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Does anything change in Nature as we
vary the Higgs mass squarede
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Does anything change
as we vary the Higgs masse

LOCAL

Tr[G A G| = GG

NON-LOCAL

On-shell N-point
functions of massive SM
oarticles

Atomic Principle [Agrawal, Donoghue, Barr, Seckel '97]

Nnaturalness [Arkani-Hamed, Cohen, RTD, Hook, Kim,
Pinner '16]

Selfish Higgs [Giudice, Kehagias, Riotto, ‘19]
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(GG) = (yu +ya) (h) [2((R)6

Non-triviall

]. U(1)a breaking that can interfere with QCD
INnstantons

2. Sensitivity to the Higgs mass (U(1)a breaking and/
or SU(3) running)
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SLIDING NATURALNESS

[RTD, Teresi] ‘21 .
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SLIDING NATURALNESS

Landscape of Higgs Masses and theta-angles populated by inflation

—M7? <my < M;
—nm <6<

(h) ~ v
0 <1




SLIDING NATURALNESS

After reheating and a time

teo ~ 1/H(AQCD) ~107° s

All patches where the Higgs vev (h) ~ v

0 <1
Oy —
(h) ~ v <H > =N
0 <1 |soutside of a certain range
(h) ~ v
hmin 5 h S hcrit <1

And theta is large
H < emax (h) ~ v

crunch




(et b

SLIDING NATURALNESS

i

Only universes with the observed value of the weak scale can liv
cosmologically long times. Today the multiverse looks like:

e\ -
S

Naa R
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R T 7.
Y g 2

h) > v h) ~ v

0 <1




CRUNCHING

[Bloch, Csaki, Geller, Volansky, '18]
[Csaki, RTD, Geller, Ismail, '20]




Caveats on eternal inflation, dS and AdS

vacud.
., . A [Ooguri, Vafa '06], [Garg, Krishnan '18],
Dvall '21],[Dvall, Gomez '13-'14], . . : ,
[[Dvali Go]nr[1ez Zell '17], [Dvali ‘2(])] [Obied, Ooguri, Spodyneiko, Vafa '18],
' ' ' [Ooguri, Palti, Shiu, Vafa '18], ...

s there a landscapee

1.  Noftf that many e-folds needed to populate o

landscape
2.  Multi-field inflation [1905.07495], [1906.05772]

Not every landscape i1s a multiverse

e
5




SLIDING NATURALNESS [RTD, Teresi] ‘21

Addition fo the SM: Two very weakly coupled scalars

D+




A

SLIDING NATURALNESS [RTD, Teresi] ‘21

Approximately decoupled from each other

V:ng_ —|—V¢+ —|—VH¢_ —|—VVH¢Jr

Wt



SLIDING NATURALNESS [RTD, Teresi] ‘21

_ = V¢_ VH¢_

Crunch




SLIDING NATURALNESS [RTD, Teresi] ‘21

Vo =Vy_ +VHe_

(h) > v

Crunch

Wt



SLIDING NATURALNESS [RTD, Teresi] ‘21

Vi=Ve, +Vue,

h) <wv or  f> 1010

Crunch




SLIDING NATURALNESS [RTD, Teresi] ‘21

Vi=Ve, +Vue,

(h) 2 v and 0 <1071

\

N

Crunch

N



SIMPLE UV COMPLETION [RTD, Teresi] ‘21

Wy = L + pd? + \o°

o~ L/p D~ /A




SIMPLE UV COMPLETION [RTD, Teresi] ‘21

Wy = L + pd? + \o°

Crunch
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SLIDING NATURALNESS [RTD, Teresi] ‘21
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SLIDING NATURALNESS [RTD, Teresi] ‘21

os (P | P ~
V. = | -0 ) GG
He Sm \ F F
Small Breaking of Shift-Symmetry at low Energy Familiar from QCD
My/Fy <1 Fy < fx

M_/F_ <6 My < mg
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SLIDING NATURALNESS [RTD, Teresi] ‘21
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SLIDING NATURALNESS [RTD, Teresi] ‘21

Vie =~ e Ayop ((h
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Potential V(¢_)

Field ¢_
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SLIDING NATURALNESS [RTD, Teresi] ‘21

Vie =~ e Ayop ((h

b
F

(h)=V

(h)<Vv

Potential V(¢_)

Field ¢_
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SLIDING
NATURALNESS [RTD, Teresi] ‘21

V4 ~ A4
e, ~ Agep((h) p Ot 1 %%
F. F_f

Potential V(¢.)

Field ¢,

N



SLIDING
NATURALNESS [RTD, Teresi] ‘21

V4 ~ A4
e, ~ Agep((h) p Ot 1 %%
F. F_f

(hY=zv, 0«1
(hY<v or 6~1

Potential V(¢.)

Field ¢

Wt
A ) ..‘e
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SLIDING NATURALNESS [RTD, Teresi] ‘21

m? A\
o4+
qu:: — T 9 ¢3: A ¢il:
a5 (o4 O ~
VH¢:: o 87'(' F_|_ | F_ | (9 GG

Solve Strong-CP and Hierarchy problem!




SLIDING NATURALNESS

0y angle today

1079

[RTD, Teresi] ‘21

excluded by EDMs
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SM Landscape
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]. Hierarchy and strong CP in one go

2. Minimal extension of the SM (two extra d.o.f.s)

3. No funny business with inflation (it even works without)
4. No upper bound on the maximal cutoff

5. No real problem of measure

6. No relaxion-like obstructions to UV completion (non-

compact potential lives on much smaller scales than the
decay constant)

/. Potentially smoking gun signals (EDM correlated 1o DM)
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Does anything change in Nature as we
vary the Higgs mass squarede

(GG) = (yu + ya) (h) [2((h))6




[Arkani-Hamed, RTD, Kim, ’20] \ﬂ

Does anything change in Natfure as we vary
fthe Higgs mass squared?

dlog f({h))
dlog(h)

= o(1)




Most relevant phenomenologically:

Physics coupled to the Higgs with

m < v

Y

One frigger = Many solutions to the hierarchy problem

. few




I AN

[Agrawal, Barr, Donoghue, Seckel '97],
[Arvanitaki, Dimopoulos, Gorbenko,
Huang, Van Tilburg ’16],

Anthropic Selection Arkani-Hamed, RTD, Kim, 20
Giudice, Kehagias, Riotto, 20

[Dvali, Vilenkin *03], [Dvali *04], [Geller,

- g - Hochberg, Kuflik,’18], [Giudice,
Statistical Selection McCullough, You, *21],

[Graham, Rajendran, Kaplan, ’15],
[Arkani-Hamed, Cohen, RTD, Kim,
Pinner, ’16], [Csaki, RTD, Geller, Ismail,
'20], [Strumia, Teresi, ’20], [RTD, Teresi,

Dynamical Selection -

Qm




POTENTIAL TRIGGERS

INn the SM we can try other opfions

T lwi Needs extra B+L breaking
Beyond the SM

Works only in 2HDM or
for little HP
INn the SM at 3 loops
It's sensitive to flavor
breaking by Yukawas







[Arkani-Hamed, RTD, Kim, 20]

Protected by the L2 symmeiry

H{Hy - —H{H>5

H1H2 without Z2 first considered as
‘paleo’-trigger in: [Espinosq,
Grojean,Panico, Pomarol, Pujolas '135],
[Dvali, Vilenkin '01]. Today these models
require two coincidences of scales to be

F alive at the LHC.




TYPE-O 2HDM
[Arkani-Hamed, RTD, Kim, 20]

VH1H2 — m%lHl‘Q T mg‘HQ‘Z |

+)\3‘H1‘2‘HQ‘2 —+ )\4|H1H2‘2 —+ (—(H1H2)2 —+ hC)

HyHy (B + As|Hi1|* 4+ A7 |Ha|?)
B,u — )\6,7 = ()




TYPE-O 2HDM
[Arkani-Hamed, RTD, Kim, 20]

m3; ~ Ao < mi = (125 GeV)?




TYPE-O 2HDM
[Arkani-Hamed, RTD, Kim, 20]

For quarks and leptons we choose the phenomenologically
safest Z2 charge assignments

Hy — —Hs, (qu°) — —(qu®), (qd°) — —(qd°), (le°) — —(le)

This gives

Vo = YuqHou® + YyqHld® + Y IH] e

h
1
.
V




TYPE-O 2HDM
[Arkani-Hamed, RTD, Kim, 20]

mA=16O GeV, V1/V=O.2 mA=16O GeV, V1/V=O.3 mA=16O GeV, V1/V=O.5

LEP H*

40550 100 150 200 250 300 %50 100 150 200 50 300 %50 100 150 200 250 300

my+(GeV) my+(GeV) my+(GeV)

Sharp target for HL-LHC and FCC
which can’'t be decoupled!
(See also the next slide)




|[Arkani-Hamed, RTD, Kim, ’20]

mA=mH+85 GeV

0.6+ , S— 0.6p——

LEP+LHC yy
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Min[t~>H*b,b-sy] LEP+LHC yy

' L
Min[t->H*b,b->#]s
'

20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120
ma=mpy+=174 GeV ma=mg+=174 GeV ma=mg+=174 GeV

/ Min[taH*b/es vl

LEPALHC yy

Min[t->#"b,b->sy] i}a
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New vector-like leptons
_|_

Dark confining gauge group

¢ _pp
3272 f

LD -—mpLL"—myNN®—yLHN® —y“L“HN + h.c.










(c) A =10 GeV (d) A = 25 GeV
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[Beauchesne, Bertuzzo, Grilli di Cortona ’17]
e €€ also [Banta, Cohen, Craig, Lu, Sutherland 21}




Integrate out Q



The gauge symmetry

O — O+ 2mnk

Can be non-linearly realized
(for Instance axion monodromy)



The gauge symmetry

O — O+ 2mnk

Can be non-linearly realized
(for Instance axion monodromy)

Fy = dA;

[Dvali 0507215]



1 FHYPo (8ﬂ¢)2 Mg

L = FI/O' | Hpe %
18" HvP 9 24\/§¢€ Fyvpo

Total derivative (respects the full shift-symmetry)



1 FHYPO (aﬂ¢)2 g

L = Flvpo | MV'OJFI/U
48" HvP 9 24\/§¢€ Hp

New gauge group
A, = AYT®

2

9

ST
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1 VPO (B,UJ¢)2 mﬁb VPO
F,U P ¢€,u P F,uu,oa

— Fvpo
48 % 24+/2




1 oo . (Ou®)®  mg o,
FHYP K ¢Eu P F/Wpa

J— F,,
48 KV 2 24+/2

4 "7 Flvpo
A K( ! )

INntegrate out the non-dynamical 3-form

v

Get arbitrary potential for the axion (the
fundamental scale need not be tied to Ifs decay
constant)
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[RTD, Teresi] ‘21

Classically scale invariant
(or supersymmetric)

I3 Break scale invariaonce
—  but not shift symmetry

M Breaks scale invariance
— and shift symmetry

VCbi =

m A
B ONE ¢2 ¢4

o TE 47+
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Vs, = Af cos (%) + A5 cos (]2 | 6’2>

A1 > Ao 1> J2



. A A A A A . A

Vs, = Af cos (%) + A5 cos (]2 | 6’2>

A1 > Ao 1> J2

A\




CONCLUSION

]. Strong assumption on the landscape

2. UV completion [work In progress]




