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CERN is a very special place — humanity coming together for the exploration of inner space



Oppenheimer and the birth of CERN

One day, Oppenheimer told me of a problem that was very much on his mind. Most of
America's best physicists, he said, had like him been trained, or had worked, in Europe's pre-
war laboratories. He believed that Europe's shaken nations did not have the resources to
rebuild their basic physics infrastructure. He felt they would no longer be able to remain
scientific leaders unless they pooled their money and talent. Oppenheimer also believed that
it would be “basically unhealthy” if Europe's physicists had to go to the United States or the

Soviet Union to conduct their research.

The solution, Oppenheimer felt, was to find a way to enable Europe's physicists to
collaborate.

Francois de Rose, “Paris 1951: the birth of
CERN”, Nature (2008)
https://www.nature.com/articles/455174a
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Why BSM?

The ultimate goal of fundamental physics is to go Beyond the Standard Model (BSM).

Particle

BSM combines our experimental, observational, and theoretical knowledge of the Universe.

We are getting closer to the ultimate truth, empirically, though many unanswered problems remain.



Outline

Part |
1. Lessons in how we got here
2. Naturalness — what’s the big deal?

3. Problems of the SM: arbitrary / unnatural / incomplete / inconsistent

Part 2
1. The SM EFT gateway to BSM (and the “totalitarian principle”)
2. Supersymmetry, WIMPs, GUTs

3. Cosmological solutions to naturalness problems



How we got here

* 1930s: everything is made of protons, neutrons, and electrons

Minimal, economical theory?

* Held together by and the strong force



How we got here

* 1930s: everything is made of protons, neutrons, and electrons

"If we consider protons and neutrons as elementary particles,
we would have three kinds of elementary particles [p,n,e|....
This number may seem large but, from that point of view,
two is already a large number.”

Paul Dirac 1933 Solvay Conference
(From D. Tong slide)

Lesson 1: Beauty in fundamental
physics is not an economy of particle
multiplicities, it’'s an economy of

theoretical principles

* Held together by and the



How we got here

* Wealk force explains radioactivity
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* Neutron can change into proton, emitting electron



How we got here

* Wealk force explains radioactivity

Missing energy? Pauli
postulates “a desperate
remedy”
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* Wealc force explains radioactivity

Missing energy? Pauli
postulates “a desperate
remedy”

)

* Neutron can change into proton, emitting electron and elusive neutrino



How we got here

* Weal force explains radioactivity
Missing energy? Pauli

postulates “a desperate
remedy”

7\ Lesson 2: perceived prospect

VL'/L' .” .;“ 2 of experimental confirmation
: \f\, | is not a useful scientific
\ p criteria for establishing what
nature actually does

* Neutron can change into proton, emitting electron and elusive neutrino



How we got here

* Weal force explains radioactivity

&

* Neutron can change into proton, emitting electron and elusive neutrino

Missing energy? Pauli
postulates “a desperate
remedy”

(Bohr postulates
fundamental violation of
energy conservation)

Lesson 2.5: Sometimes
nature chooses the least
radical option




How we got here

e Dirac: relativity + quantum mechanics = antiparticles
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* Every particle has an oppositely charged antiparticle partner



How we got here

e Dirac: relativity + quantum mechanics = antiparticles

c.f. Lesson 1: antiparticles

double the particle
spectrum. Nevertheless,
@ the theory is much tighter,
less arbitrary, and more
7\ elegant
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* Every particle has an oppositely charged antiparticle partner



How we got here

* Higgs(+Brout+Englert): particle masses require a new scalar boson H



How we got here

* Higgs(+Brout+Englert): particle masses require a new scalar boson H

Lesson 3: Keep an open

mind.

|Ideas initially dismissed as

unrealistic (e.g. non-abelian
¢ d gauge theories and

/
\ / 7‘ spontaneous symmetry
y //,' ==\, 2 breaking, because they
‘ WL'/L' + ‘. predicted unobserved
, e \'\l / massless bosons) can turn
\\ / Se o ” ’ out to be correct eventually
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How we got here

e 1930-40s:

Success of QED. QFT emerges as the new fundamental description of Nature.

* 1960s:

QFT is unfashionable, non-Abelian theory dismissed as an unrealistic generalisation of local
symmetry-based forces. Widely believed a radically new framework will be required e.g. to
understand the strong force.



How we got here

e 1930-40s:

Success of QED. QFT emerges as the new fundamental description of Nature.

* 1960s:

QFT is unfashionable, non-Abelian theory dismissed as an unrealistic generalisation of local
symmetry-based forces. Widely believed a radically new framework will be required e.g. to
understand the strong force.

See BBC Horizon 1964 documentary “Strangeness minus three”: fgtsza:rglsgseness Minus Three

https;//WWW'bbC'CO'uk/DrogrammeS/DO1 Z4D1 I irst transmi rediction and recent discovery of a Available now
may transfor ut th

O 45 minutes



https://www.bbc.co.uk/programmes/p01z4p1j

How we got here

e 1970s:

QFT triumphs following Yang-Mills+Higgs+asymptotic freedom+renormalisation. Nature is radically
conservative, but more unified than ever.

e 1980s:

Success of SM. QFT understood as most general Effective Field Theory (EFT) consistent with
symmetry. Higgs and cosmological constant violates symmetry expectation.

* Tremendous progress since, despite lack of BSM.



A crisis in particle physics?
* Until now, there had been a clear roadmap

ENRGY
/\

No-lose theorem:
Higgs (or
something)
guaranteed to
appeatr.

High anticipation
of accompanying
BSM particles
expected to appear.
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A crisis in particle physics?

* Until now, there had been a clear roadmap

ENRGY

The hierarchy /
naturalness
problem of the
Higgs is more
puzzling than ever
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* Until now, there had been a clear roadmap

ENRGY
/\

The cosmological
constant problem
of a tiny vacuum
energy is far worse!




A crisis in particle physics?

* Until now, there had been a clear roadmap

ENERCGY |
/|

The cosmological
constant problem
of a tiny vacuum
energy is far worse!




Naturalness is still a fundamental problem

 Why is unnatural fine-tuning such a big deal?

Effective theory at each
energy scale E is predictive
as a self-contained theory at

that scale



Naturalness is still a fundamental problem

 Why is unnatural fine-tuning such a big deal?

E
Effective theory at each Planetary
energy scale E is predictive dynamics,
as a self-contained theory at thermodynamics,
that scale fluid dynamics, ...
In all theories so far, no
Strong / weak contributions from smaller
interactions, scales compete with similar
maghnitude to effects on
larger scales
Chemistry,

atomic physics,
nuclear physics,




Naturalness is still a fundamental problem

 Why is unnatural fine-tuning such a big deal?

* Indicates an unprecedented breakdown of the effective theory structure of nature

£

Effective theory at each
energy scale E is predictive
as a self-contained theory at

that scale

Unnatural Higgs means the next

layer is no longer predictive
without including contributions

from much smaller scales




Naturalness is still a fundamental problem

 Why is unnatural fine-tuning such a big deal?

* Indicates an unprecedented breakdown of the effective theory structure of nature

£

Effective theory at each
energy scale E is predictive
as a self-contained theory at

that scale

Unnatural Higgs means the next

layer is no longer predictive
without including contributions

from much smaller scales

* Are we missing a fundamentally new “post-naturalness” principle? (c.f. null results in search for aether)



Many more open questions

What is the origin of the Higgs?

What is the origin of matter?

What is the origin of flavour?

What is the origin of dark matter and dark energy?

What is the origin of neutrino mass?

What is the origin of the Standard Model?

Atoms
Dark
4.6% Energy
71.4%
Dark
Matter
24%

TODAY



Problems of the SM

e Arbitrary:

Higgs potential, yukawa couplings, flavour structure, quantized hypercharges, matter-
antimatter asymmetry — arbitrary parameters put in by hand.

e Unnatural:

Higgs mass, cosmological constant, strong-CP problem - fine-tuned cancellations
between independent contributions.




Problems of the SM

* Incomplete:

Experimental & observational evidence: dark matter, neutrino mass.

* |nconsistent:

Theoretical evidence: quantum gravity, black hole information paradox.




Problems of the SM

Take problems of arbitrariness seriously.

Example O

q19>
2

F:minertiaa F «

Inertial mass and charge have nothing to do with each other, and yet for
gravity we arbitrarily set by hand

q = Minertia

Solution to this equivalence problem took centuries: Newtonian gravity —- GR




Problems of the SM

Take structural theoretical problems seriously.

Example 1

Galilean relativity.

Maxwell’s equations of electromagnetism did not satisfy the principle of

V-E=p/€0
V-B=0
VXE=-%

No inconsistencies — one could calculate perfectly well EM phenomena.

Aether medium expected to reconcile Maxwell with Galileo.

Resolution to this structural problem: Galilean relativity — Special relativity




Problems of the SM

Take fine-tuning problems seriously.

e.g. 2205.05708 N. Craig - Snowmass review,
Exa mp le 2 1307.7879 G. Giudice - Naturalness after LHC
2 2 1 62
(mec )obs — (mec )bare + A-ECoulomb' AFEcoulomb = Ame T_
07e

Avoiding cancellation between “bare” mass and divergent self-energy in
classical electrodynamics requires new physics around

e? /(dmeomec?) = 2.8 x 10713 cm
Indeed, the positron and quantum-mechanics appears just before!

h
AFE = AE;Coulomb + AE'pauir — B_Ol'rnec2 lOg

4 MeCTe




Problems of the SM

Take fine-tuning problems seriously.

e.g. 2205.05708 N. Craig - Snowmass review,

Exa mple 3 1307.7879 G. Giudice - Naturalness after LHC

. . 3a
Divergence in pion mass: mfri = mfro — 4—A2
T

Experimental value is m2. — m,%o ~ (355 Me}/)%

Expect new physics at A~850 MeV to avoid fine-tuned cancellation.

p meson appears at 775 MeV!




Problems of the SM

Take fine-tuning problems seriously.

e.g. 2205.05708 N. Craig - Snowmass review,

Exa mple 4 1307.7879 G. Giudice - Naturalness after LHC

Divergence in Kaons mass difference in a theory with only up, down, strange:

1

622 mi frG%sin? 0o cos® O x A2,

ng — ng =~

Avoiding fine-tuned cancellation requires A < 3 GeV.

Gaillard & Lee in 1974 predicted the charm quark mass!




Problems of the SM

Take fine-tuning problems seriously.

e.g. 2205.05708 N. Craig - Snowmass review,
H iggsf) 1307.7879 G. Giudice - Naturalness after LHC

Higgs also has a quadratically divergent contribution to its mass

A2
1672

2 __
Amy =

9 3
624 2?4 g 5
( yt+4g+4g +6>

Avoiding fine-tuned cancellation requires A < 0(100) GeV??

As A is pushed to the TeV scale by null results, tuning is around 10% - 1%.

Note for the experts: in the SM the Higgs mass is a parameter to be measured, not calculated. What the quadratic divergence
represents (independently of the choice of renormalisation scheme) is the fine-tuning in an underlying theory in which we expect
the Higgs mass to be calculable.



Conclusion

What are we looking for in a satisfying explanation?

Gauge theory of spin-1 vector bosons have the quality we seek in a satisfying theory.

Not just a phenomenological parametrization of independent vector boson interactions.




Conclusion

In contrast, everything to do with the Higgs in the SM is arbitrary; more like a parametrisation than an
explanation of electroweak symmetry breaking.

We seek to better understand the origin of the Higgs in an underlying theory from which it emerges,
where we can calculate its potential in terms of more fundamental principles.
(c.f. condensed matter Higgs)

Avoiding fine-tuning in underlying theory = expect new physics around weak scale!




Conclusion

The SM has many arbitrary features put in by hand which hint at underlying structure.

Maybe it justis what itis "\_(/)_/~

But we would like a deeper understanding, an explanation for why things are the way they are.

Science is about removing arbitrariness from explanations.




Lecture 2



Outline

Today

1. The Totalitarian Principle
2. The Standard Model as an Effective Field Theory

3. The Higgs no-lose theorem



The Totalitarian Principle

“Everything not forbidden is compulsory”

Gell-Mann stated this maxim in relation to quantum mechanics summing over all allowed possibilities.

| will use this principle more generally as a theoretical rule of thumb.

When there is a finite set of possibilities, this can be a compelling argument for motivating BSM.



Example: the Eightfold way

In 1961, Gell-Mann and Ne’eman noticed that hadrons could be organized in a pattern according to their
“strangeness” number, s, and electromagnetic charge, qg.

s =0 n p
ZO
s = —1 ¥ . ¥t
A
q=1
§ = —2
= =0
q=-—1 q=0

Spin Y2 baryon octet



Example: the Eightfold way

Only one baryon was missing. It would be extremely strange (pun not intended) if it weren’t there.

s A éo A+ A+t

Spin 3/2 baryon decuplet



Example: the Eightfold way

Only one baryon was missing. It would be extremely strange (pun not intended) if it weren’t there.

s A éo A+ A+t

“Everything not forbidden is compulsory”

Spin 3/2 baryon decuplet



Tevong You

The Standard Model as an Effective Field Theory

Given particle content, write down all terms allowed by symmetries.

Lsyy=Ln+Ly+Lp+L, ;

SU@)c | SUQ2)L | ULy
Qr 3 2 % I . R = L F . unR
q 3 1 s L =Qriv*D,Qr + qriv*D,jqr + Lriv* DLy + lgiv* D,jlr
4% | 3 . = Lo = — B BY — Swe wom
Ly| 1 2 ~1 N g 4 m
n | 1 1 —1 Ly = (Dy¢)'(D™¢) -V (¢)
¢ 1 2 2 Ly = yaQrdqh + 1uQro°q + yrLrglp + he.

Up to mass dimension 4, this is what we typically call “The Standard Model”.



Tevong You

The Standard Model as an Effective Field Theory

Given particle content, write down all terms allowed by symmetries.

SU(B)C SU(2)L U(l)Y ‘CSI\/I = E‘m + ‘Cg + ‘Ch + Ey )
1

Qr 3 2 z _
= Qriv* D QL + qriv* Diiqr + Liiv* DL Ly + lgin*Dlg
1 1
OTe,g\-\—ar dimesion = mass deensipn ia notual unifs — _ZB#VBMV — ZW;?VWQ#U
¢ 1 E (DEHH (D¢ — V(o
C=wct [el=[m]=M ( H ) (d )_ C(u) _
h=c =t iy = YaQrdqr + yuQroqr + yrLrolr + h.c. :
€ =ht — (e [T7]) = [Tl=M
| Bk (EX=[L"1 = [L]=M"

Up to mass dimension 4, this is what we typically call “The Standard Model”.



Tevong You

The Standard Model as an Effective Field Theory

Given particle content, write down all terms allowed by symmetries.

SU®3). | SUQ). [ Uy Lsu =Lt Lyt Latly
1

Qr 3 2 = _
" dimension of " = Qriv* D QL + qriv* Diiqr + Liiv* DL Ly + lgin*Dlg
) /
IS o . l v 1 a apy
Acbon S s in QXFOM'\l?, e'” [S1=M (di mensionless ) - _ZB;LVB“ — ZZWI“’W e

= (Dy¢)'(D™¢) = V(¢)
= yaQrog + YuQré°qy + yrLidlr + hec. ,

i Ay L
S gAéAva 3 = [L] . M+

[JkAwly»{}] = M_+

9. L = M;¢L [¢] = M
— % -M°
L - ye@Y  [w]=-M* D):

Up to mass dimension 4, this is what we typically call “The Standard Model”.
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The Standard Model as an Effective Field Theory

Given particle content, write down all terms allowed by symmetries.
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The Standard Model as an Effective Field Theory

Given particle content, write down all terms allowed by symmetries.

Lsyy=Ln+Ly+Lp+L, ;

SUG). [SU@): [Ty

@y 3 | 2 | g S MDLO. 4 s A DR s DaDEL. 4 T

q 3 1 £ Ly =Qrin*D,Qr+ qriv*D,/qr + Lriv* D,/ Ly + lgiv*Djlr
d I -

zfz f ; —i L= —iBWB‘“’ - iw;,,ww'/ —eg—;GZVG““"

n | 1 1 -1 Ly = (D;¢) (D™¢) —V(¢)

¢ 1 2 2 Ly = yaQroqh + yuQroé°qs + yrLrdlg +he.

“Everything not forbidden is compulsory”

Up to mass dimension 4, this is what we typically call “The Standard Model”.
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The Standard Model as an Effective Field Theory

Given particle content, write down all terms allowed by symmetries.

Lsyy=Ln+Ly+Lp+L, ;

SUG). | SU@): [ U()y

QL 3 2 % =~ . L —_— . R ¥ . L P R

q 3 1 s L =Qriv*D,QrL + qriv*D,jqr + Lriv* DLy + lgiv* D,jlr
q;iz 3 1 —;lg £G=—EB VBuu_lWa W —O%Ga éap,u ?

L; 1 2 —% 4" 4 8mr M *  Strong-CP
lr 1 1 -1 Ly = (Dﬁﬁb)T(DLuﬁb) —V(¢) problem
¢ 1 2 3 Ly = yaQrdgy + yuQré’qs +yrLidlp +he. |

“Everything not forbidden is compulsory”

Up to mass dimension 4, this is what we typically call “The Standard Model”.
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The Standard Model as an Effective Field Theory

Given particle content, write down all terms allowed by symmetries.

EFT Cr C : Cr o c .
L =L L L L 2 )(5) 6 m(6) () 8 ) (8)
SM mt kg + Lp+ y[+ o oY + A?O -+ A30 Frog ONEt g J

Ly, = Quin*DEQr + qrin*Dyiqr + Lyiv* DL Ly + lpin* Dilg
1 v 1 a apv % a (apv

Lo =7 BuB" — JWa W —01G;,G"

Ly = (D;¢)'(D*¢) — V()

Ly = yaQrogqs + y.Qréqh + yr Lrdlr + h.c. ,

Including operators of mass dimension > 4! This is the “Standard Model Effective Field Theory”.
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The Standard Model as an Effective Field Theory

Given particle content, write down all terms allowed by symmetries.

EFT

ES\[ = ['m"'['g +Eh+[,

A3 A4

Cr C~ - C C
Sob) 4 €6~ (6) T () . =8 (8
y[+ O V@ S O e +J

4. kermion

L dim-6 _

L\¢5¢3

4.':-4- b3
Lo

N

Lo YYYY
N

e 1 P
%7 W) G,..G

(R ")

? + LL’I:"/#DLLL + l—RZ’)”'LDf}lR
—6_°Ge, G

8T M

Liolg + h.c. :

Including operators of mass dimension > 4! This is the “Standard Model Effective Field Theory”.

Tevong You



Tevong You

The Standard Model as an Effective Field Theory

EFT is the framework for a separation of scales between heavy new physics and the SM.

© O

LSA/I = Em + Lg + ‘Ch + ['y )

L, = Qrin*DEQr + qriv*Dfiqr + Lpin* DLy + lriv*D[flg
1 - - v 1 a apyr

Lg= —ZBWB“ — W W #

Ly = (DL¢)(D*¢) — V(¢)

Ly = deLCb(I?z + yuQLdch}Lz + yLLqulR + h.c. ,

Symmetries control sizes of parameters — naturalness expectations.



Tevong You

The Standard Model as an Effective Field Theory

EFT is the framework for a separation of scales between heavy new physics and the SM.

- Characterises heavy new ultra-violet (UV) physics

- Parametrised by coefficients ¢; and heavy energy scale A

Ce Cg

Cr . C~ - ;
_ 2 M(5) (6) . M(7) (8)
— Lsy=Ln+Ly+Ly+L, + A Ov) + A‘ZO + 1\30 + A4O 3 o s

L = Qriv*D,Qr + qriv*Dy/qr + Lyiv*Dy Ly + lpin" D,y

| 1
Lo =~ BuB" — W2,W*

@ 4 4

Ly = (D;9)'(D™¢) —V(¢)
@ @ Ly = yaQréqs + yuQré s + yrLrdlr + h.c. ,

Symmetries control sizes of parameters — naturalness expectations.



Tevong You

The Standard Model as an Effective Field Theory

EFT is the framework for a separation of scales between heavy new physics and the SM.

- What are the experimental constraints on
the energy scale of new physics, A ?

ENERGC Y .
/\ - - What are the experimental constraints on
| , their interaction strengths, c; ?

Lyy ="
Lorr =L+ Lo+ Ln+ Ly + 200 + 20® L To0 180

_ SM — 'n1,+ g+ h"l" y+K +A_2 +A_3 _+_A_‘1 =+ %

L = Qrin*DiQL + qriv* Dfqr + Lyiv* DELy + lpiy*Dflg

1 1
= ——B,,B" — ~W; W™
® T A
Ly = (Dy¢) (D*¢) —V(¢)
© ® Ly = yaQréqh + yuQréqh + yrLrglr +he.

Symmetries control sizes of parameters — naturalness expectations.



Tevong You

The Standard Model as an Effective Field Theory

EFT is the framework for a separation of scales between heavy new physics and the SM.

- What are the experimental constraints on

e.o. leptoauarks or 7’ the energy scale of new physics, A ?
ENRGY ] 8- 1eptog
N - T N, /" - Whatare the experimental constraints on
* ’ Le their interaction strengths, c; ?
: + 5 +
CG ] ~/ ~ ~H
['SM = £m+£g —f—ﬁh—*‘ﬁy = A_Z (l]) f,Lll‘I‘)(qS ),/ (]t) == 5 3
L = Quiv*DyQr + qrin*Dyiqr + Lriv* DLy + Iriv* Djflg
1 v 1 a apy
@ EG == _ZB#VBM - iW’wW K
Ly = (Dy¢) (D*¢) —V(¢)
© ® Ly = yaQrdqh + yuQr¢°qk + yrLrdlr + he.

Symmetries control sizes of parameters — naturalness expectations.



Tevong You

The Standard Model as an Effective Field Theory

Operators of mass dimension 6:

X3 HY and H*D? W2 H?
O fABCGf}"Gf"GS"' Ou (HTH)? O, (H'H)(lpe,H)
Os FABCGAvGBrGOr || Oy (H'H)O(H'H) o (H'H)(gyu, H)
Ow s”KK/}f'WVJPWf“ Ounp (HTD“H)* (HTD,,H) @) (H'H)(gpd,H)
Cr Oti’ 6IJK ‘/I/‘{U ‘/V,'/]p WpK/:
2k 5
Lsy=Ln+Ly+Ly+L, + K(’)(’) X2H? VX H Y2 H?D
Ouc H'H G, GM O.w (o e, )T HW, (o (HTiB H)(lpy"1r)
_ _ _ Ons HYH G4 GAmv o (l,c"e,)HB oy (HTLDI H)(l_ )
. s L L — I R ) L . R HG Qv eB P T ~uu Hl
Ln=Qrin*D,Qr+ qriv*D,qr + Lriv* D, Ly + lgiv" D, lr O HUEW], Wi Ow | (@o™T4u)EGA | O, (Hsz H)(eer)
L= —-B B _ “W* W Ouw H'H W’,{,,WI‘“’ Oy (qpa””ur)TIfIW,f,, 0y (HTzD H)(gp “qr)
¢ 4 4 Ous H'H By, B" Ous (@™ ur)H By, oL (HUD H)((‘ Lyig,)
Ly = (DL¢)T(DLI-L¢) — V() Ous H'H B, B" Ouc (gpo*TAd,)H G, O (H*zD H)(ipy*uy)
E d A c, u T Ouws Hir'H LV‘, et Ouw (QPUquT)TIHW/,{V Oua (HilDu H)( PV“d )
Ly = yiQroqp + yuQrd°qp + yrLrdlp + he. | Ouws | HHW B Ous 40" d,)H By, Owa | i(HD,H)(@n"d,
R R p i 1
(LL)(LL) (RR )(? ) (LL )(* )
1 p'T sY e € €sY et le p"Y egyre
o (oYl ) (1s*11) o (epyuer)(€syter) o (pvulr) (Es7*er)
0;17) (‘h)%t%)( 7“‘]t) 0. (l_l‘_ )(l_fs ) O, (l p%ll )(1_69'7“ uy)
o ApTp 7! qr)( Qs ! qt dd At 1d pVubr t
oy | (g )@AH " qr) o (dpyudr)(dsydy) o (Lpypulr) (dsy*dy)
o, (Lol ) (@57 qr) 0.. (€pyuer) (usyur) O, (TpVuar)(€s7*er)
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The Standard Model as an Effective Field Theory
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The Standard Model as an Effective Field Theory

Experimental constraints on SMEFT from LEP electroweak observables and LHC measurements:
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[ Indirect evidence preceded direct discovery for nearly all SM particles. May be true of BSM! J




The Higgs no-lose theorem

In the 1940s, Fermi theory was the Effective Field Theory (EFT) of the weak interactions at ~10 GeV.

EFT breaks down at higher energies by predicting nonsense when calculating scattering processes.
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Ld.;m»é _ _C_‘i\:?g_/:‘j?‘jﬁ c‘><DC

Ferm; /\

122 Saattering cmpfude s = ‘A/&- T ¢ e
dimensonless: [ A, ;] =0




The Higgs no-lose theorem

In the 1940s, Fermi theory was the Effective Field Theory (EFT) of the weak interactions at ~10 GeV.

EFT breaks down at higher energies by predicting nonsense when calculating scattering processes.

By analogy with photon of QED, add spin 1 intermediate vector boson (with mass and charge).



The Higgs no-lose theorem

In the 1940s, Fermi theory was the Effective Field Theory (EFT) of the weak interactions at ~10 GeV.

EFT breaks down at higher energies by predicting nonsense when calculating scattering processes.

X o= XK,

“’p £ ~Cinde "Gkr

Makes scattering process finite, but introduces another process with divergent energy growth.



The Higgs no-lose theorem

In the 1940s, Fermi theory was the Effective Field Theory (EFT) of the weak interactions at ~10 GeV.

EFT breaks down at higher energies by predicting nonsense when calculating scattering processes.
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Add neutral spin 1 vector boson with appropriate couplings to make this scattering process finite.



The Higgs no-lose theorem

In the 1940s, Fermi theory was the Effective Field Theory (EFT) of the weak interactions at ~10 GeV.

EFT breaks down at higher energies by predicting nonsense when calculating scattering processes.
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But another amplitude now grows unbounded with energy.



The Higgs no-lose theorem

In the 1940s, Fermi theory was the Effective Field Theory (EFT) of the weak interactions at ~10 GeV.

EFT breaks down at higher energies by predicting nonsense when calculating scattering processes.

X = D TEL = e e = >l

lvpg ~c““ ~G¥r abiall ""OK

Add a scalar spin 0 boson.



The Higgs no-lose theorem

In the 1940s, Fermi theory was the Effective Field Theory (EFT) of the weak interactions at ~10 GeV.

EFT breaks down at higher energies by predicting nonsense when calculating scattering processes.

5= D TED = e el = >

lvp < 'ch“ var a-biall "LOK

Adding spin 1 and spin 0 particles with couplings fixed to cancel divergent energy contributions recovers
the Standard Model theory of non-Abelian gauge bosons and Higgs mechanism!

Without the Higgs, the theory breaks down around 1 TeV: LHC guaranteed to discover something new.



The Higgs no-lose theorem

Historically:
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Theoretical self-consistency can be a powerful guide to extending our fundamental frameworks



Conclusion

The totalitarian principle is not to be taken too seriously, but gives a sense of pleasing theoretical
reasoning.

The Standard Model, like Fermi theory before it, is an Effective Field Theory.

Theoretical reasoning is powerful, but only experiment can tell us what the underlying theory will be.
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Outline

Today

1. Neutrino masses
2. Grand Unified Theories
3. WIMP dark matter

4. Supersymmetry



Neutrino masses

Neutrino oscillations imply neutrinos have mass.

The Standard Model does not allow a mass term for neutrinos to be written down.

‘CSM — Em + Eg + Eh + Ey .

Ly, = Qrin*DiQr + qriv*D,lqr + Liv* Dy Ly + lriv* Dilg
1 v 1 a apy
Lo =—;BuB" — JWa,W™

Ly = (DLo) (DY) — V(¢)
Ly = yiQrdqt + y.Qro°qs + yr Lrdlr + h.c. :



Neutrino masses

Neutrino oscillations imply neutrinos have mass.

The Standard Model does not allow a mass term for neutrinos to be written down.

EFT Cs 5 5
‘CS\I = ‘C7n+£g+£h+£y = KO() \20(() <+ \ (’)( \40(3) + ...

L., =Qrin*D.Qr + qriv*Dfiqr + Liiv* DL Ly + lgiv* Diilg
1 - p )i 1 a ap

Lo =—;BuB" — JWa,W™

Ly = (Do) (D*¢) — V(¢)

Ly = yaQroqs + y.Qro°qs + yrLrdlr + h.c. :

The Standard Model Effective Field Theory, on the other hand, enables more operator combinations at
higher mass dimensions.

When the Higgs gets a vacuum expectation value, these could generate a dimension 3 neutrino mass term.



Neutrino masses

The Standard Model EFT has a unique dimension 5 operator — the Weinberg operator.
c; -— c) B C>
L. = < (CHILH
din-s A

After electroweak symmetry breaking, when the Higgs gains a non-zero vacuum expectation value, the
Weinberg operator gives neutrinos a small mass suppressed by v/A.

= (HIH) 5 e K

(HO>~V

Form,~0.1 eV, if cs~0(1) then expect new physics that generates this operator to be at A ~ 101 GeV.



Neutrino masses

What kind of new physics could generate the Weinberg operator?
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Neutrino masses

Add a new completely neutral fermion vy to the SM particle content.

E
N
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Neutrino masses

Add a new completely neutral fermion vy to the SM particle content.

E Note that it already has a mass M
N\ that we fix to be ~ 101* GeV.
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Neutrino masses

Add a new completely neutral fermion vy to the SM particle content.

E
N

) — [ 1€ - )
\04’66\/ T+ ’\JUV - V[JLH Ve Ml)rz)/n.
—

[m ELVQ] hece M~ Y,V

ooyt Lo * %(EHC)(LCHC>

After electroweak symmetry breaking, the Higgs yukawa coupling generates another neutrino mass term.



Neutrino masses

Add a new completely neutral fermion vy to the SM particle content.

E
N

10‘466\/ { j\/uv = —V‘JEHCVR ‘[MDQVR]

—
[M ELVQ] where M ~ 7,V

ooyt Lo * %(EHC)(LCHC>

We diagonalise the 2 x 2 mass matrix in the Lagrangian to obtain the physical mass eigenstates.



Neutrino masses

Add a new completely neutral fermion vy to the SM particle content.

whert

MV‘%,(M']IAZ*‘*";) V\N:{(M-}W)

~ -—r."/M =~ M
When M.

We diagonalise the 2 x 2 mass matrix in the Lagrangian to obtain the physical mass eigenstates.



Neutrino masses

Add a new completely neutral fermion vy to the SM particle content.

-0 L6
0 M,J N
LJ]'\&(Q Y ——
Y (19 VoD BV WRRY [V vy
When M>§m.

We diagonalise the 2 x 2 mass matrix in the Lagrangian to obtain the physical mass eigenstates.



Neutrino masses

Add a new completely neutral fermion vy to the SM particle content.

E

/\

e | LW = -V,,LHCVR - MDDV
l

(R TR, .
lOQGe,V-k L.L\'n—s - F/\‘_/ (LH >(L H>

This UV theory generates the Weinberg operator with cg~ vy, ,A ~ M in the SM EFT.



Neutrino masses

Why didn’t we just add the neutral fermion vg with only one mass term through the Yukawa coupling?

E
N

10"’Ge\/ +

2 - T Cc
oot L= -y LH Y,

\—N—/

m VU Vo whee M~Y,V

With y,, ~ 10712 this gives a neutrino mass m ~ 0.1 eV as required.



Neutrino masses

Why didn’t we just add the neutral fermion vg with only one mass term through the Yukawa coupling?

E
N

1%
10 GeV +

et L - —yV[HCVR {— Mﬁ,{v,,}

4
\__—V—/

m VU Vo whee M~Y,V

But the other mass term is necessarily there!  “Everything not forbidden is compulsory”



Lepton number

The Weinberg operator violates a Lepton humber symmetry that is accidentally conserved by operators of
mass dimension < 4.

Cs G C~ ~ (& :
— 2 )(5) 6 ~(6) C O 8 H®)
ESA,[—[,m-F[,g-i-Eh-FEy-’rAO +A20 +A30 +A4O 4 g5

Ly, = Qriv*DEQr + qriv*Djlqr + Lyiv* DLy + lpiv* Dl
1 1

['G —_ _iBMVBuV . ZW;VWG#V

(DLg) (DM ¢) — V (¢)
Ly = yiQrdqh + 1.Qroqs + yrLrdlr + h.c. :

0o
S
I

The Standard Model Effective Field Theory provides an explanation for small Lepton number violation.



Baryon number

There exist operators at dimension 6 that violate a Baryon number symmetry that is accidentally conserved
by operators of mass dimension < 4.

Cs 5 Ce 5 Cq - Cg :
Lsy=Ln+Ly+Lp+ Ly + KO( ) +FO(€) +A_3(9( ) +A_40(8) 4o

Ly, = Qrin*DiQr + qriv*D,lqr + Lriv* Dy Ly + Lriv* Dy
l g YUV 1 a apv
Lo =—;BuB" — Wi, W™

(DLg) (DM ¢) — V (¢)
Ly = yiQrdqh + 1.Qroqs + yrLrdlr + h.c. :

0o
S
I

Just like Lepton number violation at dimension 5, Baryon number violation at dimension 6 is expected.

——

dim -6 C e
e.9. Lz = Ar Qf QL Ug e

Lack of proton decay in experiments such as Super-Kamiokande implies A > 10> GeV.



Grand Unified Theories

Grand Unified Theories (GUTs) unify all SU(3) x SU(2) x U(1) into a single GUT group, e.g. SO(10), at higher
energies.

Proton decay via a GUT gauge boson is a generic consequence:

€+

W xGur

d ks

GUT scale must therefore be at least 101> GeV.



Grand Unified Theories

GUTs are desirable rather than necessary. However, there are hints suggesting this may be the case:
* Electroweak unification makes it reasonable to consider unifying the strong force too.
 U(1) hypercharges of SM particles are quantised with fractional charges.

* Standard Model particle content fits neatly into multiplets of GUT group representations.

 Running of gauge couplings suggest they meet at high energy scales ~ 10%° GeV (but not quite).

6o ~
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Dark Matter

Multiple independent observational evidence for dark matter on all scales:
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Rubin and Ford 1970

See e.g. 2406.01705 Cirelli, Strumia, Zupan for a comprehensive review.



Dark Matter

Multiple independent observational evidence for dark matter on all scales:

6"58M42° 36° 30° 94 18% 12°

Clowe et al 2006

See e.g. 2406.01705 Cirelli, Strumia, Zupan for a comprehensive review.



Dark Matter

Multiple independent observational evidence for dark matter on all scales
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WIMP Dark Matter

Weakly Interacting Massive Particles (WIMP) are a simple candidate for dark matter.

Add to the Standard Model a DM particle y with mass m and coupling a through which it annihilates.

2

- . . . (04
Its averaged annihilation cross-sectionis < ogv > ~

Relic abundance of DM is set by thermal freeze-out as the Universe expands and temperature falls.

X
4 _é"t_". +3HA = - <6v>(n"-n,};)




WIMP Dark Matter

Weakly Interacting Massive Particles (WIMP) are a simple candidate for dark matter.

Add to the Standard Model a DM particle y with mass m and coupling a through which it annihilates.

2

- . . . (04
Its averaged annihilation cross-sectionis < ogv > ~ g

Relic abundance of DM is set by thermal freeze-out as the Universe expands and temperature falls.

This gives the observed relic abundance for a typical weak coupling with weak-scale mass!

X
A _11‘2'- +3HA = - Cév)(h"-n‘;';)

- *
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Supersymmetry

Historically, the success of classifying particles into representations of symmetry groups led to a search for a
symmetry that included not just matter particles but also the force particles.

Coleman-Mandula theorem: impossible.

- Fermions and bosons behave differently under Lorentz transformations.
- A symmetry that interchanges them therefore doesn’t commute with Lorentz generators.
- But internal (non-spacetime) symmetry generators must be Lorentz scalars.

Haag-Lopuzanski-Sohnius: possible, only if the supersymmetry generators are fermionic.

Supersymmetry is the unique extension allowed of spacetime symmetries.




Supersymmetry

Supersymmetrising the Standard Model introduces a superpartner for every SM particle — the Minimal
Supersymmetric Standard Model (MSSM).

Immediate benefits

Fermion superpartners of the Higgs and weak gauge bosons can be WIMP dark matter!

Controls quantum corrections to the Higgs mass to solve the unnatural fine-tuning problem:




Supersymmetry

Supersymmetrising the Standard Model introduces a superpartner for every SM particle — the Minimal
Supersymmetric Standard Model (MSSM).

Immediate benefits

Gauge couplings unify at a single GUT scale!
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Supersymmetry

Supersymmetrising the Standard Model introduces a superpartner for every SM particle — the Minimal
Supersymmetric Standard Model (MSSM).

But also downsides

* A degree of arbitrariness is reintroduced by supersymmetry breaking.
 Many more free parameters due to ignorance of supersymmetry breaking mechanism.

* Extra structure must be imposed to control violation of symmetries that were automatically small in the
Standard Model Effective Field Theory.

* No WIMPs discovered yet?

* No superpartners discovered yet?




Supersymmetry

Perhaps supersymmetry does not solve the Higgs fine-tuning problem but still exists at some energy scale in
nature. Is this just wishful thinking?

The historical line of reasoning may make it seem that way:

Generalising Abelian gauge theories to non-Abelian gauge theories,

[B,,B,]= 0 wmmmmmm (B, B,]=iC" B,

Generalising the Poincare algebra to a supersymmetry algebra, [P, QL] =0
[P,ua Q{x] =0
[P y Py- = O {Qé’ Qé} - EO‘IBZIJ
i i ) ) ) ) Q Eaﬁ'(ZU)*
[Mw/a Mpo| = 19y My — igupMys — 1Gve Myp + 19us My, — 5 17
: ' . {Q =20, ,P.0
(M, Py| = —1gpu Py +igpn Py

[ [ QI] — Z(qu)ﬁQﬁ
W Qla] = Z(UW)BQM




Supersymmetry

Perhaps supersymmetry does not solve the Higgs fine-tuning problem but still exists at some energy scale in
nature. Is this just wishful thinking?

Consider all allowed interactions of massless particles:

Relativity + quantum mechanics forbids all but the following possibilities:
e spin0
* spin '
 spin1
* spin 3/2

e spin2

Spin > 2 is not allowed.




Supersymmetry

Perhaps supersymmetry does not solve the Higgs fine-tuning problem but still exists at some energy scale in
nature. Is this just wishful thinking?

Consider all allowed interactions of massless particles:

Relativity + quantum mechanics forbids all but the following possibilities:
e spin0
* spin '
* spin 1-can only self-interact consistently as a Yang-Mills non-Abelian gauge theory.
* spin 3/2

* spin 2-can only interact universally as in General Relativity.

Spin > 2 is not allowed.




Supersymmetry

Perhaps supersymmetry does not solve the Higgs fine-tuning problem but still exists at some energy scale in
nature. Is this just wishful thinking?

Consider all allowed interactions of massless particles:

Relativity + quantum mechanics forbids all but the following possibilities:
* spin 0 - Higgs boson.
* spin %2 - matter.
* spin 1-can only self-interact consistently as a Yang-Mills non-Abelian gauge theory.
* spin 3/2

* spin 2-can only interact universally as in General Relativity.

Spin > 2 is not allowed.




Supersymmetry

Perhaps supersymmetry does not solve the Higgs fine-tuning problem but still exists at some energy scale in
nature. Is this just wishful thinking?

Consider all allowed interactions of massless particles:

Relativity + quantum mechanics forbids all but the following possibilities:
* spin 0 - Higgs boson.
* spin %2 - matter.
* spin 1-can only self-interact consistently as a Yang-Mills non-Abelian gauge theory.
e spin3/2-7

* spin 2-can only interact universally as in General Relativity.

Spin > 2 is not allowed.
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Supersymmetry

Perhaps supersymmetry does not solve the Higgs fine-tuning problem but still exists at some energy scale in
nature. Is this just wishful thinking?

Consider all allowed interactions of massless particles:

Relativity + quantum mechanics forbids all but the following possibilities:
* spin 0 - Higgs boson. \/
* spin % — matter. V
* spin 1-can only self-interact consistently as a Yang-Mills non-Abelian gauge theory. \/
* spin 3/2 -can only interact supersymmetrically! ?

* spin 2-can only interact universally as in General Relativity. V

Spin > 2 is not allowed. “Everything not forbidden is compulsory”




Conclusion

Neutrino masses and dark matter are concrete evidence for beyond the Standard Model particles.

Heavy right-handed neutrinos in a see-saw mechanism and WIMP DM are natural, simple candidates.

GUTs are desirable and appealing extensions of the Standard Model, but not necessary.

Supersymmetry arises uniquely out of strong theoretical consistency constraints and solves several
phenomenological problems automatically. However, there is no experimental evidence for it yet.
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The QCD axion

Recall the strong CP problem:

ESA/I = ‘cm + ['g + £h + ‘Cy )

L = Quiv*DEQr + qrin*Diiqr + Lriv* Dy Ly + lgin* Dilg
1 v 1 a v Qs ~
Lo =—;BuB" — JWi,W™ —0~GLG" P

Ly = (D£¢)T(DL”¢) - V(o)
Ly = yiQrdqd + y.Qro°qs + yr Lrdlr + h.c. ,

“Everything not forbidden is compulsory”

Experiments probing the neutron electric dipole moment do not see any CP violation from this term: 8 < 10719

Not only is there no reason for it to be small, but it is also a contribution of two independent terms - the
intrinsic theta parameter and a quark mass phase — that must cancel out to 1 partin 10 billion!



The QCD axion

Add a naturally light axion scalar field, a, that originates from some UV theory at a heavy scale f,:

Lsy = £m+£g +£h+£y —|—£a

L = Quin*DEQ + qrin*Ditqr + Lyiv* Dy Ly + lgin* D g
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L, = 0,a0"a —mZ [ cos(d + a/ f,)




The QCD axion

Add a naturally light axion scalar field, a, that originates from some UV theory at a heavy scale f,:

Lsy =L, + Eg + L, + [,y —|—£a

L = Quin*DjQr + qrin*Diiqr + Lpin* DLy + lpin* D]}

1
4
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Potential energy is minimized for vanishing effective theta angle 0,77 = 6 +
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The QCD axion

Add a naturally light axion scalar field, a, that originates from some UV theory at a heavy scale f,:

Lsy =L, + Eg + L, + [,y —|—£a

L = Quin*DEQr + qrin*Ditqr + Lyiv* Dy Ly + lpin* D g

1

4
Ly = (Dy¢)'(D™¢) -V (¢)
Ly = dequSqu + 'yuQ—qu"q}‘z + yLLL¢lR + h.c. ,

v l a v Qs a Qfs ~
La= ——BM,B“ _ iW#VWaM __Kug <9 e _)S_WGZVGGMV

8m \ fa

L, = 0,a0"a —m_f2cos(0+ a/f,) o—)

\/

V(a)

A

Potential energy is minimized for vanishing effective theta angle 0,75 =

0+

fa




The QCD axion

Many experimental searches and observational constraints on a light QCD axion, e.g. through photon coupling.

cajohare.github.io
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QCD axion could also be dark matter.

Many more Axion-Like Particle (ALP) possibilities that have nothing to do with QCD or strong CP.



The Relaxion

Add an axion coupled to a heavy Higgs boson.

‘CSM - Lm + ‘Cg + ['h + Ly +£a

Ly, = Qrin*DLQr + qriv*Dyiqr + Liv*Di Ly + lgiv* D[y
1 v ]‘ a apy

Lo =~ BuB" — Wi, W

Ly = (DEp)I(DM¢) (M? + eM@)|h|* [+ eM>¢ + ...

Ly = yaQroqs + y.Qroqs + yrLrdlr + h.c. ,

L, = 0,a0"a —m_. f2 cos(8 + a/f,)

The Higgs mass term is initially large and positive, with electroweak symmetry unbroken, i.e. < h > = 0.



The Relaxion

Add an axion coupled to a heavy Higgs boson.

AC.S’M - Lm + Eg + £h + Ly +£a

Ly, = Qrin*DLQr + qriv*Dyiqr + Liv*Di Ly + lgiv* D[y
1 " YUYV 1 a apy

Lo=—BuB" - JWa,W™

Ly = (DEp)I(DM¢) —(M? + eM@)|h|* + eM>¢ + ...

Ly = yaQrdqy + yu.Qré°ds +yrLrdlr + h.c. ,

L, = 0,a0"a|—m: f7 cos(0 + a/ f,)

The Higgs mass term is initially large and positive, with electroweak symmetry unbroken, i.e. < h > = 0.

Note that the cosine potential then vanishes, since the pion mass m;, x m; « < h > = 0.



The Relaxion

Add an axion coupled to a heavy Higgs boson.

‘CSM = ‘Cm + ‘Cg + ['h + ‘Cy +£a

Ly, = Qrin*DLQr + qrin*Diiqr + Lyiv* DL Ly + lgiv*Dfllg

1 v 1 a apv
Lo =~ BuB" — Wi, W

Ly = (DL) (D™¢) —(M? + eM¢)|h|* |+ eM>¢

Ly = yaQrogs + y.Qroqh + yrLrdlr + h.c. ,

L, = 0,a0"a —m_. f2 cos(8 + a/f,)

In the early universe (during inflation) it rolls down its linear potential.

V(a)




The Relaxion

Add an axion coupled to a heavy Higgs boson.

‘CSM = ‘Cm + ‘Cg + ['h + ‘Cy +£a

Ly, = Qrin*DLQr + qrin*Diiqr + Lyiv* DL Ly + lgiv*Dfllg

1 v 1 a apv
Lo =~ BuB" — Wi, W

Ly = (DE) (DF#¢) —{(M?* + eM )

h|? 4 eM>p + ..

Ly = yaQrogs + y.Qroqs + yrLrdlr + h.c. ,

L, = 0,a0"a —m_. f2 cos(8 + a/f,)

As axion rolls past critical point, the effective Higgs mass turns negative.

V(a)




The Relaxion

Add an axion coupled to a heavy Higgs boson.

AC.S’M - Lm + Eg + £h + Ly +£a

Ly, = Qrin*DLQr + qriv*Dyiqr + Liv*Di Ly + lgiv* D[y
1 " YUYV 1 a apy

Lo=—BuB" - JWa,W™

Ly = (DEp)I(DM¢) —(M? + eM@)|h|* + eM>¢ + ...

Ly = yaQrdqy + yu.Qré°ds +yrLrdlr + h.c. ,

L, = 0,a0"a|—m: f7 cos(0 + a/ f,) V()
A
As axion rolls past critical point, the effective Higgs mass turns negative.
Electroweak symmetry is broken, < h > # 0.
The cosine potential proportional to < h > grows as the axion evolves. (\f\
l
Stops when bumps are too large, at small Higgs mass.




Self-Organised Criticality

Cosmological dynamics may self-tune our universe to live near criticality.

The Standard Model itself, with no BSM, has a Higgs potential coincidentally on the critical boundary of two

phases.
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Potential BSM outcomes for naturalness

Radically conservative

Naturalness restored just around the corner by the usual symmetry-based solutions, e.g. supersymmetry
or composite Higgs / extra-dimensions.

Creatively conservative

Symmetry-based solution at the weak scale exists, but neutral or hidden at the LHC, e.g. twin Higgs,
Stealth supersymmetry.

Post-naturalness BSM

Cosmological dynamics, self-organized criticality, accept tuning, e.g. relaxion, inflationary multiverse, split
supersymmetry.

Radically new

Hard to imagine what form this might take, by definition. How might this show up?
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Creatively conservative
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Stealth supersymmetry.

Post-naturalness BSM
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Hard to imagine what form this might take, by definition.|How might this show up?




Radically new BSM?

Direct exploration by FCC-hh
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Indirect exploration by FCC-ee




Radically new BSM?

Direct exploration by FCC-hh

A Lyy =7
/ .
= e.g. Consider
’T\ indirect sensitivity to

UV theory

E<A

A4 A2M(2) (3) ) o 5 n6) L 5 o) L T ) L B HB)
Lip = A+ A20® +mO® + 0W + 200 + L0 + £0 M

Indirect exploration by FCC-ee




Radically new BSM?

b~ b w~  Direct exploration by FCC-hh
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Radically new BSM?

Direct exploration by FCC-hh

Lyv =7 | Unitarity | | Locality Causality

Positivity bounds forbid
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Radically new BSM?

Energy May not even have a

Lagrangian/QFT description Direct exploration by FCC-hh

Luv :?J Unitarity | | Locality Causality

Positivity bounds forbid
negative signs of dim-8
SMEFT coefficients
assuming only general
fundamental principles
in the UV
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Radically new BSM?

Sometimes an anomaly in indirect precision measurement = something missing:

Anomaly in orbit of Uranus Discovery of Neptune

Other times its implications are far more radical:

Anomaly in orbit of Mercury Explained by General

Relativity




Radically new BSM?

Keep an open mind.

1900s:

Almost all data agree spectacularly with the fundamental framework of the time, no reason to doubt its
universal applicability or completeness.

1920s:

A combination of precision measurements (Mercury), aesthetic arguments (relativity) supported by null
experimental results (Michelson-Morley), and theoretical inconsistencies (Rayleigh-Jeans UV

catastrophe) lead to an overhaul of the fundamental picture at smaller scales and higher energies after
pushing the frontiers of technology and theory into new regimes.



Radically new BSM?

Keep an open mind.

2020s:

Almost all data agree spectacularly with the fundamental framework of the time, no reason to doubt its
universal applicability or completeness.

2050s?

A combination of precision measurements (M;,, Hubble), aesthetic arguments (naturalness) supported
by null experimental results (LHC), and theoretical inconsistencies (black hole information paradox)
lead to an overhaul of the fundamental picture at smaller scales and higher energies after pushing the
frontiers of technology and theory into new regimes.



Concluding Remarks

It is a non-trivial empirical fact that universe is comprehensible and a unified whole.

Didn’t have to be that way.

To keep making progress in probing the fundamental foundations will require more data.
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Concluding Remarks

Sharpen our picture of the Universe, e.g. before and after Planck.
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Concluding Remarks

Sharpen our picture of the Universe, e.g. before and after LEP.
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Sharpen our picture of the Universe, e.g. before and after FCC-ee.
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Concluding Remarks
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Concluding Remarks

There are no guarantees of BSM discovery at future colliders. There are no guarantees of BSM discovery anywhere
else either.

What we can guarantee is a rich and wide-ranging programme of fundamental physics at the smallest scales
experimentally accessible.

https://cerncourier.com/a/future-colliders-are-particle-observatories/



https://cerncourier.com/a/future-colliders-are-particle-observatories/

Concluding Remarks

There is value in pushing frontiers — definite questions are answered, and we learn something regardless of the
outcome.

A new generation of improved measurements, analysis techniques, theoretical calculational tools, data
management, hardware development, cutting-edge engineering, large international collaboration, popular culture

inspiration, and spirit of fundamental exploration, can only benefit humanity regardless of our own short-sighted
disappointment at lack of BSM. Doing good science is its own reward.

Progress in science is about continuously refining existing knowledge and exploring the unknown.

https://cerncourier.com/a/future-colliders-are-particle-observatories/



https://cerncourier.com/a/future-colliders-are-particle-observatories/

Concluding Remarks

* “What would be the use of such extreme refinement in the science of
measurement? [...] The more important fundamental laws and facts of physical

science have all been discovered, and these are so firmly established that the
possibility of their ever being supplanted in consequence of new discoveries is

exceedingly remote. |[...]”
—A. Michelson 1903



Concluding Remarks

* “What would be the use of such extreme refinement in the science of
measurement? Very briefly and in general terms the answer would be that in
this direction the greater part of all future discovery must lie. The more
important fundamental laws and facts of physical science have all been
discovered, and these are so firmly established that the possibility of their ever
being supplanted in consequence of new discoveries is exceedingly remote.
Nevertheless, it has been found that there are apparent exceptions to most of
these laws, and this is particularly true when the observations are pushed to a
limit, i.e., whenever the circumstances of experiment are such that extreme
cases can be examined.”

—A. Michelson 1903



Questions?

Tevong.you@kcl.ac.uk
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