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Higgs naturalness is the central issue



Desperate times call for desperate measures



Single mass scale = no hierarchy
(goes back to ADD extra dim)

Many reasons against: ¢ quantum gravity
e gauge unification
* inflation
* neutrino mass
* baryogenesis
e axion, ...

But naturalness can work with a weaker
constraint than single mass scale...
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Naturalness OK if heavy sector is
very-weakly coupled to SM
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Gravity is special

* Dimensionful G, = isita coupling constant or a mass?
* Derivatively coupled 0 = strength grows with energy

Shutting oft short distances at A,

Grait)) = (W)

(5m ~ (G, A4 (=

(47T )*
[AG <dmfm M, ~ lO“GeVJ




Requirements for naturalness

* premature UV softening (A <<M)
* gravitational interactions with SM
remain weak above A,

Even without knowing the theory,
[ can infer an important result



Scale invariance is broken at the
quantum level = new mass scale

No naturalness problem =
no new masses above EW in SM sector =
SM interactions must be asymptotically free

Gravity cannot cure the problem =
always weaker than Gy A%~ 10716



Softened Gravity
gravitationa other
sector sectors
AG<10“GeVN % g<10‘7(101;§’ev)
observable
sector

* gravity is modified prematurely (A;<<My))
* new physics modifies SM at the EW scale




Result # 1

In the context of theories with no
dynamical protection of the Higgs mass,
naturalness requires that any safe
modification of gravity must occur at scales

no larger than
A= 4m(my,; Mp)t/? = 1011 GeV



Result # 2

Theories intended to deal with naturalness
without new dynamics in the TeV range
actually need a large number of new
particles around the TeV scale.



e These results are based on common
intuition derived from EFT and DA

* They could be wrong in setups that
defy this intuition (anthropic
arguments in the multiverse?)



How to construct a TAF theory
Gauge coupling
(one loop)
d ,

—9" = —bg’ t = In(u*/pg)/ (4m)?
il

! fort —
g = — orit o0
I =

TAF condition: b > 0




Yukawa coupling

Yukawa coupling *°r
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Quartic coupling

Scalar coupling .
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General procedure

Define
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1) Determine FF (solving an algebraic eq.)

Vl(moo) = 0 Loo = {gzoo 'gaoo: )‘moo}
2) Determine nature of FF
1%
r) ~ Z Mrj(zy — 2 j00) where M;; = —011.’j .

FF is UV-attractive (IR-repulsive)

if all eigenvalues of M(x_ ) are -
FF is UV-repulsive (IR-attractive)

if all eigenvalues of M(x,,) are +

dAI Z \[IJAJ AI =T — TIo

dint

- TAF determines IR physical
Each + eigenvalue =— quantity (tuning or prediction?)
~ Reduced dim. of basin of attraction




Example: SM
Gauge couplings

dg; 41 , dg? 19 , dg? )
— = _91= S —_gz 2 — _793
dt 10 dt 6 dt

. Gr. G2, M(zs) eigenvalues

(Solution1| 0 6/19 1/7 — )

Solution2 | 0 6/19 0 R
Solution 3 | 0 0 1/7
Solution 4 | 0 0 0 |

[R prediction = g, = 0 (unphysical)



dy? 17, 9 0, 3
% = (—%Qf — 19 — 805+ U + U +ur + yﬁ)
Yukawa B
] dyy — 2 —12—9(2—82+§22+922+12+12
Couphngs dt Yo \ T390 %2 8B QU T U T Y- T UL )
2 =4
d(ZT = ¥ (—ng - 293 +3y; + 3y, + %yf - %yﬁ)
2 ) =
W — i (—gpot - G+ 3t - a2t
@7t200 gl?oo ggoo ’ggoo A[(‘TOO) eigenvalues
@iution 1]227/1197 0 0 0 +—++ |
Solution 2 0 227/1197 0 0 —+++
Solution 3 | 227/1596 227/1596 0 0 e
Solution 4 0 0 0 0 ——
m, = 186 GeV

3 IR predictions >4 m_=0

m, =0



d\ 9 9
- : —=12)\2+)\(6'2+6,2+22+22——2——2)
Higgs quartic @ R A R Ui
- 9 27 9
LA A A A A 4, 2 29

Landau poles unless Yukawa is on its UV-repulsive FF

oo M-eigenvalue potential
—143 + /119402
Solution 1 1—788 ~ +0.0423 — stable
—143 — 940
Solution 2 14 47\8/811 402 ~ —0.1020 — unstable

IR prediction = m, =163 GeV



Basins of attraction
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Conclusions from the exercise:

 SMis not asymptotically free
 The closest TAF approximation to
physical reality is

~

~9 ~9 ~9 ~O ~9 ~9 ~9
o Y200 Y930 Yico yboo Yroo Yveo )‘OO
6 1 227 —143++/119402
0 19 7 1197 0 0 0 4788
+ — — = — + + -
9:=0

m, =186 GeV (7% off)

5 IR predictions = m, =163 GeV (30% off)
m_=0

. m,=0




Extending the SM into a TAF
theory at the EW scale

Embed Y into a non-abelian group

B-L
;TM + : \
Embed in: Embed in:
SU(2), SU(4) Pati-Salam

SU(3), x SU(3)j trinification

Charge quantization



SU(4)ps x SU(2), x SU(2)y

Fields spin generations | SU(2);, SU(2)gr SU(4)ps

, vy €L 5
T W — 3
% 1 (uL dL) 1/2 2 1 4
E _
o | R = ("R “R) 1/2 3 1 ) 1
8 €R (lR
2 Or 0 1 1 2 1
>
7 HY) HJ .

= 0 1 2 2 1

; (H& HY
2 Q1 1/2 2 1 1 10
g Qr 1/2 1 1 10
3 ) 0 1 1 1 15

Extra fields required to avoid Y,=Y,and Y=Y,
(quark-lepton unification) and to obtain TAF




SU(3), x SU(3),, x SU(3)x
Matter fields spin SU(3);, SU(3)g SU(3).

On = a4t & &) 12 1 3 3
noai
& i _

Qr = |uvi 42 d 1/2 3 1 3
u% d% Jﬁ%
v €p er )

L= & v v 1/2 3 3 1
eg vp V'
H,. Hs 0 3 3 1

Extra fields needed to obtain TAF
(no model found with realistic flavour)




FCNC from two-Higgs structure
¢ =(2.2) of SU(2), x SU(2), = Two Higgs doublets

— L =Yqrqro + Yeqrqro© +hc.  ¢f = el p*e

In terms of 4 and H (<h> = v, <H> = 0):

. (VI
~L = dphadrh® +dp = —tan2B\q | dg H°
cos 23
VAV
+ ar up b+ SR _ tan 268 \y | ur H**
cos 23
For IV, =1 = my > 0.75 TeV
For V', = CKM = my,;> 19 TeV
For V' : = my >3 TeV

m Mg m
[(VR)us| = |Vus I—d ~ 1072, |(VR)a| = |[Val—~107%,  |(VR)w| & |Vub|—d~ 10~°

my iy



Leptoquark vector bosons in SU(4)/SU(3)
Flavour Experimental constraint Bound on My in TeV
dd ep o(p Ti — e Ti)/oo(p Ti) < 4.3 x 10712 120
sS ejl o(pu Ti — e Ti)/oo(p Ti) < 4.3 x 10712 12 x v/Pes/1%
dd et BR(7 — 7%) < 8.0 x 1078 3.8
dd pv | BR(7 = 7%u) < 1.1 x 1077 3.5
sd i BR(K} — jipt)sp < 2.5 x 1079 50 CVaded fOI'
sd ee BR(K; — ee) = (9.0 £6.0) x 10712 13.4 . .
b | BR(Ba— ) — (3.6 4+ 1.6) x 101 12.7 small mixing
bs i BR(B, — jipr) = (2.94+0.7) x 1079 10.1
sd e BR(K;, — ép) < 4.7 x 10712 200
sd et BR(T — K*¢) < 3.2 x 1078 10.3
sd pr BR(T — K*u) < 5.9 x 1078 8.8
bsen | BR(B* — Kteu) < 9.1 x 1078 8.3
bd ep BR(Bt — ntep) < 1.7 x 1077 7.1
bd ut BR(By — jitT) < 2.2 x 107 3.0
bd et BR(B; — é7) <2.8 x 107° 2.8

If leptoquarks couples to both L and R currents:
I'(m—=ev)/I'(m—uv) = M, >250TeV



Conclusions
In schemes with no dynamical protection

of the hierarchy, for gravity to be
compatible with naturalness we need

* Softening of gravity at A; << My,

* Modification of the SM at the EW scale

 Many new particles in the TeV region
(introducing the usual difficulties)

Testable at LHC (and 100-TeV collider)
Distinguishable from dynamical mechanisms or
anthropic



