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Abstract: | outline a configuration in which the Standard Model can be embedded into an asymptotically safe gauge-Y ukawa theory. The model can
be though of asaminimal UV completion of the SM without gravity. | also discuss the remaining issues that need to be addressed for the scheme to
be phenomenologically viable, and outline the different energy scales and possible signatures.
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» Motivation and recap of idea; the hierarchy versus triviality problem
« Asymptotically safe 4D QFTs

« Adding relevant operators

« Radiative symmetry breaking

« Towards an ASSM
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Motivation: two problems to do with scalars

Hierarchy problem

Triviality problem
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Hints from Q‘Ql)

QCD is (unlike SUSY) a UV complete theory. Why?

|. There is (unlike string theory) no hierarchy problem: masses protected by chiral symmetry

2. There is (like string theory) no triviality problem: QCD is asymptotically free

Oy = —Ba? al
[ &g =0 ]

(V4

t
Note the philosophy of QCD: we do not mind running masses because they do not upset the
Gaussian UV fixed point. We simply measure them and let them run. Or to put it another way:
they are “relevant™ operators that are effectively zero in the UV. They do not need to run to

zero in the UV! (We also don’t care too much about couplings blowing up in the IR.)
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Weinberg used this as a basis for his proposal of UV complete theories
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Gaussian IR fixed point => perturbative
p p

Vs
Interacting UV fixed point => finite anomalous dimensions
In a field theory replace 1/€ with 1/y => divergences of marginal

operators (which affect the fixed point) can be cured
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Categorise the possible content of a theory as follows:

Irrelevant operators: would disrupt the UV fixed point - therefore asymptotically safe
theories have to emanate precisely from UV fixed point where they are assumed zero
(exactly renormalizable trajectory)

Marginal operators: can be involved in determining the UV fixed point where they become
exactly marginal. Or can be marginally relevant (asymptotically free).

Relevant operators: become “irrelevant” in the UV but may determine the IR fixed point.
Dangerously irrelevant operators: grow in both the UV and IR (common in ¢.g. SUSY)

Harmless relevant operators: shrink in the UV and IR (not common/possible?)

Note relevant or marginally relevant operators still have “infinities”™ at the FP - just as quark masses, they
still run at the FP just like any other relevant operator: but being relevant they do not affect the FP. (And by

definition they become less important the higher you go in energy.)
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UV. v.I.R. EP.

Caswell-Banks-Zaks fixed point:

Take QCD with SU(N¢) and Ny fermions but very large numbers of colours+flavours
(B I )

< ‘ ' Nr 11
dyoo = —Ba? + Ca’ {{3 e e s ]
Neo 2

Turns out C>0, B>0: theory has stable IR fixed point at @ = B/C and unstable one in UV a =0

(‘)f (8%

3/C v

Note perturbativity: — Bl O
requires many fields (Veneziano limit) with  Np =~ 11N¢g /2

Familiar from Seiberg duality and weakly coupled Ny < 3N N =1 supersymmetry
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Real situation requires several couplings to realise

Litim & Sannino 14

Need to add scalars and Yukawa couplings:

1 _ - -
L =3P Fy + T (QiP Q) +yTr (QH Q) + Tr (9, H' 0" H)
—u'lr [(”‘I‘ ”)2] — v (Tr [”'I' ”])2 1

H is an Nr x Np scalar

Initially have U(Np)p x U(Np)r flavour symmetry
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g° N y? N
Ny = ——, Xy = = =
Effect of Yukawa .... ( g (47)= Y (47)* )
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Four 't Hooft-like couplings - flow could in principle be four dimensional

g2 Ne y2 Ng u Ny v N
o, TR Yy, = 74 N0 (.h == o ] Ay = / 2
7 (ln_)_ Y (1?1_)_, (,lﬂ-)-. (lﬂ-)-
but ...

UV fixed point

1D exactly renormalisable trajectory! ==

Gaussian IR fixed point

Pirsa: 18060013 Page 11/33



Pirsa: 18060013

Along the critical-curve/exact-trajectory can parameterise the flow in terms of v, (?)

@y
G - y
Oy (T] = l_{r\'y(f] ; >N |
. V23 —1 0
apn(t) } 26 “u“) ol
o 3v/20 + 623 - 623 s
ay(t) = 2 ) N
20 Lt < g
ay
i o "}VJ'“
* = 0.4561 ¢, where e = —
:"\"(_'

At the fixed point it is arbitrarily weakly coupled, o

I
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4
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Solve Callan Symanzik eqn for them as usual =>

warm-up; first restrict ourselves to the diagonal direction where mass-squared term
looks like the following operator:

£

. ! ”‘@ ; , t 2
Vo oy (Te(H +H )
A oAl
;} - ( ( ) . _ £ | '”*ﬁ_,f/\(.”)

dt Ot

Anomalous dimension of fields

t-dependence in one-loop calculation of V
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Critique of the simplest example...

Purely multiplicative: Hence the mass-squared has to be negative along the whole trajectory

We cheated: in the sense that we ignored all the orthogonal directions!! These also get
contributions at one-loop even though their masses were zero at tree-level

In order to address both these, organise the discussion in terms of the U (Np) x U(Np)
flavour symmetry that we break with the mass-squareds:

Do+ ipo) Do) L
(ho Po NexNp + (Ba +0a) T,

H=-———7"""""
V2Np /
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Non-trivial simple example...

Seek to add a set of mass-squared operators whose flavour structure is closed under

RG: simple example

(‘lf“\‘.‘\' /

Viaws = moTr(HUH) +2A% Y " Te(T, H)Tx(T, H)

2
m

‘(L [’ a

2 ¢ ; 2
= g, = m2 = 'm.f, + A“
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{ 22 D
mp, = My, = My
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Following the same procedure and after some work find the following answer in terms

of two RG invariants (one for each independent bit of the flavour structure)
(where v=(1-1/NF"2)):

31
” y f g I . f 0k e
mg m —1 — Afv — 1
v, v,
o 3 F’”'U & 3fA
2 -2 [ Yy ]' A2 ( Yy .
Mo _1 w2 m = — 1 FAS(1—-v) | —= -1
a=1...N&—-1 ok * N
t ' g

}( i‘rr L0 > ]( 1._\

Dies away quickly in the IR Dies away slowly in the IR
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Starting values get relatively closer in UV (note the masses are all shrinking in

absolute terms in the IR) - full flavour symmetry restored precisely at fixed

point

m?

A7) {

-
mp(0)

The sum of the mass-squareds quickly dies to zero in IR
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Note entire flow defined in terms of a set of flavour violating RG invariants.

Technically natural.
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To embed the SM - focus on breaking SU(Nc¢) to SU(3) colour with Ns new scalars ...

c.l. Pelaggi, Sannino Strumia Vigiani

| H SUNe) H SU(Ng)L D SU(2)L x SU(ny) | SU(Np)r D SU(2)R x SU(ny) | SU(Ns)g D SU(2)r
LJ,’, 0 02 (o0 | 1
Q O 1 1D (0,00 !
HY I 0> O.0) s} (u}s) |
Si=1..Ng 0 1 1 0
The new scalars give a similar UVFP ...
Extension of Pati-Salam (XPS) - breaks to SU(3) if we choose  Ng = N — 2
i’V"\' .[V]r‘ 2] N
- = 1; = — +¢ e
N¢ Nc 1 —
%) ) e ) f,;"i_ } m_ \
1 I j i _ h 1
S = I 3 ";H "';’” ":;’ll Ng = N¢
'lij '\; iJ _‘. (j.E){) i e (‘I‘.;?“

(R
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To embed the SM - focus on breaking SU(Nc¢) to SU(3) colour with Ns new scalars ...

c.l. Pelaggi, Sannino Strumia Vigiani

Somewhat complementary to Bond,
Litim: Bond, Hiller, Kowalska, Litim

| H SU(Nc) H SU(Np)L D SU(2)L x SU(ny) | SUNp)r D SU2)k x SU(ny) | SU(Ns)g D SU(2)g

tg;, O 0> (O,0) l ]
Qs 0 1 1D (51,00) 1
H} I 0o (0,0) 02 (0,0) |
Si=1..Ns O | 1 Ol

The new scalars allow a similar UVFP ...
Extension of Pati-Salam (XPS) - breaks to SU(3) if we choose  Ng = N — 2

A’\f"-_\' . .[V]r‘ 2 ]

*} 1 L] =¥ "IF € ‘\r,
Ne " Ne 4 A(
0 0 0 0 0
< ¥4 l r T ¢
(’Lj} == " ) ."'\"s,' = {4‘\"(_ — 2
0 0 0 0 |
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Explicit embedding looks like P-S

.l‘l\‘l'{' !

i Ty uf ) v
q1 ’I ( ll] ?‘I )A.. ( (.lt' J ( t.t" .

/By ) Ay ) SR hy )
I - ( hy hy /g ( hi By Jas hy  ha ),
i ) d i

Assignment implies 9 pairs of Higgses one for each Yukawa coupling
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Extend Lagrangian ...

+ ’ - U 1 g - 1 i 2 B8 i
Lovep = Lym + Lxp + —=Tr [(cg',_u -(g,f)} uy Tr [HYH? — uyTe [HTH HTH]
Vi )
—w TY[Q - Q) —wa TY[QT - QQT- Q] ,
Want to do ...
3 \\\\
\\ .
Coupling
A Flavour, g'
\
\\ Colour, g,y
\\
"\\ | .
e A~ T T t
g I /.r--'f Mass squared
Colour, g_‘;'“*-m ﬁ L_/Electrowaak, g’

B
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A large number of extraneous states are already removed by the VEVs but what about
the others?
.l‘l\‘r{"

i -y ~uf ) v
1 "I ( lll i‘l ) ( ”fc' ) ( t.f‘ .

/
Ne

( J‘f“,‘: 1’;,,‘ ) { h"l'r h"", ) ( h"; h ,’, ) ( e ) F i T

fi hY i3 b Wy )y h b /oy @ ; = =

W hy, ) HG hig Wy, ) S @

H (‘ oyl 21 [\ UD I .-)_': SR 2 ? T Py 0 0 N N 2
Fnd o ohg Nk g N nE ng S z 1
(‘ h "' hl”" ')IH (\ h'l hj-: )w ( f'vlr h:: ) A4 f G i M M)
‘ ; : Hy 3 '

Indeed a VEV for HO removes all vector-like non-SU(2) charged fermions. But what
about the extra SU(2)L and SU(2)R multiplets?
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Chiral symmetry tells us we need to add N, = N¢ — 4 compensating fermions, along with

Yukawa couplings to form Dirac masses leaving only the light PS states:

| [ suve) [| sUNe)L > SU@)L x SUG,) | SUNg) R D SU@)R x SU(M,) | SUNs)r > SU@)x

LJ;, O 0> (O0) l ]
Q¢ n 1 o (0,00 |
H: I 0> (0,0) 0D (0,0) |
Si=1..Ns O I I Ol
| ” ” SU(2), % SU(ng) | SU2)r x SU(ny,) I I
G-, |1 (|_|.\__1} 1 | 1
qi=1..N, 1 l (O,0) ]
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Summary

Considered perturbative asymptotically sate QFTs (gauge-Yukawa theories that
require scalars)

* UV fixed points do not prefer any mass-squared - the entire low of each relevant
operator 1s described l)y a singlc RG-invariant (lnultil)li(::ltivc renormalisation)

* Deviation from zero = breaking of scale invariance,
c.f. non-zero quark masses = breaking of chiral symmetry

* Positive mass-squareds can be driven negative in the IR, akin to radiative symmetry
breaking in MSSM => radiative symmetry breaking

e A minimal embedding of the SM within this set-up looks straightforward - work in
l)r“gr(‘ﬁﬁ

® QOverall now has the “feel of” other RG systems with ]:ll’gc numbers ()f_(lcgrccs of

freedom in the UV such as duality cascade. Gravity duals?
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Recap of the idea

The SM is “classically” scale invariant - tree level Lagrangian has no mass

Coleman Weinberg mechanism leads to spontancous breaking at a scale
because the scale invariance is anomalous. (Huge amount of interest since 2012)

Compute effective potential and renormalize it

Now 36l ol 25 PV >V
Vg = —|o|" + ——|¢ log — — — d=0=0 —=—lo=u=A
7 = 31? + a1 (”5 wT%)  age=0 gl

We imposed by hand no generation of mass terms!
Minimization leads to dimensional transmutation

3
| 4me A

() = e 5

AP

Pirsa: 18060013 Page 26/33



Heuristically unlikely to work from a UV fixed point: CW is all about IR scale invariance
where ¢=0 - which is why it is a strange starting point for solving the problems of large

UV thresholds.

Proof (already shown numerically by Litim, Mojaza, Sannino but can do it analytically):

for example choose the real trace direction ...

¢ — . 47
- T = r(4) . o . 14
H \/2 NIJ H 1’\/‘ o b ¢ JIVJ’-1 ‘ ('iu,.&;.s — N‘g (( Y h- + (Y " ) (ﬁ'.)

[‘1
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Effectively
- (.3(}5;, - ('l:,_,)

327 2

Also define =
1 o
Corrections all of order aA, so no perturbative minimum without a mass-squared for ¢
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Heuristically unlikely to work from a UV fixed point: CW is all about IR scale invariance
where ¢=0 - which is why it is a strange starting point for solving the problems of large

UV thresholds.

Proof (already shown numerically by Litim, Mojaza, Sannino but can do it analytically):

for example choose the real trace direction ...
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Chiral symmetry tells us we need to add N, = N¢ — 4 compensating fermions, along with

Yukawa couplings to form Dirac masses leaving only the light PS states:

| [ suve) [| sUNe)L > SU@)L x SUG,) | SUNg) R D SU@)R x SU(M,) | SUNs)r > SU@)x

LJ;, O 0> (O0) l ]
Q¢ n 1 o (0,00 |
H: I 0> (0,0) 0D (0,0) |
Si=1..Ns O I I Ol
| ” ” SU(2), % SU(ng) | SU2)r x SU(ny,) I I
G-, |1 (|_|.\__1} 1 | 1
qi=1..N, 1 l (O,0) ]
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To embed the SM - focus on breaking SU(Nc¢) to SU(3) colour with Ns new scalars ...

c.l. Pelaggi, Sannino Strumia Vigiani

Somewhat complementary to Bond,
Litim: Bond, Hiller, Kowalska, Litim

| H SU(Nc) H SU(Np)L D SU(2)L x SU(ny) | SUNp)r D SU2)k x SU(ny) | SU(Ns)g D SU(2)g

tg;, O 0> (O,0) l ]
Qs 0 1 1D (51,00) 1
H} I 0o (0,0) 02 (0,0) |
Si=1..Ns O | 1 Ol

The new scalars allow a similar UVFP ...
Extension of Pati-Salam (XPS) - breaks to SU(3) if we choose  Ng = N — 2
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Chiral symmetry tells us we need to add N, = N¢ — 4 compensating fermions, along with

Yukawa couplings to form Dirac masses leaving only the light PS states:

| [ suve) [| sUNe)L > SU@)L x SUG,) | SUNg) R D SU@)R x SU(M,) | SUNs)r > SU@)x

LJ;, O 0> (O0) l ]
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A large number of extraneous states are already removed by the VEVs but what about
the others?
.l‘l\‘r{"
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Indeed a VEV for HO removes all vector-like non-SU(2) charged fermions. But what
about the extra SU(2)L and SU(2)R multiplets?
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