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Motivation
Incompleteness of the Standard Model

SM renormalizable and successful, but no explanation of
I fine-tuning of scalar VEV (no extra symmetry when v takes its “physical” value)
I fermion mass hierarchy
I neutrino masses and mixings, not enough CP violation for baryogenesis, dark matter,

dark energy & quantum gravity
Low energy Lagrangian of a BSM model cannot differ much from SM one
Hierarchy problems for the EW scale and fermion masses are entangled

Alternative: Comprehensive NP elementary particle mass generation
R. Frezzotti and G.C. Rossi [Phys. Rev. D92 (2015) 054505] (fermion mass) and
[arXiv:1811.10326] (towards realistic models with weak interactions)

R. Frezzotti and M. Garofalo and G.C. Rossi [Phys. Rev. D93 (2016) 1050030]
(possible GUT unification)

Rome/Bonn “bsmsimul” group [Phys. Rev. Lett. 123 (2019) 061802] (lattice
demonstration)

⇒ “all” elementary masses related to some energy scale ΛT , many other nice features
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Non-perturbative mass generation in a toy model
Toy model field content

Aµ – SU(3) gauge field with renormalised coupling gs

Q = (u, d)T – Dirac doublet, triplet under SU(3)

ϕ = (ϕ0 + iϕ3,−ϕ2 + iϕ1)
T – complex scalar doublet (SU(3) singlet)

I conventient matrix form Φ =
[
ϕ| − iτ2ϕ∗] = [

ϕ0 + iϕ3 ϕ2 + iϕ1

−ϕ2 + iϕ1 ϕ0 − iϕ3

]

Ltoy(Q,A,Φ) = Lkin(Q,A,Φ) + V(Φ) + LYuk(Q,Φ) + LWil(Q,A,Φ) =

1

4
F a
µνF

a
µν + Q̄L /DQL + Q̄R /DQR +

1

2
Tr

[
∂µΦ

†∂µΦ
]
+

µ2
0

2
Tr

[
Φ†Φ

]
+

λ0

4

(
Tr

[
Φ†Φ

])2
+

η
(
Q̄LΦQR + Q̄RΦ

†QL

)
+

b2

2
ρ
(
Q̄L
←−
DµΦDµQR + Q̄R

←−
DµΦ

†DµQL

)
“pseudo-Wilson term”

UV cutoff: ΛUV ∼ b−1 →∞
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Toy model Lagrangian symmetries
Exact χL × χR acting on fermions and scalars

χL: χ̃L ⊗ χΦ
L

χ̃L: QL → ΩLQL , Q̄L → Q̄LΩ
†
L

χΦ
L: Φ→ ΩLΦ ΩL ∈ SU(2)L

χR: χ̃R ⊗ χΦ
R

χ̃R: QR → ΩRQR , Q̄R → Q̄RΩ
†
R

χΦ
R: Φ→ ΦΩ†

R ΩR ∈ SU(2)R

Poincaré, T, P, C, SU(3) gauge, χL × χR

⇒ Renormalisability
⇒ no divergent ΛUVQ̄Q mass terms, only b2 cutoff effects on the lattice

Fermionic chiral transformations χ̃L × χ̃R are explicitly broken by
LYuk and LWil

Lkin(Q,A,Φ) = 1
4
F a
µνF

a
µν + Q̄L /DQL + Q̄R /DQR + 1

2
Tr

[
∂µΦ

†∂µΦ
]

V(Φ) = µ2
0
2
Tr

[
Φ†Φ

]
+ λ0

4

(
Tr

[
Φ†Φ

])2 LYuk(Q,Φ) = η
(
Q̄LΦQR + Q̄RΦ

†QL

)
LWil(Q,A,Φ) = b2

2
ρ
(
Q̄L
←−
DµΦDµQR + Q̄R

←−
DµΦ

†DµQL

)
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Toy model χ̃-symmetry restoration
Toy model not invariant under χ̃ = χ̃L × χ̃R ⇒ non-cons. currents ⇒ SDEs

χ̃-variation currents

J̃ [L,R]i
µ = Q̄[L,R]γµ

τ i

2
Q[L,R] −

b2

2
ρ

(
Q̄[L,R]

τ i

2
ΦDµQ[R,L] − Q̄[R,L]

←−
DΦ† τ

i

2
Q[L,R]

)

Renormalised χ̃ Schwinger-Dyson-equations (SDEs)

∂µ

〈
ZJ̃ J̃

[L,R]i
µ (x)Ô(0)

〉
=

〈
∆̃i

[L,R]Ô(0)
〉
δ(x) ( variation of Ô, if any )

+ (η̄ − η)

〈(
Q̄[L,R]

τ i

2
ΦQ[R,L] − Q̄[R,L]Φ

† τ
i

2
Q[L,R]

)
(x)Ô(0)

〉
+O(b2)

η̄ term due to mixing of d = 6 pseudo-Wilson operator under renormalisation,
just like mcr counterterm for Wilson LQCD
can tune η → ηcr to restore χ̃ up to O(b2)
eliminate Yukawa term!
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Central conjecture: The non-perturbative anomaly
Glossed over essential detail discussing χ̃-restoration: the scalar v.e.v. 〈Φ〉!

In the Wigner phase, 〈Φ〉 = 0, argument holds
η → ηcr: scalars and fermions decoupled

massless quarks (up to O(b2))

In the Nambu-Goldstone phase, 〈Φ〉 6= 0

even χL × χR spontaneously broken

η → ηcr: but, still no Yukawa or quark mass term
Massive quarks due to “NP anomaly” in χ̃-restoration

I 〈Φ〉 6= 0 provides seed for SSB
I χ̃-breaking at UV scale by higher-dimensional operator
I even at ηcr, strong interactions and residual χ̃-breaking induce χ̃-SSB
I 1 PI effective Lagrangian at “SM scale” has a quark mass term ∝ Λs!

F “irrelevant” effects at high energy affect low-energy behaviour fundamentally
F independent of actual value of 〈Φ〉 in a realistic model including weak interactions
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The NP anomaly 1/2

Renormalised χ̃-SDEs in NG phase

∂µ

〈
ZJ̃ J̃

[L,R]i
µ (x)Ô(0)

〉∣∣∣
ηcr

=
〈
∆̃i

[L,R]Ô(0)
〉∣∣∣

ηcr
δ(x) ( variation of Ô, if any )

+����:0
(η̄ − η)

〈(
Q̄[L,R]

τ i

2
ΦQ[R,L] − Q̄[R,L]Φ

† τ
i

2
Q[L,R]

)
(x)Ô(0)

〉
+ c1Λs

〈(
QL

τ i

2
UQR −H.c.

)
Ô(0)

〉∣∣∣∣
ηcr

+O(b2)

L.H.S. of SDE is RGI ⇒ all terms on R.H.S. must be RGI!

effective scalar degrees of freedom
I Massive ζ0
I Goldstone ζ1,2,3

Φ = vΦ + σ + i~τ~π = RU , R = (vΦ + ζ0) , U = exp
[
iv−1

Φ τkζk

]
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The NP anomaly 2/2

1 PI effective Lagrangian in the NG phase

ΓNG
4 =

1

4
(F · F ) + Q̄ /DQ+

1

2
Tr

[
∂µΦ

†∂µΦ
]
+

µ̂Φ

2
Tr

[
Φ†Φ

]
+

ρ̂

4

(
Tr

[
Φ†Φ

])2

+ (η − η(η, ρ, . . .))
[
Q̄LΦQR +H.c.

]
+ c1Λs

(
Q̄LUQR +H.c.

)
+

(
c2Λ

2
s + c̃ΛsR

) 1
2
Tr

(
∂µU

†∂µU
)

Φ = vΦ + σ + i~τ~π = RU , R = (vΦ + ζ0) , U = exp
[
iv−1

Φ τkζk

]
expand U around 1 ⇒ ΓNG ⊃ c1ΛsQ̄LQR + . . .

In realistic model including weak interactions
I ρ is no longer free parameter
I c̃ term vanishes when χ̃ is maximally enhanced
I c2 term leads to weak gauge boson masses
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Lattice study targets 1/2
For a given ρ, need to determine ηcr, conveniently done in the Wigner phase

Enforce restoration of χ̃ up to lattice artefacts based on J̃
[L,R]i
µ SDEs:

∂µ

〈
Ãi

µ(x)D̃
i
P (0)

〉
〈
D̃i

P (x)D̃
i
P (0)

〉 = (η − η̄) +O(b2)

Ãi
µ = J̃Li

µ − J̃Ri
µ D̃i

P = Q̄L

{
Φ,

τ i

2

}
QR − Q̄R

{
τ i

2
,Φ†

}
QL

Practical correlator ratio with better signal/noise

rAWI =

∑
~x,~y

〈
P 1(0)∂FW

0 Ã1,BW
0 (x)ϕ0(y)

〉
∑

~x,~y

〈
P 1(0)D̃1

P (x)ϕ0(y)
〉 , P i = Q̄γ5

τ i

2
Q , ϕ0 =

Tr[Φ]

2

∂FW
0 Ã1,BW

0 : fwd lattice derivative of bwd point-split Q̄γ0γ5(τ
1/2)Q

y0 − x0 appropriately fixed in physical units to 0.6 fm
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Lattice study targets 2/2

In the NG phase, demonstrate that massive quarks observed @ ηcr

Pseudoscalar meson correlation function

Ci
PS(x0) =

∑
~x

〈
[P i(x)] [P i(0)]†

〉
P i = Q̄γ5

τ i

2
Q

PCAC quark mass

ZÃ

ZP
mAWI =

ZÃ

∑
~x ∂0 〈Ãi

0(x)P
i(0)〉

2ZP
∑

~x 〈P i(x)P i(0)〉

∣∣∣∣∣
ηcr

Both MPS and (ZÃ/ZP )mAWI should remain non-zero as b ∼ Λ−1
UV → 0
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Lattice study setup
Need setup with exact χL × χR symmetry
NP anomaly also expected in quenched approximation ⇒ modified naïve lattice
fermions

SL = Sg[U ] + Ss[Φ] + b4
∑
x

{
Q̄(x)DL[U,Φ]Q(x) + iµQ̄(x)γ5τ

3Q(x)
}

Sg[U ]: Wilson plaquette gauge action (β ∈ [5.75, 5.85, 5.95])

Ss[Φ]: b4
∑

x

{
1
2 Tr

[
Φ†(−∂∗

µ∂µ)Φ
]
(x) +

m2
Φ
2 Tr

[
Φ†Φ

]
(x)λ0

4

(
Tr

[
Φ†Φ

])2
(x)

}
DL[U,Φ]Q(x) = γν∇̃νQ(x) + ηF (x)Q(x)− b2 ρ2F (x)∇̃ν∇̃νQ(x)

−b2 ρ4
[
(∂νF )(x)Uν(x)∇̃νQ(x+ ν̂) + (∂∗

νF )(x)U †(x− ν̂)∇̃νQ(x− ν̂)
]

twisted mass to avoid spurious zero modes and keep MPSL large

Φ ≡
[
ϕ01+ iϕjτ

j
]

F ≡
[
ϕ01+ iγ5τ

jϕj

]
∇̃µf(x) =

1

2

(
∇∗

µ +∇µ

)
f(x)

b∇µf(x) = Uµ(x)f(x+ µ̂)− f(x) b∇∗
µ = f(x)− U†

µ(x− µ̂)f(x− µ̂)
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Lattice, finite volume systematics and renormalisation

many doublers (32 flavours!) but symmetric derivatives ensure ρ and (η − η̄)
common to all

quenched setup → doublers irrelevant for demonstration of mechanism

gauge and scalar sectors independently renormalised

β ∈ [5.75, 5.85, 5.95]⇒ b2/r20 varies by ∼ 2.2

r0/b values taken from [ALPHA, Nucl.Phys. B535 (1998) 389-402]

M2
ζ0
r20 = 1.284(6) , λR =

M2
ζ0

2v2R
= 0.441(4) , v2Φr

2
0 = 1.458(2)

parameters s.t. MPSL ≥ 4.7

many µ and η values for inter-/extrapolations

ρ ∈ [0, 1.96, 2.94]
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Lattice study results 1/8
rAWI plateaus

-0.16
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r A
W
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x0/b
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η
A cr
−
η
B cr

(b2/r20)

rAWI has two plateau regions

choose fit interval (in each region) in physical units

difference is a lattice artefact due to different states dominating
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Lattice study results 2/8
ηcr determination

0.00 0.01 0.02 0.03 0.04

-0
.2
0

-0
.1
0

0.
00

0.
10

β = 5.7500, ρ = 1.9612

bµ

re
ff

A
W

I(
t A

)

η = −1.1505
η = −1.1898
η = −1.3668

−1.2536(156) +−0.9850(113) · η + 0.615(264) · µ
+− 3.51(2.92) · µ2

ηcr = −1.27261(671)
χ2/dof = 0.00

-0.20

-0.15

-0.10

-0.05

0.00
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-1.4 -1.3 -1.2 -1.1 -1.0 -0.9
r A

W
I

η

β = 5.75
β = 5.85
β = 5.95

at each β, parametrise rAWI in
various ways ⇒ account for small
systematic parametrisation errors

@ bµ = 0, rAWI well linear in η

slightly better than 1% precision in ηcr with
final statistics & systematics
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Lattice study results 3/8
Wigner phase sanity checks

0.00 0.01 0.02 0.03 0.04

-0
.1

0.
0

0.
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0.
3

β = 5.7500, ρ = 1.9612

bµ

bM
± P
1
P

1
(W

IG
)2

η = −1.1505
η = −1.1898
η = −1.3668

0.00227(571) +−0.00335(445) · η + 8.0075(523) · µ
+− 15.207(642) · µ2

χ2/dof = 0.05

0

1

2

3

4

5

0 0.5 1 1.5 2 2.5 3 3.5
r2 0
M

2 P
S

r0µ/ZP

β = 5.75

β = 5.85

β = 5.95

0.032(51)

Wigner phase: three values of µ, three
values of η

As expected no η-dependence of M2
PS

Must be able to extrapolate to
M2

PS = 0 in chiral limit @ ηcr

Result comparable to best quenched
LQCD studies
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Lattice study results 4/8
NG phase parametrisations

0.000 0.005 0.010 0.015 0.020 0.025

0.
1

0.
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0.
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4

0.
5

β = 5.7500, ρ = 1.9612

bµ

bM
± P
1
P

1
(N

G
)

η = −1.2277
η = −1.2404
η = −1.2540
η = −1.2657
η = −1.2715

11.600(672) + 19.74(106) · η + 8.493(415) · η2
+42.33(382) · µ+−150.4(111) · µ2 + 22.20(3.35) · µ · η
χ2/dof = 0.97

0.000 0.005 0.010 0.015 0.020 0.025

-0
.0
05

0.
00

5
0
.0
10

0.
01

5

β = 5.7500, ρ = 1.9612

bµ
bm

e
ff

A
W

I(
t)

η = −1.2277
η = −1.2404
η = −1.2540
η = −1.2657
η = −1.2715

−0.24943(207) +−0.20098(172) · η + 0.6170(178) · µ
+− 7.463(430) · µ2

η∗ = −1.24106(111)
χ2/dof = 4.85

NG phase parameter dependence of
MPS requires “complicated”
polynomial

Also mAWI must be appropriately
parametrised

⇒ ready to interpolate to ηcr and take continuum limit!
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Lattice study results 5/8
Main result: renormalising & taking the continuum limit

Expect b2 scaling

significant evidence for NP’vely generated quark mass!
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r0MPS(b = 0) = 1.00(16)
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2m
R A
W

I
r 0

(b2/r20)

2mR
AWI(b = 0) = 1.3(4)

Median over all analyses

r0MPS = 0.93(0.09)stat(0.10)sys

Median over all analyses

2r0m
R
AWI = 1.20(0.39)stat(0.19)sys

B. Kostrzewa NP particle mass generation ETMC Meeting, Fall 2019 17 / 22



Lattice study results 6/8
Scaling tests

Different definitions of ηcr should be consistent up to O(b2)
I Compare continuum limit with different definitions

At β = 5.75, perhaps worry about scaling?
I Compare separate 3-β cont.exp. and common 2-β cont.exp.
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2mR
AWI(b = 0) = 0.94(50)

� ηcr from region A  ηcr from region B
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Lattice study 7/8
NG phase finite volume effects

MPS always ≥ 4.7

But: NG phase has massless elementary NG bosons (as L→∞)
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2
r 0
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r20/L
2

bµ = 0.0070

bµ = 0.0040

Here at β = 5.85, no way for effect to disappear in L→∞ limit
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Lattice study 8/8
NG phase ρ-dependence
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Expect mR
AWI ∝ ρ2

from theory

ρ1 = 1.96 , ρ2 = 2.94

Expect
mR

AWI(ρ2)

mR
AWI(ρ2)

∼ 2.25

find ∼ 2.4

Note: in Wigner phase find change in ηcr linear in ρ, also as expected
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Outlook: Construction of a realistic starting point for BSM
physics

All masses are parametrically ∝ O(ΛRGI)

I Implies ΛRGI = ΛT � Λs to explain mt and M[Z,W ]

I New gauge interaction that gets strong at scale ΛT

I “Terafermions” Q ∈ (3T , 3s) and fermions q ∈ (1T , 3s)

I Auxiliary scalar field coupled to both ↔ “remnant” of complicated interactions at UV
scale

ΓNG
4 =

1

4
(F · F )G,A,W + Q̄ /DQ+ q̄ /Dq + 1

2
Tr

[
∂µΦ

†∂µΦ
]
+

µ̂Φ

2
Tr

[
Φ†Φ

]
+

ρ̂

4

(
Tr

[
Φ†Φ

])2
+ (η − η(η, ρ, . . .))

[
Q̄LΦQR + q̄LΦqR +H.c.

]
+ ΛT

(
C1,QQ̄LUQR + C1,q q̄LUqR +H.c.

)
+

(
C2Λ

2
T + C̃ΛTR

) 1

2
Tr

(
DW

µ U†DW
µ U

)
Criticality: η → ηcr , ρ→ ρcr, no O(vΦ) mass terms, ζ0 decouples
ζi provide longtitudinal d.o.f. for massive weak gauge bosons
Ignoring many details: meff

Q ∝ α2
Tρ

2
crΛT meff

q ∝ α2
sρ

2
crΛT M eff

W ∝ gWρ2crΛT
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Outlook: testable predictions
It’s nice to be able to do the most important things first

weak gauge boson to T-meson mass ratio
Expect M eff

W /MT-meson ∼ gW
√
C2 ∼ 10−2

Mass ratio amenable to lattice calculation with controlled O(20%) errors

M eff
W shift from double pole of

∑
y e

i(p·y) 〈Jweak
µ,Q (y)Jweak

ν,Q (0)〉 at gW = gY = 0

eventually perhaps: Higgs as a bound state in WW → WW channel
T-strong force ⇒ scalar T-meson exchange in t-channel

I WW attractive and strong over distance ∼ Λ−1
T . M−1

W

May be possible to determine WW −WW coupling in quenched lattice
calculation

Complete model complicated and not yet unique. However: many experimental
constraints → predictivity?
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