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Outline of the talk

@ Motivation & Introduction
e SM and its limitations
@ A toy-model
e endowed with “naturally” light NP fermion masses
© Lattice formulation
e numerical simulations & results
© Dynamical fermion mass generation
e unconventional alternative to the Higgs mechanism
e mass hierarchy made natural
@ Introducing electroweak interactions
o the W mass
e understanding the electroweak scale
e the need for a superstrongly interacting (Tera-)sector
© Towards a beyond-the-Standard-Model-model
e adding leptons and hypercharge
@ A bit of phenomenology
e the 125 GeV resonance: a WW/ZZ bound state?
e comparing with the SM

©@ Comments, conclusions & outlook
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Take home message

@ We identify & numerically confirm the existence of a field-theoretical dynamical
mechanism for elementary particle mass generation - giving m ~ ¢(g*)Arg; - in
models where chirality is broken at the UV cutoff by some irrelevant operator

@ NP-ly generated masses display peculiar gauge coupling dependence allowing

@ an understanding of the EW scale & mass hierarchy
@ leading to “predict” the existence of a super-strongly interacting sector
with Agg ~ a few TeV’s (if the top-quark has to have its physical mass)

@ A “natural” bSMm can be envisaged/constructed

@ incorporating all the above features
@ and including EW interactions
@ that seems to be able to offer a solution of some of the SM problems
@ and lead to gauge coupling unification (without SUSY)
Open issues

@ Lack of well established, reliable analytical tools to deal with NP effects

@ No detailed phenomenological study of the proposed bSMm

@ At the moment we have little understanding on the

@ origin of weak-isospin splitting
o differences among generations
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Motivation & Introduction
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Motivation & Introduction

- Discovery of a 125 GeV resonance: spectacular confirmation of SM
- SM can’t be the ultimate theory of fundamental interactions ...
- ... even ignoring gravitation and the lack of dark matter candidates

1) it does not explain dominance of matter over anti-matter

2) it gives no clue of why we have three fermion families

3) electroweak and strong interactions are not really “unified”

4) the Higgs mechanism trades masses for Yukawa couplings

5) mass hierarchy m.~3-10-®my, (m, even smaller) is unexplained
6) EW scale is “unnatural”

7) it has O(20) parameters (excluding the neutrino sector)

The key issue is the origin of elementary particle masses
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Part Il
A Toy Model
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Theoretical background - |

Consider a model — where an SU(2) fermion doublet, subjected to
non-abelian gauge interactions (of the QCD type), is coupled to a
complex scalar doublet via a d = 4 Yukawa and an “irrelevant” d = 6
Wilson-like chiral breaking terms — described by the Lagrangian

£t0}’(q7 Aa (D) = Ekin(q, Av (D) + V((D) + ‘CYUk(q’ (D) + ‘CVV”(qa Aa d))
1
4
Hor tot Ao fol)2
V(@) = 07 [o10] + 22 (Trolo))

_ ) 1
Liin(q, A, ®) = 7(F- F)+ G.PaL + GrPar + 5 Tr [0,010,0]
Lyuk(q,®) =1 (q®gr + grdiqL)
b _
Lwi(@,A @) = -0 (D, 9D,uqr + GaD,d' Duar)
- & = ol + iy = [—iTap*| 0] With @ = (02 — ipy, o — iipa)T

- b~ ~ Ayy = UV cutoff, = Yukawa coupling
- p constrained if EW interactions are introduced (see below)
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Theoretical background - Il

@ Ly is formally power-counting renormalizable
@ and exactly invariant under the (global) transformations

XL X XA = [fL % (& = Q@) x [{R x (& — 0Qk)]

qr/r — Q/RAL/R
XL/H: ) ) QL/RESU(2)
/R — QL/RQTL/R

@ standard (possibly linearly divergent) masses forbidden
because the operator Q. gr+grq; is not invariant under x; x xg
@ Interplay of x; x xgp and Sy, x {grSB solves naturalness problem

o NP mass-like terms invariant under y, x yg dynamically generated
e masses kept small by ¥, x ¥g symmetry enhancement [t Hooff]
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Theoretical background - Il

@ Ly is not invariant under the purely fermionic Yz x ¥ chiral
transformations because of the presence of Ly, and Ly

@ There is a critical value of n where the effective Yukawa term
vanishes - up to O(b?) - and g x ¥, transformations become
symmetries of L,y (barring NP obstructions) Frezzotti & Rossi, 2015

@ For generic ) one gets the renormalized SDE Bochicchio et al,1985

8,L<Zﬂft"(x) 0(0)) = (similarly forJH’) (1)
:[77—77(77§957P7>\0)]<(C7L 0gr—Gnd®' = qL)(X) 0(0))+0(b?)+ ...

@ Chiral (JL7,JR') currents are conserved - up to O(b?) - if

n—ii(n: 650 0) =0 — nor =O0(g3)
@ In the critical theory, i.e. at n = ¢,
o Ly and Ly “compensate”
e much like at m-, mass and Wilson term do in Wilson lattice QCD
@ Physics depends on whether L,y lives in Wigner or NG phase
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Proof of (1)
e Bare {; x Yxg SDEs read [Bochicchio et al. 1985]
o 0,(JL(x) 0(0)) = (A1 O(0))3(x) — 1 (O (x) O(0)) — b*{ O (x) O(0))

o B2, _ L
o Jy = Y7 AL = ?P(QLE(DDMQR - QR%/A(DT?QL)

o Oy = [EIL%ICDCIR - h.C.} o Oy = g[EIL%ug‘DDuCﬁ? - h.c.}
e Mixing & Renormalization
o POy = (Z5 — 1)3ud5" — (0 95. 0. M) Oy + ... + O(b?)
o 0,(Z305"(x) 0(0)) = (AL O(0))3(x) — (11— 7i(n)) (O (x) O(0)) + . .. + O(b?)

o Critical theory — 1 — 7j(17; G2, , Ao) = 0 == 1or(GZ. p, Mo) = O(95)
© 9,(Z3057'(x) O(0)),, = (AL0(0)),, 5(x) + O(bP) + ...
e All the same with [L «> R & ¢ > &]
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Wigner phase

@ Wigner phase: i3 > 0
- V(@) has a single minimum at the origin with (¢d) = 0
@ No spontaneous y; x xg symmetry breaking
@ d=4 EL (as determined by symmetries) takes the obvious form

Wig
r4

1 _ _ 1
=4 (F-F)+aPa+ qaPan + 5T [0,10,0] +
~AD ~
_ _ j A

+n = 71(m: 95, p, 20)] (PR + GrPTqL) + ?¢Tr [oTo] + 7 (Tr [oT0])?

@ Diagrammatically the criticality condition (n = 77) means

f2>0

e explicit b? factor compensated by the loop quadratic divergency
o we are effectively killing X breaking effective Yukawa vertex
@ no seed for SYSB

@ How do we enforce this and compute 7. ? — Go to the lattice

GCR (Roma - Tor Vergata) NP mass generation August 29, 2019 13/69



Part Il
Lattice simulations
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Lattice formulation

St = b Y { LU+ £357(9) + V(®)+§DiaU: @]q )
LM - SXU(3) plaquette action
LEF(®) +V(P) = %Tr [©7(—0;0,)0] + °Tr [oT0] + 2 (Tr(d>Td>])
where in terms of the 2 x 2 matrix-field <D and the 8 x 8 matrix-field F

b = otl + i<pj7'j and F(x) = [wotl + i757-/<p,-](x)
we have

. (D,a,[u ®]q)(x) = 7, V,.q(x) + nF(x)q(x) — b%;F(xﬁﬁuq(x) +
1Pl 2|0 F)(x) L)V, + ) + (93 F) ) UL (x = 2)V,q(x - )]
Y f(x)_ 5 (Vi Vi)(x)

e bV, f(x) = U.(x)f(x + 1) — f(x), bV, f(x)=f(x)— U;Q(x —f(x —f)
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Technical remarks - |

° s{g; describes 2 (flavours) x 16 (doublers) fermion dof’s.
o the d = 6 “Wilson-like term” does not remove doublers
e it makes no harm in current quenched studies aimed at testing
whether dynamical mass generation does occur at all or not
@ Global y; x yg transformations are exact symmetries of St’g
e only O(b?) discretization terms expected
e no linearly divergent fermionic mass terms
@ Lattice covariant derivatives are such that St’g is invariant under
the “spectrum doubling symmetry” [Montvay & Minster] implying
e attree level — “Wilson-like term” contributes only O(b?) effects
e beyond tree level — power counting is as in the formal continuum
o these nice renormalization properties imply that 7., (determined
from the vanishing of raw, - see slide 16) is well defined and
unique for all fermion doubler modes
@ 7 is a dimensionless quantity independent of the renormalized
scalar squared mass /12 (up to negligible O(b?i3) artefacts)
® nor = ner(93, p, o) is the same in Wigner and NG phase
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Technical remarks - Il

@ In numerical simulations (finite volume) the scalar vev is always zero,
even if 43 = m3 — m2, < 0. Hence an “axial fixing” of x is a convenient
way to get (¢Td) = v21, v # 0 in NG phase

@ FSE (from massless NG exchanges) are suppressed in the fermionic
correlators that have no scalars in the valence

@ In the Wigner phase, in the quenched approximation, spurious fermion
zero modes (exceptional “gauge-scalar” configurations) occur. To cope
with them we introduce a soft IR cutoff in the form of a “twisted mass”
inb* 3, a(x)s(%/2)q(x)

@ Owing to the quenched approximation, gauge and scalar
configurations can be generated independently

@ Parameter renormalization can be carried out separately for gauge and
scalar fields

@ The gauge coupling is renormalized by keeping the Sommer scale ry
fixed in physical units. If for mere orientation we make reference to
QCD, we can take ry = 0.5 fm ~ (394 MeV)~!
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Determining 7, - |

@ Consider the ratio from Eq. (1) in slide 9 (no sum over i = 1,2, 3)

Z)?au(it )_(’7)(02TJD.{=’(0)>‘W7 Al —JLi_JRi

@ From the renormalized SDE (x # 0)
0(Za A, (x) 0(0)) = [ — 7i(n; 93 p X)) D(x) O(0)) +O(B?)+ ...
@ we expect, inserting O = Dp

an(n)
on

rawi(n) o [ = 7i(n; G2, p, Mo)] ~ (1= )= ner(G. o, M)l + .

Tler

GCR (Roma - Tor Vergata) NP mass generation August 29, 2019 18/69



Determining 7 - Il

Indeed we find

TAWT

0.10

0.05

0.00

-0.05 +

-0.10

-0.15

LB 1T e [ 2 [ 0o |
5.75 | 1.96 | 0.5807 || -1.271(10)
5.85 | 1.96 | 0.5917 || -1.207(8)
595 | 1.96 | 0.6022 || -1.145(6)

AN

B =575 —e—

B =585 —a—1u 7

B =595 —e—

-1.4 -1.3 -1.2 -1.1

n

-1.0

-0.9

@ We plot raw, as a function of n at 5 = 5.75, 5.85 and 5.95
@ Red squares denote the values, 7, at which raw, =0
@ ry/branges from3.3104.9, V = L3 x 2L with L ~ 2 fm (r, Sommer scale)
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Part IV
Dynamical mass generation
occurs in the NG phase
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Nambu—Goldstone phase - |

@ Nambu-Goldstone phase: 3 < 0
- V(¢) displays a double-well shape with (¢Td) = v2 £ 0
@ Spontaneous y; x xg symmetry breaking
@ Diagrammatically the criticality condition (of slide 11) implies

— yielding the vanishing of the “Higgs-like” fermion mass
° Standard S({L x Xr)SB occurs due to strong interactions ..
.. triggered by residual O(b?v) terms (v # 0)
° similarly to what happens in (massless) LQCD at mc,, identifying

i i oy (bR
Z0(aD,®Duan+ 3D, 0 Duq) 5T (20 (aD20)

Toy=v2

— — ] —
7 (q.®qr + GrPTqL) @ nv (9q)
where still the standard phenomenon of Sy SB takes place
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Nambu—Goldstone phase - Il

@ Compute the “PCAC quark mass” in NG phase (no sum over /)
22 0u(AL(X, x0) P'(0)) NG P T
@ Surprisingly we find that neither may; nor Mpg vanish at 7.,

— a NP fermion mass is getting dynamically generated
— together with a non-vanishing PS-meson mass

2.0
1.2

15 10
08

0.6

roMps

R
2miwiro

0.4

0.2

2mbyy (b= 0) = 1.3(4) —8— roMps(b=0) = 1.00(16) —B—

0.0 0.0
0 001 002 003 004 005 006 007 008 0.09 0.1 0 001 002 003 004 005 006 007 008 009 0.1

/) /1)
o 2mi o = 2r0mA|/V,Z;\Z,;1 (left) and roMps (right) vs. (b/ry)?
e straight lines are linear extrapolations to the continuum limit
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Nambu—Goldstone phase - Dealing with “step two”

@ Compute the “PCAC quark mass” in NG phase

MIRACL
J OCC\IR\E'_.

T BUNK Nou SHouwD e MORE
EXPLIUT HERE IN STEP TWO,"
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Nambu—Goldstone phase - Il

@ How can we interpret these results?
@ d=4EL, ')é, may & should have extra NP y, x xg invariant terms
rye=r}"e 2o TG As[qLUgr + GrUTq] +°..."

Heo

r Wig

1 _ _ 1
4 =2(F-F)+aPa.+qsPar + 5Tr [0,070,0] +

p5<0

I\2 ~
_ _ 1% A
+ln — 7(n; g§, p:20)] (2GR + Grd'aL) + = Tr [0T0] 4 Z(Tr [010])®

with U= === = = exp(i7¢/v) =t +i7/v+. .. transforming like ®
G is mvarlant under y; x xg
/\s is the RGI scale of the theory
ci(as) was argued in [Frezzotti & Rossi, 2015] to be O(a?2)
” are further terms allowed by symmetries (see below)

@ Expanding U=1+i7(/v+... we get

@ a mass for the fermion

e plus a wealth of non-linear interaction terms
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Nambu—Goldstone phase - IV

@ In the NG phase things go as if

- ~ NG PN
0,(Z535 (%) 0(0)>] :c1(as)/\s<(qL Ucn:zfq;::UT a)(x) 0(0))+

+[n = 7i(n: G, p, Ao)1<(qL—¢qn Gad! qL)( ) 0(0))+ O(t?)
@ We find a NP obstruction to §{; x Ygr symmetry restoration
@ From the above equation one infers the formula

mawi(n) < ¢1As + (n —ner)v, €1 #0

@ and understands why maw;(ner) # 0
@ A similar phenomenon occurs in LQCD where

c 2
mer = 29 1, (62)aco +O(a)
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The emergence of a mass term

@ In NG phase the d=4 EL of the critical theory takes the form

1 ) _ 1
MY =2(F- F)+ QPa+ GaPar + 5 Tr [0,010,0] +V(9)
+e1As[GLUqr + GrUTqi] + coN2Tr [0, U0, U] + EAs|®|Tr [8, U8, U]

e The underlined operator breaks ¥, x ¥r
e It gives rise to a fermion mass term upon expanding U

@ Observations
e In NP effects U has a role like the non-analytic r/|r| ratio in LQCD
e as if we had promoted the LQCD Wilson r parameter to a field, ¢
@ non-linear x. x x g realization implied by fermion mass of NP origin

@ Two issues
e Symmetries can’t exclude awkward “form” of scalar kinetic terms
@ Problem solved gauging x, i.e. introducing EW interactions
e Can we “understand” the emergence of a NP mass?
@ Yes, by making reference to the Symanzik expansion
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An interlude

Understanding the origin of NP effects
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See “back-up slides package” for details

@ Symanzik expansion allows identifying NP vertex corrections

@ Bookkeeping of these NP effects is obtained by including new
diagrams generated by the “ad hoc modified” Feynman rules

derived by adding to Ly X1 < xg invariant terms like
5 1 _

@ NP fermion masses arise from diagrams like
(dotted line is a scalar)

@ yielding mg = ¢i/A\s with ¢; = O(a2)
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Origin of effects - language

« Consider the small-b? expansion of a formally ¥, x ¥ inv. correlator
’ R / F 2 / 4 xbr xco F 4
(O(x,x,...))‘cr:<0(x,x ,...)>‘Cr—b (O(x, x ,...)/d 2[4 1 ](z))‘cr—i— o(b*)
O(X, XI7 ) ~ AzAlC, g, QL/RC_QL/RU, QL/ROL/RAZ g

@ (..)|F = UV-Regulated (...)|F = Formal correlator

@ Lyik+Lwi = L’gbr — ¥-violating, d = 6 Symanzik operators

@ {-even O — b?(Of L%%\g, # 0 only due to spontaneous {SB
e would be zero by Rs=[Q—v5Q, Q— —Qys]EXL X XA

@ dimensional arguments — NP b? O(as/\s) terms get generated
e that add up to perturbative propagators and vertices

e Observation
@ The y; x xg symmetry constrains dynamical YSB effects
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From vertex corrections to fermion mass

2

AT pao,gg0,... = b?AsO(| p|as)w(mom) Fase ggo, ... (7m0:112 ) oceur for p? < b2
We conjecture they persistupto p?> ~ b™2 — 0o <= F_(0)=0(1)

o self-energy diagrams like

e give (e.g. central panel — surviving in quenched approximation)

1/b d4k’y k 1/b bo Al 4 'yl,(k—i—f)l,
Eo‘ggpm'o‘s(’\s)/ a Zzu/ Erm (kt0p

b2y, (k + 0), D*Asya (2K + £)x ~ gaplplas(As)As

with the b* factor compensated by the two-loop quartic divergency

o yielding in TS the NP mass term ¢1As[q Ugr-+h.C.lu=1, Ci|Lo=kKiop|p| o2
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Part V
Introducing weak interactions
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Extending the model

@ Ly (slide 7) is readily extended to encompass weak interactions
@ It's enough to gauge the exact x; =SU(2), symmetry thus getting

LY (q; ;A W) = Liin(q, &; A, W) + V(®) +
+£Yuk(q, (D) + ﬁw,-/(q, oA, W)

Cin(@: 0 A W) = (FAFA 4 FY )

_ _ 1

+[@ P q. + 8P qr| + 5T (01D WpWo)
2

V(¢) = %Tr [oTo] + %(Tr [of0])
Lyin(q; ®) = 1 (qPagr + qrPiqy)

b =AW A = 55 AL T AW
Lwi(q; ®; A W) = Zp (quD 7" ®Dqr + Gr D 4 D q)
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Covariant derivatives & symmetries

@ Covariant derivatives now read

= Ou — IgsA°Ay, DA=9,+ig\A2
DY =0, -igiW, D=0, tigW,
,DA’W: Ou— igs)‘aAzi igW% Wlli %A W= a + ’gs/\aAa +igw W/IL
° Lt‘Q/y is invariant under x; x xg (acting on all fields)
exi: XX (P—QP)
qL— qL
RLoq @ —aQ] Q, € SUL(2)

W, - QWw,Qf
o XR ! )ZRX(QJ—)QDQL)

9r — QRQR
XR Qr € SUR(2)

r — GrQp
@ but, generically, not under ¥; x Xg (acting only on quarks & W'’s)

GCR (Roma - Tor Vergata) NP mass generation August 29, 2019 33/69



Currents & bare SDEs

@ Y, x Xp currents with K, = g, Tr ([Wy, F"‘L]T—i)
Jp' =K+ am%icn t;ﬂ(cn ODfign — 3D 10" C’L)
5 =t yan— 3 o(an o' DR e - D Yo gr)
@ Bare SDE’s of ¥, x Yr
0u{3L () O(0)) = (BLO©O)3(x) ~n (L 0qn — Gn® —qL) (x) 0(0)) +
- %2,, (aﬁS“’Wiwﬁqﬁ - aﬁ%wgDﬁ*Wcﬂ) (x) O(0)) +

+ LuT (1[5 WIDY0 + 015 YW, T10)(:00(0)

I () 00) = (BhO)90) (a5 9' e ~ 89 9s) ) O0)) +

b2 _ N
- Zri(aD] gw "a - D Yol Dlar) (x) 0(0))
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@ We generalize the argument in slide 10

e Bare d = 6 operators: >"<L x Y g rotations of Wilson-like operators
i
obi=1 (qLD AWT ¢DAqH —gaD o' T . DA W )
o{j”’— ( %AT(DT,DAWqL qL%AWq) D#q,q)

e Renormalized d = 6 operators

i i Zy—1_ - it
cr'=[ot], + B "o (aFomn e o)
yi TL w 45w T
+ 2 5 u (T (S5, WD & + 67D (W, T10) +
. ) Z 1 . = i
O(?" = [O(f’ '] + Jb2 8MJE' 7 (QFI ¢TQL QLCD%QFI) +

sub

@ There is an important new feature
° Oé” mixes with the {, rotation of the ¢ kinetic term
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Renormalized SDE & tuning

@ Renormalized SDEs take the form
* 9.(Z5d (%) O(O)> (ALO(0))o(x) +
*(’fl*'r'/LH(qL ¢qﬁf G0 - au) (0 0(0) +

+(1-7) g g Tr (¢T N]DW¢+¢T5W[Wu,%i]cb)(x)@(O))+O(b2)+...

* 0.(Z331'(x) 0(0)) = (AR0O(0))8(x) +
~(1 =) (G5 ®'q — 8.0 qm) () O(0)) + O(B) ..
@ Conditions of ¥, x Yz enhancement read

1 — (g, Gwi 10, Ao; 1, p) = O
1 = 17(Ts, Gwi o, Mo 7, p) = 0
— 3(gs» Gw: 105 Mo; 1, p) =0
@ These equations determine the critical values, n¢ and per
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Tuning conditions in the Wigner phase

@ Here are the lowest order diagrams corresponding to the tuning
of the parameters n and p in the Wigner phase

@ Explicit b factors are compensated by the power divergencies of
the loop diagrams
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EL in the Wigner phase

At generic values of n and p the (local) d = 4 EL of the theory in the
Wigner phase takes the x; x yg invariant form

ry = %(FA-FA+FW-FW) + @ P a. + ar PAan| +

K, _ _
+%HTF [‘DT% WDWO| + Yerr (GL® gr + GrPTqL) + V(D)
with
Vett =1 — 77] nﬁntﬁ;}Pcﬂt 0
keff _ 1 o f—}/ 77—>7icr7_P>—>Pcrit O
In the critical limit the effective Yukawa coupling vanishes and the
kinetic term of the scalar disappears, so the EL simply becomes

. 1 _ _
ree =7 (FA-FA+ FY . FY) + (6P qu + Gr P"q|
where ¢ is completely decoupled from fermions
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Implications of critical tuning in the NG phase

In NG phase, (¢Td) = v2 + 0 and tuning conditions imply vanishing
@ of fermion and weak boson “Higgs-like” masses
@ and by gauge invariance of the whole scalar kinetic term
Bardeen, Hill and Lindner, 1990

Figure: The mechanism behind the “Higgs-like” fermion mass term -vgq -
cancellation in the NG phase of the critical theory. The circle represents the critical
Yukawa coupling and the square box the insertion of the critical d = 6 Wilson vertex

Figure: The mechanism behind the “Higgs-like” W mass term - g2 v W, W,, -
cancellation in the NG phase of the critical theory
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Elementary particle masses: fermions & weak bosons

From the same building blocks (vertices)
@ NP fermion mass is generated by diagrams like (see Interlude)

@ from which we get (see back-up slides for details)
MW = Cw/\57 Cw = O(Oésx/aw)
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The critical EL in the NG phase

TS (q: d; A W) =
_ 1 A A w w
_Z(F FA+FW.F )+
+[@.P" . + 8 P"qr| + Cohs (9LUgn +GaUlaL ) +

1
+5 C3NTY [UD WDWy) ..

with
® .7 C .7 C
U= =exp |/ =M+ + ...

Voio p( \/CwAs> VCws
then 5

mq = Cq/\s, Cq = O(aS)

MW = CW/\S7 CW = O(\/ Oéwas)
Notes

@ rescaling factor in U chosen to get canonically normalized ffields
@ p.r dependence discussed below
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The need for superstrongly
interacting (Tera-)particles
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Some phenomenology

@ In the mass formulae above Ag is the RGI scale of the theory
@ Can we make the mass formulae

Mg = Cql\rar , Cq = O(ad)
My = CW/\Rva Cy = O(\/ awas)
compatible with the phenomenological top and W/ mass values?

@ As an order of magnitude we clearly need to have
Aaco < Nrgr = O(a few TeV’s)

in order to get physical masses in the 10> GeV range
@ — there must exist a superstrongly interacting sector with

Apgr = N7 = O(a few TeV'’s)
@ This could be an explanation for the magnitude of the EW scale
@ Warning - Partition function vanishes as one has an odd number

(N:=3) of SU(2) doublets (Witten anomaly). The problem can
be cured, for instance by taking N =4, or having more doublets
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Extending the model

@ Superstrongly interacting (Tera-)particles are easily incorporated
L£(q, Q9 A G, W) = Liin(q, Q; ®; A, G, W) +
+V(®) + Lyvik(q, Q; ®) + Lwi(q, Q; ; A, G, W)
o Lyin(q, Q; 0; A, W) = %(FA~FA+FG- FG 4+ FW. FW) +
~ . = - 1
+[@ P au+r P ar] + [ QP QL+ QR P04 5T (61D DY)
:u(z) t /\0 t 2
o V(@) = 2Tr [oT0] + T (Tr [oT0]) ] ]
o Lyik(q, Q; ®) =14 (qL® gr + Ga®'qL) + na (QLP Qr + QrOTQY)
b? _
o Lwi(q, @ ;A G W)= > Pa (‘—'ILg Z\W‘DDﬁCIR + QR%ﬁq)TDﬁWQL) +

2 - —_—
+%,OQ (Q/_% ﬁGWq)DﬁGQR + QR% ﬁGCDTDﬁGWQL)
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Covariant derivatives & Symmetries

DAY = 9, — igs\*A% — igr T* G — igwy W,Q
‘BAGW = 0t igNAZ+ igr TGS + igw 3 W,
DAG O — Igs\?A2 — igr TGy

5’*@ =0+ igs\A2 + igr T G
® X : )2L><(¢—>QL¢)
q. — Q.qL
G — 9.l
Wil W —QW.Qf Q. € SUL(2)
QL — g_ZLOL
Q. — QLQI
exr: Xrx(®— QL)
qr — QRQR
dr — GrQ%
XR : Qg € SUH(2)

Qr — QrQR
QH — QFIQE
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Tera-strong & strong interactions: mass hierarchy

@ Qs feel Tera-strong & strong interactions, g’s only strong ones
e g — N, = 3 families - gauge group SU(N; = 3)
e Q — 1 family - gauge groups SU(N; = 3) x SU(Nt = 3)

0 0 _ 11Nt —4N, _ 7
° 07/Baco = Tin—in,—dn: =35 = N1 >Naco

L
{7.
L R

@ A crude leading order estimate gives
° mO(AT)NPch|Pch|a%'(AT)/\T mq(/\T)Nchr‘Pchmg(/\T)/\T
ag(/\r) 1 1

A aZ(Ar) 10 T 100

@ g=top= mqg~few TeV's ~ At > A gcp

Mg
maq
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The critical EL in the NG phase

With the same line of arguments as before, we end up with the EL
rie(q. QoA G W)=

:%(FA-FA+FG-FG+FW-FW> +
+|a. P + 8 P"ar| + Cohr (LUga + GaUlaL) +
+ [OL ZDWAGQL + Qr ZDAGQR} + Colt (oLUQR + ORUTQL) +

1 —
+5 CUNFTr [UTD DU +

o LT C . T C
U= m:exp(lchT> =1 +/CWAT+..
then
My = CyAr, Cw = O(vawas)
Mg = Cq\t, Cq = O(af)
mq = CQ/\T7 CQ = O(a%—)
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Part VI
Towards a BSMM

Introducing leptons and hypercharge
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Uy (1) gauge interactions, leptons & Tera-leptons - |

@ One family
@ Ready to break isospin degeneracy
@ Assume invariance under f(x) — f(x) -+ const, f(x) — f(x) + const,
as gs,w,y — 0 for all fermion species f [Goltermann & Petcher, 1990]
£(q,4,Q, Lo, A G W,B)=Lin(q,¢,Q,L; d; A, G, W,B) + V() +
+£yUk(q, £,Q,L; ¢) + Ew,‘/(q, £,Q,L,d;A G W, B)

e Liin(q,¢,Q,L; ;A G,W,B) =
::IZ(FA.FA+FG‘FG+FW_FW+FB’FB)+
+ [@L PP g+ aa P gk + R PR + PP e+ TR G0 + TR YPBZ‘Z;] +
[Q 7pBWAGC) + QY YPBAGQR + OR @BAGQd
+LpOL + LEPPOLE + LA PPLE] +
;Tr (oD BpWee)
o V(®) = “0 Bore [ole] + 20 S (T [ofe])?
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Uy (1) gauge interactions, leptons & Tera-leptons - Il

o Lvk(q.6,Q Lig,0)= > 1" (Adfs+he) +n" (Lo fl +hc)
f=q,¢,Q,L

o Lwi(q.¢,Q,L; ¢, 6;A,G,W,B) =

b Gy ~ v b? _
- qu’ (ng SAGD gk +h.c.) + ?pq’d (ng oD gk +h.e.) +

b? - - b? —
= 2" (@D G outh+he) + 2o (LD M oD + he.) +

%zpo,u
b 1y 7 4= BWG 7 BG, u b 14 7 45 BWG ,~BG,d
2o (LD 6Dl +he) + o 7 (LD fY°6DELG + ho.)+

2
(@D 205200 +he) + 2079 (D CunEead +he) +

DEVAG = 5, — iYgyB, — igw%r W, — igsX\*A% — igr\F Gy
Notes
@ We have used y,, = 0 and Golterman Petcher symmetry at gw = 0
@ so neutrinos are massless
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Our favourite hypercharge choice

| |
Fost 11 [0 i1 |
Ju=f0=F [%n=0 |
’ydl. _%"’%:% ‘ye’L__1+%:_%‘
’}/d,;:—%—():—%‘}/e/,?——1—0:—1‘
K | L |
’yUL %_%:0 ‘yNL %_%:0 ‘
[ Yor=2-0=3 [m=3-0=3 |
’yDL__%_'_%:O ‘yLL__%+%:0 ‘
Jor= 1 0= {1 0= 1]

@ SM fermions (top panel) & Tera-particles (bottom panel) hypercharges
@ With the above assignments

e ‘“unification of gauge couplings” [Garofalo, Frezzotti, Rossi 2016]
e Tera-particles have half-integer electric charges
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The EL of the critical theory

¥S(q,6,Q,L;®;A, G, W,B) =
:%(FA.FA+FG.FG+FW.FW+FB.FB) +

@ PPq+ G5 PPk + 53 DB + Cohr (@ular + GaUlaL) +

WP T4+ TP + Gy (Tt + TaUMEL)

:(_QL PEVAGQ, + Qg YPBAGQH} + Col\1 ((_DLUQR + QpU’ QL) +

:lL PEMAL + L YPBALH} + CiAT (lL ULg + ZRUTLL) +

+ + + o+

S CANSTH [UTD BWDEW L) + .

mg = Cq A1 Cq = CqO(ai) my = Cg A1 Cg = CgO(Oz%/)
mqg = CQ At CQ = CQO(O{%—) mp = CL At CL = CLO(()(%-)
Mz, = C2 N2, C2 = c,O(awa?)

Note - No weak-isospin splitting
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Part VII
A bit of phenomenology
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A bit of phenomenology

@ Enforcing ¥ symmetry gives the convex constraint on the p¢’s
> nm(pl)? =0(1), ng=NgNg,n;=Ng,ng=NcNr,n =Nr

f=q.¢,Q,L
@ The fermion multiplicity dependence of the mass coefficients is
cq = 2NeN7pG 0 . ¢t = Nr(Nep§ + p& ) plr
ca = 2Nr(Nopg +p&)p§ L= 2Nr(Nep§ + pg;)rer

cw = Nr(Ne(p@)* + (n5)*)
o If approximately Vf, pf, = per = p2,(Ne + 1)(N7 + Ng) = #
#

2 # _
® Por = N 1)(NriN;) — 24

] Cf~1 Vf
N #1 _ #
° Cu~ P NN, = 242 = 48
@ Notes

e Ny = number of families
e we have taken Ny = No = N7y =3
e and ignored 1/4w loop factors
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Computing My /Mt _meson ~ Mw /N7 expected < 1

Mw = v/ewO(v/awar)Ar = O(yawar)piry/Nr(Ne + 1)Ar
M1 meson =~ 2Mq = 2¢o0(a2)Ar = 40(a%)p2Nr(N; + 1)Ar expected from

MW (M # ~ 1072

~ 0
M7 _ meson aT )4\/NT(NC—|—1)
interesting & numerically computable with controlled O(20%) errors

Xp |large
‘Ol & e_MT—meson‘XO|

0) Mr—_meson: D% <QVSQ/(X)QI’YSO(O)>

ii) MZ% : shifted above zero due to the double W-pole,  with residue
computable from 3> PV (G (y)AE(0) at gw =gy =0

result depends/gives hints on Nt (e.g. 3,2) and Ng,, (e.g. Nc + 1 = 4 doublets)
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Hypercharge: Mz/My, lepton masses

2 2
.MZZQWQ'ZQYMZ, quo

'S O cwhs3TrDIBUTDIBU] S cwh3lgh S5 (W - WH) + 6§ B - B+ 2gwgy W - B]

4cr
= diagonalization in W*-B sector gives massless v and M2 = (g2 + g2)CoA%

owing to the custodial SU(2), x SU(2)g symmetry in the gy — 0 limit

e prediction m,/me, ~ a%|r,/a%a, ~ 0.01 from
o _ & BWA. .
£t|/|})+y = %bzpé, (QL%;L ¢D5Atﬂ) + h.C.] + Uér[qubtﬁ]
_ «BW _
Loy = 0205 [(0.D,, ¢DETR) + h.c.] + n&[lLdTA]

= M = O(ggptcrpgNTNc)AT m; = O(g‘)t/pgrpngTNg.;.L)AT
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EL at momenta <« At

@ Tera-dof’s with masses O(Ar ~ a few TeV’s) are integrated out
@ Tera-forces bind a WW/ZZ = h state

@ hresonance, my ~ 125 < At is left behind

@ We need to include this “light” x; x xg singlet in the EL

@ One gets an EL very similar to the SM
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vs. our critical model (no leptons & Uy(1))

e SM Lagrangian [/(f) = weak isospin of flavour f]

1 1 - -
Lsy = ZFWFW + ZFAFA + zf:(fRLDfAfR + 5D AR +

+TDY® DY o1+ V(@) + > yi(fidunta + fagly )
f

Ye=me/v O =(p12=—im20" [$p_1/2 = ¢) = (v+ M +iTT
e Our model Effective Lagrangian at momenta < Ar

1 1 . .
Lor = gFwFw + gFaFa+ Y (Dita + D 1) +
f
’
+50u 0, + [cAZ + ¢/Arh + ¢" PITHD,Y U D) Ul + V(h) +
+ Z[X,«/\T + kfh](?[_U/(f)fR + ?Ruf(,)fL) + ...
f

U = exp (iT®/VCNT) = (U1 )2 = —iT2U" | U_1 /2 = U)

elfx;:kf=1:1andc:c’:¢"=1:2:1 = Lgy =L
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Part VIII
Conclusions & Outlook
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Conclusions

@ We have identified a NP mechanism for mass generation
e successfully tested in lattice simulations
@ We speculated that myp < a?Agg, then

® myy ~ 170 GeV calls for a superstrong interaction at a few TeV’s
e leading to an understanding of the

@ EW scale magnitude
@ fermion mass hierarchy owing to

ay L ag < ar

@ We got a NP solution to the “naturalness" problem
e symmetry enhancement (~ recovery of ¥) keeps masses small
@ Phenomenology
@ need a good&convincing interpretation of 125 GeV resonance
@ we suggest it is a WW /ZZ-bound state with Epng = O(gi Mw)
@ need to study how the “low energy theory” deviates from SM
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A road to a full beyond-the-Standard-Model model (bSMm)
@ Done
e introduce electro-weak interactions by gauging x; x Uy(1)
@ include Tera-quarks and Tera-leptons
@ no need for Extended Techni-Color
e all masses « (Arx powers of coupling constants)
e at this stage neutrinos are massless
© Comparing with SM (issues in order of decreasing energy)
e strong and electro-weak coupling unification: no fast proton decay
e Tera-resonances with My, ~ a few TeV'’s predicted
e low energy “critical theory” looks very similar to the SM
© To be done
e Introduce families and split quark & lepton weak isospin doublets
e Phenomenology
@ EW precision tests - S-parameter bounds “ok” as mr ~O(Ar)
@ FCNCs to a comfortably low level (no tree-level FCNC processes)
@ heavy dark matter candidates, mass ~ O(a few TeV'’s)
Ms = ¢@°(N, US)(Noys Ug ) (Lorys DS ) + colour entanglement

B.Bg = (e*""NoLsL,) (eavce® #" U2, D5, DC,) < e.m. binding
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Thanks for your attention
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Santa Fe’ 1998
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Back-up slides

Back-up slides
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Checking the p dependence

5.95, L24T48

0.08
3.0 0.07
& 0.06
2.5
0.05
= 20
5 y
3 0.04 n=0p=0r——ri
r:;r. 15 0.03 NG, 0 =1 =—1.149, p= 1.96 ——1
S
0.02
10
0.01
0.5
0 . e . . .. .
0.0 —0.01
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(82/73) ron
5.95, L24
o 5.95, L24T48 52595 1 = —1149
: 0.25
0.1
0.2
0.08
o 0.15
=006
0.1
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meg, in L

XLF, n, = 0: blue; ETMC, nf=2: red, ETMC, n f=4: black

ALPHA, n  =2: green

-0.25 —

*
4
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Towards a realistic bSMm: particle content

Hypothesis: effective mass of elementary particles stemming from our mechanism
Consistency of hypothesis with experimentally observed masses implies (hints at)
e new strong SU(Nr) interaction with RGl scale Ar > Mw > Aqcp
e new set of fermions subjected to the new force (besides to SM interactions)
@ Q < (N1,3,2,Yh), L € (N7, 1,2, Y))
@ Qp < (N7,3,1;YpR), &€ (Nr,1,1;, Y
@ QF < (Nr,3,1;Y%), L% € (N7, 1,1; Y9)
with (irrep. of SU(N7), SU(3)c, SU(2)1; Y = Qem — T3) ; besides SM fermions, e.g.
@ g (1,3,2;1/6), (e (1,3,2,-1/2)
@ tge(1,3,1;2/3), vp € (1,1,1;0)
@ bre(1,3,1,-1/3), R E(1,1,1;-1)
e composite higgs: a bound state in WW, ZZ, QQ, LL ... channel; new fermions &

strong force crucial for binding; needed for unitarity of WW — WW scattering at LE
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Isospin splitting from approximate symmetries

Impose further approximate symmetries to get m, < mp and m, =0

1) Besides L-invariance under f(x) — f(x) + const, f(x) — f(x) + const,
as gs,w,y — 0 for all fermion species f  [Goltermann & Petcher, 1990]
2) require invariance under bg(x) — —bg(x), br(x) — —bg(X), as gsw,y — 0

It forbids the “standard” d = 6 Wilson term of the b quark

1) + 2) allow
BWA BWA
Loy = 36°55° (@D, D, 1DBY$DBba + h.c.) + 1% Gupba

- BWA BWA ~ -~
[,lﬁ/JrY = %b‘tﬁff,u (&[%H 7%1/ ]D5W¢ OuVR + hC) + nﬁ;“&qbug

leadingto My, = O(g#g2w  NewyiZ pSNNr)A  butstll  m, =0
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125 GeV resonance (h): a WW — ZZ bound state?

Loops of Tera-particles can bind WW — ZZ yielding a “light” resonance with m, < At
In Gy, (p) = [dtd*a%a®z e Pol-iPx+ip v3*2< WX, W (7, W' (Z,0)WH (0, 0)>
due to a large effective WW-WW coupling A3 = O(A37?) gy, 4MZ one expects

ganalyt(p2 { n
p? + 4M2, p2 + 4M2

Gy, (p) =

} _ Ganalyt (P ) PP —Mp 92 M2
p? + 4Mg, — A5(p?) s+ Mﬁ
V3 — oo: besides a cut at —p? > 4M?,, sum over T-meson exchanges yields a pole

eff \2 1/2
at  pf =M = —aMj, + AS(-ME) e My=2M(1- O(A(/I%i/u)gﬁv)

T —meson
wo w W w w
AN = = VAV «/\/\»vm;ﬂ-a-- PN AN
}/ + o+ ‘ o = o+
VANV A A A AP -:--ﬂvwm AL WA
w W W W W

BRI AR = W e
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