
structure with cuts and multiple poles. Each fit leads to
a value of �⇥

V�A(0) stable as the number of Q2 points is
varied.

The correlator slopes at Q2 = 0 are plotted in Fig. 2. In
this figure and others to follow, we plot versus M 2

P/M
2
V 0

rather than m, where MP is the Goldstone-boson mass [1],
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FIG. 1: �V�A(Q2) data and fits for Nf = 2 and 6. Fits, over the
range Q2 < 0.40, are done separately for each mf .
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FIG. 2: V � A correlator slopes at Q2 = 0 for Nf = 2 (red dia-
monds) and Nf = 6 (blue circles). For each of the solid points,
MPL > 4.

and MV 0 is the extrapolated mass of the lightest vector
state. We plot in this way since the relation between M 2

P

and m is strongly Nf -dependent. The value of MV 0, to
be discussed later, is roughly 0.2 in lattice units for both
Nf = 2 and 6. For each Nf = 6 point and for the five
heaviest Nf = 2 points, MPL > 4, keeping the pion
Compton wavelength well inside the lattice.

As anticipated from inspection of the data in Fig. 1,
�⇥

V�A(0) at Nf = 6 drops below �⇥
V�A(0) at Nf = 2 for

the smaller M 2
P values, suggesting a suppression of S at

Nf = 6. This interpretation requires care, however, since
the extrapolation M 2

P ⌥ m ⌃ 0 is dominated by chiral
logs (⌅ log(1/m)) for both Nf = 2 and 6.
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FIG. 1: �V�A(Q2) data and fits for Nf = 2 and 6. Fits, over the
range Q2 < 0.40, are done separately for each mf .
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MPL > 4.

and MV 0 is the extrapolated mass of the lightest vector
state. We plot in this way since the relation between M 2

P

and m is strongly Nf -dependent. The value of MV 0, to
be discussed later, is roughly 0.2 in lattice units for both
Nf = 2 and 6. For each Nf = 6 point and for the five
heaviest Nf = 2 points, MPL > 4, keeping the pion
Compton wavelength well inside the lattice.

As anticipated from inspection of the data in Fig. 1,
�⇥

V�A(0) at Nf = 6 drops below �⇥
V�A(0) at Nf = 2 for

the smaller M 2
P values, suggesting a suppression of S at

Nf = 6. This interpretation requires care, however, since
the extrapolation M 2

P ⌥ m ⌃ 0 is dominated by chiral
logs (⌅ log(1/m)) for both Nf = 2 and 6.

LSD Collaboration, arXiv:1009.5967 
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(3,Nf,F)
LSD Collaboration, arXiv:1405.4752 

• Tantalizing reduction from 2 to 6 fermions, but doesn’t seem to unambiguously 
continue at 8; S remains a challenge for technicolor-like theories

http://arxiv.org/abs/arXiv:1405.4752
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(4,2,AS2)

EW contribution to effective Higgs potential:

coefficient from integrated vac. pol.

DeGrand, Golterman, Jay, EN, Shamir, Svetitsky, arXiv:1606.02695 

http://arxiv.org/abs/arXiv:1606.02695
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Light scalar (JPC=0++)?

• A composite Higgs should 
generally be light compared to 
other strong resonances.  Can 
occur by construction: Higgs as 
pseudo-NGB, like pions.


• Emerging hints from lattice that 
a light scalar can appear 
regardless: new results (left) 
confirm initial LatKMI study, 
showing 0++ near-degenerate 
with pions!1


• Another light state…what is the 
low-energy EFT?

14

(see poster on Monday by E. Rinaldi)

LSD Collaboration, arXiv:1601.04027

(3,8,F)

1 LatKMI Collaboration, arXiv:1403.5000
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(3,2,S2)

σ
π

LatHC Collaboration, talk at “Lattice for BSM Physics 2016”

• Similar outcome, different theory!  Other observations of light scalar 
by other lattice groups: see talk by G. Fleming, Lattice 2016
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Outlook and summary
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Looking ahead for lattice
• Certain things are easy and straightforward on lattice: 

spectroscopy, vacuum polarization, “weak” (not-hypercolored) 
decay matrix elements


• Anomalous dimensions of operators for mass terms: harder, but 
work ongoing.  Single strong decays (e.g. T —> t ZL) can be 
studied, similar to semileptonic hadron decay in QCD.


• Anything with multiple “strong” states (doubly-strong decays, 
e.g.) are very challenging.  So are theories which are nearly 
scale-invariant.


• Investigation of 0++ state: scattering of “pions” and scalar-
channel form factors.  Can we identify the low-energy EFT?  Is it 
chiral PT, or something else…?

17
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An appeal to model-builders
• We need ultraviolet-complete theories which yield your favorite 

composite Higgs EFT!


• Working with UV completions can greatly enhance predictive 
power: many LECs from a handful of fundamental parameters.

18

Leff ) C
,

- 4 t C
3 tC4 f.

. .

WHY
Luv = a tb

• Lattice/UV completion can also describe things beyond the 
EFT: heavier resonances, matrix elements, etc.


• Matching calculations to take results from the isolated strongly-
coupled sector —> pheno predictions are needed too!
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Summary
• Composite Higgs is interesting, but 

strong coupling is hard.


• Lattice can deal with strong coupling, 
but needs UV completion to study!


• Vector-meson dominance seems to 
work well beyond QCD, and gρππ~6 is 
fairly insensitive to fermion mass/
number


• Hints of a light 0++ scalar - what is the 
EFT for this + “pions”?  Work in 
progress.

19

σ
π

(3,2,S2)

LatHC Collaboration
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Backup
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Theory space

21

CBZ
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Theory space
C. Pica, plenary talk at Lattice 2016
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Mass dependence of 0++ in (3,8,F)

23


