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Abstract: <p>The discovery of the Higgs boson at the LHC in 2012 was a watershed in particle physics. Its existence focuses attention on the
outstanding questions about physics beyond the Standard Model: is "empty' space unstable? what is the dark matter? what is the origin of matter?
what is the explanation for the small masses of the neutrinos? how is the hierarchy of mass scales in physics established and stabilized? what drove

inflation? how to quantize gravity Many of these issues will be addressed by future runs of the LHC, e.g., by studies of the Higgs boson, and aso
motivate possible future colliders.</p>
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Where 1s Particle Physics Going?
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Where is Particle Physics Going?
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If you don’t know where you’re going,
Any road w111 take you there
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New Accelerators: Cosmology & Astrophysics:
HL-LHC, LBNF, ILC, inflation, dark matter,
CLIC, CEPC. CERC.... cosmic rays, grav. waves, ...
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“Stairway to Heaven”
Standard Model Cross-Sections @ LHC

o] "
A 10" Foso e ATLAS Preliminary Theory
—
= -
= - =
b = . Run 1,2 \G =7, 8, 13 TeV LHC pp Vs =7 TeV -l
10(’ 01<p <2Tav
- B D22 25-40m°
N2
5 D3cm; <bTey
o
10 O LHC pp Vs =8 TeV
e & Data 20.31b
104 0 ';‘)--!J
LHC pp Ve =13 TeV
10° 2 "8 200 N
o SNl L B0l D22 008- 148167
10‘_ o O ol a On ﬁ W .:i. ]
2322 i o O N
1 - - i oz = n O LA ?} aaF
10 ¢ O‘--- 3 n >4 A . dr -wCm ' ‘A Wy
M. > 4 ~ S ‘2z
> 508 0 chan oy 4 <
1 u " 4 n =8 H=TT ? n u
- bt a “r
I n28s nz7 BF 8
n>6 e ] H s A a
s} 10 (=] n »8 o
; I 278 o o a a
- 10-2 | B |
: 7 n 22 - o
o W
4 103 A
- a
7 PP Jets i4 w z tt t Vv Yy H Vy ttWttZ tt)r Z]J WW Zyy w,;:f:u
) R-0.4 EWH  Esxcl K
| fid. fid. fid. id for ot i [+ fid fot. rol. fd I fret. ha ha
T R TT T m e e e S - ., ST sl 135 — g —

Pirsa: 17020013 Page 7/69



CKM Unitarity Triangle

* Many consistent measurements
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CKM Unitarity Triangle

* Many consistent measurements
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i * Least well-known angle: vy

. Important new result from LHCb
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Flavour Anomalies
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Higgs Mass Measurements
 ATLAS + CMS 77" and vy final states
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What we Expect
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ATLAS and CMS o Observed t1o

Measurements LHC Run 1 _ Th. uncert.
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It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?

)

Power law best fit (M —244.010, c — 0.022°0%.)
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It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?
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* Blue dashed line = Standard Model
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Flavour-Changing Couplings?

» Upper limits from FCNC, EDMs, ...

* Quark FCNC bounds exclude observability of
quark-flavour-violating /4 decays

* Lepton-flavour-violating /4 decays could be large:

Either BR('ru) or BR(te) could be O(10)%
. - B BR(pe) mustbe <2 X 10

T = 7 SR : P P i
R b el = ' o LT e e MEBL L ’ N =

I
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Flavour-Changing Higgs Coupling?

CMS 13 TeV| Bl Update from 2015
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Elementary Higgs or Composite?

Higgs field: Fermion-antifermion
<0[H|0> # 0 condensate

Quantum loop problems [ * Just like QCD, BCS
¥ superconductivit
e e /
A= 100 Top-antitop condensate?
T | needed m, > 200 GeV
§ New strong interactions?
- Heavy scalar resonance?
§ - Inconsistent with

precision electroweak data?
PbGUdO Nambu Goldbtone
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Phenomenological Framework

» Assume custodial symmetry:

SU((2) x SU(2) —» SU(2)y (p = Mw/Mzcosl, ~ 1)

|+ Parameterize gauge bosons by 2 x 2 matrix X:
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Global Analysis of Higgs-like Models

* Rescale Couphngs: to bosons by Ky, to fermions by k;
Standard Model: k,=x,=1
1.8 e A ettt T 18
B Higos Measurements B v+ Higgs Measurements LHC (7 TeV + 8 TeV) _
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Consistency between Higgs and EW measurements

Must tune composne models to look like SM
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Assuming H(125) 1s SM-like: Model-independent search for new physics
Standard Model Effective Field Theory

« Higher-dimensional operators as relics of higher-

energy physics, e.g., dimension 6: . -~ /n
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Global Fits including | "5
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Theoretical Constraints on Higgs Mass

* Large M, — large self-coupling — blow up at
low-energy scale A due to AQ) = A(v) ;
renormalization | 1— 3:M\v) log %

W ” i, < “=iD iudice, Isodori

" -t A S e - = AR Ml
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Theoretical Constraints on Higgs Mass

__ 3m? Q "\ T
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Vacuum Instability in the Standard Model

* Very sensitive to m,

Pole top mass M, in GeV
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Vacuum Instability in the Standard Model

* Very sensitive to m,
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Vacuum Instability in the Standard Model

180 . -

* Very sensitive t R
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Instability durmg Inﬂatlon‘? .

e Do 1nf1at10n ﬂuctuatlons drlve us over the h111‘7 :
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Cosmology & Astrophysics:
inflation, dark matter,
cosmic rays, grav. waves, ...

Standard Model EFT

Higgs: 1
CP, xy, flavour violation, ... |

.

i,
Electroweak: |4t | Flavour:
| sin?0, TGCs, . CKM, anomalies, ...
oW g g, | R M M
g QCD: T e NN
‘ "o, . . i (.i. 718 . i~
e PDI's, hard perturbative calculations, ... .. Zo R s
- .. ‘.'P -l,."A - ha” AV < #y iy e e s RN 3 Q\lﬁ’;‘ e L
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« Empty » space 1s unstable

Dark matter

Origin of matter
Masses of neutrinos
Hierarchy problem
Inflation

Quantum gravity

'"':S 4 ﬁ o

THE STANDARD MODEL /5 NoZf gz,

p 4
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« Empty » space 1s unstagi{iiie’

Dark matter

Origin of matter
Masses of neutrinos
Hierarchy problem
Inflation

Quantum gravity

7=

'/
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« Empty » space 1s unstafsising
Dark matter

Origin of matter

Masses of neutrinos

Hierarchy problem

Inflation

Quantum gravity

L7 g7

- 0
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DECOUPLING

PPPPPPP?

LARGE EXTRA
DIMENSIONS

JUST SO

HIERARCHY

PROBLEM

WARPED EXTRA
DIMENSIONS

NEW

[ANTHROPICJ
PHYSICS

SUSY
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&
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If you know of a better hole, go to it

PPPPPPP?

ERARCHY
PROBLEM

/

MPOSITE
HGGS

TUNED

[ANTHROPI%
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What lies beyond the Standard Model?

Supersymmetry -

New motivations | -
Stabilize clcctrowcak vacuum QIuansen: g

Successful prediction for Higgs mass
— Should be <130 GeV in simple models
Successful predictions for couplings
— Should be within few % of SM values

Naturalness GUTS strmg, - dark matter
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[MORE MINIMAL]
E-:»UPERSOFT] - COMPRESSED

STEALTH

E%EMI-NATURAL%
UNNATURAL
MINI-SPUT

PLETHORA OF MODELS CONSISTENT
WITH DATA, MANY OF THEM NATURAL.
WHERE DOES THE DATA POINT US?
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[MOFQE MINIMAL]

[COMPRESSED]

E‘)UF’ERSOFﬂ

W -2’1"
UNNATURAL i
MINI-SPLIT -

PLETHORA OF MODELS CONSISTENT
WITH DATA, MANY OF THEM NATURAL.
WHERE DOES THE DATA POINT US?
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Nothing (yet) at the LHC

No supersymmetry Nothlng else, either

1

-~ ADD BH 9.55TeV -

" BE

—

.Cl 25.2TeV

I 3 5 ¥’
- 4] H & 4 I Ii

gl

e e [

10TeV

More of same?
Unexplored nooks?
Novel 51gnatures‘7 -
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Impact of 13 TeV Data SO far

—  —— SU(5): be tH|
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Important to take decay branching ratios into account

SULS): best fit, 1o - SU(S): best fit, 1o, 20
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Best-Fit Sparticle Spectrum | ™%
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Impact of 13 TeV Data so far

Before | |, After

Before

o - N W - A (=] =~ w@ 0

(= - r Ll e A " =~ o
T . - T - T . T

y rl L A A A L.‘ Y i i 't
0 1000 2000 3000 4000 0 500 1000 1500 2000 2500 3000 3500 4000
m;[GeV] m;, [GeV]
Bagl iaschi, Costa, Sakurai, JE et al; arXiv; 1610.10084
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Impact of 13 TeV Data so far
Squark

! Q.
°r | Before | ;, | After °I | Before
T+ ' Tt
6t .:.-: 6t
s} : :
- |
A ay Reach of LHC at | Reach of LHC at
i High luminosity t High luminosity
2t \
OD 1000 2{;ﬂrﬂ o BOI{]{] OD 560 1000 15100 \‘Z'I;II.TI]D 2'5ICICI 30Iﬂl] BSIDD 4000
n.{,;,[GeV] m,]-.L[GEV]

Limited impact of first 13/fb of 13 TeV data
Plenty of room for supersymmetry in future LHC runs
No guarantees!

| Bagnaschi, Costa, Sakurai, JE et al; arXiv:1610.10084
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Long-Lived Stau?

Possible if mg,,, — m; ¢p <m,
Generic possibility in CMSSM, NUHM, SU(5)

(stau coannihilation region)

9 107
8 ]U'l
10
! 10°
6 10
— 107
5 v 10
4 o 10 !
™ 10
10°
10’
10°
107 . )
10™10710°10710°10°10° 10 ° 107 10 10° 10" 107 10° 1075 1000 2000 3000 4000
7:, [S] m; [GeV]
T, > 107 s gives problems with nucleosynthesis
T, > 107 s gives separated vertex signature for t-like decays

K 1 .. mys N ¥ . (- ".a_"l q ".a."'-_\ A
alkurdl, JE €U dal. arAlv. ":.: | |':"‘:-.‘e’51 1
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Minimal Anomaly-Mediated e TER
Supersymmetry-Breaking Model

tanf3=5, u>0

1.0x10° T e T
~ 9.0x10°{ . ! / E
> ¢ :
EE . ) 126 ,-; 1
s; 8.0x10°4 \ ? ‘
g !
1254 4 ]
7.0%10°- \ )/ 3
Assuming ‘ ;
LSPisall [sox1" f. :
the dark matter, ‘ /" :
. . 5.1 g -
including  [**10 , LSP is charged |
1s charge
Sommerfeld g
enhancement [+0x10+— — '
1.5x10 2.0x10 3.0x10*
mn (Gev};i.--:u;h_::. Borsato. Sakurat, JE et al: arXiv:1612.05210
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Minimal Anomaly-Mediated e TER
Supersymmetry-Breaking Model

tanB=5, u>0

1.0x10°%

Wino Dark Matter —

~ 9.0x10°{ . !
> \‘\ . '
3 { Mixed

8.0x10° . Dark Matter

wd
1

e
S
=

7.0%x10*

Assuming
LSPisall  [60x1%4
the dark matter, '
including ~ [**1*]
Sommerfeld

enhancement [#0x10°+—+ — ' !
1.5x10 2.0x10 3.0x10°

m, (GCV, yaschi, Borsato, Sakurai, JE et al: arXiv:1612.0521(

Higgsino Dark Matter

LSP 1s charged
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Minimal Anomaly-Mediated e TER
Supersymmetry-Breaking Model

LSP all dark matter LSP some dark matter
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Minimal Anomaly-Mediated e TER
Supersymmetry-Breaking Model

’ LSP some of the dark matter
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Minimal Anomaly-Mediated o
Supersymmetry-Breaking Model

‘ LSP some of the dark matter ‘
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SOV | Cosmology & Astrophysics:
achieve inflation, dark matter,
NI VAN | COSIiC rays, grav. waves, ...

e e, W45

Standard Model EFT

Higgs: =
CP, xy, flavour violation, ... |

.

Electroweak: [ SSSa | Flavour:
| sin?0, TGCs, .

e, A i QCD: _
S PDI's, hard perturbative calculations, ... |G
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Direct Dark Matter Searches

. Compllatlon Of present and future sensitivities
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Direct Dark Matter Searches o
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LLHC vs Dark Matter Searches

* Compilation of present “mono-jet” sensitivities
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The LHC 1in Future Years

* Peak luminosity Integrated luminosity
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Standard Model Particles:
Years from Proposal to Discovery

Electron | |

Photon I I

Muon '

Electron neutrino | I

Muon neutrino b I

Gluon I |
W boson I I
Z boson | |

Tau neutrino I |
HIGGS BOSON | {

Source: The Economist
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Standard Model Particles:
Years from Proposal to Discovery

Electron | i
Fligton Lovers of physics
:tffllirvl neutrino Beyond the SM:
Muon neutrino be patient!

Tau

Gluon
W boson

Z boson

Tau neutrino

HIGGS BOSON

Source: The Economist

Page 58/69



Projected e"e Colliders:
Luminosity vs Energy
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Projected e"e Colliders:
Luminosity vs Energy
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Projected e"e Colliders:
Luminosity vs Energy
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Projected e"e Colliders:
Lum1n081ty vs Energy
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CLIC Sensitivities to Dimension-6 Operators
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CLIC Sensitivities to Dimension-6 Operators
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CEPC-SPPC

Prefiminary Conceplual Design Reporl

Future ircular Colliders
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CEPC-SPPC

Prefiminary Conceplual Design Report

Future ircular Colliders

The vision:
explore 10 TeV scale directly (100 TeV pp) + indirectly (e*e”) ||
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Higgs Cross Sections

« Atthe LHC and beyond:
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Squark-Gluino Plane
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Summary

* Much still to be learnt about Higgs boson
‘| Rumours of the death of SUSY are exaggerated
| — Still the best framework for TeV-scale physics

» Simple models (CMSSM, etc.) under pressure

— More general models quite healthy

| » Good prospects for LHC Run 2 and for direct
| dark matter detection

— But no guarantees

* Await full Run 2 before choosing next collider 'A
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