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Observation of a Higgs Boson: A Centennial Discovery
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Higgs explains why
particles have masses 1
but many parameters still
unexplained!
The Standard Model is
NOT the last answer.
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We understand only 5%

t he uni ve

and matter content!
There is dark matter and

dark energy!

TODAY

10,000,000,001

We dondét un
why we exist at all!
Matter-antimatter
asymmetry,
connection to
cosmology.
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Theory i a multiverse of ideas
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Theory and the LHC

> LHC starts to challenge some theories
A Supersymmetry: the air is getting thin for minimal SUSY models

A Other theories: limits in the (multi)-TeV range i examples:

Tt production, t—t 32? /c ')Z?

%700_'\\|||||||‘|||||||||||\|||||||‘|||||
S -CMS Preliminary — Observed

2 600[\a

g B \/g =8 TeV - - - Expected

o "ICHEP 2014

a 500 = SUS-13-011 1-lep (MVA) 19.5 ™

| === SUS-14-011 O-lep + 1-lep + 2-lep (Razor) 19.3 b’
[- e SUS-14-011 0-lep (Razor) + 1-lep (MVA) 19.3 b

400[- —— SUS-13-009 (monojet stop) 19.7 b (> c %)

| = SUS-13-015 (hadronic stop) 19.4 fb™
300 @%"ﬁi

B & S

B R s Y
200 4
100~

0-\\ II‘IIII|IIII|I\||-I:||l‘;||||||

all %
100 200 300 400 500 600 700 800

stop mass [GeV]
Joachim Mnich | Future Colliders | Theory Challenges for LHC Physics 20 July 2015 | Page 8



Theory and the LHC

> LHC starts to challenge some theories

A Supersymmetry: the air is getting thin for some minimal (simple) models

A Other theories: limits in the (multi)-TeV range i examples:

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: Feb 2015 Vs=7,8TeV
Model Ty Jets EV™ [Ladam™) Mass limit Reference
MSUGRA/CMSSM o 26jets  Yes 203 31 1.7TeV. mg)=m() 1405.7875
G, =gty 0 26jets  Yes 203 |4& 850 GeV mi])=0 GeV, m(1* gen. §)=m(2™ gen. §) 1405.7875
v ;,_.qj‘]‘ (compressed) 1y 0-1 jet Yes 203 § 250 GeV m{g)-m(}) = m(c) 1411.1559
g 28 E—qal) 0 2Bjels  Yes 203 |& 1.33 TeV m{¥])=0 GeV 1405.7875
B E—qa¥s —gqWEE) Ten  36jels  Yes 20 |& 1.2 Tev mE1)<300 GeV, m(E*)=0.5(m(E})+m(z)) 150103555
§ B2, 2oqg(L[ev/ )R] 2ep  03jels 20 |z 1.32 TeV mii)=0Gev 150103555
©  GMSB(/NLSP) 12r+01¢ 02jels  Yes 203 |[@ 1.6TeV  tang>20 1407 0603
@ GGM (bino NLSP) 2y - Yes 203 B 1.28 TeV miT})>50 GeV' ATLAS-CONF-2014-001
% GGM (wino NLSP) Tep+y - Yes 48 miF})>50 Gev ATLAS-CONF-2012-144
=  GGM (higgsino-bino NLSP) r 1h Yes 4.8 m{¥})>220 GeV 12111167
GGM (higgsino NLSP) 2eulZ)  03jets  Yes 58 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 203 F7 scale 865 GeV mG)>1.8 x 10~ eV, m(g)=m(§)=1.5TeV 150201518
0 3h Yes  20.1 B 1.25 TeV m{¥])<400 GeV 1407.0600
0 7-10jets  Yes 203 I 1.1 TeV mi}) <350GeV 1308.1841
0-1ep ab Yes 201 B 1.34 TeV m{¥})<400 GeV 14070600
Olep 3b Yes 201 |& 13TeV mi¥)<300 GeV 1407 0600
0 2h Yes  20.1 B 100-620 GeV' m{E})<90 GeV 1308.2631
§ 2e.4(88)  03b Yes 203 | 275-440 GeV M} =2 mi) 14042500
[ 12ep 126 Yes 47 | i |iH0SGTIGEV mE}) = 2m(F)), m(i})=55 GeV 1209.2102, 1407.0583
B iy, iy WhE) or i) 2ep O-2jels  Yes 203 |R 90-191 GeV 215-530 GeV miF))=1Gev 1403 4853, 1412.4742
=G )iy, iy otk 0-1ep 126 Yes 20 |i 210-640 GeV' mi¥})=1GeV 1407.0583,1406.1122
ig i, i ck) 0 monojetctag Yes 203 |@ 90-240 GeV' mif-m(}) <85 Gev 14070608
31 5 17y (natural GMSB) 2eul2) 1h Yes 203 i 150-580 GeV' m{})>150 GeV' 14035222
fa, h—h +Z 3eul2) b Yes 203 i 290-600 GeV m{T})<200 GeV 14035222
2ep 0 Yes 203 |7 90-325 GeV mi¥])=0 Gev 1403 5284
2e.p 0 Yes 203 | ¥} 140-465 GeV' GeV, m(7, 7=0.5(m(E} }+mit})) 14035294
2r - Yes 203 |A 100-350 GeV m{F])=0 GeV, m(¥, }=0.5(m(F] JemiT})) 14070350
e 0 Yes 203 | ArE 700 GeV miE} =mi¥3), m(¥’ S(mEt jem(i])) 1402.7029
23ep  O2jets  Yes 203 | ALE 420 GeV m¥} )=m(¥3), m(¥})=0, sleptons decoupled | 1403.5294, 1402.7029
FO-WELE], hsbb/WWire/yy €Y 02b  Yes 203 |K 250 GeV M} )=miE3), miF}1=0, sleptons decoupled 150107110
FURY KD it dep 0 Yes 203 |W 620 GeV' miEd)=m(E2), m(¥])=0, m(Z. 7)=0.5(m(F) sm(¥})) 1405 5086
Direct £ ¥} prod., long-lived ¥;  Disapp.trk  1jet  Yes 203 |&f 270 GeV m(F}miE})=160 MeV, 7ik})=0.2 ns 13103675
E Stable, stopped & R-hadron 0 1-5jets  Yes 279 |& 832 GeV m{F])=100 GeV, 10 ps<r(2)<1000 s 1310.6584
=7 Stable 7 R-hadron trk - - 191 B 1.27 TeV 14116795
BT cMsB, stable £t e 124 - 191 | & 537 GeV. 10<tang<50 14116795
S 2 GmsB, )G, langlived ¥ 2y Yes 203 | & 435 GeV 2<x(F])<3 ns, SPSE model 1409 5542
33, K= qqu (RPV) 1 u, displ. vix . 203 |@ 1.0 TeV 1.5 <cr<156 mm, BR(s)=1, m{i!)=108GeV | ATLAS-CONF-2013-092
LFV pp—v, + X, Pr—elu) + 1 Tep+1 - 46 A5,,=0.10, Ai203=0.05 12121272
~  Biinear RPV GMSSM 2e.4(5S) 03b Yes 203 |dE 1.35Tev mig)=m(@), cresp<1 mm 1404.2500
N B — W H —ee,. eurve dep - Yes 203 |#F 750 GeV. miE)>0.2xm 21#0 14055086
¥ FoWH P st e, 3esaT - Yes 203 |F 450 GeV mP)>0.2xm(F}), 43340 1405 5086
Erqqq 0 67 jels 203 |& 916 GeV BR(1)=BR(2)=BR(c)=0% ATLAS-CONF-2013-091
g—it ii—bs 2eu(SS) 03b Yes 203 4 850 GeV 1404.250
Other Scalar charm, Fmct) 0 2¢ Yes 203 |& 490 GeV A mi})<200 GeV 1501.01325
s = 8 TeV =1
RS T o 1 Mass scale 1]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

Joachim Mnich | Future Colliders | Theory Challenges for LHC Physics

20 July 2015 | Page 9



But ... we have a Higgs now!

> Higgs mechanism seems to be at work and explains at least partially why

fundamental particles have mass.
Test of Higgs potential

> But ... Mg = V2 M,

1
V(H) = 5M},H2 + V2Myg H? +

Athe Higgs is different:
| tnots quark or a lepton

or a gauge bosoni i taN8W sy 2z —
kind of fundamental particle; :
CMS H— ZZ ———
Athere is a scalar field filling ;
ATLAS H — yy . _———w
up the vacuum; ;
P . CMS H — yy _.__E
Ais it THE Higgs (of the SM) or 1235 1240 1245 1250 1255 1260 1265 tf . =
just A Higgs (e.g. SUSY)? . M, [GeV] e [ %
Sy d o' 2
. . . e IO-IE 'E_
> And why is the Higgs so light? 2 : o 2
> We must measure the Higgs s 108 ll) o1 g
properties as precisely as possible E | Al Ly
. . . § 3'/1 10% X
A mass, couplings, spin, ... g 107 - S
O Sl
T R T/ T T
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Higgs Couplings

>mya 1Q@eY isideal because many Higgs decay modes are accesible
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Precision Measurements

= Top mass prediction
> Precision measurements of Higgs properties '

top mass (GeV)
g

A s it THE Higgs of the SM or just A Higgs boson
(e.g. of) supersymmetry 1 i.e. is i
there more to discover, and what? 10|

> Looking back in history:

AW, Z bosons discovered in the 1980es at CERN
in p anti-p collisions

W mass from LEPII

first results
™ from LEPI

A Precise determination of their properties, mainly e
in e*e (LEP, SLC) in the 1990es Year

A Resulted in predictions for then unknown top
guark and Higgs boson

> The theory challenge (ex per i me wiewg: Upper limit

Higgs mass

1003— /,_/ e
L »
g L ! . 1 . 1 . I R Y
]

L L L L L I T
1996 1998 2000 2002 2004 2006

Higgs roass linit 95% CLY "N GV N

A Make as precise as possible predictions for as
many models as possible ...
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Needed: Combination of different sources of information

> Colliders provide only part of the information we need to unravel the mysteries.

A Need hadron colliders, lepton colliders, low-energy / high-intensity machines,
neutrinos, astroparticles and cosmological observations i and all must fit!
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i Protonpr ot on col | iTeaWed4l 1'deV
I BC frequency: 40 MHz (25 ns, + pile-up)

i design lumi: 10%* cm-2s1, 100 fb-1/a.

I ATLAS, CMS (LHCb, ALICE, TOTEM, LHCI)

M



http://lhc.web.cern.ch/lhc/Default.htm

CMS Integrated Luminosity, pp

Th e L ar g e H ad r O n CO I I i d er | Data include‘d from 2010-03-30 11:22 to 2‘012-12-‘16 20:%9 uTC

A At least 20 years physics programme > B oo ey, zos
yet to come - we have only just begun: :
A Very successful operation in Run 1 (2010-12) = 7
at 8 TeV; about 30 fb* per experiment. g
A Half the design energy, one percent of the ; I’
design luminosity: 2 ,

0 L L
é. 36 byfemﬂ of 2012 3+ \,‘N‘d SR NN N0
Date (UTC)

a 3000 fb! expected by 2035 e@

Luminosity
LHC 94 09.2014

LHC
LS EYETS 14 TeV 14 TeV
13-14 TeV energy
I - injector upgrade 5to7x
splice consolidation cryogenics Point 4 =
8 TeV button collimators SER dispersion aryolimit HL-LHC installation e
7 TeV R2E proi cc = interaction luminosity
project s:;m:‘n regions —
radiation
damage
75% 2 x nominal luminosity 4
nominal nominal luminosity RS experiment upgrade F— 1
luminosity | experiment beam pipes |/_ phrase 1 experiment upgrade phase 2

Y
Joachim Mnich | Future Colliders | Theory Challenges for LHC Physics 20 July 2015 | Page 16 /"



Higgs physics at the LHC 1 a major focus

ATLAS Preliminary (Simulation) ATLAS Preliminary (Simulation)

Vs = 14 TeV: [Ldt=300 i”'; [Ldt=3000 ™

A Among others, studies of the Higgs o H

boson will be in the focus o ™
Aspin, CP eigenvalues, couplings, « *zZf
A some sensitivity to spin & CP e
with 30 fb! at the end of 2012 o r
achieved Hovy () r

Vs = 14 TeV: [Ldt=300 5™ ; [Ldt=3000 f”

A But precision at LHC is limited: ol R

Abranching ratios O(10%)

Aonly ratios of couplings

accessible § ol

g 107

A More potential at electron- g r
positron machines! = e

A example Higgs-Z coupling

Joachim Mnich | Future Colliders | Theory Challenges for LHC Physics
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Reach for new physics

1 I I
T quarks %
gluinos T —>4,00_O
ewkino ..
] > 95%CL upper limits for
masses of new
RPV stop .
particles expected from
current / future
stop machines!
any NLSP Hpp, 100 TeV, 3000/fb
u pp, 33 TeV, 3000/fb
squarks  pp, 14 TeV, 3000/fb
W pp, 14 TeV, 300/fb
upp, 8 TeV, 20/fb
WIMPs Hee, 3 TeV, 1000/fb
! | Hee, 1 TeV, 1000/fb
0 1000 2000 3000 uee, 0.5 TeV, 500/fb

mass (GeV)
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Hadron and Lepton Colliders

Pl
«

A Proton-(anti-)proton colliders:

A energy range high (limited by bending
magnets power and ring radius)

A composite particles, different
(unknown) initial-state constituents
and energies in each collision

A complicated hadronic final states
A Discovery machines
A only energy matters

A (Some) Precision measurement
potential

Joachim Mnich | Future Colliders | Theory Challenges for LHC Physics
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A 4

A Electron-positron colliders:

Ve

A energy range limited (by RF power)

A point-like particles, well-defined
initial-state quantum numbers and
energies

Ve

A simpler final states, well-defined
missing energy

A Precision machines

A sensitivity to new physics in quantum
loop corrections!

A (Some) Discovery potential

20 July 2015 | Page 19



Higgs at the LHC and at an e*e collider

_eell Z HYeebd




Higgs Factory

5

A Higgs production in e*e

—

o388 888

- Fit to Sig+Bkg
Fit to Bkg

Events / (0.2)

250/fb at 250 GeV

A Higgs-strahlung dominates at lower
energies 1

o ——

Amax. cross sectionatd s & G&w 0

e e T

A no assumption about Higgs
I identify Higgs through Z decay

IIIIIH|

BR(H)

Avery clean, model-independent
signal using the recoil method

Am,4& 1Qe¥ isideal because
many decay modes are accessible

| IIIIIIII

Illlllll

500 1000

£e
200
My [GeV]
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Precision at a Higgs Factory

> Absolute determination of & " T T Nz Z . |
Higgs (Yukawa) couplings 3 | H E -
@107 R
> Precision O(1-2%) in some Eu : b | | 1 Zl
cases © 0% ¢y ‘% e W
A example corresponds to uﬁ;—u U GB'_H gl '
250 fb! at 250 GeV plus [ IR
500 fb! at 500 GeV o LA L
A O(10 years) running time
> Typlcgl deylatlons fro_m SM +20% _ _
couplings in a Two-Higgs R e o ]
Doublet model [ i
SM | ! sin(er — f) ————F—  §
i e +-sinae Jcos B i
—-20% [ 17]
'y ¢ T b t W Z HJ

-\’/
DESY
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Precision: HL-LHC versus ILC

> Many more examples for superior precision of lepton collider
versus hadron machine
ATop physics:

A ttbar threshold A top mass,
A or probing ttZ and ttgamma vertices with high precision; allows access e.g. to
(9-2),, i.e. to models like compositeness etc.

AHeavy Higgses H and A in eeA HA production mode i ILC covering
additional parameter space independent oft a ncbmplementary to LHC

ASUSY: precision measurements of SUSY states

Ve

A..
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... Because this is where politics kicks in:

> New machines are a multi-billion Dollar / Euro project

AThere can only be one of a kind?

ANeed international consensus i a slow and careful political process!

> Strategy discussions have concluded in 2012/13 in various regions of the
world

AOverview i see next slide.

> Important issues in European discussion:
A High-Luminosity LHC to be decided now
A European participation in an ILC project in Japan

A High energy physics at CERN after LHC
R&D and input from LHC needed

A Long-baseline neutrino programme
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GLOBAL PARTICLE PHYSICS STRATEGY

USA: Showmass
conclusions and Update of European Strategy for by

recommendations to P5 CERN Council (May 2013)

in line with worldwide
strategy statements

European Strate
for F‘aﬁir:j-;::- Physics 9

German Committee for Particle
Physics (KET, Nov. 2012)

Japan: Future HEP Projects

mitee far
ementarteilchenphysik

> Different flavours in different regions of the world

> But looks like an emerging global, coherent stratgey
Joachim Mnich | Future Colliders | Theory Challenges for LHC Physics 20 July 2015 | Page 26
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International Linear Collider (ILC)

> Electron-Positron Collider

A based on superconducting RF technology, developed
at DESY (TESLA!) and used for FLASH and XFEL

e+ bunch
Damping Rings IR & detectors compressor

e- source

&< bilirch e+ source | )
compressor pqsﬂron 2 km
main linac
11 km

central region
5 km

electron
main linac _—"
11 km

7_2km =

as = 25071 500 GeV, upgrade for 1 TeV, acceleration gradient 35 MV/m
> Technical design report (TDR) submitted end of 2012
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A 10% Prototype of ILC T XFEL in Hamburg

‘%,—: T e

H{olsteing ‘& ‘Hamblrg &
canl ' {,,‘T:?J)
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ILC Status 1 Site Decision in 2013

v

A ILC would be a global project

//////
xxxxxxxxxxxx

A a new world-machine!

e
........

A Japan has expressed interest
to host the ILC

mmmmm

2
< chirioseki
......

Atop priority of Japanese
particle physicist ~ =&gfE

Google

A support in Japanese politics, :
incl. significant financial TR N e
contribution | NG :

ISRINEmaki | Sk

A site decision in 2013; now 3
site-specific work. A )

A Energy range from 90 GeV to 500 GeV

A90 Gev Giga-Z, 250 GeV Higgs factory,
a4 3 GeY at ttbar threshold and 500 GeV for ttH and HH

nnnnnnn

A This would define a physics programme for O(15 years)
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ILC Status

> MEXT (Japanese ministry for research etc.): Academic Expert Committee
to investigate physics case, TDR costing, Human Resources, ...

SC J - Fiirt]ac2:c(;r1ngnendation > MEXT

ILC Taskforce

formed in 2013

------------------

i Commissioned
i Int’l Survey
: (contracted in 2014, and

Academic Experts Committee
formed in 2014

Particle & Nuclear Phys. TDR Validation

Working Group Working Group
formed in 2014 formed in 2014

Working Group

To be formed

0.
DESY
Joa e ’\‘




esee CLIC 500 Gev
esee (CLIC 3 TeV
ILC 500 GeV




CLIC: A potential multi-TeV collider

> Novel two-beam acceleration

Overview of the CLIC layout at vs =3 TeV

COncept ?;}t:hjrfz":s | |Ihl g::ym [ S M 142
. E:;:g;: drive baam acos larator
> 100 MV/m gradient seems Fa— m.w .,,h.,.,
feaSible dac mmmmualsmm
, m‘m&m’%mmx ey imm:mw
Acms energles up to 3 Tev T & main linac, 12 GHz, 100 MY/, 21 km ) L et main nac %
on comemr o
> But not yet at the same level = smi., —

BOS beam da Imly :njmhm

of maturity as ILC technology = s

> General issue for linear colliders:
power consumption:

Power/MW
ILC 0.5 163

ILC 1 240
CLIC 1.5 364
CLIC 3 589

Joachim Mnich | Future Colliders | Theory Challenges for LHC Physics

> CLIC R&D ongoing at CERN
A gradient
A stability
A beam handling
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Alternative Circular ete collider?

> A circular ete collider

A numerous concepts, studies and Accelerator ring
ideas around:

Ae. g. LsER® GeVin the
LHC (former LEP!) tunnel

A or CEPC, FCC-ee, TLEP (later) —

.. ) .. Collider rin -
> Maln Issue IS synchrotron radiation .

A grows as E*
Ae.g. LEP3: meanloss& GeV per turn
Apowerlosséd 50 MW per beam
Abeamlifet i me & 71 tefuiressecond ring for top-up
> Feasible?
A yes, but cost ~ E jwhilé cost ~ E for linear collider)
> BUT: Dead end for all circular e*e colliders:

A no energy increase, e.g. to reach top-pair threshold, possible
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FCC i Future Circular Collider @ CERN

> A circular tunnel @ Geneva

Afor leptons and / or hadrons?

A Ahink bigfii in terms of magnet
development and civil
construction

A 80-100 km circumference

> FCC-ee:

Alepton option of FCC, merger of
former TLEP and LEP3 ideas.

Abeam energies up to the ttbar
threshold,
l.e. cms energy 350 GeV.

d'un tunnel circulaire
de 80 3 100 km de long

Avarious staging scenarios for
Z ,WW, H,ttbar thresholds
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Alternative 2: Go circular!

> A circular ete collider

Canton de Vaud

A Numerous

Département
de I'Ain

Canton de Genéve

d'un tunnel circulaire
de 80 a 100 km de long
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