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Standard Model of particle physics : accurate

description of microphysics at present energies

Higgs: ATLAS+CMS Combin
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Standard Model of cosmology : ACDM
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Beyond the Standard Model of PP : Why?

@ to include gravity in a consistent quantum theory

longstanding dream of unification of all fundamental forces of Nature

@ hierarchy of masses and force intensities ~ EW /gravity ~ 1032
stability at the quantum level =

fine-tuning of parameters in 32 decimal places! (g
@ Neutrino masses and oscillations (7]

@ origin of Dark Matter in the Universe s

Many theories have been proposed

Supersymmetry, new space dimensions, string theory, ... [
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Gravity : dominant force in astrophysics

but irrelevant in particle physics

me «—r— em  Fya =GNz v = Mplana = 1019 GeV

. . e
Compare with electric force: Fo = - =
r

effective gravitational ‘charge’ Gym?  or in general GyE? at energies E

2
F, Gnmg, ot
E broton grav I;ro on 10_40
Fel e

= Gravity is very weak !
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Beyond the Standard Theory of Particle Physics:

Higgs mass: very sensitive to high energy physics
quantum corrections : dmpy ~ scale of new physics/massive particles
stability requires adjustment of parameters at very high accuracy

to keep the physical mass (m,,c_;"”ss"c"”’)2 + 6m3, at the weak scale

= fine tuning up to 32 decimal places !
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Neutrino masses and oscillations

The Nobel Prize in Physics 2015

Takaaki Kajita Arthur B. McDonald

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
Kajita and Arthur B. McDonald for the discovery of neutrino
oscillations, which shows that neutrinos have mass

1
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What our Universe is made of ?

@ Ordinary matter: only a tiny fraction

@ Non-luminous (dark) matter: ~ 25%

Natural explanation: new stable Weakly Interacting Massive Particle

in the LHC energy region

74 9 DARK ENERGY

\22% DARK MATTER
3.6% INTERGALACTIC GAS
0.4% STARS, ETC.
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Relativistic dark energy 70-75% of the observable universe

negative pressure: p = —p = cosmological constant
1 871G c*A
Rab — ERgab + Ngab = 7Tab = PA= s-C P

Two length scales:

o [\l = L=2 + size of the observable Universe
Aobs = 0.74 x 3H3 /c? ~ 1.4 x (10%° m)~2
Hubble parameter ~ 73kms ! Mpc !

= L=* « dark energy length ~ 85um
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Newton's law is valid down to distances 0.05 mm

Adelberger et al. '06
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Supersymmetry: every particle has a superpartner

Advantages:

@ realize unification of the three Standard Model forces

natural dark matter candidate (lightest supersymmetric particle)
@ prediction of light Higgs (< 130 GeV)
@ rich spectrum of new particles within LHC reach

Problems:

@ too many parameters: soft breaking terms

@ MSSM : already a % - %o fine-tuning  ‘little’ hierarchy problem
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ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

July 2018 Vs=7,8,13TeV
i .
Model oMY Jets EYS [ranm™) Mass limit Vi=13Tev Reference
T
0 26fts Yes 361 155 miit)<100Gev 112005
monojet  13jets  Yes 361 o7t @) -5Gev 171103501
8 T - . i
Forbidden 09516 mifh)-00Gev 171z02%2
1 —— 3eu  4jets - %61 185 miE)<800Gev 170603731
° eept 2jels  Yes 361 12 mEmE;)=50Gev. 180511381
P 0 7dljes Yes 361 8 m(E}) <400Gov 1708.02794
3e. ajets - %61 098 (@) -200GeV 170603731
= 0ten 36 Yes 361 20 miE)<200GeV 1711.01901
3e. djets - %61 125 (@)t} =300GeV 1706 03731
Multiple 36.1 Forbidden 09 300 GeV, BR(4F})=1 1708.09266, 1711.03301
Multiple. 36.1 Forbidden 058082 m(F])=300 GeV, BR(bY})=BR(K)=0.5 170809266
Multiple. 3.1 Forbidden 07 m(F})=200GeV, m(¥})=300 GeV, BR(F)=1 1706.03731
Muiple 36.1 07 m(F})=60GeV 1708.04183, 1711.11520, 1708.03247
Mutiple 361 Forbidden 09 mit})-200Gev 170804183, 171111520, 1708.03247
02cu 02jels12b Yes 361 10 (i1 Gev 1506.0616, 1709.04183, 1711.11520
Multple 361 0409 = 150Go\, mE () 170904183, 1711.11520
Mutiple 36.1 Forbidden 0608 m(T1)=300GeV, m(¥: )-m{iy 1709,04183, 1711.11520
Multiple 361 0.48-0.84 miE})=150GeV, m(¥} }mi) 1709.04183, 1711.11520
0 e Yes 361 085 180501649
0.46 mi &) 1805.01649
0 monojet  Yes  36.1 0.43 mii 1-m(E})=5 GeV 1711.03301
4b Yes  36.1 3 0.32-0.88 m(¥)=0GeV, m(i))-m(F})= 180 GeV. 1706.03986
- Yes 36.1 06 m(i})=0 14035294, 1806.02293
21 Yes 361 047 m(E;)-m(i)=10 GeV. 1712.081
tieyyiesn Yes 203 | 028 miih=o0 150107110
 Hi—tr(7) 2r Yes 361 [F 076 m S o) 1708.07675
] 022 i) S i) 170807875
2ep 0 Yes  36.1 i 05 1803.02762
2en 21 Yes 31 |7 018 171208119
AR, A-1G12G 0 2% Yes 381 @ 013023 029088 1806.04030
dep 0 Yes 361 i 1804.03602
Direct ¥11; prod.,long ived 11 Disapp.tk  Tjet  Yes 361 |%; 046 Pure Wino 120211
B oo Pure Higgsino ATLPHYSPUB2017.019
Stable £ R-hadron sup - - s2 | 16 16060512
Metastable  R-hadron, g\ Muttiple. 328 24 m(E})=100 GeV 171004901, 1604.04520
GMSB, ¥{—G, longlived ¥} 2y - Yes 203 | 0.44 1<r(if})<3 ns, SPSE model 14005542
—seev/epv/upy displ. ee/eu/py - - 203 |¥ 13 6 <cr(i)< 1000 mm, m(i] 150405162
LFV ppsi, + X, Srmseuler/pir erar - T a2 |w 19 AR R—T 160706079
TR/ - wwzeceer den 0 Yes miE)=100 Gev 180403602
2 E-aat 2 - aq 0 4Slarge-Rjets - Large 1,
ll>. Multiple m(F)=200 GeV, bino-like. ATLAS-CONF-2018-003
« & ths | g0}, ¥} = ths Multiple m(F)=200 GeV, bino-like. ATLAS-CONF-2018-003
7, w2, 23 — tbs Multiple mii?)-200 GeV, bino e ATLAS.CONF-2018.003
0 2jeise2b - 171007171
2en 26 - B —be/by)>20% 171008544
“Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Classic Dark Matter Signature

Missing transverse energy

B carried away by dark matter parti

=




Comparison with Direct D

No signal seen in any of the “mono”-signals so far -> limits

Axial-vector mediator and Vector mediator and
Spin-dependent direct limits Spin-independent direct limits
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Mono-jet/V searches are typically the most sensitive ones 90% CL limits
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Long Lived Particle

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: July 2018 [Ldt=(32-36.1)fb" V5=8,13TeV
Model ignature  [Ldt ] Lifetime limit Reference
RPVAQ  cvemluy  dsplacedleptonpar 203 |(Sesme AN G f ) 13 1070 | 150405162
caM? 28 Giplacedvix+jets 203 | 12 etime )= T 0oy | 150405162
GaM S - 28 displaceddimuon 329 | ¥ ltetime 0.029-180m m{g)=11TeV, m(x?)= 10TV | CERN-EP-2018-173
awsa nonpoining or delayedy 203 |12 etme  ocesam Spsswn A= 200 1aass42
AMSB pp o ataix;  dsappearingtack 203 | teime  ozsem 13103675
AMSB pp —» xfxl.x;x]  disappearingtrack 361 |7 ietime 0.057-1.53 m 171202118
AMSB pp — xix}.xxy large pixel dE/dx 184 |} etime _ 150505332
Steatnsusy 20MSverices 195 | Sueume  onsmsm - 150403634
SpitsusY large pixel dE/x 361 ~osm E)= BTV m{i8)=1606aV | CERN-EP-2018-158
SpitsuSY dsplaced vix+ EP™ 328 oo313zm )= 18TeV, m{if)= 100Gev | 1710.04001
SpitsusY 062-6jets +EP™ 361 oo21m ()= 18TV, m{1%)= 100 Gev | ATLAS-CONF-2018-003
Hoes 2 lowENF tackiess iz 203 | sifetme  omasim - 2560y 501 04020
Hovss 20MSverices 195 | sieime T ", 1504 0964
FRVZH - 274+ X 205 |FEE o3 mm e — 151105542
FRVZH —2ys+ X 34 74 lifetime. 0.022-1.113m miyq)= 400 MeV | ATLAS-CONF-2016-042
FAVZH =y, + X 2emuma-jets 34 | yatetime 0038-163m mlye)= 400 MoV ATLAS-CONF-2016-042
H— 2,24 displaced dimuon 329 2 lifetime 0.009-24.0 m m{Z,)= 40 GeV CERN-EP-2018-173
VHwith H = 55 — bbbb 1 -2 + multi-brjets 36.1 slifetime  0-3mm B(H = ss)=1, m(s)= 60 GeV 1806.07355
©E00GE) w55 2iowEMFuacdessieis 203 | siieime  omrsm x81 )= S0GaV 150104020
©(E00GeY) 55 2oMswerces 195 | sifenme GTSER] <o b o= oGV 1504 00634
0G5 ZlowEMFuackesskts 32 | sileime oos27m cxsetph o @G | ATLAS GONF 2016103
©00GEV) 255 2lowEMFtackiessiels 203 | sieime o omsaim x8=1 b mle)= 0G0V 150104020
©(00GeV) - =5 2OMsverices 195 | stieime DR <o e ) socey 150403634
B(1TeV) 55 2low-EMF trackless jets 3.2 | slifetime 0.78-16.0m @ % B=1pb, m{s)= 400 GeV | ATLAS-CONF-2016-103
WZOTeV~aa  200MSvedces 203 |stieime T otasm B - GaV 504 co83t
WZ@TV g 2l0MSwetces 203 |siietme I T o x5= 10 =000y 150403634
0.01 0.1 1 10 100 cr [m]
Va=13TeV

“Only a selection of the available lifetime limits on new states is shown.
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String theory:

Main predictions — inspirations for BSM physics

Spacetime supersymmetry but arbitrary breaking scale

@ Extra dimensions of space  six or seven in M-theory

Brane-world description of our Universe

matter and gauge interactions may be localised in less dimensions

Landscape of vacua
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Connect string theory to the real world

@ Is it a tool for strong coupling dynamics or a theory of fundamental forces?

@ If theory of Nature can it describe both particle physics and cosmology?
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At what energies strings may be observed?

Very different answers depending mainly on the value of the string scale M,
Before 1994: Ms >~ Mpianck ~ 1018 GeV [, ~ 10732 cm  After 1994:

- arbitrary parameter : Planck mass Mp — TeV

- physical motivations = favored energy regions:

M; ~ 1018 GeV Heterotic scale
o High :

Mgyt ~ 10'® GeV  Unification scale
o Intermediate : around 10! GeV (M2/Mp ~ TeV)

SUSY breaking, strong CP axion, see-saw scale

@ Low : TeV  (hierarchy problem)
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2018 [Ldt=(32-79.8) 1! V5=8,13TeV
Model Gy Jetst ET* [Lat- Reference
T T T

ADD G + /4 Oen  1-4] Yes w1 |Mg TV -2 171103301
ADD non-resonant yy 2y - - w7 |ms 86TV - 3HZNO 170704147
ADD QBH - E T A 89TV o6 1700tz
ADD BH high ¥ pr- zleu 22j - 32 My, 8.2TeV n=6,Mp = 3TeV., rot BH 1606.02265

£ | AooeHmutiet - 23 - 36 |ma SS5TeV. 0= 6.Mp ~ 3TeV. olBH 151202586

B | RSt Gy 2y - - %7 |GRkmass 41Tev KW =01 1707.04147

é BUKRS Gex —» WW/ZZ  multichannel 361 | Guocmass 23Tev K¥p =10 CERN.EP.2018-179
Bulk RS gk - 1t Tew 21b 361 [mxcmass 3gTev Tm e 15% 1004 10620
2UED/RPP Ten 22b23) Yes 36.1 KK mass 1.8TeV. Tier (1,1), BA < gt) =1 1803.09678
SSMZ' — 1t 2ep - - 36.1 2’ mass. Tev. 1707.02424
SM 2 e 2r S - i |zmes 242Tev 1mosor2se
Leptophobi 2/ — bb, - 20 - 31 |z 21Tev 180505255
Leptophobi 2/ — tt Tew 162102 Yes 361 |Zmase 30Tev Tm=1s 1604 10623
SSMW' = tv Teu - Yes 798 W' mass 5.6 TeV. ATLAS-CONF-2018-017
SSMW' -1 i S s 31 |wemas 7TV 100106
HVTV WV qaqgmodel B Oesr 24 - 798 | Wimass 415 TeV =3 ATLASCONF 2018015
HVT V' s WH)ZHmodel B mult-chamnel 31 [wmse 203Tev PO 171206518
LRSM W, — tb mult-channel % | wmass 325Tov CeANEP2018- 2

W Claaa - 2 - a0 |a 28TeV 1, 17ea0eter

©  Clttqq 2ep - - 36.1 A 400TeV 1 1707.02424
Cleate dew 21b>21) Yes 1 |A 257Tev (Cul= 42 CeRNEP 2018174
Mialvocor medtor (DiracOM)  Oeu  1-4]  Yes 6.1 [maw 15570V 025, 6210, m(1) = 1GaV 17110301

3 | Colored scalar modialor (DracOM) Oc.u 1-4]  Yos 361 [ 167Tev =10, m{x) = 1 Ge 17103301
Wy EFT (Dirac DM) Oep 1J,51]  Yes 32 M. 700 GeV' m(x) < 150 GeV 1608.02372
Scalar LQ 1% gen 2e 22 - 32 |uomas 117ev =1 150506035

S| scalar L0 2" gen 2u >2j - 32 |tomss 1.05TeV. p=1 1605.06035.
Scalar LQ 3 gen Teu >1b33] Yes 203 p=0 150804735

g VLQ TT = Ht/Zt/Wb + X multi-channel 36.1 T mass. 1.37TeV. 'SU2) doublet ATLAS-CONF-2018-032
VLQBB » We/Zb+ X mulchannel 31 |Bmas 134TV SU) douvet ATLAS.GONF 2018032

& | VLQTysTonlTon — Wi+ X 2(SS)23 e 3.1 |Tanmass 164TeV BTy W)= 1, (T CERN-£P 2018171
VLQY - Wb+ Ten 32 [Ymass 148 TeV. B(Y  Wh)= 1, c(YW)= 1/\3 | ATLAS-CONF-2016.072
VLB — Hb+ X Oeu2y 788 |Bmass 1217V =05 ATLAS.CONF 2018.02¢

% vLaQQ - Wawq 1e 203 1509.04261
Exited quark q” — a5 - 2 - w0 60Tev onty s and o 170s00127
Excited quark g° — qy y - 37 5aTev anly ' and oA = m(a") 170810840
Excited quark b* — bg R T X VY] 26Tev 160500280

3 ot v o Ao

S | Excited lopton»* Sesr - - 203 A=LeTov 16112621
Type Il Seesaw Tew 22 Yes 798 |Womass 560 GoV. ATLAS-CONF-2018-020
LRSM Majorana » 3 2j - 20. m{Wk) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — (¢ 234epu(SS) - = 36.1 H** mass. 870 GeV' DY production 1710.09748
Higgs trplet H=* — (1 emr - - 203 OF producton, 8(H — (1) ~ 1 14112021
Monotop (non-res prod) Tenu 1b Yes 203 Fnon-res =02 14105404
Multicharged partiles - - T s OF producton, i = 5e. 150404188
Magnetic monopoles - - - OF producton. e~ 10,9 1/2 | 150908050

1 N L
Ve=13Tev -y
- 10 1 10 Mass scale [TeV]

“Only a selection of the availabl

mas:

 Small-radius (large-radius) jets are denoted by the letter j (J).

(ICPPA, October 2018)
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B 13Tev [_]8TeV

LQi(e]) X2  —
LQ1(ej+LQ1(Y) B=0.5 -
LQ2(j) x2 | — coloron(j) x2
LQZ(MHLQLZSIQ(E;)OQS — coloron(4j) x2 Mulﬂjet
LQawb)x2 === Leptoquarks o
(a1 ahino(@) 2 [ Resonances
Laawvx2 == -
Single LO1 (-1) ] gluinoGib) x2 [
Single LQ2 (\=1) =1 0 1 2 3 4 Tev
0 1 2 3 4 TeV
/ADD (y+MET), nED=4, MD
RS1(jj), k=0.1 ADD (j), nED=4, MS
RS1(yy), k=0.1 QBH, nED=6, MD=4 TeV
RS1(ee,py), k=0.1 NR BH, nED=6, MD=4 TeV'

P 3 4 Tev String Scale (jj)
QBH (j), NED=4, MD=4 TeV/

CMS Preliminary ot

ADD (ee, ), nED=4, MS Lorge Extra
ACD () nED=4, MS Dimensions
SSM Z'(tT) Jet Extinction Scale
SSM Z'(jj)
SSM Z'(ee)+Z'(up)
SSM W'(jj) dijets, A+ LL/RR
SSM W'(lv) dijets, A- LL/RR
SSMZ'(bb) I dimuons, A+ LLIM
0 1 2 dimuons, A- LLIM
. dielectrons, A+ LLIM
Excited dielectrons, A- LLIM
e* (M=N) Fermions single e, AHnCM .
W M=) single p, A HnCM
q (gv)(?g) inclusive jets, A+
b* inclusive jets, A-
0 1 2 3 4 5 6 Tev 01234567 8910111213141516171819 TeV

CMS Exotica Physics Group Summary — ICHEP, 2016
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Experimental limits on short distance forces

V(r)=—-Gmm (1 +ae"/)‘)

1070 - ‘ ‘ _
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10°% - } —
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o |
T ) AN N g
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107 e e i
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A (um)
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What is next?

Physics is an experimental science

e Exploit the full potential of LHC

e Go on and explore the multi TeV energy range

I. Antoniadis (ICPPA, October 2018) 23 /32



Explore the 10-100 TeV energy range

Linear Colliders - ILC project

Circular Colliders
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Future HEP: The Three Frontiers

After the Higgs discovery

2012-2014

Evaluation in all
regions: Europe
Asia, the Americas

Proton Decay

*European strategy group

@ 3
*Snowmass study and IP5 7
*Japan strategy group yF ontier The OO%
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Problem of scales

@ describe high energy (SUSY?) extension of the Standard Model

unification of all fundamental interactions

@ incorporate Dark Energy

simplest case: infinitesimal (tuneable) +ve cosmological constant

o describe possible accelerated expanding phase of our universe
models of inflation (approximate de Sitter)

= 3 very different scales besides Mpjnck :

DarkEnergy ElectroWeak  Inflation QuantumGravity

| | | | -
I I I I

meV TeV M[ MPlanck
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Problem of scales

DarkEnergy ElectroWeak Inflation QuantumGravity

| | | |
I I I I .

meV TeV M | M Planck

© they are independent

© possible connections
o M; could be near the EW scale, such as in Higgs inflation
but large non minimal coupling to explain
o Mpjanek could be emergent from the EW scale
in models of low-scale gravity and TeV strings
— o connect inflation and SUSY breaking scales

while accommodating observed vacuum energy
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Inflation in supergravity: main problems

@ slow-roll conditions: the eta problem = fine-tuning of the potential
n=V"/V, Ve=eM(DWP? -3W]?), DW =W +KW
K: Kahler potential, W: superpotential
canonically normalised field: K = XX =>n=1+...
@ trans-Planckian initial conditions = break validity of EFT
no-scale type models that avoid the n-problem K = —3In(T + T)
o stabilisation of the (pseudo) scalar companion of the inflaton
chiral multiplets = complex scalars

@ moduli stabilisation, de Sitter vacuum, ...
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Inflation from supersymmetry breaking

Inflaton : goldstino superpartner in the presence of a gauged R-symmetry

@ linear superpotential W = f X = no n-problem
Ve = X (IDW? - 3|w?)

K (I1+ Kx X2 =3XP) IfP  K=XxX
= P IXP+O(X) [FP=0(X[*) =n=0+...

e inflation around a maximum of scalar potential (hill-top) = small field
no large field initial conditions
@ gauge R-symmetry: (pseudo) scalar absorbed by the U(1)g

@ vacuum energy at the minimum: tuning between VfF and Vp
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Two classes of models

@ Case 1: R-symmetry is restored during inflation (at the maximum)
KV

1.2x1073

1.x107% |

8.x107

6.x107"

4.x107 |

2.x10"" |

0.‘2 04‘4 0.‘6 0.‘8 1.‘0
o Case 2: R-symmetry is (spontaneously) broken everywhere

(and restored at infinity)

example: toy model of SUSY breaking
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Case 1: predictions

slow-roll parameters

n=-—-

V//
<> = naturally small parameter + O(p?)
K

vV

1 V/ 2 2 2 4

spectral index ns = 1 4 21, — 6€, >~ 1 4 27,

start V

1 1 pend>
number of e-folds N = — =K | —= =~ In
Lnd 4 / V 2¢ |77*| < Px

Planck '15 data : 7, ~ —0.02 = correct prediction for N 2 50

tensor — to — scalar ratio r = 16¢, in general small

r <1074, H, <102 GeV  assuming pend < 1/2

However a modified model with D-terms allow r as large as 0.015
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Conclusions

The quest for new physics beyond the current standard models

of particle physics and cosmology continues on several fronts
Awaiting for new discoveries

Challenge of scales: at least three very different (besides Mpjpck)

electroweak, dark energy, inflation, SUSY?

their origins may be connected or independent

General class of models with inflation from SUSY breaking:
identify inflaton with goldstino superpartner

small field, avoids the n-problem, no (pseudo) scalar companion
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