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whole-field planning in particle

when physics

’m the untenable nature of the
“Standard Model”

done;:

how the Higgs Boson informs
the next steps in collider physics



i ﬁ«.‘ﬂﬂ . =y
i

f

4/ o) 4“4.\\“ .




B “Snowmass”
organized by DPF

. two comprehensive studies in
Two vehicles: 2001 and 2013 and...now, two

more. different.



Two vehicles:

. IIP5"

Particle Physics Project
Prioritization Panel

sub-panel of HEPAP




not a great history

OH, GREAT WISE ¢

ASS, IN 2008 WHAT 120
SHOULD THE FUTURE O
PARTICLE PHYSICS BE

H 469

% %

d 62

: f

: v

W The 2008 P5 recommendations -
Three Frontiers..."the circles”

W In the US we bickered and didn't
own the process and hence, the
results




By 2011 it was time for another P5.
It had to be different.

...more like Nuclear Physics.



Snowmass — P5 after LHC's first run

our primary theme. ! DPF started organizing
iIn 2011




Our primary themes.

This was the Snowmass organizational reality:

Fvov\hev

Fvov\*-lev

Frontier
r—_*

Froutier
——

“capabilities”

Frontiev

Frowkiev Frontiev







We worked together & apart:

“Snowmass”*: 2013
P5: October 2014

2013 Community
Summer Study

on the Future of
U.S. Particle Physics

Organized by
the Division of Particle and Fields
of the American Physical Society

Conveners' Reports

r‘! ""Jﬁ\l
e

Building for Discovery

Strategic Plan for U.S. Particle Physics in the Global Context

* There's a story there.







SM21 scheduled start SM21 actual start P5 start

MAY ' ' IIWO R Kl'

-+ttt 1
+ 2021 + 2022 + 2023 +2024
European Strategy for sm21 scheduled end SM21 actual end P5 end ESG call
Particle Physics end 7/17-7/26 just came
6/2020 out
' @ ®
let’s do it again, Bl First, European Strategy for
i n : I
updates Particle Physics

B Then, US Snowmass Study
B Then, US Snowmass Study;
B Finally, HEPAP P5 Study

B Next European Strategy:
spring 2025-spring 2026



The LHC running is just

beglnnlng we are here
Higgs discovery
l “phase 0 upgrades” “vhase 1 upgrades” l
Snowmassi13 & P5 Snowmass21 & P5
20 fb- ~190 fb- goal: 450 fb-T

currently peak luminosity >2 x design



We worked together & apart...and again:

“Snowmass” 2021
P5: December 1, 2023

Summaries and
Conveners’ Reports
Snowmass 2021

Report of the

2021 U.S. Community Study

on the

Future of Particle Physics

ums the
Sno ass DPF Community
Planning Exercise
2020-2022

and the

Snowmass Community
Summer Study Workshop
University of Washington
Seattle, Washington

July 17—26, 2022

Edited by
Organized by Joel N. Butler
the Division of Particles and Fields R. Sekhar Chivukula

of the American Physical Society Michael E. Peskin

Exploring Pathways to Innovation
the and Discovery
Quantum in Particle Physics
Universe Reprtt o 252 ot Py Pt rittn P

Astrategic plan for the High Energy Physics Advisory Panel




2013 primary themes.

2021 Snowmass organizational reality:

Fronwtiev Fvov\{-lev Fvo\'\ﬁev

PI——

Fvowl'lev

Frontier Fvoutier

PI———

PR———

underground
facilities

Fvowhev Fvowhev Fvowhev Froutiev

PI——




Exploring Pathways to Innovation . 2023 “Science Drivers"™

Goant i Paricis Py
uantum In Farucie SICS . . .
Universe e * Elucidate the Mysteries of Neutrinos

* Reveal the Secrets of the Higgs Boson
* Determine the Nature of Dark Matter

 Understand What Drives Cosmic Evolution

* Search for Direct Evidence of New Particles

* Pursue Quantum Imprints of New
Phenomena




Frontiers

Frontier

. . Rare
. . ) Energy Neutrino |[Cosmic Processes
its own driver! Frontier |Frontier |Frontier

Neutrinos / V

Higgs Boson V V

AN

AN

Vg
| -
Q
Z Dark Matter
| -
A
QD |cCosmic
O Evolution V V
-
D
O
W

New Particles

New
Phenomena

N X X XIS

S X 1 KX
AN




pavticle plhysics






Why the Standard Model victory laps?



between 1967 - 2012

! history was made

CARL YASTH ‘EMSKI « OF |




between 1967 - 2012

Veawur 19 Nusses 21 PHYSICAT BEVIEW LETTERS

act aymmetries of the Lagrangian bul are bros

ken by the vacuum. However, this raises the

specter of unwanted massless Goldstone bosons." metry will have zers mass." and there 1 o

This note will describe a model in which the ‘massless particle coupled ta N.* s0 we must
and form our gauge group out of the electroaic iso.

mﬁfmmmmr-ﬁ
+ing.
by Therefore, we shall construct our Lagrang-
lmnnu.au-umneu-' The model may dan out of L and R, plus gavge fields Ay, and
be renormalizable.
a,‘m-nuum'rnlr plus 2 spin-zero dou-

We will restrict our atteation to symmetry

muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-
handed doublet

.
Lalin —v.l( :) @) Iy remrmalizable Lagrangian which i lavar-
is

= - R - . - - B ri-
sedo K -0 R sk, xR, -bs 1 58 PR e 8 -1 e ieT-K B 0L

-l o~ieR, o +ideB oG, Lor-Re' Liost 2'onie'ell.

‘We have chosen the phase of the R field to make G, real, and eas alss adjust the phase of the L and
© Iields to make the vacuum expectation value A s {s%) real. The “physical® ¢ fields are then o

1264

20 Novrsmen 1967

PHYSICAL REVIEW LETTERS

‘We see immediately thal the electron mass
18 AG,. The charged spin-1 field is

2 i,
W, m2TA LA )

and has mass.

n'-b.-,

®

The neutral spin-1 fields of definite mass are

= (g g h
z . ¥ o) "‘,"l",]» a0

=(g* 4 g1, .,
AL (& +5) l—f"“ l’,l an

Their masses are
My = R g,

M, =0,

50 4,, is to be identified 35 the photoa field.
The interaction between leptons and spin-1
mesons is

A,
‘ﬂl'—"ﬂﬂ [{ﬁ)bne-q"r!eo#lu 17;)9]2'.

by this model have to do with the
intermediate

1o the W-exchange terms, the total effective
«e-v interaction is

G,

e

u'bewlwr.uuumm_ﬂ 8" "0 w
€-v scattering matrix element times an extra

factor §. H g=~¢ then g=g’, and the vector

interaction is

S/(S+B) Weighted Events / 1.5 G

130

140 150
m,, (GeV)

ATLAS

T

2011-12

Vs=7-8 TeV

e a5 e







Fermilab CERN

Tevatron, 1983-2011 LHC, 2010-present

CDF & DO ATLAS, CMS, LHCb

P-p P-p CERN
SPS, 1981-1990
UA1 & UA2

P-p

Key: modern colliders

SLAC DESY

SLC, 1989-1998 HERA, 1992
ZEUS & H1

e-p

CERN
LEP, 1989-2000
ALEPH, DELPHI, L3,
e-e

A themd euzah‘g;gron:ﬁg’cﬁgl I ide[.._,;l:’«el«lewed‘wbjfbr—ieci‘s/i_d“ﬁTéﬁ’fﬁﬁjgol lide ?

= . e




Standard
Model




guided research




Because: 3 SM predictions

originate in the same the
. 3spin 1 vector bosons s

. A spin-0 field and particl

ld exist: y, W=, Z0

thould exist






1/3 SM predictions

B The weak and electromagnetic interactions
originate in the same theory

HERA I &I
P 1 1 3§ ll | 1 Dy 5p O | l'
% g y EXChange ¥ H1e'p NC 94-07 (prel.)
g 10& %_e+p—e+ X 4 HiepNC94-07 (prel)
ol B 0 ZEUS e'p NC 06-07 (prel.)
= o ZEUS e'p NC 05-06 E
g —— SM e’p NC (HERAPDF 0.1)
g 10" Wexchange Ny, = SM e'p NC (HERAPDF 0.1) 4
— ‘;’—1;:'\“~____ : e E
*a— N
g, -
€‘|‘p_> Ve ‘|‘X
103 * H1e'pCC03-04 (prel.)
4o H1ep CC 2005 (prel.)
= ZEUS e'p CC 2004
e ZEUS ep CC 04-06
10°k SM e’p CC (HERAPDF 0.1)
v SM e’p CC (HERAPDF 0.1)
y<0.9
P.=0
- 1 el & 1 1 11 lJl A 1 1 L1 1 Ijl
107
10° 10*




Entries

Data/Exp.

Z mass =91.1876 + 0.0021 GeV/c2 1/2 W mass of 80.385 + 0.015 GeV/c2

B 3/spin 1 vector bosons should exist/y, W=, Z0

x10°
> : T | L | T T 11 | T 171 | T 171 :
7 8 800 ATLAS —4— Data ]
10 e T T T T T T T ] ? C y W total (stat) 7
(ol ATLAS e Data ] N sppnVs=7TeV,461b ] Woey -
0 \s=8TeV,20.3fb" Iz E - C W o } .
5 - - 2] W —>evV L [ ] Multijet ]
10°E - tt & Wt = c 600__ [ ] Wy —
4 - [ Multijet & W+Jets 3 g) - Bl 2y ee 5
10 [ Diboson LL C Y ]
103 [ Photon induced 3 5002_ B
e ] 400+ E
10 E 300 -
1 N ’
1.5 1 ' ' T T q | 200? E
0.5 . T . - :
100 200 300 1000 2000 30 40 50 60 70 80
Mee [GEV] Electron p_[GeV]

70 s et 4L e WE — et + 0,



3/3 SM predictions

. A spin-0 field and particle should exist

and so began a story



1929-2024




the 2012

Standard

discovery NEICTNPS

| completed the story

unrelenting 40 year effort.



$°“ELHAS BEEN pp» =
o

NATIONAL
REGISTER:
OF HISTORIC

THEORIES .




We're schizophrenic about the Standard Model



Like the
nursery rhyme

THERE was a little girl who had a little curl

Right in the middle of her forehead;
When she was good, she was very, very good,
And when she was bad she was horrid.

. when the SM is good,

it's very good

" when it's bad

it's very...confusing






2 2 more yet 2 more

decades decades decades
pass pass pass
1860 1880 1900 1920 1940
| | | | |

power, motors,

electron telegraph, radio,

discovered Planck, Einstein

Hertzian
waves
Maxwell’s Zeeman &

Theory Lorentz



2 2 more yet 2 more

decades decades decades
pass pass pass
1860 1880 1900 1920 1940
| | | | |

power, motors,

electron telegraph, radio,

discovered Planck, Einstein

Hertzian
waves
Maxwell’'s Zeeman & Abraham-Lorentz

Theory Lorentz self-energy crisis



2 2 more yet 2 more

decades decades decades
pass pass pass
1860 1880 1900 1920 1940
| | | | |
power, motors,
electron telegraph, radio,
discovered Planck, Einstein
Hertzian
waves weird state
i of affairs
success
&
catastrophe
Maxwell’'s Zeeman & Abraham-Lorentz

Theory Lorentz self-energy crisis



2 2 more yet 2 more

decades decades decades
pass pass pass
1860 1880 1900 1920
| | | |
power, motors, —
electron telegraph, radio, = /=
discovered Planck, Einstein o
_ Anderson
Hertzian discovery
waves I
Maxwell’s Zeeman & Abraham-Lorentz
Theory Lorentz self-energy crisis

Dirac Equation



2 2 more yet 2 more

decades decades decades
pass pass pass
1860 1880 1900 1920 1940
| | | | |
power, motors,
electron telegraph, radio,
discovered Planck, Einstein
_ Anderson
Hertzian discovery
waves I
Shelter
Island
Lamb Shift
Maxwell’s Zeeman & Abraham-Lorentz
Theory Lorentz self-energy crisis

Dirac Equation



Standard
Model




1.5 decades 2.5 more
pass decades pass

S ——ee— L

1960 1980 2000 2020

2040

SM amazing

Anderson
|

Brout, Englert, Guralnik,

Hagen, Higgs, Kibble _
I Higgs Boson

Weinberg/ phenomenology
Salam



1.5 decades 2.5 more

pass decades pass
1960 1980 2000 2020 2040
| | | | |
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Higgs Boson
SM amazing Discovery

Anderson
|

Brout, Englert, Guralnik,
Hagen, Higgs, Kibble
I

Higgs Boson
Weinberg/ phenomenology
Salam



1.5 decades 2.5 more

pass decades pass
1960 1980 2000 2020 2040
| | | | |
| | | | |
Higgs Boson
SM amazing Discovery

weird state of
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success
&
catastrophe

Anderson

I
Brout, Englert, Guralnik,
Hagen, Higgs, Kibble . .
I Higgs Boson Higgs Boson self

Weinberg/ phenomenology energy crisis
Salam



1.5 decades 2.5 more

pass decades pass
1960 1980 2000 2020 2040
| | | | |
| | | | |
Higgs Boson
SM amazing Discovery

weird state of
dffairs

success
&
catastrophe

Anderson
|

Brout, Englert, Guralnik, oW C\NEY

Hagen, Higgs, Kibble A\
s 58 I Higgs Boson Higgs Boson se -7
Weinberg/ phenomenology energy crisis

Salam



http://en.wikipedia.org/wiki/Robert_Brout
http://en.wikipedia.org/wiki/Fran%C3%A7ois_Englert
http://en.wikipedia.org/wiki/Gerald_Guralnik
http://en.wikipedia.org/wiki/C._R._Hagen
http://en.wikipedia.org/wiki/Peter_Higgs
http://en.wikipedia.org/wiki/Tom_W._B._Kibble

. The Gauge Principle

circa 1918, 1954
The Standard

Model

l ' . Il Spontaneous
Ingredlents. Symmetry Breaking

circa 1950, 1964

effective theory of
phase transitions

demand of a symmetry



particle physics
periodic table?




particle stamp collecting & their interactions

spin 1/2 spin 1

m the messenger fields

Jav 15 47 G4 1557 &7 3 Z boson

ll HALF CENT RO ., R S A o m’xﬂ:i" ‘("\I'.,
' aNA 2 ) | " 9 “} \ A W\ L: A “"I' A d - , - " : g
| a ' W gamma gluon

quarks

W boson

. L " (L
SN | A y 155

LB EER oo A8
Gl SIX CENTS By

weak E&M strong
H

Higgs

leptons

um...the Higgs Force?

o 1O DOLIARS L C.im.”‘..;;]'u_\,;]";',., , RO BOLe

o F OUR DOLLARS LU




10-4

10-10

10-11

10-12

1st generation

2nd generation

3rd generation

messengers




what's great
about the Standard Model?

W B 1. the Gauge Principle

" JUST so

Standard

| Model




Gauge Principle
Extremely powerful and pretty.

B Q: generator of a group, with “charge” ¢ .
} o=

B 0 a parameter

Demand Invariance...

() — e h(x)
Global



it's a kind of magic*

Invariance of the sort demands

the existence of a massless spin-1 field, A ,(x)

and prescribes coupling: () un(g;)w(x)yMp(m)

The demand of a symmetry forces the photon to exist!

* Ask me afterwards for my tried-and-true baseball analogy for the Gauge Principle



Gauge Principle piece:

“Unfolds” rather neatly
W=,2° ~

Cz——F,,F‘“/

W+, 70 ~

Ww* 70 ~
o e,ye,,u,y » Ty Vr,
-+ WlW wwmv-< }u,d,c,s,f,b




Standard
Model

that's really great
this Standard Model

the Gauge Principle:

Quantity Value Standard Model Pull  Dev.
Mz [GeV] 91.1876 + 0.0021 91.1874 + 0.0021 0.1 0.0
Tz [GeV] 2.4952 + 0.0023 2.4961 + 0.0010 -04 0.2
T'(had) [GeV] 1.7444 + 0.0020 1.7426 +0.0010 — —
T(inv) [MeV] 499.0+ 1.5 501.69 + 0.06 — —
T(£€7) [MeV] 83.984 + 0.086 84.005 + 0.015 — —
Ohad [0b] 41.541 +0.037 41.477 + 0.009 1.7 1.7
R, 20.804 + 0.050 20.744 +0.011 1.2 1.3
R, 20.785 £ 0.033« 20.744 + 0.011 1.2 1.3
R, 20.764 + 0.04 20.789 + 0.011 —-06 —0.5
Ry 0.21629 =+ 0.00( 576 & 0.00004 0.8 0.8
R, 0.1721 £ 0.00 27 +0.00004 —-0.1 0.1

0.0145 + 0.002 +0.00021 -0.7 -0.7

0.0169 + 0.0013 |

Ay
A‘r . i
0.1439 + 0.0043 . .

Ap 0.923 + 0.020 0.9348 + 0.0001 —-06 0.6
A, 0.670 £+ 0.027 0.6680 + 0.0004 0.1 0.1
Ag 0.895 & 0.091 0.9357 + 0.0001 —-04 —-04
Quantity Value Standard Model Pull Dev.
my [GeV] 173.4+ 1.0 173.5+ 1.0 -0.1 -03
My [GeV] 80.420 £ 0.031 80.381 + 0.014 1.2 1.6

80.376 £ 0.033 —0.2 0.2
9 —0.040 + 0.015 —0.0398 4 0.0003 0.0 0.0
9% —0.507 £+ 0.014 —0.5064 + 0.0001 0.0 0.0
Qw (e) —0.0403 £ 0.0053 —0.0474 £ 0.0005 1.3 1.3
Qw (Cs) —73.20+0.35 —73.23+0.02 0.1 0.1
Qw (T1) —116.4+ 3.6 —116.88 +0.03 0.1 0.1
7 [f8] 291.13 +£0.43 290.75 £+ 2.51 0.1 0.1
%(gp -2-2) (4511.0740.77) x 1079 (4508.70 £0.09) x 10~% 3.0 3.0

The most accurate and precise scientific

model in history



“Standard Model”

standard |'standord] Mmodel 'm:idi]
noun noun

1 a level of quality or attainment 2 ...a simplified description, esp. a
mathematical one, of a system or process,
to assist calculations and predictions



what's embarrassing

about the Standard Model?

“ & B it'snotadynamical theory




SM as an effective theory

| can draw free-body diagrams

and make a SM of walking







what's confusing
about the Standard Model?

2. Spontaneous Symmetry Breaking

1 SSB is the story of the Higgs Boson




?
How: . a meaningless operation?

£ = blah blah blah + p® blah + blah blah blah

£ = blah blah blah — p* blah + blah blah blah



SSB is like a magnet

L = blah blah blah + (7" — T~) x blah + blah blah blah

Sy

1T >1T¢

SN
RREALARRRANARN

1I'<T¢




the Ginsburg-Landau

effective theory

originally of
superconductivity

Vitaly Ginzburg 1916 - 2009 Lev Landau 1908 - 1968



. We live in the broken

in the SM symmetry world
& trying to discover how

F




a Universal
phase
transition?

| @ picosecond after
the BB

E (entire universe)

hot universe vacuum
empty

1
V = - u® (higgs field)? + A(higgs field)* v

: higgs field

1 >0,A>0

cold universe vacuum
full of the Higgs Field

1 <0,A>0

pay attention to this parameter



1
V = §,u2(higgs field)? + A(higgs field)*

E (entire universe)

— 17 =2 88.4( GeV)?
2 A\ 2 0.129

\'/\'/ v =246 GeV
cold universe vacuum

full of the Higgs Field

14 <0,A>0







The Standard
Model | N
ingrEdientS: | Higgs Kibble Guralnik Hagen Englert Brout

Weinberg Salam Glashow



what's exciting
about the Standard Model?

\ W B its historical significance & Higgs Field

JUST so Bl | JUST so

Standard
Model




B Galilean mechanics

Newtonian gravity

Copernicus/Kepler
astronomy

magnetism
I —

electricity

-
electromagnetism

1600 1700 1800 1850 1875



\ General Relativity

strong force

weak force Standard Model

|
guantum mechanics

electroweak

relativity

QED

electromagnetism

o . . —

1900 1925 1950 1975 2000



The job of the Higgs Field is special.



field generates mass

of the charged fermions

OF
/.\)’{ght;article...
. U:
U. fv |
U 4 heavy particle...

v:









mass*

*charged fermions and W/Z!



what's challenging

about the Standard Model?

W9an Do lt! @ all things Higgs




0+ Higgs Bosom is not your father’s particle!



Higgs Field piece:

“Unfolds” rather neatly

‘Wﬁtho,y

‘Wﬁtho,y

CsVey oy Vyyy Ty Vs
u,d,c,s,t,b

40, ?J

. ) U
HDHI = 7+ dol - 1H4 + gifrifriH - J fr

0
HO qiii ZO \\£{ HO
— - ’ » 1 _
7
L7 HY

A

7/
N /7
HO N\ s/ HO
0o 7 \ 0
H°, H

«I= 'f:g F;v FN/
+ L-P,B*P + h.c
t g B BHS

+ IDu(H)IR-V(H)

9rv

RN

fL fU fR

V2

67 V€7 ,Ll’7 VM’T, ]/7—,
X INass
u,d,c,s,t,b



Let's talk about the Higgs Boson.



What happened
in July, 2012?
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Higgs particle strange.




¥ quantum numbers
of the vacuum




How many things are only one thing?




FAMILIES

‘

- —
» —

59

/®\

Q<




an elementary singlet




or part of a doublet

;




W an elementary singleton?

THE

BRIDGET
JONES
OMNIBUS

THE SINGLETON 4
YEARS
Bridget
Jones’s
Diary




Much confusion centers on

W the “Higgs” Potential.

Our future mission: to unpack it.

A _
V=1 + M H? + MH? + ZH4 — gifrifriH

Higgs potential
shape

vacuum

energy
fermion

couplings







in relativistic
quantum field W the Feynman rules:

theory
7~ N\

__ Pk

A A
/ dk (all known particles) + / dk (all un-known particles)
0 0



not mysticism

1 Quantum “Loops” are at the core of our language
traditionally highly predictive
highly accurate




not mysticism

1 Quantum “Loops” are at the core of our language
traditionally highly predictive
highly accurate

¢ Tevatron
[ SM constraint
68% CL -

1/ Direct search lower limit (95% CL) -

0
1990 1995 2000 2005
Year

=W fits: top quark



not mysticism

1 Quantum “Loops” are at the core of our language

200 -

50

traditionally highly predictive
highly accurate

||||||||||||||||

¢ Tevatron
[ SM constraint
68% CL -

1/ Direct search lower limit (95% CL) -

................

1990 1995 2000 2005
Year

=W fits: top quark

1 —LEP2 and Tevatron (prel.)
5 - LEP1 and SLD

=W fits: Higgs boson



How about a spin 0, elementary
particle?



First-ever spin 0 elementary particle.

IV —

v H?

M2 =

Mthee T 5M2




3 kinds of loops

V =|\v?H?"

MIQJ — Mtzree_|_ (--(-v-)--)_l_('l}'QH")_l_(‘

2
% I Mphysical
My ~ 125 GeV/c? '




Top loop is big and negative

V =|\v?H?"

MYy = Moot (20 )+(5 O ) +(0)

2
Mn ~ 125 GeV/c2 ' 1 Mphysical

2 _ I

2
sy

0



Requiring a large, opposing tree value

V =|\v?H?"

MYy = Moot (20 )+(5 O ) +(0)

2
Mn ~ 125 GeV/c2 ' 1 Mphysical
M?

tree
2 g

2
sy

0



An enormous fine-tuning

V =|\v?H?"

M3 = M2+ (5 )+ O +( 1)

2
Mn ~ 125 GeV/c2 ' 1 Mphysical
M?

tree -1
) m " P we
i—uvuv\g?

2
- 7,

“hierarchy

roblem”
0 2



iIf next scale is ™ the Planck Scale?

N P (nnn, nnn, nnn, nnn, nnn, nnn, nnn, nnn, hnn, nnn, n60,000)

— (hnn, nnn, nnn, nnn, nnn, nnhn, nnn, nnn, nnn, nnn, n44,375)

M[2{ — 1252



“coincidence’?

Theve's wo coimcidewce i sciewce.




POST CARD

IW lhi )

Corres pond nce Addrass

=
Mt

Top omd Higgs
W\o\\cmg trouble Frowm: Natuve

.........
nnnnnnnnn




Perhaps a huge hint?

of something “BSM”?

no shortage of ideas

_AA[Q — jxffz

tree

2
Mn ~ 125 GeV/c2 ' 1 Mphysical
M?

2 _ g

2
sy

0



Perhaps a huge hint?

of something “BSM”?

no shortage of ideas

M3z, =

2
‘ My ~ 125 GeV/c? [ Mphysmal
e - M

2 "
M} e —— s — _new stuff_
__PVE
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My ~ 125 GeV/c2 | |l Mghysical
;4 5 M?
H

at just about 1-ish TeV...would fix it.

looking for new physics at the ~1 TeV scale

"naruval”
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Broadly speaking, categories of new stuff:

Supersymmetric theories - a Bose-like stop
Little Higgs-like theories - a Vector-top
Composite Higgs - a Cooper Pair-like H

Extra dimensional theories
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Broadly speaking, categories of new stuff:

Supersymmetric theories - a Bose-like stop
Little Higgs-like theories - a Vector-like top
Composite Higgs - a Cooper Pair-like H

Extra dimensional theories

B or we tend to default to ideas like:

the multiverse or...

anthropomorphism
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This article is from the In-Depth Report The Higgs Boson at Last?

How the Higgs Boson Might Spell
Doom for the Universe

Under the simplest assumptions, the measured mass of the Higgs could mean the universe is
unstable and destined to fall apart. But don't worry—it won’t happen for billions of eons

March 26, 2013 | By Saswato R. Das

Physicists recently confirmed that the Large
Hadron Collider (LHC) at CERN, the
particle physics laboratory in Geneva, had
indeed found a Higgs boson last July,
marking a culmination of one of the longest
and most expensive searches in science. The
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V =|\NH" A 4H4

Another
consequence of a
spin 0 fundamental
particle.

The shape of the
vacuum potential could
change...and the
bottom could fall out.

orre spondence Addre.s
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Buttazzo, Degrassi, Giardino, Giudice, Sala, Salvio, Strumia



The Standard Model is just weird.



Standard L /4 Standard . '4 Standard L | Standard
Model | Model | Model Model

These are: the best of times

and the best of times!

POST CAP,
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From: Natuve




the 2021 Snowmass "Energy Frontier”

Meenakshi Narain* Laura Reina Alessandro Tricoli

* (RIP)



2021 EF working groups

EF01: The Higgs Boson
Sally Dawson (BNL), Caterina Vernieri (SLAC)

EF02: EW Physics: Higgs Boson as a portal to new physics
Patrick Meade (Stony Brook), Isobel Ojalvo (Princeton)

FOCUS ON LHC RUN 3

"HIGH-LUMINOSITY-LHC" HL-LRC

Yen-Jie Lee (MIT), Swagato Mukherjee (BNL)
EF08: BSM: Model specific explorations

Jim Hirschauer (FNAL), Elliot Lipeles (UPenn), Nausheen Shah (Wayne State)
EF09: BSM: More general explorations

Tulika Bose (U Wisconsin-Madison), Zhen Liu (Maryland), Simone Griso (LBL)
EF10: BSM: Dark Matter at colliders

Caterina Doglioni (Lund), LianTao Wang (Chicago), Antonio Boveia (Ohio State)


http://www.snowmass2013.org/tiki-index.php?page=WIMP+Dark+Matter+Direct+Detection

Mass, CP, omA

A three-pronged especially
research program couplings
still relevant: W Measure properties of the
Higgs boson.
[



A three-pronged
research program

still relevant: B
They talk to . Measure properties of the:
the Higgs Field t, W,and Z
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The Higgs Boson






IS it alone?

a part of a family?




IS It alone?

a part of a family?

different in tiny details?




IS it alone?

a part of a family?

different in tiny details?







@ATLAS

EXPERIMENT
http://atlas.ch

Run: 205113
Event: 12611816
Date: 2012-06-18
Time: 11:07:47 CEST
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O, L ATLASPreliminary  H-ZzZ’-4 |
0 Ty 13TeV, 139 b

Q Z ¢ Data .
S 120 Higgs (125 GeV) ]
c —

q>) XX, VWV

L B Z+jets, t

7, Uncertainty

CMS Preliminary

Run 2: 138 b (13 TeV)
Run 1:5.1 fb™ (7 TeV) + 19.7 fb'' (8 TeV)

: ]

4e [rm—— c—

—— Total ' Stat. Only

Total (Stat. Only)

124.907):° (f:'::) GeV

124.70%)5° (_*:f;’) GeV

2e2u . 125.50%,¢ (*)>") GeV
2u2e ._T_. 125.20%),7 (1).) GeV
Run 2 b 125.0437, () GeV
Run 1 —— 125.60%,; (%):,) GeV
Run 1 + Run 2 T 125.08, (%)) GeV
| | | | | I | | | | ] | | | | I
122 124 126 128 130
m,, (GeV)

mu(CMS) =125.08 + 0.10(stat) + 0.05(syst) GeV 77 — 44
my(ATLAS) =125.11 4+ 0.09(stat) + 0.06(syst) GeV

77 — M + 2



couplings




couplings

V (fermions) :qu friH

Higgs discovery spawned an industry

precision fitting

HaifrifriH

fermions;
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a campaign

Measure the couplings of Higgs... to everything

-




Beyond the Standard Model Predictions @ 1TeV:

how well? v i b
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM | ~ —0.0013% ~ 1.6% < 1.5%
.Benchm.ark for Composite ~ —3% ~—8-9% | ~—-9%
discovery is few % Top Partner ~ —2% ~ —2% ~ —3%
to sub-%
T — —

[
+ * SM




The couplings:
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Extrapolating to future machines

Snowmass 13 versus ESG 19 versus Snowmass 21
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Precision Study of Electroweak Physics



Electroweak Precision Observables

1 Correlating the Spin 1 messengers, leptons,
quarks, and the Higgs boson pOST CAQD

M,, [GeV]

M(H); M(H

e

80433+ 9 ".\'t [GeV]




then this happened:

Overview of m, Measurements

Last year

Last spring

LEP Combinat . . -

LEP Gombination |\ ATLAS Preliminary ™ —® = s0475:80.0Mey
________________________ \(§ =7Tev’46fb1L

DO (Run 2) . 80375 + 23 MeV 5 - @ mm

arXiv:1203.0293 : : , :

CDF (Run 2 ? |

FERMIL(AB-PUB-22-254-PPD ° 80433.5¢ 94 MeV E :

LHCb 2022 o |

arXi\S::ZE)OQ.((:))Hw * 80354 + 32 MeV mm | ® m

ATLAS 2017 s A

arXiv:1701.07240 @® Measurement °© 80370 =19 MeV - @ =

Stat. Unc. '

ATLAS 2023 [l Total Unc. s ]

this work :“:SM Prediction ° 80350 +16 MeV — @ =
______________________ | s |

80200 80300 80400

m,, [MeV]



Electroweak Precision Observables

1 Correlating the Spin 1 messengers, leptons,
quarks, and the Higgs boson pOST CARD

%‘ — '68'/ almdl 95|o/ ;:L 'contours A H ‘“-‘—7 g L0
t S 80.5 — W fit w/o M, and m, measuremer From: Natuve
w w ; u fit w/o M m, and M, measure ‘i
B direct M, and m, measuremen... g
80.45 — i i i
b L CDF 2022: 80.433 £ 9 GeV
| 80.4 -
Systematics goal of Mw=+ 5 MeV/c? =
— M, world comb. =+ 1o
h 80.35 [— M, =80.385 = 0.015 GeV
o™ N
wo s S w -
VAVAVE TAVAVA 80.3 [
4 = N
& - - M(Ig& M{LG
I N
80.25 - @ o




Fully Understanding the Top Quark



Higgs quartic coupling A

" Remember this?

0.10

0.08

T

0.06 |
0.04 -

0.02

T

0.00 -

" and this?

30" bands in
M, =173.3 +£ 0.8 GeV (gray)

(M) = 01184 007 guantum corrections can

My =125.1 + 0.2 GeV (blue)

lead to a new vacuum
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why measure m; precisely?

Our vacuum metastable?

AN,

0]
.|
g 150 |
s
2 100 f vy
g -~
& | D
= s0f
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| | Top amd Higgs Fvowu Natuve
C V‘m\‘l"\ﬁ *—vou\\o\et |
> b i
2
p Systematics goal of miep =+ 500 MeV/c?
E
g :
2 m But it’'s a part of the

potential problem

Higgs mass M), in GeV



in a single package

ATLAS+CMS Preliminary
LHClopWG

""""""" LHC comb. (Feb 2024), 7+8 TeV LHctopwa [1] I ——t :
et - total stat
statistical uncertainty
total uncertainty

Migp SUMMary, Vs =1.96-13 TeV  April 2024

m,,, = total (stat = syst £ recail) [GeV] .[L dt Ref.

LHC comb. (Feb 2024), 7+8 TeV 172.52 + 0.33 (0.14 = 0.30) <20 fo' [1]
World comb. (Mar 2014), 1.9+7 TeV 173.34 £ 0.76 (0.36 = 0.67) B.710", 2]
ATLAS, l+jets, 7 TeV 172.33 £1.27 (0.75 £ 1.02) 46, [3]
ATLAS, dilepton, 7 TeV —a—— 173.79 £ 1.42 (0.54 £ 1.31) 461" 3]
ATLAS, all jets, 7 TeV H - — 175.1+1.8(1.4+1.2) 46107, [4]
ATLAS, dilepton, 8 TeV 172,99 £0.84 (0.41 0.74) 20.3 o, (5]

copsl 2 3 4 5 6 3 14 15 16 1T ATLAS, all jets, 8 TeV 173.72 £1.15 (0.55 £ 1.02) 20.3 o', [6]

1 E E ATLAS, l+jets, 8 TeV 172.08 £0.91 (0.39 £ 0.82) 20210, [7]

5 \1BHBHEE ATLAS comb. (Feb 2024) 7+8 TeV 172.71 £ 0.48 (0.25 = 0.41) <2031 [1]

174412081 (0392066 0.25) 361’ (8]

516|171 ATLAS, leptonic inv. mass, 13 TeV =
B 172.21£0.80 (0.20 £ 0.67 £0.39) 139" (9]

12 M| 14
’ L'E

0.77 ) O0M

CMS, boosted, 13 TeV 173.06 = 0.84 (0.24)

[1) arXiv:2402.08713 8] JHEP 08 (2023} 019 _—
. - 1 313
(3] ERJC 75 (2015) 330 [10] JHEP 12 [2012) 106
| 368
[4] ERJC 75 (2015) 158 [11] ERJC 72 (2012} 2202
* | 1 < 3 76 2016 350 MMNERPJC 7 200 2754 el
Pre“n‘nnary (5] PLB 761 (2016) 350 [12] EPJC 74 (2014) 2758 )
[6] MHEF 03 (2017) 118 [12] PAD 83 (2016} 472004 )18
[7) EPAC 79 (2019) 290 [14] PAD 83 (2016} 472004 540

138 fb”', [20]

: "
- BE ERFEEEEREENEEEE | cus, s ey
’ (37112018 ] 1] ] 11 A €] e & 22| | CM8: dilept’on, 7 TeV : = : 1725+1.6 (0.4 = 1.5) 491, [11]
° E CMS, all jets, 7 TeV 173.49 = 1.39 (0.69 = 1.21) 3517, [12]

7 (5 [R): [)e VL | CMS, l+jets, 8 TeV 172.35 £ 0.51 (0.16 = 0.48) 19.7 16, [13]

* CMS, dilgpton, 8 TeV 172.22 0 (0.18 ;::} IQ.?Tb::. [14]

R ERRERRRERERERE 4 CMS, a_II jets, 8 TeV 172.32 + 0.64 (0.25 %02}59) lg'm. . [13]

. CMS, single top, 8 TeV 172.95£1.22(0.77 | ) 19.7 fo', [15]

CMS comb. (Feb 2024), 7+8 TeV 172.52 £ 0.42 (0.14 = 0.39) <19.7 1" [1]

CMS, all jets, 13 TeV 172.34£0.73 (0.20 %) 359" [16]

CMS, dilepton, 13 TeV 172.33 £0.70 (0.14 £ 0.69) 35.9 o', [17]

CMS, l+jets, 13 TeV e 171.77 £ 0.37 35.9 o, [18)

| LSS v oV — T Sl [19]

165 170 175 180
my,, [GeV]




OBTW...that potential shape?




from higgs-higgs self-coupling )\

modified HIggs structure \/ /\/\/J\/\ \/\/ l@vz

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs
s EEE——
PHYSICAL REVIEW D 101, 075023 (2020)
0-10 T T T T T T T T T T T T T T T
008 30 bands in
X M, =1733 + 0.8 GeV (gray)
\, a3(Mz) =0.1184 + 0.0007(red)
=~ 0061 N M), =125.1 + 02 GeV (blue)
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o F \ \\\
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I =1756Ge
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chasing Kx = A/AsMm
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hard to predict cleverness

bbbb + bbTT + bbyy

4 1 .4 I I 1 I I 1 I I 1 I I 1 | I I I I 1 I I 1 I I 1 I I 1 I I |
| ATLAS —— 68%CLHH+H
Vs =13TeV, 126—139 fb™! ==+ 95%CLHH+H 7
1.3 All other « fixed to SM — 68°/° CLH -
[ Observed == 95%CLH il
_ —— 68% CL HH i
B ——. 95% CL HH .
1.2 L Y% SMpredicton
B — qn  BestfitHH+H
: I, __________ - :
1AR \ __
N \ | ]
\ I
i N ] i
- \ _
i / .
| V4 _]
0.9F -
| | | | I | | | | I | | | | I | | | |
-10 -5 0 5 10 15 20
K

SM for all other couplings, @95% CL:

-04 < k3 < 6.3

relaxing other couplings, @95% CL:
-14 < k3 < 6.1

ATLAS-CONF-2021-052 |

Katharine Leney pointed this out

2015 extrapolation to 3000 fb-1:

“...we can project an exclusion at 95%

Confidence Level of BSM HH production with

Aaa/Asm < —4 and Aunm/Asm = 127
ATL-PHYS-PUB-2015-046

T — W
_nt .
= | ATLAS Preliminary —— Observed limit (95% CL)
f " Vs=13TeV, 139 fb-1 ---- Expected I!m!t (95% CL) :
T HH bbbt T [ Expected limit £10
" 10%F [ Expected limit +20
= : E=N Theory prediction
5 %% SM prediction
DU)

1035-
102F
F Observed: k), € [-2.4,
[ Expected: k) € [-2.0,p :
101 ................................... V
-10 -8 -6 -4 -2 O 2 4 6 8 10

Observed: k), € [-2.4,9.2]
Expected: k) € [-2.0,9.0]



data make you smarter

ATLAS and CMS HL-LHC prospects 3ab? (14 TeV) _ | B o L e M R R AR A
12— - u . |

—~'"e[ . : = ATLAS Preliminary |
= L H significance: 4 - = 20f a
= [ SM HH significance: 40 ; — Combinatior g “'| V's =14 TeV, 3000 fb~" -
Jor o | 0.1<Kka<2.3[95% CL] ; _ " | HH - bbyy + bbt* T~ + bbbb T
v i) 05<mk<is [68% CL] / bbyy 16k | Projection from Run 2 data _
Rt ' e ' Asimov data (k) = 1) .
99.4% CL 8[__ [ Y AN / bbe - —+—No syst. unc. 7
- ---- bbbb 1ol —e— Baseline ]
6 ; i Theoretical unc. halved A
\ bbzZz*(4l) - —+= Run 2 syst. unc, .
95% CL 4 :—';‘_ - _“T e bbVV (Iviv) 8__ ]
ofs % . b NN LS 95%]
68% CL [ s _3\__ ,_____________:_,;_'__,__ - !
oL NI daaan I SO\ A s 68%

-2 -1 0 1 2 3 4 5 6 7 8 1|||||||||| ool b b b by
%3 0 1 2 3 4 5 6 7 8
Ka Ka

European Strategy (2018) CERN-2019-007 , ,
Uncertainty scenario kp 68% CI k4 95% CI

No syst. unc. [0.7,1.4] [0.3,1.9]
Baseline [0.5,1.6] [0.0,2.5]

Now ATL-PHYS-PUB-2022-053



we have been saying .maybe better?

Higgs@FC WG | di-H, excl. B di-H, glob. [ single-H, ~~' [l single

All future colliders combined with HL-LHC

=L glob.
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The precision Higgs Boson program is in full swing.



The Path Beyond the Standard Model




history suggests
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motivation from:

Beyond the non-zero neutrino mass,
the hierarchy problem,

Standard .y parameter hints,

Model: passingthe TeV scale,
the antimatter problem, &

the dark matter problem

DON’T PANIC
ACT NATURAL

We're digging deep now

Searching with exquisite
precision for:






new particle LHC searches...TeV in hand

ATLAS Heavy Particle Searches™* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: March 2023 [£dt = (3.6-139) fb Vs =13TeV
Model ¢,y Jetst ET™ [rdt[fb™] Reference
L] L] LI} L) L] L] L] T T LI ) I L] L] L] L]
ADD Gkk +g/q Oeu7,y 1-4j Yes 139 l ‘ \l S \ n=2 2102.10874
ADD non-resonant yy 2y - - 367 |Ms e Ca e 86TeV  n=3HLZNLO 1707.04147
ADD QBH - 2] - 139 n=6 1910.08447
ADD BH multijet - >3] - 36 |Ma 9.55TeV n=6, Mp=3TeV, rot BH 1512.02586
RS1 Gkk — yy 2y - - 139 k/Mp = 0.1 2102.13405
Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gk mass k/Mp; =1.0 1808.02380
Bulk RS gxk — tt 1e,u >1b,>21J/2] Yes 36.1 gkk mass I/m=15% 1804.10823
2UED / RPP lepu >2Db, >3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AGD — tt) =1 1803.09678
SSM Z" — ¢t 2e,u - - 139 1903.06248
SSM Z’ - 77 27 - - 36.1 2.42 TeV 1709.07242
Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
Leptophobic Z" — tt Oe,u >1b,>2J Yes 139 r/m=12% 2005.05138
SSM W'’ — tv lenu - Yes 139 1906.05609
SSM W’ — v 17 - Yes 139 ATLAS-CONF-2021-025
SSM W’ — th - >1b, >1J - 139 ATLAS-CONF-2021-043
HVT W’ — WZ model B 0-2e,u 2j/1J Yes 139 gv =3 2004.14636
HVT W’ — WZ — ¢y £'¢’ model C 3 e, u 2j(VBF) Yes 139 ] gven=1,g=0 2207.03925
HVT Z/ - WW model B lenu 2j/1J  Yes 139 gv =3 2004.14636
LRSM Wgr — uNgr 2u 1J - 80 m(Ng) =0.5TeV, g, = gr 1904.12679
Cl gqqq - 2j - 37.0 21.8TeV 11, 1703.09127
Cl ttqq 2e,pu - - 139 m 2006.12946
Cl eebs 2e 1b - 139 g =1 2105.13847
Cl uubs 2pu 1b - 139 g =1 2105.13847
I Cl tttt >teu 21b>1) Yes  36.1 2.57 TeV |Cael = 41 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 84=0.25, g,=1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 8q=1, gy=1, m(x)=1 GeV 2102.10874
Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 tanp=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 tanB=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2j Yes 139 p=1 2006.05872
Scalar LQ 2™ gen 2u >2] Yes 139 B=1 2006.05872
Scalar LQ 3" gen 17 2b Yes 139 B(LQ§ — br) =1 2303.01294
Scalar LQ 3" gen Oe,u  22j,>2b Yes 139 B(LQs »tv)=1 2004.14060
Scalar LQ 3™ gen >2e,p, 21721, 21b - 139 BLQY - tr) =1 2101.11582
Scalar LQ 3™ gen Oe,u,217 0-2j,2b Yes 139 B(LQY — by) =1 2101.12527
Vector LQ mix gen multi-channel >1j, >1b  Yes 139 B(U — tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3™ gen 2eu,7 >1b Yes 139 B(LQY — br) =1, Y-M coupl. 2303.01294
VLQ TT - Zt+ X 2e/ou/>3en 21 b, 21 - 139 SU(2) doublet 2210.15413
VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
VLQ Ts5/3Ts;3|Ts5;3 = Wt + X 2(SS)/>3 eu>1b,>1] Yes 36.1 Ts/3 mass 64 TeV B(Tsj3 » Wt)=1, c(Ts;3Wt)=1 1807.11883
VLQ T — Ht/Zt 1eu >1b>3] VYes 139 SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQY - Wb Teu 21b>1] Yes 361 1.85 TeV B(Y — Wh)=1, cr(Wh)=1 1812.07343
VLQ B — Hb Oeu >2b,>1j,>1J - 139 SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL7 — Zr/Ht multi-channel =1 Yes 139 SU(2) doublet 2303.05441
Excited quark ¢* — qg - 2j - 139 only u® and d*, A = m(q*) 1910.08447
Excited quark ¢* — qy 1y 1j - 36.7 5.3 TeV only u* and d*, A = m(g*) 1709.10440
Excited quark b* — bg - 1b,1]j - 139 1910.08447
Excited lepton 7* 27 >2]j - 139 A=46TeV 2303.09444
Type Il Seesaw 234e,pu >2j Yes 139 2202.02039
LRSM Majorana v 2pu 2j - 36.1 Nr mass m(Wg) =4.1TeV, gL = gr 1809.11105
Higgs triplet H** - W*W?* 2,34 e,u (SS) various  Yes 139 DY production 2101.11961
Higgs triplet H** — ¢¢ 234eu(SS) - - 139 DY production 2211.07505
Multi-charged particles - - - 139 DY production, |q| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
L L Ll I L L L L L L L.l L L L L L L Ll I L L L L

Vs=13TeV
partial data 1071

*Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]



The TeV scale is almost history

wz' — LHC, Run 3
T quarks LHC, Run 3
ewkino - - LHC, Ruw 3 ® pp, 100 TeV, 3000/fb
| = pp, 33 TeV, 3000/fb
RPV stop LHC, Rum 3 “ pp, 14 TeV, 3000/fb
¥ pp, 14 TeV, 300/fb
stop LHC, Rum 3 “ pp, 8 TeV, 20/fb
W ee, 500 GeV, 500/fb
squarks LHC, Run 3
gluinos LHC, Ruw 3

4000 6000 GeV




the future
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Month in Year The LHC running is just
beginnin
g g we are here
Higgs discovery
l “phase 0 upgrades” “vhase 1 upgrades”

20 b1 ~190 fb-' integrated goal: 450 fb-

currently peak luminosity >2 x design



Literally right now a
1 year delay is being
discussed

I’ll be an old man rocking

“*HL-LHC upgrades”

2005 | 2026 | 2027 {2020 | 209 | 030 | 2001 052 | 2092 | 203 | 2035 | auns | 2037 [ a0 |

Run |

14 Te
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> 3000 fb-



2 things and then conclusions




thing 1: mass.



Let’s be clear.



As long as we know nothing

Understanding Mass is still

“all hands on geck”
- EF NF RPF and CF

We don't know the Mass story.



thing 2: the circles.




The Bumper Sticker Frontier




they're pithy




. I'm rethinking...

maybe an apt metaphor

“Frontier”




. The new physics will
bulge somewhere!

a unique
“Frontier”




. The new physics will
bulge somewhere!

a shared
“Frontier”




. The new physics will
bulge somewhere!

a shared
“Frontier”




. The new physics will
bulge somewhere!

a shared
“Frontier”




. but probably everywhere

a shared
“Frontier”







The Higgs particle changed everything.




SM guided research






un-guided research?




over-guided research?




We're exploring.



“Frontier”




