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Motivation

Incompleteness of the Standard Model
@ SM renormalizable and successful, but no explanation of

fine-tuning of scalar VEV (no extra symmetry when v takes its “physical” value)
fermion mass hierarchy

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 A7, many other nice features

v
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Non-perturbative mass generation in a toy model
Toy model field content

e A, - SU(3) gauge field with renormalised coupling gs
e Q = (u,d)” - Dirac doublet, triplet under SU(3)

o = (g +ips, —p2 +ip;)T — complex scalar doublet (SU(3) singlet)

conventient matrix form ® = || — it%p*| = [ 4,0(2 —:_Zf; ? + zil}
2 1 po —ips

»Ctoy(Q A é) - ‘Ckin(Qa A7 ¢) 4 V(é) 4 LYuk(Qa é) aF LWil(Qv Aa Q) -
4F,‘5VF,3V +QrPQr + QrPQr + % Tr [auqﬂaﬂqﬂ +

e fofe] + P (x[ore]) "+

1 (QL2Qr +Qr2'Qr) +

b o/ _
5P (QL%MQDMQR + QRguéTDMQL> “pseudo-Wilson term”

UV cutoff: Ayy ~ b~ — 0o
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Toy model Lagrangian symmetries
e Exact x; x xr acting on fermions and scalars
XL XL ® X% Xr: Xr ® X§

X Qr— QQr,  Qr— QLl Xr: Qr — QrQr, Qr — QrQL
X2 & — QL@ Qr, eSUQ2), X5 @ - oQf, Qr € SU(2)

e Poincaré, T, P, C, SU(3) gauge, x1 X xRr
= Renormalisability

= no divergent AyyQQ mass terms, only b? cutoff effects on the lattice

e Fermionic chiral transformations y; x xp are explicitly broken by
Lyuk and Ly

Liin(Q, A, ®) = 1FS,FS, + QrPQL + QrPQr + & Tr [0,979, 9]

V(@) = 48 Tx [070] + 22 (Tx [0 0])” Lyvue(Q, ®) =1 (Qr®Qr + Qr®'Qr)

Lwi(Q,A,®) = %p (QL%H(I)DNQR + QR%M(I)TD;LQL)
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Toy model y-symmetry restoration
@ Toy model not invariant under Y = X1 X Xr = non-cons. currents = SDEs

X-variation currents

2

ol T b = 7’ A T
TR = Qg QLR — 5P (Q[L,R]ECI)D“Q[RL] - Q[R:L]%(I)TEQ[L’RO

4

Renormalised x Schwinger-Dyson-equations (SDEs)
aﬂ <ijLL,R}l(x)O(0)> = <ATL R]O(O)> 5(.’1)) ( variation of O, if any )

+ (M —mn) <(Q LES (I)Q[R 1 — QR Q[L R) (x)é(0)>
+0(b?)

@ 77 term due to mixing of d = 6 pseudo-Wilson operator under renormalisation,
just like m¢, counterterm for Wilson LQCD

@ can tune 7 — 7, to restore Y up to O(b?)
e eliminate Yukawa term!
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Central conjecture: The non-perturbative anomaly

Glossed over essential detail discussing x-restoration: the scalar v.e.v. (®)!
In the Wigner phase, (®) = 0, argument holds

@ 1) — 7. scalars and fermions decoupled

@ massless quarks (up to O(b?))

In the Nambu-Goldstone phase, () # 0

@ even x1, X xR spontaneously broken

@ 1) — 1t but, still no Yukawa or quark mass term
@ Massive quarks due to “NP anomaly” in y-restoration
(®) # 0 provides seed for SSB
x-breaking at UV scale by higher-dimensional operator
even at 7)., strong interactions and residual y-breaking induce y-SSB

1 PI effective Lagrangian at “SM scale” has a quark mass term o« A,!
“irrelevant” effects at high energy affect low-energy behaviour fundamentally

independent of actual value of (®) in a realistic model including weak interactions
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The NP anomaly 1/2

Renormalised y-SDEs in NG phase
5(1‘) ( variation of O, if any )

O <Z TR @)00))] = (A7 00 >>

(0
<( LR]2<1>QRL] Qr Q[LR)<x)O(0)>
+ c1A << T

+ Ob?)

0 Hc)o<o>>

Mer

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

o effective scalar degrees of freedom

» Massive (j
» Goldstone (12,3

P = Vy + 0 + ITH = RU, R = (U<I> + CO) , U = exp [ivngka}
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The NP anomaly 2/2
(v [ee])

~ s

1 PI effective Lagrangian in the NG phase
= 1
(F-F)+QPQ+ 5 Tr |9,2t9,0] + B2 T [oto] +

rye :i
+(n—=7(n,p,...) [QLPQr + H.c]
+ 1A (QLUQR + Hoc.)

+ (282 + 2AR) 3 T (0,010,0)

‘I):U¢+J+i?7?:RU, R = (UCI>+CO) , Uzexp |:,L'Uq—>17_kck:|

e expand U around 1 = I'NC 5 ¢ A,Q1Qr+ ...

@ In realistic model including weak interactions
» pis no longer free parameter
> ¢ term vanishes when x is maximally enhanced
ETMC Meeting, Fall 2019 8/22
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Lattice study targets 1/2

@ For a given p, need to determine 7);, conveniently done in the Wigner phase

Enforce restoration of x up to lattice artefacts based on j,EL’R]i SDEs:

8, (A (x)Dip(0)) PR,
(D) D (0))
&, = jri - e Ds‘;:m{ }QR—QR{— <I>T}Q

Practical correlator ratio with better signal/noise

g (PLOFEY A (@)po(y) )

T
S (P O)Dh@)e0(v) )

2

i _ A 7’
) P = Q/75§Q7 Yo =

TAWI =

° 8FWA1 BW. fwd lattice derivative of bwd point-split Qyoy5(71/2)Q
@ yo — xo appropriately fixed in physical units to 0.6 fm

v
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Lattice study targets 2/2

@ In the NG phase, demonstrate that massive quarks observed @ 7).,

Pseudoscalar meson correlation function

%

Chs(wo) = Y_ ([P'@)] PO P = Q3 5Q

T

PCAC quark mass

2z Zi3s00 (A@)P(0))
Zp ' 2Zpy . (Pi(z)Pi(0))

TMecr

e Both Mpg and (Z;/Zp)mawr should remain non-zero as b ~ AI_J%, =0
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Lattice study setup

@ Need setup with exact x; X xgr symmetry

@ NP anomaly also expected in quenched approximation = modified naive lattice
fermions

St = Sy[U] + Ss[@] + b Z {Q(@)D[U, 2]Q(x) + inQ(z)157°Q(x) }

e S,[U]: Wilson plaquette gauge action (/5 € [5.75, 5.85, 5.95])
o S,[@]: b3, {1 Tr [01(-0:0,)®] (x) + T Tr [@10] (2)% (Tr [870])* (2) }
o Di[U,9]Q(z) = 7.V, Q(z) + nF(2)Q(z) — b*5F () V., V,Q(x)

—b*4 [(&F)(x)Uu(x)%Q(x + 1) + (O F) (@)Ut (z — )V, Q(z — 19)]

@ twisted mass to avoid spurious zero modes and keep MpgL large

® = [pol + ;7] F = [pol +insm7 ;)
V. f(x) = % (V5 + V) fx)
bV, f(x) = Up(z)f(x + ) — f(=) bVr, = f(z) = Ul(z — ) f(x — )
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Lattice, finite volume systematics and renormalisation

e many doublers (32 flavours!) but symmetric derivatives ensure p and (n — 7)
common to all

@ quenched setup — doublers irrelevant for demonstration of mechanism

@ gauge and scalar sectors independently renormalised

e 3 € [5.75,5.85,5.95] = b?/r2 varies by ~ 2.2
@ 7/b values taken from [ALPHA, Nucl.Phys. B535 (1998) 389-402]

2

M
o MZrj = 1.284(6), AR = 2;‘% = 0.441(4), varg = 1.458(2)
@ parameters s.t. MpgL > 4.7

@ many u and 7 values for inter-/extrapolations

e p€[0,1.96,2.94]
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Lattice study results 1/8

rawr plateaus
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choose fit interval (in each region) in physical units

o difference is a lattice artefact due to different states dominating

0.

-
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Lattice study results 2/8

Ner determination

= e A
i S
o
~ 8 |
S S
=
&2 _
52 B
i et
S
=
F— —1.2536(156) + —0.9850(113) - 5 + 0.615(264) -
— T +-351(292) p?
— e = —1.27261(671)
8 — x2/dof = 0.00
S i ‘ : ‘

0.00 0.01 0.02 0.03 0.04

bp

@ at each (3, parametrise rawr in

TAWT

‘ ‘ ‘ B=575 —e—
0.10 |- B=585 —a |
B=595 —e
0.05 |
0.00
005 |
20.10 |
015 |
-0.20 ‘ ‘ ‘ ‘
14 13 12 11 1.0 0.9

@ @ bu =0, rawr well linear in n

various ways = account for small 4 slightly better than 1% precision in 7., with

systematic parametrisation errors
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Lattice study results 3/8

Wigner phase sanity checks

5
bl
g
4+
o™
O S
=
\SJ w3+
= L
o =
*Ln- S 7 S
= 2L
2 |
(=]
— 0.00227(571) + —0.00335(445) - 1 + 8.0075(523) - pu
— - 15.207(642) - p® 1r
_ — 2/dof = 0.05
3 T T T T
0.00 0.01 0.02 0.03 0.04 0B
m rop/Zp

@ Wigner phase: three values of yu, three @ Must be able to extrapolate to
values of n Mg = 0 in chiral limit @ 7,

, @ Result comparable to best quenched
@ As expected no n-dependence of Myq LQCD studies
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Lattice study results 4/8

NG phase parametrisations

2
S

DM 51 (NG)
03 04

0.2

0.1

— 11.600(672) + 19.74(106) - 7 + 8.493(415) - 7
—  +42.33(382) - pr+ —150.4(111) - p® + 22.20(3.35) - - 1)
—  x?/dof = 0.97

T T T T T

0.000  0.005 0.010 0.015 0.020 0.025

b

@ NG phase parameter dependence of
Mpg requires “complicated”
polynomial

bmi\f\fwl (t)

10
=
S
f=]
f=1
2
2
fe=)
Pind
[=1
2 -
(=]
P —0.24943(207) + —0.20098(172) - 5 + 0.6170(178) -
8 | +— +-7.463(430)- 1
S |+ = —124106(111)

— x?%/dof = 4.85

I I I I I

0.000  0.005 0.010 0.015 0.020 0.025

b

@ Also mawr must be appropriately

parametrised

= ready to interpolate to 7, and take continuum limit!
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Lattice study results 5/8

Main result: renormalising & taking the continuum limit

e Expect b? scaling

@ significant evidence for NP'vely generated quark mass!

0.8 1

roMps

0.4 |

0.2 F

0.0

0.6 |

roMps (b = 0) = 1.00(16) —E—

0

001 [)02 003 0.04 0.05 0.06 007 0.08 0.09

®*/r3)

@ Median over all analyses

o 19Mpg = 0.93(0.09)stat(0.10)sys
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R
2migywro

0.5 4

o0 2l (b= 0) = 1.3(4) —8—
0 001 002 0035 001 005 0.06 007 008 009 01

®*/r3)

@ Median over all analyses

o 2rgmi&y; = 1.20(0.39)stat (0.19)sys
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Lattice study results 6/8

Scaling tests

o Different definitions of 7., should be consistent up to O(b?)
» Compare continuum limit with different definitions

o At 8 = 5.75, perhaps worry about scaling?
» Compare separate 3-3 cont.exp. and common 2-3 cont.exp.

2.0
15 ]
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< N
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< g
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00 L . . . . . : ! , ; 0.0 Lu . . . . . . . . .
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©*/r3)

®*/r3)

B 7., from region A
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Lattice study 7/8

NG phase finite volume effects

o Mpg always > 4.7
o
by = 0.0070 —m—
13T b= 0.0040 —e—
1.25 i”’/_*—/_/—r//_/—&
%
S 12l
K
115
11
0 001 002 003 004 005  0.06
e
o

0.07

2romawr
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But: NG phase has massless elementary NG bosons (as L — o0)

by = 0.0070 —=—

by = 0.0040 —e—

0 0.01 0.02 0.03 0.04 0.05 0.06
r2/12

Here at 5 = 5.85, no way for effect to disappear in L — oo limit
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Lattice study 8/8

NG phase p-dependence

3.0 | 1
2.5 | | @ Expect meI o p?
from theory
2 20t |
n:% L5 0 p1 =1.96,p2 =294
E 7 1
) 10 f | o Expect
| miwile2) 9 95
0.5 F ] my (o2
. p=196 —m— .
0.0 L ‘ ‘ ‘ ‘ ‘ ‘ P =294 —A— o find ~ 2.4

0 0.01 0.02 003 004 005 006 007 008 0.09 0.1
(®*/r5)

o Note: in Wigner phase find change in 7, linear in p, also as expected
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Outlook: Construction of a realistic starting point for BSM

physics
@ All masses are parametrically o« O(Agrgar)
A7 > A, to explain my and M|z

> Implies ARGI
» New gauge interaction that gets strong at scale Ay
remnant” of complicated interactions at UV

Terafermions” Q € (3r, 3;) and fermions ¢ € (17, 3;)

o

» Auxiliary scalar field coupled to both «»
2 Ty [d] +
b 1y [oa] +

%\E)

(1 ale))’

scale

e = 4(F FGAW +Q2DQ+q7,Dq+ Ly [0,270,®] +
+(m—=7n,p.-..) [QLPQr + CIL(I)(]R + H.c.]
+ A7 (C1,0QLUQR + C1,4qLUqr + Hoc.)

+ (€% + CATR) v (DY UTDYU)

e Criticality: 7 = Nery p — per, N0 O(vg) mass terms, (p decouples
M o gw p2 Ar

@ (; provide longtitudinal d.o.f. for massive weak gauge bosons
o aspcrAT
21/22
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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

o Expect M /Mt meson ~ gw/Ca2 ~ 1072

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

o Mg shift from double pole of >y € (J‘”eak( )Jweak( ) at gw =gy =0

4

eventually perhaps: Higgs as a bound state in WIW — WW channel
@ T-strong force = scalar T-meson exchange in t-channel

WW attractive and strong over distance ~ A" < My,!

@ 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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