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Outline
&
Take home message
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Outline of the talk (take home message)

@ | skip [Introduction - Motivations: SM & its limitations] for lack of time
@ | discuss the construction of an unconventional bSMm with no Higgs
e exhibiting a NP mechanism yielding “naturally” light quark masses

mglP ~ Cq(Oés)/\RGl

e and allowing the introduction of EW interactions, entailing
M\I/VVPZ ~ ngw,z(a)/\RGI

e The above top & W, Z mass formulae require Argr > Aqcn, hence
e J a sector of super-strongly interacting (Tera) particles so that the
full SM+Tera-particles theory Aggi=Ar=0(#TeV) +» EW scale
© A few consequences
e Masses NP-ly determined by the dynamics (no Yukawa fitting)
e Higgs mass “tuning” problem evaporates (no fundamental Higgs)
e SM + Tera-particles — gauge coupling unification (without SUSY)
© Conjecture 125 GeV boson h=WW)/ZZ state bound by Tera-exchanges
© Encouraging estimates of A7, heaviest family masses and my,
@ One can prove that the SM Lagrangian is the LEEL of this bSMmodel
@ Conclusions & outlook
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The simplest model endowed
with NP mass generation
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A (toy) model with mass generation

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 d = 4 Yukawa and “irrelevant” d = 6
Wilson-like chiral breaking terms — described by the Lagrangian

Lioy(q, A, ®) = Liin(q, A, @) + V(®) + Lyik(q, ®) + Lwi(q, A, ®)
1 _ _ 1
* Liin(q. A, ®) = 4 (F* - F) + auP’qu + GaP"ar + 5T [0,070,0]

15 Ao 2
o V(d) = ?Tr [®To] + Z(Tr [oTo])
o Lyuk(q, ®) =1 (qL®qr + Gr®'aL)
v HA A 5D eI DA
.EWil(q7 A7 d)) = Ep (qL /L¢DuqR + gr Mq) ’Dﬂql-)

@ Ly key features
e presence of the “irrelevant” chiral breaking d =6 Wilson-like term
e despite appearance ¢ not the Higgs: doesn’t enter mass formulae
@ Ly notations
e b~ '~ Ayy=UV cutoff, n=Yukawa coupling, p to keep track of Ly
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Theoretical background

@ L. is formally power-counting renormalizable (like Wilson LQCD)
@ and exactly invariant under the (global) transformations
XL X XA = [0 % (Y = QO] x [Ta x (¢ — Qb))
qr/r — Q/RAL/R
fuR: Q/r € SU(2)
iR — aL/RQZ/R

@ Y\, X xpg exact, can be realized
@ 4laWigner
@ & laNambu—Goldstone

@ ¥ x Xr (~ chiral transformations) - broken for generic  and p
@ can become symmetries at a “critical” Yukawa coupling, ner(p)

© ¢ isthe L,y UV completion enforcing x, x x5 invariance (not the Higgs)
© Standard fermion masses are forbidden because the operator
9L9r+QrQqL is not invariant under the exact x, x xg symmetry —-

e mass protected against UV linear divergencies, unlike Wilson LQCD
e a step towards complying with naturalness 't Hooft
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The road to mass generation - |

@ Yukawa and Wilson-like terms break ¥; x x¥g and mix

@ At n=n. they “compensate”, enforcing chiral {; x {g symmetry

@ symmetry enhancement similar to that induced by mc, in LQCD

@ Conservation of ¥, x {g currents imply at 1-loop Bochicchio et al.
@ Wigner phase (|¢[?) = 0 — effective grPq, + hc vertex absent

=" [box is the Wilson-like vertex]

© NG phase (|¢[?) = v — Higgs mechanism is made ineffective

@ Observations
e b? factor from the Wilson-like vertex is compensated by the
quadratic loop divergency b2, yielding a finite 1-loop diagram
@ Q: after Higgs-like mass cancellation, any fermion mass term left?
A: YES!
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The road to mass generation - |l

@ Asin QCD (recovered) chiral {; x ¥z symmetry is spontaneously broken
© At O(b?) besides Symanzik P terms, in NG phase also NP ones occur
© Cutoff effects of regularized theory are analyzed 4 la Symanzik
e Standard Symanzik expansion technique allows identifying the
O(b?) operators necessary to describe the peculiar NP cutoff
features ensuing from the S{YSB phenomenon. They are
Os.5q x b*Asars|0| [azp/*q} . Op.rr ox bPAsas|®| [FA-FA}
o Os,39& Os,rr expression fixed by symmetries (x, x xr) &dimension

e They matter in the limit b — 0, as formally O(b?) effects can be
promoted by UV power divergencies in loops to finite contributions

e Bookkeeping of NP effects can be standardly described including
new diagrams derived from the “augmented” Lagrangian
Eloy — Ltoy + AENP

ALnp = bPAsas| D [CFFFA~FA+canACI] +e
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A diagrammatic understanding of masses - lll

@ NP fermion masses emerge from new self-energy diagrams like

e Amputated diagrams at vanishing external momenta (masses)
@ blobs = vertices from the NP Symanzik term, ALnp
e box = Wilson-like vertex from the fundamental L.,

oo [ Rl [ k0,
=4 = k2 k2 C+m2 (k+0)?
by, (k+ ), bzéw(Zk +0)x ~ a2As
@ Diagrams are finite
e b* S{SB IR effects compensate 2-loop UV quartic divergency
e Thus masses are a kind of NP anomalies that appear as
obstructions to a full recovery of the X, x Xg chiral symmetry
e This NP mechanism is in line with the 't Hooft naturalness idea
since switching off masses enlarges the symmetry of the theory
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mass in phase: a lattice confirmation - IV

@ Atn = 7, where invariance under Y, x xg is recovered so in the NG
phase the Higgs quark mass is killed, we compute the “PCAC mass”

NP - Z;6M</Z\L()?, XO)Pi(0)> NG

@ Surprisingly we find that neither mpgac nor Mpg vanish

— a NP fermion mass is getting dynamically generated
— together with a non-vanishing PS-meson mass
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Quantum Effective Lagrangian ( ) in phase

Summarizing we saw that

@ it is possible to enforce ¥, x Y symmetry by fixing n = n¢(p)
@ in the NG phase at n,, the “Higgs” fermion mass get cancelled, but
(lattice simulations confirm that) the fermion acquires a NP mass

m}¥ = c4(92)As-at lowest order for a d=6 Wilson-like term c4(g%) =0(3)

@ m}”+#0 can be naturally incorporated in the QEL that describes the
physics of the model in the NG phase, ¢, by introducing U

®=(v+G)U, U=exp[i7(/chs]
' _ _ 1
Q@ |, = i(FAFA+ap a+3aP ga+ 5 T [0,010,0]+ V(®)
)

© Include in NG all y, x x5 invariant operators functions of q, g, A, U.
New NP terms can be formed as U transforms like ¢

" 2
NG, =12, "22/\3 Tr [0, U0, U]

0 + cgM\s[qLUgR + (?IRUTC[L] +

<

Q From U=t +irf/v+. .. we get a fermion mass plus NGBs interactions
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Introducing electro-weak
interactions

Why super-strong (Tera)
interactions?
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Why superstrong (Tera) interactions?

Obviously we want EW interactions. But why Tera-interactions?
@ In the previous mass formulae As = Agg is the RGI scale of the theory
@ Let us focus on the top quark. Can we make the NP formula
mg’P = Cy(as)Nrar
compatible with the phenomenological value of the top mass?
@ As an order of magnitude, we clearly need to have for Ara;
Nocp < Arar = O(a few TeV’s)
so as to get a top mass in the 102 GeV range —
@ Super-strongly interacting particles must exist hinting at a full theory with
Argt = A7 = O(a few TeV'’s)

@ We refer to them as Tera-particles Glashow (to avoid confusion with
Techni-particles)

@ Revealing Tera-hadrons — an unmistakable sign of New Physics
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Towards a bSMm: including EW & Tera-interactions

£(q,4,Q,L;®; A, G, W, B) = Lyin(q, £, Q, L; ; A, G, W, B) + V(@) +
+Lyuk (9,4, Q, L; @) + Lwi(q, ¢, Q, L; ®; A G, W, B)

L4 Ekin(‘%& 07 L; ¢; A7 G7 W7 B) =

:%(FAFA-FFGFG—'—FWFW-FFBFB)—'—

+ [@L PPYqL + Gr PPar + 1. PPV + TR @Bfﬂ] +

+[0 PPMCQ, + Ba PPACQR + L PPCL, + LA PLA] +

Kp wB ws
+?Tr [(D[Bo)'D) P o]
I Ao 2
V(@) = DTt [670] + 2 (I Tr [0T0])
o Lyk(q,6,Q,L;o)= > 7 (AP fz+he)
=q,¢,Q,L
L4 EWil(Q» E, Qy L; q); Aa G7 W? B) =
2 |

= qu (ql_g EWACDDEAC]R + hC) + Epg (ZL% 5W¢'DEZR + hC) +

2 2
—‘r%pQ (OLg 5WAG¢D5AGQH+hC) + %PL (l__l_% 5WG¢'DEGLH + hC) .
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Covariant derivatives & Symmetries

@ Covariant derivatives

, . AY
DBWAG — 9, — iYgy B, — igwt" W — /gS 5 Afj —igr 2T G;
@ Symmetries (f=q, Q, ¢, L)
XL X XR = [{L X (® = Q)] x [{r X (¢ — ¢QL)]

XL X xR is exact

~ fL—>QLfL ?L—)?LQ;[_, f:q,E,Q,L
N w, - auw,)

Xr: fr— Qgfg, fa—faQL, f=g,0 QL

%L X ¥p recovered in the critical limit (up to O(b?)) terms
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The critical theory

@ Besides the operators

] EYUk(Qa 67 O) L; ¢)
o Lwi(q,¢,Q,L;®;A G W,B)

now also the kinetic term of the scalar
o Lyin(d; W,B) = %Tr [(D}VB®)IDES]
breaks ¥, x ¥r and mixes with Ly, and Ly

@ Ontopofns f=q,Q,¢ L, also k, needs to be tuned,

@ The conditions determining the critical theory (invariant under
YL X XR) correspond to a QEL with

e vanishing Yukawa interactions
e vanishing scalar kinetic term (Bardeen, Hill & Lindner 1989)

GCR (Tor Vergata, INFN, Centro Fermi) NP mass generation 17 /41



at 1-loop

@ The nq tuning condition — 17823, = pQmaQaT

@ The kp tuning condition — kt(;c)r = pchkSq) + p%NCNTkég

@ UV divergencies are exactly compensated by the IR behaviour
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Critical tuning in the phase at 1-loop

Higgs-like masses cancelled in the NG phase of the critical theory
@ Cancellation mechanism of the “Higgs-like” quark mass term

vaq

[+

@ Cancellation mechanism of the “Higgs-like” Tera-quark mass term
vQQ

(= @_ L +
@ The cancellation mechanism of the “Higgs-like” W mass term

gaveTr [W, W]

ng= N, ng = NeNr

N/

@ UV divergencies are exactly compensated by the IR behaviour
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O(b?) Symanzik operators - |

Since UV divergencies can be compensated by the IR behaviour,
we cannot neglect NP O(b?) Symanzik operators

15008 aa = ThatP AT aTl®l | PP QL + QrPPACQs| (1)
1,0, =1 b2/\Ta7|d>] LLpoBWL, + LapCeLa| 2)
Y4406 an = raab®Ar g2|®|FA-FA 3)
18605 6c = rasb°Nr 95| ®|FC-F€ (4)
16606 6a = regb°NroF |o|FC-FC (5)
1850888 = rgpb° A1 g%|®|FB-FB (6)
18806 88 = r6gb*Nr g5|®|FB-F5 (7)

The coefficients r’'s are in principle computable, numerical constants,
depending on the p; parameters, N; and Nt
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Fermions & EW bosons masses

Amputated self-energy diagrams
Blobs = NP Symanzik operators - Squares = Wilson-like terms

1[
G o)
9

"B, B,
q [

,
D]

"B, B,
G

Mg = Cq /\T, Cq = CqO(ag) my = Cg /\T, Cg =Cy O(Oé%/)
mqg = CQ At CQ = CQO(O{%—) my = CL Ar, CL = CLO(Oé%-)
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Fermions & EW bosons masses

Amputated self-energy diagrams
Blobs = NP Symanzik operators - Squares = Wilson-like terms

Q/L /w Q/L Q/L /® Q/L
W,,l W U/B (n W“f/Bl,

/\/\/\/\/1” PQ/L9w ‘|’1 00/ LY W /\/\/\/‘1 b /?Q/lgu/!]Y| ‘|bZPQ/r,gu~/yyl/\§/\/\/V

MW:E = CW:I: /\T, CW:!: == gwcw7 Cyw = ka(OéT)
Mz=Cxo A7, Cz=1/9%+9%cw
MAOZ 0

@ Custodial symmetry unbroken at leading order in the EW interactions

@ Diagonalization of the self-energy matrix yields, exactly like in the SM,
a massive Z boson and a massless photon
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The critical in the phase
Similarly to the case of the toy-model, we obtain now for the QEL

rNG(q,0,Q,L; ;A G, W,B) = %(FA-FA+FG-FG+FW-FW+FB~FB) +
+ :EIL P""q + Gr YPBAQH} + CoA1 (EILUQR + E’RUTQL> +

+ [EL P+ I @BER} + CiAr (ZLUER + ERUWL) +

+ :éL PEWAGQ, 1 Qn ZDBAGQR] + Colr (OLUQH + QU QL) +

n

iL PEBYAL + Lg YPBALH} + CiAr (ZL ULg + LgU" LL) +

+%c§VA2TTr (DY U)'DEY U] + O(AT)
@ Expanding U=1 +iF§/v+. .. we get the previous mass identification
@ Mass terms are kind of NP anomalies preventing the full recovery of
the ¥, x Xr symmetry.
@ For consistency
e weak interactions are needed to decouple ¢
e hypercharge interactions are needed to give mass to leptons

23 /41
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The 125 GeV resonance
&
comparison with the SM
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125 GeV resonance & comparison with the

No need for a Higgs — how do we interpret the 125 GeV resonance?
@ At p?/A32 < 1 Tera-dof’s can be integrated out
@ Tera-forces bind a |W* W~ +22Z) = |h) state with Epjng = O(Mw)
@ |h) resonance with my ~ 125 < At is left behind
@ We need to include this “light” x, x yg singlet in the QEL
@ If we do so, perhaps not surprisingly, one finds that, up to perturbative
corrections, LEELy_4 looks like the SM Lagrangian with vy ~ At

@ m? from Bethe—Salpeter-like iteration

MG §§ a:

Figure: Upper panel, the A kernel. Lower panel, the Bethe—Salpeter iteration
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Evaluating my,

@ In the Bethe—Salpeter-like iteration A is the energy shift of the initial
free state due to the interaction

(S, ()
S+4M2, S+4Mz,

 (mww(8))? s~—m 9AME,
S+4M2, + A(s) s—s—m,z7
e Price to have two W'’s sufficiently close to feel Tera-interactions
Tww(8)s,0e = O(95AT) = O(gwMw)
e A(s) at the pole has the parametric expression
A(P2)|sp0/e =Cn gjv4M5V

+...]=

Aww—ww(S)

@ We thus get
m2 = 4MZ, + chgi M2,

At face value, with g, = 0.62, ¢, = O(1) and negative, one obtains
Ebin = _ChgijW ~ 12 GeV
@ Lattice QCD simulations can help evaluating ¢y,
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of the critical model vs. Lagrangian

@ LEEL,_,4 of the critical NG model for p? /A% < 1, including h reads
[we ignore weak isospin, leptons & Uy (1)]

1 1 _ _ _
LiS(@A W U h)= 3 FAF o P P4 [ P o+ G4 Dk + 3R PPaR) +
+%aﬂhauh + %(kf + 2kvkih + ke PP)Te [(D Y U)'DY U] + V(h) +
+(Ygh + kokv) (EILUQR + QHUTCIL)
(4] C'X‘jv is neither renormalizable nor unitary (unlike the fundamental Lagrangian
in slide 15) for generic kv, k1, k2, yq, kg- But if in Eﬁ’f, we set
kq/yq:1, k1:k2:1

precisely the combination ® = (k, + h)U appears (except in V(h)) and we get

1 1 ) ) )
CEe(q AW @) = g FAFA 4 o PV FY [qLZDAWqL +aa P gk + q%ZDAq%] +
1

+5 T [(D L) DYO] +V(h) + v (<_7L¢CIR + EIR‘DTQL) ~ LM
mqg = qu'/ = CqAT7 Mw = gwkv = gwCw\T

i.e. a unitary & renormalizable theory
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A bit of phenomenology
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Estimating A1 & heaviest family masses - |

@ Assumptions - |
e Previous formulae for running masses give values at the UV cutoff

e or better at Agyr for a unifying theory, like the one we consider
o Defining @ = a(Agyr) we can write
mi(Agur) = Crad Gohr,  f=1t,b,
m,(Agur) = C, @y gyAr,
ma(Agur) = Co@y® grAr .
my(Agur) = CLat grhr
My = kwar g, At
with the “ad hoc” choice uy =ug=u, =1& Uup=u, =2

e The above exponents correspond to take

@ d = 6 Wilson-like terms for top, Q, L
@ d = 8 Wilson-like terms for b, 7
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Estimating A1 & heaviest family masses - |l

@ Assumptions - I
e The unification plot

80

70

60

50

w40
=
20 g
. =
10
/
?e+02 1e+04 1e+06 1e+08 1e+10 1e+12 1e+14 1e+16 1e+18 1e+20
W(GeV)
e The unifying couplings (best choice is Ng = 5)

4 8+Ns , 13
Gi=300 B=di B=0¢ d=""50=1,%
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Estimating A1 & heaviest family masses - lll

o At Ngut
_ 3 1 3 _ 1 _ 1 _ 121 12
T3 287112 "7 28 @™ 28 ‘7713 28 364
Gy ~ 0.58 g, ~ 0.67 G, ~ 0.67 Gy ~0.64
o At5TeV 1
az(5 TeV) = as(5 TeV) ~ 13
044(5 TeV) = E 057'(5 TeV) ~ E -2

12 1
@ Ignoring EW running, we get for f = top, b, Q, L

ap(5 TeV)11b,/26
me(5 TeV) = my(Agur) [ [ap((/\))] e
post - ap(AGur

with the 1-loop 5 and ~ coefficients

17
Bos =3, for=5" Y =vs=7.=8, & =15r=8
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Estimating A1 & heaviest family masses - |V

@ We take My, ~ 80 GeV as the input scale
12
364
ky has a weak dependence on pf, N; and Nt

80 = kyar gwAT ky=—— 067Ny — kyA7 ~ 3.6 TeV

@ Tera-fermion mass running

1

ot o= o) ()

CQ 12 2 CO
. N . . . . ~ 2
~ &, 364 (0.64)<-18.15-2.78 - 3600 . 500 GeV
_ — =2 2 8%% CL
mL(5 TeV) == CLO[T gTAT(W) 7kw 900 GeV
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Estimating A1 & heaviest family masses - V

@ Top mass running

o (1713181
my(5 TeV) = Cras gi/\7<1§28>32 ~
G 1

C
~t ' (067)2.2.78. ~ 2t
P 28(0.6 )¢ -2.78 - 3600 W160 GeV

@ mp running

1/13)25
1/28
2 3 Co

112 -2.78 - 3600 ~ k—w4.3 GeV

mp(5 TeV) = Cbasggay/\r<

Cp 1

@ m, pole mass

2
m~ G2 Pohr~ T (-2 (0.58)2-3600~ & 0.87 Gev
» \112 Kuw

GCR (Tor Vergata, INFN, Centro Fermi) NP mass generation 33/41



Conclusions & Epilogue
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Conclusions

@ | have presented the construction of an elementary particle model
where fundamental fermions and electroweak bosons masses are
NP-ly determined by the dynamics and not via the Higgs mechanism

@ Masses have parametric form mMoc Ce(a)Argr, M) o gw Cw () Arar

® Mip, My ~ 102 GeV call for a Tera-strong interaction
e in oder to get the full theory with Argi = A+ = O(a few TeV'’s)
@ We provide an understanding of the

e EW scale magnitude (as a fraction of A7)
e fermion mass ranking (a, < as < ar — My < Mg < Mgy)
e absence of Higgs mass tuning problem (no fundamental Higgs)

@ 125 GeV resonance is an h=WW /ZZ state bound by Tera-exchanges
@ Including it makes the LEEL of the model look like the SM Lagrangian

@ Conceptually NP masses are “naturally” light ['t Hoof]

e symmetry enhancement (~ recovery of {) of the massless theory
@ encouraging estimates for A7, heaviest family masses and my,

@ One gets gauge coupling unification in SM+Tera-sector (no SUSY)
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Epilogue

@ Phenomenology largely to be still worked out
e need a good&convincing interpretation of 125 GeV resonance
@ we suggest it's a |W* W~ +ZZ) bound state
@ indications of a bound state in Bethe—Salpeter and in a
non-relativistic potential well approach yielding Eping = O(gy Mw)
e tera-particles contribution to g — 2 vacuum polarization amplitude
@ need to study to what extent LEEL of the model deviates from SM

@ Moving towards a realistic model
e need to introduce families
e need to split quarks & leptons within SU(2), doublets
e need to give mass to neutrinos that here are massless

@ We might have ideas how to deal with some of these issues

e dimension of Wilson-like terms
e a natural scale for neutrino masses, A%/Agyr
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Thanks for your attention
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Back-up slides
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O(b?) Symanzik operators - I

PArg} || FOFC

5 /\ B \
~ BArg|o|FPRY " W > BArg 0| FPE
< oo 5

Lowest loop diagrams yielding the dynamically gene'rated operators (3)-(7)
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Universality

To what extent our mass formulae depend on the choice of the
fermionic Wilson-like terms, in particular operator dimension and p?

@ Dimension of Wilson-like operators
e Generically, the larger the operator dimension, the higher the
leading power of the gauge coupling dependence of C¢(«)
e Exploit this fact to implement mass splitting, like quarks from
leptons, up from down (as we did before) and (?) among families
o We insist that d*" =6 and, as we said, d}"' =6, d/'=8, d"'=8
e The leading gauge coupling power dependence then is
Cr(a) — a1+1, Ct(a) — a1+1, Cb(a) — a1+2, CT(Oz) = ot2
@ p dependence
e Physics only depends on p ratios
e Symmetries can “mitigate” p ratio dependence
o Ifall p are equal, pr/pyr =1,V 1, F
e Weak p ratio dependence of My & mg, none for large N and Nt
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