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* 3 lessons from history
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Introduction

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

Minimal, economical theory!
However...

* Held together by and the strong force
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Introduction

e 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
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Introduction

* Weal force explains radioactivity

* Neutron can change into proton, emitting electron
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Introduction

* Weak force explains radioactivity Missing energy? Paul

postulates “a desperate
remedy”
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* Neutron can change into proton, emitting electron
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Introduction

* Weak force explains radioactivity
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Missing energy? Pauli
postulates “a desperate
remedy”
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* Neutron can change into proton, emitting electron and elusive neutrino
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Introduction

* Weak force explains radioactivity

s

Missing energy? Pauli
postulates “a desperate
remedy”

Lesson 2: perceived

P AR
=Ty prospects of experimental
| \f\, L confirmation is not a useful
\ . o e . .

S g scientific criteria for

establishing what nature
actually does

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

* Weak force explains radioactivity " Missing energy? Paul

(Lesson 2.5: Sometimes | Postulates “a desperate
nature chooses the least | remedy”
radical option) §

(Bohr suggests fundamental
@ violation of energy

| conservation principle)

5 _. Al Lesson 2: perceived
P . 7 -
VL"/L, -\ prospects of experimental
| \’\l ‘ confirmation is not a useful
L scientific criteria for
establishing what nature
actually does

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

* Dirac: Einstein’s relativity + quantum mechanics = antiparticles
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* Every particle has an oppositely charged antiparticle partner
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Introduction
* Dirac: Einstein’s relativity + quantum mechanics = antiparticles

see Lesson 1: antiparticles
double the particle spectrum.

Nevertheless, the theory is
@ much tighter, less arbitrary,
and more elegant
VL‘/L = .-;‘ 2
j / )
|
\

+0
W~
\‘-/'

* Every particle has an oppositely charged antiparticle partner
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Introduction

* Higgs(+Brout+Englert): particle masses require a new scalar boson H
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* 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
gauge theories because they
predicted unobserved
massless bosons) can later
make sense upon further
investigation
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Introduction

* 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
eneralisation of local symmetry-based forces. Widely believed a radically new
ramework will be required e.g. to understand the strong force.

e 1970s: QFT triumphs following Yang-Mills+Higgs+asymptotic
f;)eedom+renormalisation. Nature is radically conservative, but more unified
than ever.

* 1980s: Success of SM. QFT understood as most general EFT consistent with
symmetry. Higgs (and cosmological constant) violates symmetry expectation.

* Tremendous progress since, despite lack of BSM
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* Until now, there had been a clear roadmap
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Motivation

* Until now, there had been a clear roadmap

ENERG Y
/\
Conventional
0 symmetry-based
9) 9 solutions have not
’ ’ shown up!




Motivation

* Until now, there had been a clear roadmap

Maybe just around
the corner...

evong You
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Motivation
* Until now, there had been a cleﬂar roadmap

...but the larger the
separation of scales, the
more fine-tuned the
underlying theory is!

The Higgs boson’s
hierarchy problem is a
profound mystery, that
7 is even more perplexing
2 in the absence of new
physics at the LHC.

@ Our Michelson-Morley

@ @ moment?




Motivation

* Until now, there had been a clear roadmap

Vacuum energy is
also peculiarly tiny

...but the larger the
separation of scales, the
more fine-tuned the
underlying theory is

The Higgs boson’s
hierarchy problem is a
profound mystery, that
is even more perplexing
in the absence of new
physics at the LHC.

Our Michelson-Morley
moment?

Tevong You
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From Maxwell to Higgs

* Historically:

; - : ¢ 7 131
TVE-o 7 (é:;‘?&’) Al it + 2,2 Dpp ¢4t - ?
. = »r W V8GR .
e TR T oy e R e =5 | [ / 4> %o
B = -2D & - Goralico L(1) 2 ForbTAg Mass! Mo~ <Y
- é‘.a—ﬁl\.~%
VeBirpad] B = x4
AL— AL +3.6

* Inevitably:

X = W R = > >~<:f.>>{;

X ~Ginse - 6T T ~baite
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Beyond the Standard Model Higgs?

» A priori many ways to break electroweak symmetry!

» But tension between simplicity and naturalness

* 2HDM o Hi °
e Technicolor Higgs + SUSY NMSSM
* Composite 2HDM

s LT

* Fundamental Scalar * Composite Higgs e ions
(SM nggs) * Walking
Technicolor

e Little Higgs



Beyond the Standard Model Higgs?

* Could have had very different coupling

GLOBAL Combination

Psaudo-Dilaton/MCHMA4

; 2 HlatoryMCHME

00 Anti-Dilaton
Fermiophobic
MCHMS

NbarfoDbk¥-elidtenavgry
J. Ellis and TY. [arXiv:1203.08839]

04 06 08 10 12 14 16 18

d



Tevong You

Effective Field Theory

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

SMEXIT:

Symmetries control sizes of parameters — naturalness expectations
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Effective Field Theory

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

Loy =Ly +Ly+ Ly +L, :

Lo = Quiv*DEQy + qriv* DRqp + Lyiv* DELy + Ipiy* Py
1 1
= ——B UBIW__ a apy
@ | La 15w 4W#,,W
J Ly = (D;;¢)'(D™¢) =V (9)
@ @ Ly = yaQréqs + yuQré s + yrLrdlr + h.c. ,

Symmetries control sizes of parameters — naturalness expectations
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Effective Field Theory

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

TN - Characterises heavy new ultra-violet (UV) physics

- Parametrised by coefficients ¢; and heavy energy scale A

Lopt =L+ Lo+ Lo+ L, + 200 + 200 L ToMm 1 Bo® 4

: A A‘2 A3 A4
L,

= Qriv*D}Qr + qriv* Dfqr + Lyin* D Ly + lin* Dilg

1 1
—_— —— py a auy
@ f Lo ==y BuB™ = Wu W
| , Ly = (Dyo) (DM¢) — V(9)
@ O® Ly = yaQroqy + yuQré‘qh +yrLidle +he.

Symmetries control sizes of parameters — naturalness expectations
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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
2 the energy scale of new physics, A ?

- What are the experimental constraints on
their interaction strengths, c; ?

(5) ©6) 4 T ™ L B ~HE)
Esw—ﬁm-{-ﬁ +£h+£ <t \O \20 +FO \40 = g
L = Qriv*DiQr + qriv*Dylqr + Lyin*Di Ly + lpin* D g
1 v 1 a apr
® Lo=—;BuB" — ;Wa,W™
Ly = (D;¢)(D*¢) — V(¢)
@ @ Ly = yaQroah + yuQré°qs + yrLrlr + h.c. ,

Symmetries control sizes of parameters — naturalness expectations
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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
v, the energy scale of new physics, A ?
ENEGY | —
/ - L - What are the experimental constraints on
~ N\ o~ - .
. their interaction strengths, c¢; ?
° Lyy =7
Lort = Lm+ Lo+ Lo+ Ly, + 200+ 200 4 Tom L Bo® 4
: SM = Zm T g TR 2y T A2 A3 At
L, = Qrin*DEQr + qriv*Dffqr + Lrin*DE Ly + lgiv*Dflg
1 1
— __B UB/J.I/ I a apyv
® 3 ~ Fo= g Bulm = Wl
) (2 Ly = (Do) (D™¢) -V (¢)
© @ Ly = yaQrdan + yuQre’qr + yrLiglp +he.

[ Symmetries control sizes of parameters — naturalness expectations ]
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Effective Field Theory

[

[ 1960s point of view: renormalisability of a finite number of parameters is essential }

Modern point of view: our QFTs are really EFTs - include all operators allowed by symmetries
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Effective Field Theory

s . o o L, T .
[E:A4+A2(9(z)+mo(3)+(9(4)+KO(‘)+PO(”+FO(‘)+FO(8)+...}

1960s point of view: renormalisability of a finite number of parameters is essential

{ Modern point of view: our QFTs are really EFTs - include all operators allowed by symmetries }
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Effective Field Theory

Suppressed!
A
| |
L= A+ A20? 1 mo® 0@ 1 094 Lo®, Lon, Lo®
N | A A2 A3 X o

1960s point of view: renormalisability of a finite number of parameters is essential

{ Modern point of view: our QFTs are really EFTs - include all operators allowed by symmetries }




Tevong You

Effective Field Theory

Naturalness?

A
I |

s . o o L, T .
[E=A4+A2(’)(2)+m(’)(3)+0(4)+KO(‘)+FO(”+FO(‘)+FO(8)+...}

1960s point of view: renormalisability of a finite number of parameters is essential

{ Modern point of view: our QFTs are really EFTs - include all operators allowed by symmetries }




Effective Field Theory

e.g. QED as an EFT includes Fermi theory and Euler-Heisenberg dimension-8 operators

TFr = Tw ‘ v
L e = DL - nTw -3 FLF

B 2 S (T )2 TY) o
Euler- é‘g F ;PV)'L Q:)-‘ -F .\va F. T: Apa
Heisenberg * + L . P

(1936) N+ ~ N o

b}

Tevong You



Effective Field Theory

e.g. QED as an EFT includes Fermi theory and Euler-Heisenberg dimension-8 operators

TFT
L oes -

Fermi theory
(1933)

Euler-
Heisenberg
(1936)

—

ZHDL - B - L
cE gy gry) TR

l( el FrEET L
/\’1

[Wilson coefficients generated by UV physics ]

Tevong You
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Effective Field Theory

Given particle content, write down all terms allowed by symmetries

Lsyy=Ln+Ly+Lp+L, ;

SU@3). | SU2) | U(L)y
QL 3 2 é — L . R F . L 7 - R
qL 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
r | 1 1 -1 Ly = (D;¢) (D™¢) —V(¢)
¢ 1 2 2 Ly = yaQréqs + yuQréqh + yrLrdlr +he.

Up to mass dimension 4, this is “The Standard Model”
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Effective Field Theory

Given particle content, write down all terms allowed by symmetries

Lsyy=Ln+Ly+Lp+L, ;

SU@3). | SU(2)L | ULy
Qr 3 2 é L . urR = AL o uR
qL 3 1 s L =Qriv*D,QrL + qriv*D,jqr + Lriv* DLy + lgiv* D,jlr
) 3 1 —-l 1 v 1 a apy Qs a apv
Z}z 1 2 —g Lo = _ZBWBu B ZW’“’W ' _98_7TG”UG " ? Strong-CP
IR 1 1 —1 Ly = (D;I[Qs)T(DLuﬁb) - V(ﬁb) problem
¢ 1 2 2 Ly = yaQréay + yuQré°qh + yrLrdle + he.

Up to mass dimension 4, this is “The Standard Model”.
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Effective Field Theory

The SM js an Effective Field Theory - SMEFT is the Fermi theory of the 215t century

EFT Cr c Cr - fm c :
— 2 ) (5) 6 (6) r (7) 8 (8)
Egla,[—ﬁm-i—ﬁg-l-/:h-i—[,y[Jr KO +A2(9 +A3O +FO +J

L, = Quin*DEQr + qrin*Diiqr + Lyiv* DLy + lgin* Diily
1 v 1 a apv % a (apv

Lo =7 BuB" — JWa W —01G;,G"

Ly = (D;¢)'(D*¢) — V()

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

This does not exclude the possibility of light new physics; just add
Explore heavy BSM phySiCS in this framework those fields in as part of the EFT if desired or discovered.

Non-linear chiral electroweak lagrangian + singlet scalar is a more
general EFT framework (known as HEFT).
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Operators

e Lagrangian dim-6 operator coefficient normalization: cqyerr = Lsu + > = Cio

A2

’L_
X3 HY and H*D? W2 H?
Oc fABearairal Ou (HTH)3 O.n (H'H)(lpe, H)
. _ ABC fvAv Bp ~Cp B t 1 t _
* Warsaw basis | o | Zswbwini | on | aioeny o | o |
Ow el VKW vy Joyy Kn
[1008.4884 Grzadkowski et al] X?2H? V2 XH V2H?D
O HYH G4, GAmv O (lyo"e.)r HW], o (HHB,, H)( ,,lz )
Ope H'H G#,GAw 0., (I,0" e, )HB,, oW (HTLDA H) (L4,
Ouw HYHW[, Wi O, (G0’ T4u, ) H G, Oy (HTzD H)(e, #e,)
Ouw HTHW], Wi Oue | @o™un) HW, || O | (HYL iD, H)(d #qr)
Ous H'H B,,B" O.s (§p0"“u,)H By, o | ( HTIDL) H) (g7 "q )
Ous H'H B, B" O.uc (Gpo"TAd,)H G4, Oy (H LD H) (" uy)
Ouwr HirTHW], B Ouw (Gpod, )T HW], Oa (HPD“ H)(dyy"d,)
Onﬁ'n HTTIH VVI Br OdB (QPU‘Wdr)H Buu OHud i(HTDuH)( p'y#d )
LL)(LL) (RR)(RR) (LL)(RR)
Ou (P'M )( ) O.. (ép"/uer)(éS'T“et) O.. (lp'ht D(esyter)
o) (@pY19r)(@s7" qt) O.. (upyuur) (@sy"ur) O.. (Lpvule) (@sy™uy )
0. (@ ar) (@7 ar) O.a (dpYudy)(dsy*dy) Oui (pYulr) (dsy*dy)
O(l) (p'Y,u ) (@s7"qt) 0.. (Epyuer) (UsyHur) O, (@pVuar)(€sy*er)
O(Z) ( pTuT 1, )(@s yrlq t) O.a (Epyuer)( _SW’Mdt) oy (@pYugr) (s ue)
o' (tpyptir) (dsy*dy) 0% | (T qr) (usy" T4 uy)
Oy (ﬁp%T Uy )(J"“TAdl.) O;;) (@:"/’uf]r‘)(iﬁ”dt)
O,(Ii) ((71)')"/1 TA(I!‘ ) (Jw ¥ TAdl )
(LR)(RL) and (LR)(LR) B-violating
Orus e, )(dsq! O, e*Prep [(d2)TCuf] [(g79)T ClE
o, (q,s;ir)e),(k(gf W | o ey, [[(gz,é’f))TCqu][([%uz))Tc;]] Input scheme:
O | (@ TAu,)ejk(@ETAdy) || O, 6“B”6J:§km [(a57 )T%’qw’? ] [@mrei] azl =127.95, Gy =1.16638 x 1077 GeV 2,
gtm" (i%a(:§2:;zjzggzzz)uut) O e [(d5)TCur] [(3)" Ce] my = 911876 GeV, my = 125.09GeV, m; = 173.2 GeV




K— Dib
( pa i oson
C
HO ﬂ top EW [OG X3
CH j Of; fABCGA,,
5 C . (0w Viscirer GBrGT
C HW B C ff\ O‘ ITK GﬁyGH p“‘] A
HW HD / w wiv LG o and
C C z’;‘IJI{ 2 Wwe e [ H Wd H?
C He C(.; 1 ~4 W P WEn ) D2
He ) C N T ) 40 (HTHY
C kc'(s) (1) C(l) C(l) Ht [OHG X*ne > W‘f(“ Oup (HT(HTH)D(V
" Hf
tH L Hq Cy Q C Ouc HiHGA DHH)” ( H)| O.n W2H?
u C 0(3) tW [ O Ht MVGAH.U H'D O
C Hd HW HGA ] WH) ) uH (HTH)(,
v EW ) C GA 2 )
C PO ‘B OHV: HTH WI»‘I'U pv Oew v XH OaH (HfH _perH)
TH CG Cl«s C-’3.1 [OH"“’ I, WF;VWWV ] 0.5 (l_po'll'lle ) 7 (HTH;E‘{I»UTH)
kC’; H K C o CS.S C? QQJ © HTHB“UW]#V Oua (l_pgu"e ;;W‘{” / 3 —
‘ t HB _ - 1
¢ Cil Qu (@5 [OHW HTH E“”B“" ] Ouw (qPU”VTAu ?l"u Ol 2 HjD
thi‘ O Qd OHWB T L B 0.5 (G0 u r),{{Gﬁy @@= (HTLD” Y
° 2 Higg tq s | H'T'H W/, B O (quu,,r)ﬂff Wi O (H'iD] H) EZW‘ZT)\
O Ope S [ O (LL) WduBuu] o (qpauuTZr)HB# ’ o (H’riDuH)(EPT’wl )
i (I_JL o = d ’ : (HT-H e, M -
. O ) OdB (‘1 otV r)HGA OS') 1D pY" Er
dl rato j OQIQ) (p’yu )( (p_ dT)TIH my o q (HTiHHH)(qp’)’# )
(0N rs rel O | @ (@) ") | Gpot' &) = \H" (H Dy H) @' o
On eva l:,) qP'Y_yT qr)(qs')’ qt) 0.. (RR)(R Bﬂu [ Ti?_# H) fT 7”(]7)
’ a nd nt f o a (l'p’)’ul,‘)(?s’ﬂ‘T @) ou @ R) O (HYiD, H (Y uy)
E EW Or H | el ‘zsvu‘h) (@) (u wer)(@sy” i(HTDﬂ )(dpy*d
WPO: | PO: 18 e 0. Tyl ) 1D, H) " )/
: O ¢ gs qt) Oe“ (Epfyydr)(gsj:#ut) OIQ ( )( = ) 7 dr)
BOSOn- : HWB ’ (I_/R — O(Eld) (?pvﬂer)(ﬂs’yﬂdt) O, (p/}/ﬂ )(7
1C: 0 ? OH 0, )(RL) and _ O;‘;’) (uP'Y“ (d yUt) (o (lp’)’# ) fyy;l.et)
Yuka § H D O (Q(T;iq ! (LR) = wd (@ p'y“ur)(d“"/ dt) O,. Ly (usy u
O Il (3 e ¢ (LR oY TA M P ulr) t)
wa: [ (@) , O ) e ) lsytd oW ( (dsy"
a. ) HG H (1 0(8) ( 7 r)( q U,)(d " t) g TpYuq s7Y dt)
O ) O l>° O ) Oq;‘qd @ Ghur)e 7) APTAd 0 @ 1) (E7"
L 0, O gw . O Hl > O 0{3‘)'“ quAur)sJk(Qsdt) 0,. ) ob (@ I;Y;Iq,)(uwpct)
pH 5 O » VHB e, O © | @ (lfer)gfk(quAd O o G Ag,)(@. )
’ bH ? O H (1 (Lo k(@ t) gz B-vi ad q”’Y,( SHTA
3 O %% O q’ O ) )5 ) o By iolati (G@p, wGr ) (dsy* uy)
tH ’ G H O ]k(qka/tu quq coB Ejk [(da mng “T Q) ltl dy)
. ) q) H s ut) e Eaﬁ e . p)TCuﬂ T ( AV“TA
i, On L 7] @ )
us coBy [ [(qgj)Tgvr ] [(u))T H
[ )Tcuﬂ]qﬁfk] [(va?ﬁt]
i S ol
(u;r)TCet] lt]




Operators

e 20 operators relevant for Higgs,

diboson, and EWPO:

EWPO: | Ogws, Oup, Oy, OSE, OHl , One, O

Bosonic:
Yukawa:

FK—D'bOSOHﬁ

. ttV
(| e |
CHD CHH/B CHD Cll C(l) CHt
o Cu. CR CRH | 0"
CHVV C(B) (1) C C C(S)' Ct.B
o | | |\ GG Core Cna) s
.. > EWPO W,
Cun Co CL Cx C3, Cs,
Crn Co Cn Ci O
(o i =

Higgs

X3 HS and H*D? V2H3
(@ FAPCGGTPGTH) 0, (HTH)? . (H'H)(Ipe, H)
O(;- fAﬁ(J GﬁqupG(;“ [ OHD (HTH)D(HTH) ] uwH (HTH)(QPUTH)
(Cow [ PKwiwowrs) (O | (H D) (HD,H) )| \Quw | (HUH) (@ H)
Ow TTRW vy Jew K
X2[? V2 XH V2H?D
(Oe HHGAG™ ) || 0w | Goe)rlmwl, /0% | (D, H)@nm1)
o _ > _
One HYH G2, GAm 0., (l,o" e, )HB,, oL (HHDA H)(L,m "1,
(0w HtHW, Wi | O.c (@0 T4u,)H G2, Ou. (H'iD, H)(epy"e,)
— s <>
Ouw HIH W, W Ouw | (@o"un )T HWy, || Oy | (H'iD, H)(@n"4r)
— >

(Ous H'H B,,B" ] O.s (qpo™”ur)H By Oina (H”DAH)(W’W“%»)
Ous H'H B, B" O.e (Gpo"TAd,)H G4, Ou. (Hfizg_# H) (" uy)

(Omws | HAHWLBY) || O | (@o™d)r ! HWL, |\Qu. | (H'iD, H)(dn"d,)/

Ouwws | HITTHW] BW Ous (G0 d,)H By, Owua | (HTD,H)(u,"d,)
(LL)(LL) (RR)(RR) (LL)(RR)
[ Oy (p’)’u ) (Ly™le) ] 0.. (Epyuer)(Esyter) O. (p’Yu (et er)
o (@pYu ) (@57 qr) O.. (Upypur) (U uy) O.. Lyl ) (@sy"ur)
O,(:,) (Qp’Y_yT qr)(qs vt qt) Oua (dpypd )( syHdt) Ou (p/ul )( S'YMdt)
Ol(:,) _(l-p'yulr)(‘jsq/”qt) Ocu (CP'YH )(us,yuut) Oqf (qP’Yqu)( S"Yﬂct)
01(3) (lpﬁ’u'rllr)(‘jﬂ’”qut) O.q (epyper)(dsyHdy) Ol(,f.) (@pVuar) (@WsyHur)
o) (uIJ’Y[,Luf‘)((%S yHdy) Ol(,?.) ((YP'WLT QT)(U-S'Y“TAU#)
o) (ap'YuTAur)(d-s’YIlTAdt) O«(qfi) ((71)7/:(11)( s’Y”df)
(9,(1? (@ﬂ’uT qr )( S'VuTAdl)
(ER)(I_ZL) and (ER)(ER) B-violating

Oreaq (lJer)( th) Dpire 50375# [(dg‘)TCUE] [(qzj)Tle]

Ofa (@ur)e;n(qhdy) o e*Presp [(q;").TCCJE’“] [(u3)" Ce]

0% | (@TAu)en(@TAdy) | O, e*Prejnerm [(g57)TCgf*] [(g7™)TC17]

Oliqu (Ler)ejn(asue) Ouue 87 [(d2)TCuf] [(u)TCer]

01(3;1. (l_gauuer)ejk (qgca'uyut)

Ono, Ong, Onw , OuBj Ow , OG]

[ Oru, Oun s Obr s Ori|

Can only be constrained by Higgs physics

J T Triple-gauge field strength operators

OHa, OHm] Can be constrained setting |H|* — v°




Operators

* Top-specific flavour symmetry:

SU(3)% — SU(2)? x SU(3)*
= SU(2)g x SU(2),, x SU(3)q x SU(3); x SU(3).

See 1802.07237

* + 14 Top operators

HQ > HQ > OHtJ[OtG 3 OtW > OtB]
Top 4F: [OQq, OQq, OQq, OQu, Ogd, Ot8Q7 Otsua OtSd]

Top 2F: [ 0¥ ol

e 20 operators relevant for Higgs,
diboson, and EWPO:

X3 HS and H*D? W2 H?
(Os FAPCG GBI GOr) Ou (HTH)? . (HTH)(lye, H)
Os PTG GEP GO || 040 (HH)O(HTH) B (H'H)(Gpu, H)
= eV Kwivwrwke] |L0,, | (H'D*H)" (H'D,H) ] » (H'H)(gyd, H)
Oﬁ'- 6].]1{ ‘,VJU‘/VI;]/)‘VPKH
X2H? VIXH Y2H?D
(Oue HHGLG ) || Ow |  Gore)rtBWL, ||/O% | (=YD, H)Trv1)
— _ . — _
One H'H GA,GAm 0., (I,0""e,)HB,,, )% (HTiDé H) (141,

(0w HtHW, Wi | O.c (G0 TAu, ) H G, Oy (H'iD, H)(e,y"e,)

T O 1 a 5 (e A
Ouw HYH W,{VVVI“ @, 5 (Gpotu, )T H W,f,, o4, (HTE_)D# H)(gpv*qr)

(Ons HUH BB | |\ Ouws | @™ u)HBuw || O | (H'iD; H) (@' a)
Ous H'H B,,B" Ouc (@0 TAd,)H Gy, || Ow. | (H'D, H) (@ u,) |

(Crwn HAHWLB ) || Ow | (@o™d)r ' HWL,  |\O, | (HTiD, H)(dyy"d,)

Ouws Hir'H W;{uBHV O.p (QPUlwdr)H B Otiva i(HTDuH)(ap"/”dr)

(LL)(LL) (RR)(RR) (LL)(RR)

[ Oy (p’)’u r) (L l) ] O.. (epyuer)(esyter) O, (i, pYulr) (s €t)

[ [ (@Y ) (357" at) ] [ 0.. (Upypur ) (Usyuy) 0. (T yulr) (@)
(% (@ yum"ar) (@ " qr) Ol (Ve (A dr) Ou (Lpvulr) (dsy*dy)
o' | (e )(@7" ) O.. (Epyuer) (tsy"ur) O, (@pvuar) (Es7"er)
01(3) (lp'\r’uTIlr)((Is’\/HTIQt) O.q (ép')’;ter')((j_é"\)"“dt) Ol(,f.) (‘71)')/;1‘]7')(7_‘“.5"7"‘7“)

O(l) (Z_t,,’)’“,u,«)((%s.",““dt) [O.(;?.) (qp’YuTA(Ir)(ﬁ_s"/uTAut)]
(09 | (@ T4u,)(dA*TAd) | T (@7,0- )" d7)
[0(8) (qp"VuTAQv')(ds"/“TAdz)]

(LR)(RL) and (LR)(LR)

B-violating

Oledq
Oqilua
O4ua
Oieau
0(3)

lequ

(her)(dsa)
(@ur)eji(qede)
(@ u)esu(@T4dy)
(ljer)ejk(%ut)
(l o uver )€k (@ uy)

Oiug
0‘1‘1"‘
0‘1‘1‘1
Oiue

e*PVe gy, [(dg)TCuf] [(37)7 Clf]
e [(gp7)TCal*] [(u2)" Cer]
e*BVejnerm [(439)TCP*] [(g7™)TCIp]
e [(d5)TCuf] [(u)T Cey

EWPO: | Ouws, Oup, Ou, 0532 : OSI) , OHe

Bosonic:
Yukawa:

Ono, Ong, Onw , OuBj Ow , OG]
[ Oru s Our s Oprr s O |- J

Can only be constrained by Higgs physics

T Triple-gauge field strength operators

Oan Oan Ohad , OHuJ Can be constrained setting |H|* — v




Measurements

* Higgs:

LHC Run 1 Higgs

Nobs

| Ref. |

ATLAS and CMS LHC Run 1 combination of Higgs signal strengths.
Production: ggF, VBF, ZH, WH & ttH
Decay: vy, ZZ, WtW—, 77~ & bb

21

[8]

ATLAS inclusive Z7 signal strength measurement

19]

LHC Run 2 Higgs (new)

Tobs

| Ref. I

ATLAS combination of signal strengths and stage 1.0 STXS in H — 4/
including ratios of branching fractions to vy, WW*, 7¥7~ & bb
Signal strengths|coarse STXS bins| fine STXS bins

16/19]25

[10]

CMS LHC combination of Higgs signal strengths.
Production: ggF, VBF, ZH, WH & ttH
Decay: vy, ZZ, WTW =, 777, bb & ptp~

23

[11]

CMS stage 1.0 STXS measurements for H — .
13 parameter fit | 7 parameter fit

137

[12]

CMS stage 1.0 STXS measurements for H — 7+7~

[13]

CMS stage 1.1 STXS measurements for H — 4/

19

[14]

CMS differential cross section measurements of inclusive Higgs produc-

tion in the WW™* — fuvlv final state.
do | _do_
dnjet, dpl

56

[15]

ATLAS H — Z~ signal strength.

[16]

ATLAS H — ptpu~ signal strength.

ATLAS and CMS

-o- ATLAS+CMS

[17]
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Measurements

* Top:

CMS tt(l+jets), 13 TeV
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| Run 2 top Nobs | Ref.
CMS ¢t differential distributions in the dilepton channel. 6 36,
pr 230]
CMS ¢t differential distributions in the ¢+jets channel. 10 [37]
d'lflnaﬁ _
ATLAS measurement of differential tt charge asymmetry, Ac(myz). 5 [38]
ATLAS ttW & ttZ cross section measurements. oy |0z 2 [39]
CMS ttW & ttZ cross section measurements. oy |04z 1)1 [40]
CMS ttZ differential distributions. 4/4 [41]
i | aeke
dp
CMS measurement of differential cross sections and charge ratios for t- 5|5 [42]
channel single-top quark production.
dﬁif | R (Piee)
CMS measurement of ¢t-channel single-top and anti-top cross sections. 4 [43]
Ot, 0%, 0117 & Ry.
CMS measurement of the t-channel single-top and anti-top cross sections. 111 [44]
ot |og| ovii| Re.
CMS t-channel single-top differential distributions. 4|4 [45]
o | e
ATLAS tW cross section measurement. 1 [46]
CMS tZ cross section measurement. 1 [47]
CMS tW cross section measurement. 1 [48]
ATLAS tZ cross section measurement. 1 [49]
CMS tZ (Z — £1(7) cross section measurement 1 [50]
ATLAS four-top search in the multi-lepton and same-sign dilepton chan- 1 [51]
nels.
ATLAS four-top search in the single-lepton and opposite-sign dilepton 1 [52]
channels.
CMS four-top search in the multi-lepton and same-sign dilepton chan- 1 [53]
nels.
CMS four-top search in the single-lepton and opposite-sign dilepton 1 [54]
channels.
CMS ttbb cross section measurement in the all-jet channel. 1 [55]
CMS ttbb cross section measurement in the dilepton channel. 1 [56]
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Measurements

* EWPO:

| EW precision observables Nobs ‘ Ref. |
Precision electroweak measurements on the Z resonance. 12 1]
Ty, 00, RY, A, Ag(SLD), Ag(Pt), RY, RO by, A%y, Ay & A,
Combination of CDF and DO W-Boson Mass Measurements [6]
LHC run 1 W boson mass measurement by ATLAS [57]
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Effective Field Theory

The SM js an Effective Field Theory - SMEFT is the Fermi theory of the 215t century

SU(3)>: EWPO + Diboson + Higgs 2012.02779 Ellis, Madigan, Mimasu, Sanz, TY
0.05 - n -
I 2018 data W 2020 data o i 1.~ (1TeV)?
0.04{ mm No STXS = No Zjj 95%CL individual; C,T ‘
0.03
0.02
0.01 ‘ ‘
0.00{ I} ’H m - H m m i} ’H f ! H H
-0.01 ! ' | See also other recent global fits, e.g.
—-0.02 ‘ 2311.00020 Allwicher, Cornella, Isidori,
-0.03 Stefanek
—0.04 2311.04963 Bartocci, Biekotter, Hurth
"~ ewpo Bosonic (ukawa 2404.12809 SMEFiT collaboration
-0.05
Q Q = &= o= ¥ /o ST k) s X Q > Q > [C) z T T T
073 T VI T ¢6¢6 §36 50 Y J oo oy
— — — | | r\I‘
s g 2 1 S 2 S
Ll
102 - Lol I el
= 10 | L
<[< 100
WU T e TS ar ax foerar 2 o2 3 2 8 S S Fa S C
E 3 [SEERCE AR CRRCIS R B S § v Vv ¢ ¢ ¢ o

[ Indirect evidence preceded direct discovery for nearly all SM particles. May be true of BSM! J




Effective Field Theory
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2311.00020 Allwicher, Cornella, Isidori, Stefanek
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Powerful indirect exploration of the multi-TeV scale @ FCC-ee
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Naturalness
Take aesthetic problems seriously.
Example 1
419>
F =mipertiaa F 2

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




Tevong You

Naturalness
. . . e.g. 2205.05708 N. Craig - Snowmass review,
Ta ke fme_tunmg problems SerIOUSly' 1307.7879 G. Giudice - Naturalness after LHC
Example 2
2
2 2 1 (S
(mec )obs — (mec )bare + A-ECoulomb' AFEcoulomb = —

471'80 Te |

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 — 3_01777'662 lOg

4 MeCTe
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Naturalness
. . . e.g. 2205.05708 N. Craig - Snowmass review,
Take fme_tumng problems SerIOUSly' 1307.7879 G. Giudice - Naturalness after LHC
Example 3
: N 9 9 3o,
Divergence in pion mass: mii —mi, = —A
] T A7

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!
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Naturalness

. . . e.g. 2205.05708 N. Craig - Snowmass review,
Take fme_tumng problems SerIOUSly' 1307.7879 G. Giudice - Naturalness after LHC

Example 4

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

1
1672

M0 — Mo = my f5Gesin® O cos® O x A%,

Avoiding fine-tuned cancellation requires A < 3 GeV.

Gaillard & Lee in 1974 predicted the charm quark mass!
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Naturalness

. . . e.g. 2205.05708 N. Craig - Snowmass review,
Take fme_tunmg problems SerIOUSly' 1307.7879 G. Giudice - Naturalness after LHC

Higgs?

Higgs also has a quadratically divergent contribution to its mass

A2
1672

2 __
Amy =

9 3
624 2?4 g %
( 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: 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.
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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
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Naturalness is still a fundamental problem

 Why is unnatural fine-tuning such a big deal?

Planetary dynamics,
thermodynamics,
fluid dynamics, ...

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

In all theories so far, no
contributions from smaller
scales compete with similar
magnitude to effects on
larger scales

Strong / weak
interactions, ...

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

Tevong You

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

Tevong You

Unnatural Higgs means the next
layer is no longer predictive
without including contributions
from much smaller scales

* Are we missing a new “post-naturalness” principle?  c.f null results in search for aether
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Naturalness aside, many more open questions

* What is the origin of the Higgs? Homs
Dark '
* What is the origin of matter? g

* What is the origin of flavour?

 What is the origin of dark matter and dark energy”?

\ // 7\
* What is the origin of neutrino mass? 2 %Lw"
. . . o H ‘.
* What is the origin of the Standard Model? D fo \ T/
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“BSM discovery prospects” - “Exploring origins”

 What is the purpose of a next-generation particle observatory?

[ To explore the fundamental origins of our universe and its laws}

e Exploring, not searching

* “Exploring the origins of our universe” is a more accurate mission statement, unlike
e.g. “searching for supersymmetry and dark matter”

* “Exploring the origin of the Higgs” simpler to convey than naturalness

* “Discovery stories” risks putting the focus on promising to find new physics

* “Exploring origins” puts the focus on open BSM questions to be answered

 Emphasises colliders as a general-purpose particle observatory with a wide-ranging
physics programme

(Rename FCC to the International Particle Observatory?) sece cern courier article: https://cerncourier.com/a/future-colliders-are-particle-observatories/



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

Origin of the Higgs

FCCCDR Vol. 1
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Note: naturalness aside, still motivation in
exploring origin of Higgs in models from
which it emerges, where its mass is calculable

* Supersymmetry
* Massless spins 0, ¥, 1, 3/2, 2 only
* Spin 3/2 must be supersymmetric
* (Ir)relevant for solving naturalness?

* Composite Higgs / extra dimensions

* Is the Higgs elementary or composite?

 Are there accessible extra dimensions?
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Origin of matter

* Nature of the electroweak phase transition: first or second order?

Real Scalar Singlet Model

s y ] B FCC CDR Vol. 1
EIN current
Q< 0.100
S HL-LHC
N
N
5
— 0.010
(@)
£
a FCC-
8 0.001 »
M M
O 5 S
N L 7Y
< 04, T 5
0.5 1.0 1.5 2.0 2.5

hhh coupling: A3/As sm

* Potential corroboration with gravitational wave signal at LISA



Discovery significance

Origin of dark matter

Tevong You

* FCC-hh coverage of entire doublet and triplet thermal WIMP mass range
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Why high energy after high precision?

* Follow up indirect observations with direct exploration

Hanford, Washington (H1) Livingston, Louisiana (L1)

LIGO+VIRGO
Hulse-Taylor binary

neutron+pulsar system

Cumulative period shift (s)

L
1975 1980 1985 1990 1995 2000 2005
Year

Normalized amplitude

o N b~ O

0.30 0.35 0.40 0.45 0.30 0.35 0.40 0,45
Time (s) Time (s)

* Note: in astro/cosmo, observing known objects and processes in new
regimes or to better accuracy is reason enough to keep making progress!



No BSM or new discoveries at LEP

e 1980-1990s: LEP physics programme a resounding success
* Improved our fundamental picture of nature by orders of magnitude

-0.032 —1——————

m,= 114...1000 GeV - afactor 65 / 1987
0035 -
>
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g A0
—1Il i
----- ee
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* Indirect precision probe of physics at higher energies

Guy Wilkinson slide



No BSM or new discoveries at FCC-ee?

* Further zooming in on our fundamental picture of nature

S
m . .
ok ; :
}80.38 — H 0 .
80.37+—
80.36/—
80.35 - — FCC-ee (Z pole)
B — FCC-ee (Direct)
il o 00000 apageeatc T aifNe 000 IERRRS LHC (Future )
8034}~ LHC (Now)
: Z pole (now)EPS + m,
B ——— Standard Model
30‘33 i 1 1 l ' il ' l L L L l 1 L 1 l 1 1 1 1 1 1 '
170 172 174 176 178
Mo (GeV)

* Rich physics programme covering Higgs, top, electroweak, multi-
bosons, flavour, rare decays, neutrinos, QCD, heavy ions and more.



No guarantee of new discoveries at FCC-hh?

* Note: GAIA, JWST or LIGO did not promise to discover exotic new physics or break GR

* No guarantee of discovery at Tevatron either. Hadron collisions thought by some to be
too messy to do physics.

e Value in pushing frontiers: we learn something regardless of outcome
* Definite questions are answered, even if in the negative
 Science is about continually refining existing knowledge and exploring the unknown

* A new generation of data management, analysis techniques, improved measurements,
theoretical calculational tools, 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.
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Potential BSM outcomes for naturalness

Radically conservative: naturalness restored just around the corner
e Natural supersymmetry
* Composite Higgs/extra dimensions

Creatively conservative
* Twin Higgs
e Stealth supersymmetry

Post-naturalness BSM
* Split supersymmetry
e Vector-like fermions only
* Higgs criticality
e Cosmological dynamics

Radically new?
* Hard to imagine what form this might take, by definition
* How might this show up?
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Potential BSM outcomes for naturalness

o Radically conservative: naturalness restored just around the corner
e Natural supersymmetry
* Composite Higgs/extra dimensions

* Creatively conservative
* Twin Higgs
e Stealth supersymmetry

* Post-naturalness BSM
* Split supersymmetry
e Vector-like fermions only
* Higgs criticality
e Cosmological dynamics

* Radically new?

* Hard to imagine what form this might take, by definition
* How might this show up?
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“Radically conservative” historical precedent

* 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.qg. to understand the strong force.

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 EFT consistent with
symmetry. Higgs and cosmological constant violate this symmetry principle.
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“Radically conservative” naturalness solution

e 1980-2020s: Success of SM, established as the fundamental description of
Nature up to TeV scale.

e 2040s: QFT is unfashionable, supersymmetry theory dismissed as an
unrealistic generalisation of symmetry principles. Widely believed a
radically new framework will be required e.g. to understand naturalness.

e 2060s: QFT triumphs following Yang-Mills+Higgs+asymptotic
freedom+renormalisation+supersymmetry. Nature is radically
conservative, but more unified than ever.

e 2080s: Success of MSSM?



Tevong You

Potential BSM outcomes for naturalness

* Radically conservative: naturalness restored just around the corner
e Natural supersymmetry
* Composite Higgs/extra dimensions

* Creatively conservative
* Twin Higgs
e Stealth supersymmetry

. [Post-naturalness BSM J
* Split supersymmetry
e Vector-like fermions only
* Higgs criticality
e Cosmological dynamics

* Radically new?

* Hard to imagine what form this might take, by definition
* How might this show up?



Cosmological solutions to naturalness problems

* Cosmological evolution during inflation could play a role

Dark Energy
Accelerated Expansion
\/((p) Afterglow Light
Pattern Dark Ages Development of
\ 375,000 yrs. Galaxies, Planets, etc.
Inflation &% E >

bc = —M/e

Fiactuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years




Cosmological solutions to naturalness problems

SERGI0 LEONE'S
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* The good: QCD axion solution of strong CP problem

LEE VAN CLEEF
ELl WALLACH

* The bad: Abbott relaxation of cosmological constant — Falf % deay & n
* The ugly: Cosmological relaxation of weak scale

* The exotic: Self-Organised Localisation



Cosmological solutions to naturalness problems

* The good: QCD axion solution of strong CP problem
* Most likely candidate for existing in nature

LEE VAN CLEEF
ELl WALLACH

* The bad: Abbott relaxation of cosmological constant ¥ ®E ey “n

e Doesn’t work

* The ugly: Cosmological relaxation of weak scale
* Works, but wouldn’t bet on it yet

* The exotic: Self-Organised Localisation
* Requires eternal inflation



QCD axion

L D Aé‘cos (%)

* Needs no introduction — widely accepted cosmological solution

* First incarnation (Weinberg-Wilczek axion) ruled out = DFSZ / KSVZ
invisible axion

* Has a ‘halo of truth’ to it, but also lack of attractive alternatives

e Still a PQ quality problem: requires additional UV model-building



Abbott model V(D)

L. F. Abbott, Phys. Lett. B 150
\ (1985) 427

Pe

LD eM’¢+...4+A,cos (%)

Vacuum energy relaxed by ¢

Periodic potential barriers suppressed by Hawking temperature

Unsuppressed for small enough vacuum energy density = trapped at small CC

However, ends in cold empty universe

Reheating requires e.g. null energy condition violation  aberte etai1608.05715
Graham, Kaplan, Rajendran 1902.06793



P. W. Graham, D. E. Kaplan and S. Rajendran,

CosmO‘Oglca ‘ rE‘aXatlon [arXiv:1504.07551]

e Assume Higgs mass is naturally large at cut-off M

LD (M?+eM@)|h|* + eM>p+ ... + AS7"0" cos (%)
p

* Higgs quadratic term scanned by axion-like field
¢ during inflation

* ¢ protected by shift symmetry, explicitly broken
by small parameter €

A;—nvn

* Backreaction when < h > ~v stops ¢ evolution e M3
at small electroweak scale v s
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CosmO‘Oglca ‘ rE‘aXatlon [arXiv:1504.07551]

* Assume Higgs mass is naturally large at cut-off

LD + eM@)|h|* +eM>¢+ ... + A;‘;_"vn COS (%)
p

* Higgs quadratic term scanned by axion-like field
¢ during inflation

* ¢ protected by shift symmetry, explicitly broken
by small parameter €
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* Backreaction when < h > ~v stops ¢ evolution M3 ~ Ap "
at small electroweak scale v fp
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e Assume Higgs mass is naturally large at cut-off M

LD ([MQ + 6M¢j|h12 +eM3¢+ ...+ Ay7"0" cos (%)
p

. [Higgs quadratic term]scanned by axion-like field
¢ during inflation

* ¢ protected by shift symmetry, explicitly broken
by small parameter €

Aé—nvn

* Backreaction when < h > ~v stops ¢ evolution e M3
at small electroweak scale v s




P. W. Graham, D. E. Kaplan and S. Rajendran,

CosmO‘Oglca ‘ re‘axatlon [arXiv:1504.07551]

e Assume Higgs mass is naturally large at cut-off M

<hS=0

LD ([MQ j|hl2 +-+ +A4 "™ cos (Z)

. [Higgs quadratic term}scanned by axion-like field
¢ during inflation

* ¢ protected by shift symmetry, explicitly broken
by small parameter €]

4—n..n
* Backreaction when < h > ~v stops ¢ evolution M3 ~ Ap ¢
at small electroweak scale v — fp




Cosmological relaxation

e Assume Higgs mass is naturally large at cut-off M

LD (M?+eM@)|h|* + eM>p+ ... + AS7"0" cos ( e

* Higgs quadratic term scanned by axion-like field

¢ during inflation

* ¢ protected by shift symmetry, explicitly broken

by small parameter €

e Backreaction when(< h > ~vJstops ¢ evolution

at small electroweak scale v

P. W. Graham, D. E. Kaplan and S. Rajendran,
[arXiv:1504.07551]

b

A4—nvn
eM3 ~ P
Jp




Constraints: H <, classical rolling vs quantum, inflaton energy density

COSmO ‘ Oglcal re | axath dominates relaxion, etc.

. . Very small € and natural scanning range lead to super-planckian field
e Assume Higgs mass is naturally | RS EE RS e e I e le[[ /-0

LD (M?+eM@)|h]> + eM?¢p + ... + Ay ™" cos (%) V(@)
p

* Higgs quadratic term scanned by axion-like field
¢ during inflation

* ¢ protected by shift symmetry, explicitly broken
by small parameter €

* Backreaction when < h > ~v stops ¢ evolution e M3 p
at small electroweak scale v f

2




Cosmological relaxation

LD (M?+eM@)|h|? + eM>p+ ... + AS7"0" cos (}i)
p
° n=1 models Graham et al [1504.07551]
* Confining gauge group G=QCD: Need additional ingredients to overcome strong-CP

prObIem See e.g. most recently: Chatrchyan, Servant [2210.01148]

* New gauge group G: coincidence problem

* Nn=2 models Espinosa et al [1506.09217]
e G can be at higher scales, raises M cut-off too
* Requires second scalar to relax relaxion barriers: double-scanning mechanism

* n=0 mOdeIS Hook and Marques-Tavares [1607.01786], TY [1701.09167] 1 a
* More promising, make use of axial gauge coupling £=g3527" TGuwGpo




Self-Organised Criticality

* Many systems in nature self-tuned to live near criticality

Prisoner's dilemma (PD)

Rational c_iecision lterative PD
making

n-person PD
Bounded Game
rationality Irrational

Theory behavior

C ionversus pati
game theory

competition

Evolutionary
game theory

Time series analysis

ng and Weisenfeld
(1989)

Ordinary differential equations

Iterative maps Phase space

Nonlinear stiiy
Dynamics """

Population dynamics Chaos

Attractors

Multistability Bifurcation

Coupled map
lattices

Homeostasis

Feedbacks  Self-reference

Goal-oriented/
guided behavior

Sense Systems Entropy
making
Theory Autopoiesis

Systemdynamics

Spatial fractals

Cybernetics Reaction-diffusion systems

Information theory Computation

Partial differential equations
theory

Complexity
measurement

Dissipative

sctures  PAttern

order parameter

https://www.quantamagazine.org/to
ward-a-theory-of-self-organized-
criticality-in-the-brain-20140403/

Spatial ecology

Self-replication

Spatial evolutionary biology

a1 . Geomorphology
control parameter Wikipedia

Percolation

Cellular

Formation automata

Social dynamics

Collective intelligence

Self-organized criticality
mace COllective  agent
% = based
rensten - Behavior  modeling
Synchronization  an¢ colony optimization

Particle swarm optimization

life

Evo-Devo

Swarm behavior

Artificial neural networks
Evolutionary computation

Genetic algorithms/programming

ane EVOlUtion &

Evolutionary robotics

Herd
mentality

Scale-free networks

Social network analysis Small-world

netwol

Community identification ~ Cen

vetts  Networks

Scaling

rks

trality

Graph
theory

Robustness/vulnerability

Systems

biology  Dynamical networks

Adaptive networks

Machine

Adaptation " |

Artificial intelligence

Evolvability




Critical points

* To be at the critical point of a classical phase transition requires tuning

* Living near criticality is highly non-generic!



3 hints for near-criticality of our Universe

* 1) Higgs potential metastability in SM

1205.6497 Degrassi et al
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* Living on critical boundary of two phases coexisting



3 hints for near-criticality of our Universe

* 1) Higgs potential metastability in SM

Higgs
potential

Top mass M, in GeV

Higgs field

* Living on critical boundary of two phases coexisting
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3 hints for near-criticality of our Universe

* 2) Higgs mass

* Tuned close to boundary between ordered and disordered phase
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3 hints for near-criticality of our Universe

 3) Cosmological constant

* Tuned close to boundary between implosion and explosion



3 hints for near-criticality of our Universe

 3) Cosmological constant

* Tuned close to boundary between implosion and explosion




3 hints for near-criticality of our Universe

* Why do we appear to live at a special point close to criticality?

* Conventional explanations:

* 1) Metastability: heavy new physics restores stability?
 2) Higgs mass: new symmetries?
* 3) Cosmological constant: anthropics?

 Alternatively, hints for a new principle beyond EFT expectations at play?



Self-Organised Criticality

* Fundamental self-organised criticality in our universe?

* Need a mechanism for self-organisation of fundamental parameters

e.g. Self-Organized Criticality in eternal inflation landscape: J. Khoury et al 1907.07693,
1912.06706, 2003.12594

* Self-Organised Localisation (SOL):

e cosmological quantum phase transitions localise fluctuating scalar fields during

inflation at critical points
Giudice, McCullough, TY 2105.08617
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Potential BSM outcomes for naturalness at TeV scale

* Radically conservative: naturalness restored just around the corner
e Natural supersymmetry
* Composite Higgs/extra dimensions

* Creatively conservative
* Twin Higgs
e Stealth supersymmetry

* Post-naturalness BSM
* Split supersymmetry
e Vector-like fermions only
* Lowered vacuum instability scale
* Weak-scale new physics for cosmological dynamics

o Radically new?|
* Hard to imagine what form this might take, by definition
* How might this show up?
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Radically new BSM?

Energy Direct exploration by FCC-hh

_ AL A2(2) (3) @ 1 806 4 B 0n0e) L Tom L 8o
Lir = A+ 220P +mO® + 00 4 200 + L0O + O + ZO® 4.

E<A

Indirect exploration by FCC-ee

100



Radically new BSM?

Energy Direct exploration by FCC-hh

E<A

A4 A2M(2) (3) ) o 5 n6) L 5 o) L T ) L B HB)
Lir = A"+ A20® +mOW + 0W + 200 + 500 + 20 ﬂ

Indirect exploration by FCC-ee

Tevong You

e.g. Consider
indirect sensitivity to
UV theory

101
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Radically new BSM?

b—>———pt b w~  Direct exploration by FCC-hh
10 >ZM<
Lov =" .+

Energy

Matching explicit UV
models populates a
subspace of SMEFT

coefficient space

E<A

A4 A2M(2) (3) ) o 5 n6) L 5 o) L T ) L B HB)
Lir = A"+ A20® +mOW + 0W + 200 + 500 + 20 ﬂ

Indirect exploration by FCC-ee
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Radically new BSM?

Energy Direct exploration by FCC-hh
A Lyv =7 | Unitarity | | Locality Causality
Positivity bounds forbid
negative signs of
SMEFT coefficients
assuming only general
fundamental principles
in the UV
/ . /“” ” \
Lin = A+ A20® 4 mO® 4+ oW 4 @0(5) n &0(6) n 20(7) 0_80(8) Measuring the wrong
E<A " A Az A? b sign experimentally would

have truly revolutionary

Kunderlying theory! )
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Radically new BSM?

Energy May not even have a

Lagrangian/QFT description Direct exploration by FCC-hh

Liv :?J Unitarity | | Locality Causality

Positivity bounds forbid
negative signs of
SMEFT coefficients
assuming only general
fundamental principles
in the UV

Lip = A+ A20® £ mo® + oW 4 506 L 606 4 Tom | Bo) | /I\/Ieasuring the “wrong” A
. 2 3 4 . .
A A A 4 sign experimentally would

have truly revolutionary

Kunderlying theory! )

E<A
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Positivity may correlate EFT with the electroweak hierarchy problem

Ra d ica | |y n eW BS I\/l ? 2308.06226 Davighi, Melville, Mimasu, TY

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
SMEFT coefficients
assuming only general
fundamental principles
in the UV

- - - . - / 0 /" ” \
E<A Lip =AM+ A0® + mO® + 0W 4 %@m + %@m) n %@m ,@, o Measuring the “wrong

sign experimentally would
have truly revolutionary

Kunderlying theory! )
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Radically new BSM?

* Sometimes an anomaly in indirect precision measurement = something missing

Discovery of Neptune

Explained by General Relativity

111
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Conclusion

* TeV scale is the new frontier we should be excited to explore
* New phenomena every time we reach a new energy scale

* Doing good science is the main motivation
* Colliders are general-purpose tools for a wide-ranging physics programme

* BSM is just one potential outcome
* Not the be all and end all --- see every other field of science

* Keep an open mind
* Spirit of pushing fundamental knowledge and exploration as far as possible

See CERN Courier article: https://cerncourier.com/a/future-colliders-are-particle-observatories/



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

* “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
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Conclusion

* “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
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Conclusion

* 1900: Almost all data agree spectacularly with the fundamental
framework of the time, no reason to doubt its universal applicability
or completeness.

e 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.
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Conclusion

e 2020: Almost all data agree spectacularly with the fundamental
framework of the time, no reason to doubt its universal applicability
or completeness.

e 2050s: A combination of precision measurements (MW, 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.



