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Why multiple fermion representations?

• Never studied dynamically before.  Does chiral symmetry 
breaking look different?  Potential hierarchy of scales,

• Dynamical scale separation would be a rich playground 
for model building (some tenuous connections to old 
literature on “tumbling”) 

• Further motivation from composite Higgs models, 
particularly when partial compositeness is used to 
generate top quark mass. 

h ̄a ai � h ̄b bi?



Composite Higgs and partial compositeness

• Technicolor models: SU(2)L broken by chiral condensate <ψψ>, gives 
EW scale v~f.  Higgs boson emerges from dynamics of theory; pseudo-
dilaton?  Some lattice interest (LSD, LatHC proposals.) 

• Composite Higgs: SU(2)L preserved by chiral condensate <ψψ>.  Higgs 
state is exact Goldstone: potential generated by interactions breaks 
EW, leading to v<f.  Limited study on lattice to date. 

• In either framework, SM fermion masses from four-fermion interactions:

q̄q ̄ ⇠ q̄qOETC q   ⇠ qOPC

Extended technicolor: Partial compositeness:
mass mixing!

• Partial compositeness is argued to improve FCNC bounds (with walking/
large anomalous dimensions), but we are more agnostic: interesting to study 
the mechanism in any model where viable top-quark partners can arise.



Multiple irreps for partial compositeness

• Two fermion species: ψ (EW charged), χ (color charged) 

• Top partners must be fermions with both electroweak and QCD 
charge: can arise as ψχψ, or χψχ.  (Five-fermion bound states 
possible, but would require even bigger anomalous dims…) 

• See reference for an attempt to catalogue theories by gauge 
group and fermion content

from G. Ferretti, “Gauge theories of partial compositeness”, arXiv:1604.06467:



Our model: SU(4) with two irreps

• Identified in Ferretti classification as one of the simplest UV 
completions! SU(4) gauge group, with two kinds of fermions: χ 
(fundamental [4] rep) and ψ (two-index antisymmetric [6] rep) 

• The ψ’s are in a real representation.  Chiral symmetry breaks  
SU(NQ)/SO(NQ); Higgs boson is produced as one of these PNGBs.  
(No model detail in this talk: see 1604.06467.)   

• Bound states?

“Mesons”: “Baryons”: “Chimeras”:

top-quark partner!

�̄� ����
�� 

 ̄ ,        



Software: “multirep MILC”

• Based on a branch of the MILC v7 code, focused on Wilson 
fermions 

• Dynamical code generation using Perl: Nc and 
representation(s) are fixed in code generation, allowing C 
compiler to optimize matrix ops 

• Bells and whistles: clover term, nHYP smearing, Hasenbusch 
preconditioning, multi-level integrator, dislocation-suppressing 
“NDS” action (DeGrand, Shamir, Svetitsky: 1407.4201) 

• We use all of the above, i.e. clover nHYP fermions w/NDS 
action;  csw set to 1 (shown to work well w/smearing)



Figure 1: Scan of the phase diagram of this theory at � = 7.75, using
123⇥6 lattices. Circular points are confining and starbursts are deconfined,
as determined from the Polyakov loop. The dotted line indicates 4 = 6.
c lines for each representation are determined by fitting to the AWI fermion
mass.
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Preliminary results: finite-T phase diagram, β=7.75, 123x6

(from D. Hackett)



Preliminary results: partially-quenched study of chimeras, 163x32

�� 

“Sigma”-like state (I=1) lighter than “lambda”-like (I=0) at small m6 - inverted from QCD

(from W. Jay)



Resource request

V r1M⇡,4 r1M⇡,6 M⇡,4L M⇡,6L cost/ktraj # traj
163 ⇥ 32 1.5 1.5 8.0 8.0 30k 4000
163 ⇥ 32 1.5 1.2 8.0 6.4 46k 4000
163 ⇥ 32 1.5 0.9 8.0 4.8 82k 4000
163 ⇥ 32 1.2 1.5 6.4 8.0 46k 4000
163 ⇥ 32 0.9 1.5 4.8 8.0 82k 4000
163 ⇥ 32 1.2 1.2 6.4 6.4 72k 4000
163 ⇥ 32 0.9 0.9 4.8 4.8 229k 4000
243 ⇥ 48 1.5 0.6 16.0 6.4 1.41m 1000
243 ⇥ 48 0.6 1.5 6.4 16.0 1.41m 1000
total 5.17m

Table 2: Tabulation of proposed Monte Carlo simulations and associated
computational costs in J/Psi core-hours.

flat scaling out to 8 nodes (local volume of 43⇥8), with a cost of 16 Bc
core-hours per trajectory. The cost of gauge configuration generation
is known to scale for the HMC algorithm as V 5/4, with the additional
factor of 1/4 beyond linear volume scaling coming from a needed re-
duction in integrator step size as the problem gets larger [21]. Taking
the cost of the Dirac matrix inversion to scale with m�1 ⇠ M�2

⇡ , we
have for the cost

cost =
24, 000 core-hr

ktraj

✓
V

163 ⇥ 32

◆5/4 ✓ 1.43

r1M⇡,4

◆2 ✓ 1.75

r1M⇡,6

◆2

(1)

Our target volumes for an initial study range are 163 ⇥ 32 and
243 ⇥ 48; the larger volume should allow us to reach pseudo-NGB
masses equivalent to m⇡ ⇠ 300 MeV, maintaining r1/a ⇠ 3. We will
tune the bare parameters to maintain this value of the lattice spacing
in r1 units, and adjust the pion masses in the two representations.
To obtain a good handle on the full mass dependence, we plan three
extrapolation directions: reducing m4 with m6 fixed, reducing m6 with
m4 fixed, and reducing both masses simultaneously.

The proposed runs are summarized in Table 2. We request re-
sources to calculate 4000 trajectories on each 163 ⇥ 32 ensemble, and
1000 on the larger 243⇥48 volumes. Saving one gauge configuration ev-
ery 5 trajectories, this means that we need storage for 5600 L/a = 16
configurations (65 MB each), and 400 L/a = 24 configurations (325
MB); the total storage needed is thus 0.5 terabytes (equivalent charge:
20k J/Psi core-hours).
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• Initial study of 
spectroscopy; attempt to 
make contact with ChPT. 

• Maintain roughly r1/a~3.0 
(a~0.1fm in QCD) and 
MπL>4 

• Extrapolate along three 
lines: decreasing m4, m6, 
and both 

• Cost estimates using 
standard scaling from 
123x24 pilot study



Conclusion

• Gauge theory with multiple fermion irreps is well-
motivated, and has not been studied dynamically.  High 
interest in context of partial compositeness BSM models. 

• SU(4) two-irrep target theory is one of the simpler 
examples, many interesting quantities can be studied for 
composite Higgs phenomenology, and we can look for 
dynamical scale separation 

• We request 5.17 million J/Psi core-hours for our 
calculation, and 0.5 terabytes of storage



Backup slides



Preliminary results: partially-quenched chimera baryon correlator
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NDS action  (arXiv:1407.4201)

• HYP smearing: staple sum 
over “fat links” added to 
original link.  nHYP normalizes 
the smeared link W, i.e.

V = ⌦(⌦†⌦)�1/2

• Q-1/2=(Ω†Ω)-1/2 appears in the fermion force, and small 
eigenvalues can cause spikes.  “nHYP dislocation suppressing” 
action cancels these with additional marginal gauge terms:

• Bare gauge coupling 
depends on β and γ; we 
fix the ratio and adjust β to 
move lattice spacing.


