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Higgs as pNGB

works in Nnaturalness

works in running Yukawa couplings



It Is important
to fill up
the loophole
in all possible
explanation
of the hierarchy

Nuaturalness

Running Yukawa
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Nnaturalness
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seen as dark sector

dominantly reheated
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scalar reheat
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different phase of deconstruction
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phase A : extra dimension
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Arkani-Hamed Cohen D’agnolo
Hook HDK Pinner, PRL (2016)



Nnaturalness

Cosmological solution
to the naturalness

it might explain no new physics at the LHC
Cosmological observables might be interesting




Why is it working?

Reheaton is pNGB (not Higgs itself)

The presence of light scalar can be
explained by pNGB idea

and

extra assumption of decay via Higgs can
explain why it decays predominantly to
the lightest Higgs sector
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Higgs as pNGB

does not work well since
Yt ~ 0(1)

For the relevant operators, it iIs more
important (relevant) at IR

A
Joft (1) = c— c=eK1
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Running Yukawa Couplings



Talk at LHCP2017 , May 15-20

1709.00/66

¥One possible way out is to make the SM Yukawa and gauge couplings to be relevant.

AlQLT] = 2 Aly =1



origin of fine tuning
:SUSY as an example
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Let’'s accept u and focus on the remaining parts



10% to 20% fine tuning would be acceptable

A — oms; om3;
B (WT?{) (100 GeV)?

dm3; ~ (200 GeV)? 20% A~b

om3; ~ (300 GeV)? 10% A ~ 10
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Below the sparticle mass scales,
the correction is negligible

dm? _Smh( 39° g’2)

4 4

< 10% correction

Bmi - dlogii 82

Fine tuning is determined at the sparticle mass scales,

m%(msusy) — m%(A) -+ (5m%(A — MSUSY )

2
Focus on the couplings > GygmgUSY log( A )
3T MSUSY
Top Yukawa : constrained at the weak scale ,
= O(mgusy)

bounds from direct search
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?/tQ(m{E) 2

p= 1y m%{ (mg) = C 62 my computed at high scale
All the fine tuning issues are at this scale
p=M exit from conformal window
p=DMz, My, ¥ electroweak symmetry breaking
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2 2 9
5mh(mSUSY) — CYMMgUSY

Ytx = yt(,u — mSUSY)

If vyt is drastically different at msusy, m«¢,
EWSB can be natural with heavy stops.

Yt

my MsUSyY
21



2 2 9
5mh(mSUSY) — CYMMgUSY

Ytx = yt(,u — mSUSY)

If vyt is drastically different at msusy, m«¢,
EWSB can be natural with heavy stops.

Yt

marginal relevant

my M MsUSyY
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Yt

AlQt°] =3 —~

v <1 : UV dominates
v>1 : IR dominates
7=21 : optimum of the slop
y
yi(msusy) = ( )7y (1)

TMSUSY

marginal relevant ™

TN ¢ M

TMSUSY

The idea works for v > 1
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strongly

Interacting

weakly

Interacting
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Conformal Window



Conformal window of QCD

g*Ne Ny
g — T =
(47)° N.
2 " ;
B(as) = —7 [(11 — 22)a; + (34 — 13z)a) + - - - |
: > 0 <0
e
D.0> T >/2.6
Qsx — 7_5 (11 — 233) fixed point for x close to 11/2
11 — 22
o ™ 135 — 34 ? oo

T = 3.20
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g-

Conformal window

::g*:

:\/Oz—()é*

(IR attractive)

IR fixed point

Blgie) = o = (@ —a.) = (9= g.)°

t = log u

UV fixed point
(IR repulsive)

|

external parameter

27

Walking for ¢ < Oy

IR

fuv

coupling
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Conformal window of QCD

Banks-Zaks
fixed point -8 <Ny <16.5

(Nc=3 from large Nc)

Non-Abelian

Coulomb |
no chiral symmetry

breaking above 12

Nf* — 3330 = 9.75

confinement and xSB

V=2 Npe =825 bare g2 from Peskin 5 homalous dimension

28 conjecture from SUSY



N (0)/m

Gardi Grunberg 1998
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20 :-IR—free
15 |

| QCD
10 Fevereennes

5 F Confinement

15 ¢
SQCD

Gardi Grunberg 1998



A* QCD k--Free fermions
QCD*
AT 5.5 N
i > X L = /
Xcrit XBZ NC
ot =11/2

from D Kaplan et al : conformality lost
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Conformal window of QCD at the critical point
Py] =2
Nf* ~ 10
gg* ~ 10

Qe >~ 0.8

Neass
i 41
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Conformal window of SQCD Seiberg

gauge group SU(NC) Nf Q) C:)
- 3~ 3(Ny— N.
AlQQ) = S rigq) = X )
2N, < Nf < 3N¢ f
=3 M electric description
3N, . .
5 < Ny < 2N¢ magnetic description
1
/7:1 TS SU(Ny —N.) Ny q,q
gauge group ~
g_ — OQ M — QQ

g_ (magnetic) — 0
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Conformal window of SQCD

Magnetic theory
free weakly ~

magnetic coupled Nf7 Ne = Nf — ¢

>
A

free
electric

>

% N . Conformal window 3.V, Ny

2N, Electric theory
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Running Yukawa Couplings

One concrete realization :
how to make A[Qt°] =27

v=1
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The setup

conformal window

SU(3)1 x SU(3)s — SU(3)c

(X) = diag(f, f, f)
(3,3)

All the SM quarks are charged under SU(3)1

1
2 @ g3
g%:l()

36



SU(3)1 X SU(B)Q

marginal relevant

s M MsuUSsyYy
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Higgs modified by hidden sector

wo loop corrections : Higgs, top, hidden color

Neovss
g, = Tor 0.2

47
M can be 1 TeV or higher
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Flavor Universal Coloron

(massive color octet vector boson)
f~1—2TeV
MG/ :glfNSf : 3—6TeV
a1 Gl g
Y. = ¢r + o5 + © + Goldstone

I8=1+1+4+83+38

p— (3,:;) under SU(S)l X SU(3)2
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/Coloron physics

>° Bai Lu Xiang (2018)
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Electroweak precision  Chivukula ecal (2013)
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conformal technicolor

AH* | =2 = 4
relevant to marginal

relevant SM
AlQt] =3 — 2

marginal to relevant
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One concrete realization :
how to make v =17

It was only half-way successful

Task : keep the anomalous dimension to be 1
while avoid large couplings

: SU(2) and U(1) extension?
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Data

Top-quark pairs

Pred.

CMS Preliminary  35.9 fb™" (13 TeV)
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Summary

Light Higgs might be c

ue to smaller

couplings at high ene

oy (off-shell)

Measuring off-shell top Yukawa coupling
would be important to check this idea

It Is consistent with Higgs being a pseudo-
Nambu-Goldstone boson at high energy

To realize the idea
we can take several

in the SM,
hossibilities

(strongly interacting QFT above M)
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