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Degrees of (un)naturality

Recall the definitions of the renormalized perturbation theory

Unrenormalized (bare parameters)

1 AQ

1
L= (0u08) — gmioh

Renormalized (measurable parameters)
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Degrees of (un)naturality

The only quadratically divergent parameter of the theory:

A2
m? =mg(1+ f1(A, g;) log W) —{ fa( X, g; JA®
0

SM tuning = no predictions for the BSM physics
Tuning via “classical conformality’: mo =0, A is dropped
Delayed naturality (Veltman conditions): fo =0 in PT.

Perturbative natural conformality (PNC) =
delayed naturality + “classical conformality™

theories : SUSY , Technicolor



Perturbative natural
conformality

delayed naturality™ + “classical conformality”

® Veltman conditions*™* are
imposed order-by-order
in PT.in every scalar field
direction of the potential

® Bare mass of the scalar is set
to zero® (conformal
invariance at tree-level)

® This postpones the
energy scale where
unnaturality re-emerges

® EW symmetry is broken
. radiatively via

Delayed naturality does not require conformality;, Theory renormalized in e.g. dimensional

' regularization where explicit cutoff does not appear
K Veltman 81 + S8 P PP



PNC conditions |: CW mechanism

ldea : In a massless theory, radiative corrections could
lead to a SSB

Consider a scalar sector of a generic renormalized gauge theory:

Vol(gs) = 2—J4kl¢z’¢j€bk€bl + fermionic (y) and vectorial contributions(g) + c.t.

Consistent PT.requires: M\ ~g° ~y° < 1

» Tree-level potential dominates unless
it’s zero (flat direction) or very small

=0

’u,i’u,@':1

Solve: mMin (A kUit Ul

If a solution wu; = n; exists, then ¢; = n;¢ is a flat direction and CW analysis can be performed



PNC conditions |: CW mechanism

Now consider one-loop corrections to the effective potential:

Vi(¢e) = 1/ (d4k Str|In(k® + M?*(¢.))| + c.t.

2 27)4 ,\
Str = zl: — 2 W UZ | 3 zt: background field dependent mass matrix
scailars eyt jermaions VECILOT S

For M?*(¢.) < A*:

Vi(ge) = Sy [A4 (m A? — %) + 2M? ()N + M*(¢e) (m M*(9c) 1)] + c.t.

6472 A? 2

cosmological const quadratic divergence one-loop phi*4 correction

subtract awa T
/ can be tuned away by choice of c.t.

or
vanish for symmetry reasons (SUSY)



PNC conditions 2:Veltman Conditions

Even without symmetry, naturality can be “delayed”
by imposing (at some specific RG scale o) :

1 0%Str[M?(¢;)] _ ) for masses of the

2 Op? non-Goldstone scalars
? Ho

this leads to extra constraints on the couplings of the theory

M=(¢.) d:
_ _ 4 _ 4 4 Yc
V(pe) = Vi(de) = 5 Str | M*(¢c) In 2| = At + Béln .
In a classically scale-invariant theory: MQ(gbc) =W 2gb2
_ 4 2 _ 4
A= = StriWV=InW=, B = = StriW



PNC conditions 2: CWV mass

2

V(¢e) = Ag, + B In —5
Mo

The non-trivial stationary point of the potential:

<2> 1 4
Hio 2 b

\

A and B both start at one-loop
thus P T.is valid since log is small

< ch >= g X 0(1) This is why we needed flat

direction in the tree-level potential

Coleman-Weinberg one-loop mass:

mQCW — 83<¢g>

in practice we will only need to calculate B in a given theory




CWV scalar as a dilaton

The scalar along the flat direction is a dilaton of the theory

need to show that our scalar state D is created from the vacuum by the spontaneously broken
dilatation current which is related to the trace anomaly of the improved energy-momentum tensor

g,Y,A
oL
0,D* =0k =) Blo) =

B(9)

@Z :7(F,uy)2 + 5(y)qu + 6ijkl¢i¢j¢k¢l
The dilaton is a pseudo-NG 5 3
boson and its mass is <O ‘ @Z | D>:z;:O — —fDmD — — 8B < ¢c >

defined via matrix element
(analogy with the pion):

Ip =< ¢ >, @l’j:—ﬁi<¢c>3¢_|_...

need to show that Interested in the
8B = 62 scalar sector only




Degrees of (un)naturality

. S N b s o B — —— — —

.ﬂ.ﬂ!mm. -.. —.-. . Mr-r' W.. ’m. -.--— e "
; Classical CF (SSB via CW*)
® sw . .
' Higgs = pseudo-dilaton,
Space of 4d theories | With UV cutoif is unnatural

. — — R — -

Delayetinaturality Perturbative quantum-CF :
 Veitman CW + Veltman :

|Natura| |
.\Susy/Technicolor New thSiCS needed!

* CW = Coleman-Weinberg

“*Perturbative cancellation of quadratic divergences

in the rest of the talk we concentrate on PNC...



PNC examples



PNC examples : Standard Model

One-loop potential and mass matrix read :  #= ot +im.v+h—iny

1 2 72 B
| (HTH)Q 5 (92WJW_“ + g 19 ZMZ“> HVH + y:(t1,0) (@'J2H*) tr + c.t.

2
111

M2(h)  dine { \ Goldstones | | |

3D D WD 2 - 2 /2 /2 a2 T2
h2 y y y y 497 497 4(9 _I_g )7 Qyta 2yt
Flat direction condition: o) =
2 r 2
Veltman condition: %85’58% (OJN I o)+292(,u0)+§g’2(,u0)—6yf(,u0):O
MO

4mi = m3, +2m3, == my ~ 73 GeV
wrong!

. 3 .1
CW Higgs mass: ™. = g 5[5:(39" + 207" +¢") + 4V —y/Jv* = my x5 GeV

the quartic beta function WIo ng'



PNC examples: Standard Model + scalars

Next simplest possibility: add to the SM a real scalar S

p)
Vo = V&M + AgsHTHS? A 4S S+ et

Want a bounded potential: A >0, Xs>0, andif Ags<0: Mg > Mg

Veltman conditions:

Direction along 1 02 Str[M?(S)]
the S-axis: 2 057

= 3As(po) +4Ams(po) = 0

274)

Ags <0

Direction along 1 o2str(a2(n)]
the H-axis: 2. o

9 3

= 6A(p0) + 797 (10) + 79 (1o) = 6y7 (o) + Amrs(po) = 0

Mo



PNC examples: Standard Model + scalars

Now add Coleman-Weinberg analysis... first we find flat direction

. r 0 .
Parametrize: H = ﬁ (COS w) ., S =rsinw
4
Vo = " ()\ cos® w + Ag sin® w + 2AH g sin? w cos? w) + c.t.

The minima will be a!ong the  _ (cos < w >, sin < w >)
w-direction with the unit vector:

The results of minimization are:

0 <A <min{As,Ags} : <w>=0, Only Higgs gets a vev
0 <Ag <min{\Ags} : <w>= g , Only “S” gets a vev

A — Agg Both get

—/Me < ) in{\. ¢l :  tan? —
s < Ags < min{\, Ag} an® < w > Y - - vev




PNC examples: Standard Model + scalars

Airs < 0 \not satisfied No EVWSB

0 <A <min{As,Ags} : <w>=0,\ Only Higgs gets a vev
70

0 <As <min{A Aps} @ <w>= 5+ Only"S” gets a vev
A— A
_‘/)\)\SS)\HS<min{)\,>\S} . tan2 W S— HS Both get
As —AHs  avev

For all these reasons we are forced to the case # 3...




PNC examples: Standard Model + scalars

From CWV analysis we get log 0 —

<r> which we fix via: Ho

<r>cos<w>=uv~r 246 GeV

Rewriting rcos < w >= (v+h) and
rsin < w >=vtan < w > +5

and introducing light and heavy fields

® =hcos <w>4ssin <w >,
O =s5cos<w>—hsin<w >

2 2 2
we get tree-level masses: Mg 4 = 0, mye = 2N — Ags)v

T field along the flat direction!



PNC examples: Standard Model + scalars

One-loop CWV (Higgs) mass reads:

1 StrM(<r >)* cos? < w >
mi(b = 3.2 P <7 >°= 83,2 [6myy + 3m7 + mg — 12my]
UQ 6 3 2 12
— cos® < w > 32 [1694 —+ 1—6(92 + 4 )2 +4(\ — )\HS)2 — ny]

After imposing flatness condition: %5 = Mg

+ Veltman conditions we obtain : ?
me ~ 95 GeV , me ~ 541 GeV D

NLO corrections are
important to consider

Summary: we had 3 conditions (2 Veltman + | flatness)
which allowed to fix all three quartic couplings



PNC examples: Intriguing candidate

A
Vo =VPM 4 AggHTHS? A 43 S4 4 et

Want a bounded potential: A >0, Xs>0, andif Ags<0: Mg >N

Veltman conditions:  18°Str[M?(S)]
Direction along 2 05"

the S-axis: )\HS < () did not allowed to study case | before

Mo

Interesting DM candidates
Let’s add some fermionic matter to allow A\gs > 0 : and/or neutrino masses

Ag —

. S* 4y, S(xx + XX) + c.t.

Direction along 1 g261102(9)) T

the S-axis: 2 052 = 3As(po) +4Ams (ko) — 8y>2< =0

270)

Vo=VoM 4+ \ygHTHS? -




PNC examples: Intriguing candidate

Solving Veltman conditions: Now Azrs > 0 because of x — field
9 3 pomo |
Arrs (o) = 647 (1o) — 9% (o) — 79 (no) "~ 4.84 ,
8 4 po~v &
As(po) = §y>2<(ﬂo) - §>\HS(,UJO) ~ §yi(u0) — 6.45

One-loop CW (Higgs) mass reads:

3 1 A2
Q72 [16 (394 T 2929/2 + 9/4) - yf + I;S}U2 — my ~ 126 GeV |,

= Apgsv°

mj,
i — mg ~ 54l GeV

Predictions: one real scalar with mass 541 GeV +
extra fermionic matter

Comments: |. Quartic coupling is quite large (though still perturbative) so NLO corrections are important to consider
2.The exact structure of the fermionic sector is not predicted (we only needed to satisfy Veltman condition)



Conclusions

We classified degrees of naturality of various BSM approaches
We introduced a new PNC class of theories

We studied various “SM + scalars” examples and have shown
that PNC theories are highly predictive

Generic feature of PNC models is to predict some new states
within the LHC reach

The simplest PNC candidate lead to a Higgs mass
prediction

In PNC models Higgs self-coupling emerges radiatevely and
differs from the SM prediction



