The Higgs Boson and Beyond

Particle physics today and what it could be in 50 years
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Mankind’s search for the smallest unit of
matter, its different forms, and the
forces acting is much, much older than
particle physics

Particle physics is a term naming the
search for the ultimate laws of Nature
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The SM is the legacy of 20t" century

particle physics

- It unifies quantum mechanics, special
relativity and field theory

- It describes ~ all laboratory data

Is the SM the theory of everything?
Or rather of almost everything? Or ...
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A 1 TeV-frequency microscope looks at really, really tiny objects...

Nanoscience Particle physics today
(TeV scale)

o

Siphonaptera (flea)




The Standard Model

The SM consists of 24 elementary matter particles and 3 forces with total of 26 parameters

Fooriimn Matter particles Organised in 3 families

6 Leptons 6 Quarks

a (u) [c) (t)
la) (s} (b)

Force quanta Distinguishing 3 forces

3 weak bosons

Electro- @ @ @

magnetic force Weak force Strong force

. Breaks electroweak symmetry
Higgs boson .
88 @ Generates boson and fermion masses

SLAC @ 50, Aug 24, 2012



The Standard Model

Elementary particle physics is successfully described by local gauge theories

A problem: local gauge symmetry requires massless spin-1 “gauge” (=force) boson
This has been well verified for QED, with a massless photon (= infinite range)

However, the W, Z bosons are massive (= finite range ~10-'> cm)

Only way to break gauge symmetry consistently is to spontaneously break the
symmetry of the vacuum:

MZ W # O <= <O | ¢) | O> =1 # O [ non-zero vacuum expectation value ]

¢ is a complex doublet field with non-zero vacuum expectation value.
3 d.o.fs become Z, W+ masses, remaining d.o.f is massive scalar Higgs boson

This is known as the “Englert-Brout-Higgs-Guralnik-Hagen-Kibble Mechanism”

I
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The Standard Model

Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism

The early universe, at T > T, was in a symmetric phase (|¢.,;,| = 0)
A phase transition at ~Tp (100 s after big bang) led to |¢,| > O

Phase transition

A T>T|-:w
V(g))

Potential barrier —

Higgs bubble expansion —_
[©)

0

SLAC @ 50, Aug 24, 2012



The Standard Model

Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism

The early universe, at T > T, was in a symmetric phase (|¢.,;,| = 0)
A phase transition at ~Tp (100 s after big bang) led to |¢,| > O

Phase transition

A T>T,
V(lg))
Potential barrier — T = TEW
Higgs bubble expansion —_
e s

0
Condensation of Higgs field > ‘Cb‘

— _/

“spontaneous” phase transition

) Simplest scalar potential that breaks

2 4 e
Higgs potential: V(¢) = u’, ‘(p‘ + A‘q;‘ +Ylylyld ground state symmetry. Does what we

need, but bears fundamental problems.
Carries the seeds for new physics ...

SLAC @ 50, Aug 24, 2012 9




The Standard Model

Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism

Early universe: symmetric phase, HiggsnpuetriarpHagaid énry akengphase
fundamental particles are massless

- gauge symmetry is respected Gravity ANNANAANNANANANANAN
A Higgs field displaces ground Photon ANV AN

state breaking gauge symmetry

It fills all space time (but w/o Weak boson f%@\&\/\/\/\/\
orientation as spin=0)

Particles interact with the Higgs : VIV e
: : ) Neutrinos — -
field and reduce their velocity. L AT (I
They acquire a mass proportional e
to interaction strength Electrons ) e
L
- Action of the Higgs field Top quark -

creates a vacuum viscosity

H. Murayama
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The Higgs boson -
last of the particles ¢

The SM predicts all its properties, except
for its mass. What was known about it ?

Full references for mechanism:

F. Englert and R. Brout, PRL 13 (1964) 321.
P.W. Higgs, PRL 13 (1964) 508.

G. Guralnik, C. Hagen, and T.W.B. Kibble, PRL 13 (1964) 585.

It is also of note that Landau and Ginzburg had proposed a
field giving the photon a mass in a superconductor, the
mathematics of which is identical to the “Higgs mechanism”
and predates it by several years.

http://www.shardcore.org/shardpress
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Constraints from global electroweak fit

Global fit of all EW precision measurements to SM prediction constrains M

http://dfitter.desy.de

SLAC @ 50, Aug 24, 2012
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Andreas Hoecker — The Higgs Boson and Beyond
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The Higgs boson should not be too light, and not too heavy...

Perturbativity and (meta)stability bounds versus the SM cut-off scale A

350

—— Perturbativity bound

[ | Stability bound
=2 [ ] Finite-T metastability bound
B Zero-T metastability bound

Shown are 1o error bands, w/o theoretical errors

M,, [GeV]

300

Ellis et al, arXiv:0906.0954

250

Allowed Not allowed
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150

100

16 18
Iogw(A/ GeV)

The SM Higgs must steer a narrow course between two disastrous
situations if the SM is to survive up to the Planck scale M, ~ 2x10'8 GeV

SLAC @ 50, Aug 24, 2012



CERN LIBRARIES, GENEy,

[T -

SCAN-0008106

11.4.1983

PRELIMINARY PERFORMANCE ESTIMATES FOR A LEP PROTON COLLIDER

S. Myers and W. Schnell

1.

Introduction

This analysis was stimulated by news from the United States where very
large pp and pp colliders are actively being studied at the moment.

Indeed, a first look at the basic performance limitations of possible PP or
pp rings in the LEP tunnel seems overdue, however far off in the future a
possible start of such a p-LEP project may yet be in time. What we shall
discuss is, in fact, rather obvious, but such a discussion has, to the best
of our knowledge, not been presented so far.

We shall not address any detailed design questions but shall give
basic equations and make a few plausible assumptions for the purpose of
illustration, Thus, we shall assume throughout that the maximum energy
per beam is 8 TeV (corresponding to a little over 9 T bending field in very
advanced superconducting magnets) and that injection is at 0.4 TeV. The
ring circumference is, of course that of LEP, namely 26,659 m. It should

be clear from this requirement of "Ten Tesla Magnets" alone that such a
project is not for the near future and that it should not be attempted be-
fore the technology is ready.

Duration of projects /planning stability:
First LHC workshop 1984 !

15
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Producing the Higgs Boson and Searching for New
Physics at the TeV Scale Requires a Huge Machine

Particles accelerators:

~> Look deeper into matter (size ~ 1/E)
(“powerful microscopes”)

-> Discover new heavier particles (E = mc?)

> Probe conditions of the early universe (E = kT)

de Broglie

Einstein

1% | Boltzmann

Lawrence

SLAC @ 50, Aug 24, 2012
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HC rlng at CERN
m;c1rcumference

g o~ o

Mn/collm
olllsmns [

i
g







Higgs boson searches at the LHC
Higgs production and decay probabilities predicted vs. Higgs mass by SM

Parton distribution functions
Representing structure of proton

SLAC @ 50, Aug 24, 2012



Higgs boson searches at the LHC

Higgs production and decay probabilities predicted vs. Higgs mass by SM

At the LHC, the Higgs boson is produced dominantly from gluon fusion via top loop

9 Total Eredu«r::&icm of
' t H ~210 thousand Higgs
" E] >—==-=--- bosons of 128 GeV in

q L 2011 aind 2012 i each
ATLAS and CMS (by o7/2012)

Higgs production cross section decreases with Higgs mass

SLAC @ 50, Aug 24, 2012



Higgs boson searches at the LHC

Higgs production and decay probabilities predicted vs. Higgs mass by SM

At the LHC, the Higgs boson is produced dominantly via gluon fusion through top

W,Z, q;"; %Y

Dependence of the B
branching fractions
on M, drives search
strategy

‘;};Z'; q;{; 95Y

Higgs decays: Higgs couples to mass - stronger coupling to heavier particles
Coupling to massless particles (photons, gluons) through heavy virtual particles

SLAC @ 50, Aug 24, 2012
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT ’

Run/Event: 194108 / 564224000

H — yy candidate event (CMS) — note: background dominated sample




H — yy

Clean discovery channels for Higgs, allowing precise mass determination

Benefit from excellent energy resolution and photon identification capabilities of ATLAS/CMS

CMS Vs=7TeV,L=51fb"'{s=8TeV,L=5.3fb"

% o L L R B A I L L I AL R B AL A ] > B L
10 ATLAS 4 DataS/B Weighted N 8 - >
o 100— , , _ -] _ O Unweighted
> - —— Sig+Bkg Fit (m =126.5 GeV) . 1) I 01500
_*g) 80— @ NwL. 0 et Bkg (4th order polynomial) _ ~1500 R =
ke, u . —~ k 8
s F ] 2 | 5
wo 60— RN -] % i 211000}

- m S L

40— . . - '-gmoo— 2
” C s=7 TeV, [Ldt=4.8fb = f [ m,, (GeV)
L /s=8 TeV, [Ldt=5.91b" H—yy u e i i
C N 2 . _
———— (% ¢ Data
(@] 8 | _
g o = 500 _— sigr ]
(;) A A —~~ | oo B Fit Component
2 o — C_e [ [ J=+1o i
> 4 N | [ <20 ]
; '8 1 1 1 1 1 t’ 0 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
W 100 110 120 130 140 150 160 @ 110 120 130 140 150
m,, [GeV] m‘{Y (GeV)

Maximum excess of 4.50 (4.10) seen by ATLAS (CMS) at 126.5 (125) GeV

A\ 2
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Both experiments classify events according

to resolution and topology in ML fit



CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47 279030 GMT
Run/Event: 195099 / 137440354 \

\

]

H — 2e2u candidate event (CMS)



H— 27" — 2(e, u) + 2(e, {)

Clean discovery channels for Higgs, allowing precise mass determination

va}: AN j‘;"?if;;i_r i

Benefit from excellent energy/momentum resolution and identification capabilities at ATLAS/CMS

cMms Vs=7TeV,L=51fb" Vs=8TeV,L=53fb"
% B l. ‘D lt T T T | T T T T | T T T T ] LT | T T T | T T T | T T T | T T T | T T T '_
| a a i — E T T T ] -
10 - “ ATLAS ] %) 16 C ¢ Data % 6F K, >05 1 ]
2+ [l Background Z+ets, tt . ™M 14 [zy* 2z A i1
c B . 7 ~ B wn E
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20 " E c 12r o ]
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o R > - 1F ’e ’ [ ¢ oo -
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S
- 2
O_ O 1 L L :
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m,, [GeV] m,, (GeV)
Order one S/B ratio. Maximum excess of 3.60 (3.20) seen by ATLAS (CMS) at 125 (125.6) GeV
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H— WW® — 2(e, u) + 2v

Not clean, but abundant (competitive at 125 GeV) — little mass sensitivity

ATLAS arXiv:1207.7214, CMS arXiv:1207.7235, both submitted on Aug 1%, 2012 to PLB

Signal selection: reconstruct transverse Higgs mass, exploit W polarisation (leptons emitted in same dir.)

CMS \s=8TeV,L=5.1fb"
> T T T T | T T T T T T T T | T T T T | T T T T = > 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1
2 140 ATLAS 4 Data = SMsOsey | QT ¢ data
- Bl ww [ WZzzwy ] 40 _
2 120 s=8 TeV =Ldt=58f" [J& [@SngeTp — 'O 7} [ my =125 Gev
-~ - Bl Z+ets [] W+ets ] ; i ww
2 100L HWW —>ev|:|v/|:|vev +0/1 jets COHizseev 7 @ | W
) - - = 30F n
S - s c ! top
L 80 ] Ll - B Z+jets
B i I [ W+jets
| — 20 | _
60 : . !
a0 Z = 3
- 7 - 101 m .
20— o ] - | %i 1
| ey : 0_ [ ;M *i + —Hﬁ
%0 100 150 200 250 300 0 50 1 OO 150 200
m; [GeV] m, (GeV)

Some excess seen by both experiments: 2.80 (1.60) for ATLAS (CMS) at ~125 GeV

- A\ 3~
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Combining all the channels
Discovery significance

va}: ARl j‘;"?if;;i_r i

All results [yy, ZZ, WW, tt, bb] combined. Left: ATLAS right: CMS — low mass region shown only

1CMS \F 7TeVL 51fb \F 8TeVL 53fb1
Q_o ET T T T | L | LI | L | L | LI | LI T T TE T T 1
= ATLAS 2011-2012
3 {s=7TeV: [Ldt=4.6-4.8 fb" - Exp.
— . -1
{s=8TeV: [Ldt=5.8-591fb C+1o = 10° ~—
1 e - - - oA T D LI IIICIIIIITIIIIITIIIIC oI IITIIIIIIIIIIZIET 0 (@] C
101 """"""""""""""""""""""""""""""" > 1(()j 01045 \\ // 340
o A7 20 105 \_\:/ j
-3 e Ut L = .
18_4 30 10 6 \\’ 56
D e e 40 107
10 “‘\ 10‘8 —— Combined obs. \u__
""""""""""""""" 590 et e - - = Expected for SM H BT
10_; . . 109 — Hoy . 160
10_9 10_10 —_—H->2Z
o0 595 (4.90) local - 6o o —hn
10_11 Lol |p|v|a|IL|Ie| ?lb? (elxlpl)l [ I‘L | R B 10 12|r - \H\_)\ bb 70
110 115 120 125 130 135 140 145 150 116 118 120 122 124 126 128 130
m, [GeV] m,, (GeV)

ATLAS (CMS) sees 5.90 (5.00) excess at mass of 126.5 (125.3) GeV, d(mass) ~ 0.6 GeV
T e y
s N\ )
IR - e
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Combining all the channels

Discovery significance

ATLAS: my, = (126.0 + 0.4 + 0.4) GeV
CMS:  m, = (125.3 + 0.4 + 0.5) GeV

m,, ~ (125.7 + 0.4) GeV

SLAC @ 50, Aug 24, 2012
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Tevatron publishing final Higgs search results
Evidence for excess in H — bb produced in association with Z/W

CDF & DO, arXiv:1207.6436

Channels depends on good jet energy reconstruction. Harder at LHC due to increased background

— 800 -1 Q 102
Ng - TevatronRunll, L, <9.71b = Tevatron Run II, L_<9.7 fb" — 1-CL, Observed
S oo 142 b-Tagged Jets z T — 1-CL, Expected
o “+ Data - Bkgd S Bt o
I B EWZ 5 B
Z - zZZ o
o 200~ mm Higgs Signal 2 1
c - m.=125 GeV/ic?| &
2 - B 10"
L 200?

0 10-2

i ++ + 10°
-zooj L1 L1 | ‘ I | ‘ I | ‘ I | ‘ I | ‘ I | ‘ I |
0 50 100 150 200 250 300 350 400 100 105 110 115 120 125130 136 140 145150
Dijet Mass (GeV/c?) m,, (GeV/c?)
Maximum local excess of 3.10 at 135 GeV (~10 expected but coarse mass resolution
SLAC @ 50, Aug 24, 2012 30




IATL‘ASI 2014 - 2ol1z

W,ZH — bb

I
i m, = 126.0 GeV

Vs=7TeV: [Ldt=4.7 b
H— 1t

Vs =7TeV: [Ldt=4.6-4.7 fo”

H—WW" = vy
Vs=7TeV: [Ldt=4.71b"
Vs=8TeV: [Ldt=58fb"
H—vy

Vs=7TeV: Ldt=4.81fb"
Vs=8TeV: fLdt=5.91b"

H—zz" - 4l
Vs=7TeV: [Ldt=481b"
Vs=8TeV: [Ldt=581b"

Combined

Vs=7TeV: [Lot=46-481" u=14+03
Vs=8TeV: [Ldt=5.8-591b"

| —8—
i |

-1

0 1

H— vy

H—2ZZ

H— WW

H— bb

CMS

s it the Higgs boson with JP¢ = 0** and SM couplings ?
Individual channel strength wrt. SM expectation seen by ATLAS and CMS

(s=7TeV,L=5.1f" {s=8TeV,L=5.31fb"

m, = 125.5 GeV

-

f”+

2 3
Best fit G/GSM

Signal strength ()

H — yychannel a bit strong, overall agreement with SM within large uncertainties

1378



s it the Higgs boson with JP¢ = 0** and SM couplings ?
Individual channel strength wrt. SM expectation seen by ATLAS and CMS

Michael Peskin, in theoretical summary talk at HiggsHunting (July 2012):

SM strength (i.e., ‘large’) Higgs coupling to WW, ZZ is
“prima facie evidence that the particle is a CP even

spin 0 state from a field with a vacuum expectation
value that breaks SU(2) x U(1)”

32



A new era in particle physics has begun: the exploration of planet Higgs

- What is its mass and width ?
- What isitsspin?

— Does it break EW vacuum symmetry ?
— How does it couple to SM particles ?
- Does it couple to new particles ?

- Does it have invisible decays ?

- Does it have brothers and sisters ?

- Does it have distant cousins ?

- Is it a “natural” scalar ?




What can we conclude from this discovery
Recall: light Higgs was predicted from SM fit to precision measurements

http://dfitter.desy.de

Discovery Of light N>< 10 - I'-_ T 1 T 1 T 1 T T 1 T 1 T 1 |":| 7T T 1 . I |:
Higgs boson is a < el )] l fittersu: 3,
- (7)) v .
huge success of the = = 4 =
[ IS 2 ]
Standard Model 8 3 9 — Theory 7
= n A;’,; — uncertalnty_:
! - 9 2, -
6 :_ E 0.‘" _:
+ T - Gl," -
© f - Q. -
SE 3 E
! T . =20
3 H f S E
{/ \; 2 :_ 'l _:
MWVVAAANVA- N A =
10 1o
ZIW ZIW — -
0 1 | 11 1 | 1 1 1 | | 1 1 1 | 11 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | L1 1

40 60 80 100 120 140 160 180 200 220 240

M, [GeV]
cl WA
JA\ /b/ - <l
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What can we conclude from this discovery
Is the electroweak vacuum stable or metastable (if SM holds) ?

Barely stable ?

M,, [GeV]

But: prediction of the
stability bound suffers
from theoretical
uncertainties ...

Newest full NNLO result moves up

stability bound at Planck mass by

+0.8 GeV and reduces uncertainty

> barely stable or
metastable, but
certainly the Higgs self
coupling would become
very weak at M;,

SLAC @ 50, Aug 24, 2012

350

300
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200
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100

=N

—— Perturbativity bound

[ ] Stability bound

[ ] Finite-T metastability bound
B Zero-T metastability bound

Shown are 1o error bands, w/o theoretical errors

Allowed Not allowed

ATLAS & CMS

16 18
Iogw(A/ GeV)

Ellis et al, arXiv:0906.0954
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Electroweak unification has
been verified at, below and
above the Z-boson scale

Measured W vs. top mass compared to EW prediction

T T | T T T T | T r_.F

10 band for m, wa Gauge sector of SM at

tree level is given by 3
free parameters, e.g.:
o, My, Ge

- M,, predicted

B 68% and 95% CL fit contours
excl. M, and m,

68% and 95% CL fit contours
excl. M, m, and M,

Gfitter, preliminary

10 band for MW WA

Radiative corrections
introduce quark mass
dependence

Crucial contribution
from SLC/SLD to this
unification evidence

IIII|I‘l‘II|IIII|IIII|I

-
e . 8
Pt - 8

| | | | 12 | | | | | | | I | |

150 160 170 180




1.5IIII|IIII|IIII®|IIII|IIII|IIII

I~ | excluded area has CL > 0.95 |

All CKM-phase sensitive
measurements agree

%
%
o
>
Q
s
N

[ So far, agreement
with SM also in the B
system (LHC) ]

0.0 AT i N

Nobel prize for Kobayashi-Maskawa in 2008

Successful programme that relied on the strong vision and
leadership of SLAC to build and exploit PEP-Il and BABAR

Fm E (e!. a\FO.QS) 12
_1_5||||||||||||||||||||||||||||_
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The electron and muon
magnetic moments have been
verified at ppm level...

Status: summer 2011 (published results shown only) Hoecker, Marciano, PDG 2011

The muon anomalous
magnetic moment may
deviate from the SM
prediction (not conclusive):
it would be stronger than
expected

JN 09 (e*e -based)
—299 + 65

DHMZ 10 (t-based)
-195+54

DHMZ 10 (e*e")
—287 £ 49

HLMNT 11 (e*e))
—261 49

BNL-E821 (world average)
0+63

P0G 1¢8d- ING

-700 -600 -500 -400 -300 -200 -100 0
x 10"

— a&Xp
a, a




Electric dipole moments are
tiny — but why for neutrons ?
- “strong CP problem”

Neutron EDM upper limits versus time. Current best limit: |d,| < 2.9 x 102 ecm

T T T T I . PRL 97, 131801 (2006)
10 ORNL, Harvard A
107 MIT, BNL
LNPI

-22 .
10 Sussex, RAL, ILL
10-23 i

107 .
1 0-25 a
10°
10’

Is a new
symmetry
(Peccei-Quinn)
responsible
for this ?

Its manifestation
would be a new
particle, the axion,
which could also be
28 responsible for the
107" 5 cold dark matter

10° SM prediction if no strong CP violation

10-32 I v T v T v T v T v T v T v
1950 1960 1970 1980 1990 2000 2010
Year of Publication

\
Zsigmond (nEDM Collaboration) at EPS-HEP 2011 — modified by A.H
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ino revolution:
massive neutrinos are likely
beyond the SM phenomena

Dramatic progress in neutrino physics — fundamental tasks/questions still open

Fermions M Bosons

Q1: Absolute mass scale of neutrinos

Q2: Normal or inverted mass hierarchy

Q3: CPviolation in neutrino oscillations
Q4: Unitarity of neutrino mixing matrix
Q5: Neutrinoless double beta decay

Q6: Existence of “sterile neutrino(s)”

Dufour-Wark, arXiv:1207.3983
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The Higgs potential (u < 0, A > 0: physics or just mathematics ?) exemplifies our
success with description but lack of understanding

Vig) = g +2lg| +Yipiyie

Higgs boson mass term
2 2 2
6mH - ‘du H‘ < Acut-off
“Hierarchy problem”
- new physics at ~TeV




The Higgs potential (u < 0, A > 0: physics or just mathematics ?) exemplifies our
success with description but lack of understanding

Is this the right potential?
2 4 B . . . : 5
V(g) = u? M - ;LM + YlhylypJg o If the Higs field fills all

space-time, is it related to
inflation and dark energy?)

Higgs boson mass term Higgs self coupling Higgs—fermion couplings

6mf, ~ ‘duf,‘ x A Ay = Gem2//2 ~0.13 “SM flavour problem”:

cut-off i
“Hierarchy problem” EW vacuum may be meta- IR MRS WEEED
between fermion families

- new physics at ~TeV instable

/4 Y/ J

| G. Isidori at HiggsHunting 2012

v

Through the missing protection of the scalar potential to high-scale physics (no
symmetry for m, = 0!), the Higgs boson is considered a “portal to new physics”




Higgs dlscovery puts these questlonsEnto spotlight

)

)
FT”IJA 3

B Vo= ol <l Yl

o .
'i. .
Y P. Higgs at CMS
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Proposed solutions to hierarchy problem

 Weakly coupled: Supersymmetry, ...
« Strongly coupled: Little Higgs, Composite Higgs, ...

Different manifestations of similar scenarios. Many models also provide dark matter candidates

Higgs discovery puts these quest

N '-’ \‘.,. ‘\ );d," “ Je

ions

Irt

B’ &2 _J
BIEY £ 3

= VO =l + 2o+ Yuine

¥

)
: \.\ P. Higgs at CMS

SLAC @ 50, Aug 24, 2012

49



Fermion loop

Does a symmetry between
fermions and bosons
regularise the Higgs

radiative corrections ? ----

P. Higgs at CMS
50



The '
scalar Mrs. SUSY
precipice
EW scale™! —
GUT scale!

Planck scale1

Fundamental scalar
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Broad search spectrum at ATLAS and CMS

So far unsuccessful new physics searches (beyond Higgs

MSUGRA/CMSSM : 0 lep + j's + E; cq
MSUGRA/CMSSM : 1 lep +j's + E e
MSUGRA/CMSSM : 0 lep + multijets + £ .,
Pheno model : 0 lep +j's + Er oo

Pheno model : 0 lep +j's + E; o

Gluino med. %" (@—qf’) : 1lep +j's + Exmiss
GMSB : 2 lep OSSF + Er
GMSB:1-t+js+E

7 miss

GMSB : 2t +|s + E
GGM :y

miss

Inclusive searches

T miss

Tmiss.

Gbb; )%Lgnrtualb) Olep + 112 bj's + Er e,
G—-bby, (virtualb) : Olep + 3 b-j's + Er e,
gab (real b):0lep +3b's +Er e

( n(vmualt_l: 1lep + 1/2b's + E e
(virtualt) : 2 lep (SS) +'s + E7 e

3rd gen. squarks
gluino mediated

getrrf_svmualt 0lep + multi-j's + E o
(vmual) 0 lep + 3 b-j's + Er,

miss

oe

€5

83 -

23 T (light), by 112 lep + bjet + Ep .0
<8 T (heavy), T X :0lep +b-jet+ Ep i
E3Y) T 1t (heavy), \—-Ix 1lep + b-jet + Ey e,
e Tt (heavy), ‘—-lx 2 lep + b-jet + Ey
o T (GMSB) L Z(—1) + et + E
.- W01, 2iep + Ep e
@e 21ep + Ey e,

7 (R
ifxf N él(Nv)+v+2;§) 3lep+Eyrne
A

MSB : long- Ilvedx
Stable g R-hadrons : Full detector
Stable llR -hadrons : Full detector
Stable t R-hadrons : Full detector

Metastable'g R-hadrons : Pixel det. only

GMSB : stableT
""RPV : high-mass eu

Long-lived
particles

§ Bilinear RPV : 1 lep +j's + E,,,m

BC1RPV:4lep +Ep o
E " Hypercolour scalar gluons : 4 jets, m, ~ m,,
g Spin dep. WIMP interaction : rnuno]eHEnnlss

Spin indep. WIMP interaction : monojet +£+ g,

TTTT — L _ T T 17T T T T
q =g mass
=g mass

- Ldt = (0.03 - 4.8) fb”'
gmass_(arge mq)

Gmass (m@ <2 oV, light)) (s=7TeV

g mass (m@ <2 TeV, light)
‘gmass 1m(;2 ) <200 GeV, mh‘( ) = é (mG)+m(@) ATLAS
gmass (tanp <35; Preliminary

Gmass (anp>20)
gmass (ans >20)
gmass 1m11 ) >50 GeV)
gmass (miz)) <300 Gev)
Gmass (ma ) <400 GeV)
gmass (n;, %) =60 Gev)
| gmass (g ) <150 Gov)
gmass (mGz) < 210GeV)
Gmass (miz) <100 Gev)
G mass (m(’“ ) <50 GeV)
gmass () =60 Gev)
b mass (mlx ) <60 GeV)

tmass vmx» 45GeV)
L4716, 7TeV [CONF-2012.070]  120-1781G8WA T MasS  (m(;") - 45 GeV)
L=47 fb", 7 TeV [CONF-2012-074] 380-465 mass (m(’ )=0)

230440 Gev mass (G )-0)
298-305 GeV | t mass (mu) o,
Tmass 1|15<qu ) <230 GeV)
BEHEaEel | mass 1m(;2 )=0)
| 120330GeV 7 mass (mGz) =0, miiz) = %(m(’)&m(’n)))
L=4.7b", 7 TeV [CONF-2012- X mi, z) m& ) =0, m{i¥) as above)
o mass  (1<t@)<2ns, 90 GeV limitin [0290] ns)
85 g mass
b mass
Tmass

g mass

(5 <tanf <20)

L=4.7 fb", 7 TeV [CONF-2012-073]
L=4.7 1", 7 TeV [CONF-2012-071]

L=4.7 10", 7 TeV [CONF-2012-076]

(@ >10ns)
Tmass

’V mass  (,,=0.10, 4,,=0.05)

=g mass (eryp <15 mm)
gmass
100-485GeV| Sgluon Mass  (not excluded: myy= 140 = 3 GeV)

M* scale (m, <100 GeV, vector D5, Diracy)
M* scaIF (m, <100 GeV, tensor DS, Diracy) |
1111 1 1 11 1111

L=34 pb”", 7 TeV [1110.2693]

10" 1

10
Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena shown

Mass reach of searches for SUSY (left) and other new phenomena (right) (here: ATLAS)

SLAC @ 50, Aug 24, 2012

AS Exotics Searches* - 95% CL Lower Limits (Status: ICHEP 2012)

“Large ED (ADD) : monojet + E; ..

Large ED (ADD) : monophoton + E
Large ED (ADD) diphoton, m,,

D : diphoton + E .o

RS1 with k/MPI =0.1: diphoton, m,,

RS1 with k/Mp, = 0.1 : dilepton, my

RS1 with k/Mp, = 0.1 : ZZ resonance, my, ,;
RS1 with kIM;, = 0 1: WW resonance, my,,
RSwithg /g =0.20:tt— I+Jels m

RS with BR(g, —~tE0'925 : tt— I+jets, m i
ADD BH (M, /M,=3) : S8 dimuon, Ay s
ADD BH (M, /M,=3) : leptons + jets, Zp
Quamum black hole : dijet, F (my,

qqqq contact interaction X(m )

qqll Cl : ee, uy combined, Hh

_uutt Cl : SS dilepton + jets + EYm:ss,

Z' (SSM) i My,

Z' (SSM) :m,,

s W' (SSM) iy,

W' (—=tq,g _1)'m

Extra dimensions

cl

Scalar LQ pairs {;
Scalar LQ pairs (8=1) : kin. vars. in uj, wvji
4" generation : Q 6 Wqu
4" generation : uﬂ WbWb
4 generation : d ], — Wiwt

New quark b : bB'—'ZbsX, m,
—tt+AA, :2-lep +jots + £, (M S
Vector like quark : CC, mqu
Vector-like quark : NC, m,,
EXxcited quarks t resonance, m m'

Excited quarks : dijet resonance, m

Excited electron : e-y resonance, m,
Exclted muon : p-y resonance, m’

" Techni-hadrons : dilepton, m.a,::'
Techni-hadrons : WZ resonance (vlll), m. w2
Major. neutr. (LRSM, no mixing) : 2-lep + jets

W, (LRSM, no ing) : 2-lep + jets
H= (DY prod., Sn(r-r'ew)_ S8 dimuon, m
__Color oclet scalar : dijet resonance, m

‘10

New quarks

TT,

top partner

Excit. ferm;

Other

L=4.95.0 1b", 7 TeV [ATLAS-CONF-2012-007]
L=4.7 fb", 7 TeV [ATLAS-CONF-2012-067]
L=4.7 fb”, 7 TeV [ATLAS-CONF-2012-086]
L=4.7 1", 7 TeV [CONF-2012-096]
L=1.0fb", 7 TeV [1205.1016]

L=1.01b", 7 TeV [1202.3389]
L=1.01b", 7 TeV [1202.3076]
L=1.01b", 7 TeV [1202.6540]
L=2.01b", 7 TeV [1204.1265]
L=1.0 16", 7 TeV [ATLAS-CONF-2012-071]
L=1.01b", 7 TeV [1112.5755]

L=1.01b", 7 TeV [1112.5755]

|
b (9=2)
M, (5=2)
Mg (GRW cut-off, NLO)
Compact. scale 1/R
Graviton mass
Graviton mass
Graviton mass
Graviton mass
KK gluon mass
KK gluon mass
M, (5=6)
M, (5=6)
My, (6=6)
A

A (constructive int.)

A
2217ev. Z' mass

1.3TeV. Z'mass

255Tev. W' mass
350Gev. W' mass

1.137Tev. W' mass

ss0Gev T gen. LQ mass

s85Gev 2" gen. LQ mass
350GeV. Q, mass
404GeV' U, mass

480Gev. d, mass
400GeV. b'mass
483GeV. T mass (m(A ) <100 GeV)
900GeV. Q mass (coupling kg =v/mg)
760GeV. Q mass (coupling K oq = v/mg)
" mass

q* mass
e* mass (A =m(e”))
W mass (A = m(u*)
p Jo, mass (m(p /o) - m(x;) = 100 GeV)
p, mass (mlp,) = mix;) +my, m@) = 1.1m(p.))
N mass (m(W ) =2 TeV)
W, mass (m(N) < 1.4 GeV)

=1.0b",7 TeV [1112.4828]
.0 1b”, 7 TeV [1203.3172]

Scalar resonance masf
1 Lo111al

dex =(1.0-5.8) fb”

ATLAS

Preliminary

1s=7,8TeV

10

10°

Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena shown
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Broad sea
rch spectrum

at ATLAS and

CMS
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The next 50 years’ particle physics research programs depend on LHC results

By now, a new Higgs-like particle has been discovered and we are entering a
new era of particle physics

[ More can be expected; let us assume here scenarios after accumulating more than 3 ab! of data at the
HL-LHC at ~2030 (-5x1034 cm™ s, up to 140 interactions per crossing) ]

The high-energy frontier

SLAC @ 50, Aug 24, 2012
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The next 50 years’ particle physics research programs depend on LHC results

By now, a new Higgs-like particle has been discovered and we are entering a
new era of particle physics

[ More can be expected; let us assume here scenarios after accumulating more than 3 ab! of data at the
HL-LHC at ~2030 (-5x1034 cm™ s, up to 140 interactions per crossing) ]

The high-energy frontier

OFEE,OMS (> see talk bj F. Zimmermanin)

HE-LHC ILC (M -Factory) CLIC

Lpp up to 33 TeV, [ete” at 0.5-1 TeV, [ee” up to 4 TeV,
new maqghets, reuse mature techhnology, new &ethmotagj,
infrastructure] new infrastructure] new infrastructure]
VLHC LEP-3 (H-»F’a&orv) Muon Collider
[pp up to 175 TeV, [ete” ot ©.28 TeV, [y up bo 4 TeV,
new everthéhg] new accelerator, new e.ver:;&hi.hg]

reuse infrastructure]




The next 50 years’ particle physics research programs depend on LHC results

By now, a new Higgs-like particle has been discovered and we are entering a
new era of particle physics

[ More can be expected; let us assume here scenarios after accumulating more than 3 ab! of data at the
HL-LHC at ~2030 (-5x1034 cm™ s, up to 140 interactions per crossing) ]

The high-energy frontier

A remark is in order: CLIC & muon collider are here
representatives for new accelerator technologies. e
Powerful alternatives, actively developed at SLAC,
could become multi-TeV high-gradient accelerators

[ee” up to 4 TeV,

using, eg, plasma wakefield acceleration. see talk by e &QCI’M‘?LQS':){
Tor Raubenheimer (SLAC) at EPS-HEP 2011 > £ Zimmermann \ew infrastructure]

If the physics case is given (see later), all

acceleration techniques will be on the table Muon Collider

[ up to 4 Tey,
new ever:;&hihg]

I Sl S \.«v's; P WMAlaw o] WS viv \.._)
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Scenario 1) TeV-scale new particles are found at LHC

The high-energy frontier

OFROMS (2> see balk bj F. Zimmermanin

HE-LHC ' ILC CLIC

Lpp up to 33 TeV, [ete” ot ©.8-1 TeV, [e'e” up to 4 TeV,

new maghets, reuse mature technology, New &achmoiagj,
infrastructure] new infrastructure] | few infrastructure]

LEP-3 Muown Collider

[e*e” at 0.25 TeV, [ppe up to 4 Tev,
new accelerator, hew everything ]
reuse infrastructur ‘
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Scenario 1) TeV-scale new particles are found at LHC

Scenario 2) Higgs boson is SM and remains only new phenomenon seen at LHC

The high-energy frontier

OF’ROV\S (2> see balk bj . Zimmermann

ILC

[ete” at 0.5-1 TeV,
mature &ethv\oiogv,
new infrastructure]

LE?P-3
[ete” ok 0.25 TeV,
new accelerator,

reuse infrastructure

SLAC @ 50, Aug 24, 2012



Scenario 1) TeV-scale new particles are found at LHC
Scenario 2) Higgs boson is SM and remains only new phenomenon seen at LHC

Scenario 3) As 2), but new physics from “intensity and precision frontier”

The high-energy frontier

OF’&EOMS (> see balk bj . Zimmermann

ILC
f[o[a up ko 33 TeV, [ee” ot 0.8-1 TeV,

new maghets, reuse mature technology,
infrastructure] new infrastructure]

VLHC LEP-3
[pp up to 175 Tev, [ete” ok 0.28 TeV,
New everjfzhin ~ new accelerator,

reuse infrastructur
SLAC @ 50, Aug 24, 2012




Scenario 1) TeV-scale new particles are found at LHC
Scenario 2) Higgs boson is SM and remains only new phenomenon seen at LHC

Scenario 3) As 2), but new physics from “intensity and precision frontier”

The high-energy frontier

IA eilher saemo\%oﬁ LA | CATE, e SHOUTIE
bailks opam&ed amc& ex[zat qi'ci v\e.w_g_e, %euude.r
Haw\o(‘ we might be gperati 9 CiLIC‘. ahd/or T-»LH& L e ,’

muU:s.-Te. MUK coth.d r ahd {n'?o !.E.Eﬁ&
no gucal Ij ‘

gradient acceleration is &eclp au:m‘e

What will:this (ands the LH@E

N have %augh& ws %

. C s SLC: pioneered ! % & ology with polarised beams SLC klystron gallery [photo: Nick Russ:el.l]
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Higgs physics — in 50 vears...

Higgs properties will have been precisely measured at linear collider

«  Higgs couplings will be known to a few % (LC, LHC: ratios > 5%; needs theory improvement)

/

W,Z, q;L;S;Y

3;&,2», Ei;-f;S;Y

- New heavy particles may couple to the Higgs and modify the couplings

SLAC @ 50, Aug 24, 2012



Higgs physics — in 50 vears...

Higgs properties will have been precisely measured at linear collider

*  The trilinear Higgs self-coupling will have been measured (~20%)

Annn . H
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The hierarchy problem - in 50 vears...
We will have “some” answer to one of the primary shortcomings of the SM

« If new particles were discovered at the TeV scale, they will have been studied

in detail by a TeV scale linear collider. Energy scales up to 10 TeV may already
have been covered by the HE-LHC.

We will have understood if the Higgs is fundamental, regularised by new weak
couplings (e.g., SUSY), or rather a composite, e.g., a witness of a new
strongly interacting TeV scale symmetry

- a revolution to our perception of matter and force

* If no new physics is discovered, the hierarchy problem may be reality and
naturalness as scientific criterion has to be questioned

- a revolution of thinking physics and possibly a hint to a statistical
choice of the universe’s parameters ?

4 i
" - Yy A ~
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Beyond the Standard Model physics — in 50 vears...

Tightly related to the hierarchy problem, to dark matter and to unification

SUPERSTRIN ¢
M-tMory heterotic
G ‘olonon, E’!E.p//

Type-XA TYP:-I
0

g Grond s'uts)
Uni€ication

If new particles were discovered and measured ...

Matter
Anti-mottier

— Their nature will have been determined
Type

SUSY, new strong interactions with heavy partners of known SM
particles, extra space dimensions, new vector-like matter states, ...,
or combinations of these

— Dark matter candidates may have been found, and
if, their relic abundance precisely determined,
possibly fully solving the dark matter puzzle

— New CP-violating interactions would impact our
understanding of baryogenesis

— Likely the new physics will have taught us about
physics at energy scales far above any accelerators

THOUGHT DOF

Modified force evolution may enable grand gauge unification
H. Murayama

Al : ;“l\\ Lo et il
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By exploiting contributions from radiative corrections, precision measurements,
in line with accurate theoretical predictions, can be used to probe physics at
higher energy scales than the masses of the particles directly involved in the

experimental reactions.

Wise research decisions will have allowed to exploit a huge physics potential
that complements the high-energy frontier

] T e 2 20
SLAC @ 50, Aug 2 Andreas Hoecker — The Higgs Boson and Beyond
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New techniques for the measurement of EDMs of the neutron, electron and muon
will have improved the current sensitivity by three orders of magnitude

The LHC and new “Super B factories” led to sub-% CPV & rare decay measurements

High-intensity proton drivers (> 5 MW proton source) Will increase K and u production
rates for rare decay experiments (CLFV to 1071, observation of K,—m%vv, etc)

The LC (also in Giga-Z mode) Will have greatly improved the precision of EW sector

The intensity frontier

|= 0.6[
osf
o.4f
0.33
0.2

0.1F

3 MW of total beam power to 3 GeV program and
2 MW to a neutrino production target at 60-120 GeV

3 GeV Protons
20 ps»i‘ ‘ ‘

-

40 ns
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Combination of long & short baseline and reactor neutrino experiments will have
established the neutrino mass hierarchy, precision angle measurements and hints
on leptonic CPV. A neutrino factory is the logical next step — already done ?

Ton-scale neutrinoless double beta experiments have explored the nature of
neutrinos down to masses of meV (are neutrinos their own antiparticles ?)

Direct electron neutrino mass measurements obtained sensitivities to meV

The intensity frontier / neutrino properties

Project-X EXO-200
neutrino detector
beam

lines

Exo-200 limit on effective Majorana

neutrino mass of 140-380 meV in 2012
arxiv:1205.5608
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Mega-ton neutrino detectors will have achieved a proton lifetime sensitivity of
>1036 y (SK: ~2x10%4y), impacting our understanding of GUT & baryogenesis

Axion experiments will have covered the CDM mass range 1 ueV ~ 1 meV

Ground and space-based DM experiments may have detected dark matter reactions
in complementarity to accelerator-based searches - Jonathan Feng

Protons, axions, dark

P i L P i A L
.............

Super-K
detector

-
-----------
......................
.......
..............................
..........

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

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

%' g5
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The last 40 years we have seen a profusion of theoretical ideas motivated by the
shortcomings of the SM, cosmological observations, and Planck-scale physics

Experiment is behind, but critically needed to understand the choices nature took

The next 50 years shall be the age of experiment and theoretical truth

Particle Theory

SLAC @ 50, Aug 24, 2012 70



But particle theory is more than model building; it is also hard calculus and
programming on which the interpretation of data crucially relies

Similar to experiment: it requires large-scale resources and organisation

Theoretical revolutions are perhaps even less predictable than experimental ones.
It is clear, however, that SLAC must remain a world-leading theoretical centre !

o &
— = \
¢.:'\°\'
.zk//*T';O 00433 \;,;:\;.
:‘\’i.o / 10—,

Example: Lance Dixon’s (SLAC)
talk emphasizing the NLO QCD
revolution at ICHEP-12

Multi-jet event at
hadron collider

Simulation: F. Krauss

71
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Particles Physics Relies on Accelerators
Each new accelerator project pushed the limits of technology and organisation,

and ended enriching our understanding of what we are made of

It is the price of knowledge — there is no other way




Fermions
Bosons

Particles Physics Relies on Accelerators

Each new accelerator project pushed the limits of technology and organisation,
and ended enriching our understanding of what we are made of

It is the price of knowledge — there is no other way
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The Landscape of Particle Physics Labs in 2062 ?

([
Extremely challenging experimental programmes require global organisation
Several successful examples of global head organisations already (ICFA, ILC-GDE, IDS-NF
Also in communication: interactions.org, and also the wonderful SLAC/FNAL symmetry-magazine !

) —

Global Labs in different world regions host the very large facilities

Strong and versatile national labs with technological leadership coordinate
R&D for new machines and detectors (e.g., FACET at SLAC) [map of labs not to trust!]



TRt s s o oo

ngths while kei
tful competitio
individual’s creativity

vivacious, we will keepup - e .
the pace to unravel Nature’s #  SLAC will look back and enjoy
@? deepest mysteries ~_ its strong fingerprints in the
/ « .. making of it !

LV N

Jiro Taniguchi, Furari, © Casterman (2012)






| am indebted to Michel Davier, Francois Le Diberder and Michael
Peskin for their help during the preparation of this talk.

My deepest thanks go to SLAC for giving me the opportunity to
talk about our field at this extraordinaire anniversary during
these extraordinary times for all particle physicists.

| thank my LHC colleagues for their dedication and work to make
this scientific endeavour a success.




