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Most general renormalizable lagrangian including all SM fields with
SU(3)xSU(2) xU(1), gauge groups:

1 1 1
s11 = — BB — 5 T (W W) — 55 Tr(Glu G)

+QiiPQ; + LiilpL; + u;iDu; + d;ilpd; + €;ilpe;
+(Y 9 Qiu;H + Y, Qid; H +Y,” Lie;H + h.c.)

+(D, H)(D'H) — N(HTH)? @HTH
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19 parameters:

3 gauge coupling constants

« 9 fermion Yukawa couplings

« 3 CKM mixing angles + 1 phase
s u,A or my,my

estrong



= Electroweak measurements at LEP,
SLD, and Tevatron

= CP-violation at B-factories, K-factories
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= LHC Higgs boson discovery at —126 GeV is compatible
with precision measurements
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Unanswered questions?




= Why do neutrinos have mass yet so light?

= Observed neutrino masses imply new physics (at least, right-handed
neutrinos) somewhere between 1 keV and 10> GeV)

= Add 7(+2) parameters to the SM

= What is the origin of matter anti-matter asymmetry
INn Universe?

= Domination of matter over anti-matter requires new physics between
100 GeV and 1016 GeV

= What is dark matter?

= EXxistence of dark matter requires new physics (at least one new
stable particle) somewhere between sub-eV and 101° GeV

= What is the physics which reconciles gravity and quantum mechanics?

= What is the physics which reconciles gravity and
guantum mechanics?
= New physics expected (at least) at energies — 101°GeV !



The Higgs mass term:
= Why the gravity is so weak?
= Mgy 2~10%GeV2 <<M,2~1038 GeV?

= Charge guantization:
* Why |Q,+Q|<10%'Q.?

= The strong CP problem:
- Why estrong <1013

= Number of families:
= Why are there three families?

= Fermion masses:
= Why m,,/m,—3x10°7?

= Gauge coupling unification:
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= Is there a unified description of all forces at higher energy?



What is the dark energy?

Why is the cosmological
constant small but non zero ?

Why now? (Cosmic
coincidence problem)

Why is the Universe so big?
(flatness problem, horizon
problem)

Dark Matter

What is the physics which
underlies inflation?
= Link with Higgs?

Dark Energy




Dark matter

Dark matter does not emit or reflect
sufficient electromagnetic radiation to
be detected.

—~ 80% of matter is Dark Matter

The most compelling candidate is a
WIMP for Weakly Interacting Massive
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Gravity

Described successfully by the General
relativity but:

= No acceptable quantum theory of
gravity

= |Inverse-square law of gravity only down to
distances just shorter than 0.1 mm,
corresponding to energies of 0.01eV

Associated with a dynamical symmetry
group (symmetry of the spacetime), other 10° g MR
gauge theories are built on internal 108 N REGION

symmetries.
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= Why the gravity Is so weak?

= At the quantum level, scalar masses are extremely
sensitive to heavy states

mi— Mo he b _h

\

My, = Meye +C.M ]

bare

= Strong dependence of physics at the electroweak
scale on the physics at the Planck scale

= It's like saying that to describe the rotation of the moon
around the earth one needs to know about the quarks inside
the proton
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mH — mbare T C'M p




m’ =125° = 36,127,890,984,789,307,394,520,932,878,928,933,023
—36,127,890,984,789,307,394,520,932,8/8,928,917,398




m’ =125° = 36,127,890,984,789,307,394,520,932,878,928,933,023
- 36,127,890,984,789,307,394,520,932,878,928,917,398
= Extreme fine tuning of parameters!!!!

= Different situation for fermions or gauge bosons
— gauge symmetries protect them

= Solution to the hierarchy problem lead to
new physics at the weak scale




= Higgs self-coupling (A) energy

variation deduces from renormalization

group evolution

= EW vacuum unstable if A <O
V() =il + 2l

A=>0

Higgs quartic coupling A(u)
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= Many BSM models developed to answer Standard
Model limitations. For instance:

= Supersymmetry:
= Add a new broken symmetry to SM to protect
Higgs mass

= Composite Higgs:

= The Higgs Is not elementary, first manifestation
of a new strong force

= Large extra dimensions:

= addresses Hierarchy Problem by bringing the
Plank scale down to TeV



= Multi-pronged approach to search for new
physms
Direct Searches at high energy colliders
= Precision Measurements (need good theoretical control)
= Rare decays (K & B) and Forbidden Processes
= Neutrino physics
= Cosmological observations

= Beyond Standard Model physics not only In
this session!!!
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Oct 2013 CMS Preliminary

¢ 7 TeV CMS measurement (L< 5.0 fb')
I 8 TeV CMS measurement (L< 19.6 fb'1)
=7 TeV Theory prediction
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ATLAS SUSY Searches™ - 95% CL Lower Limits

ATLAS Preliminary

Vs=8TeV
full data

107!

Mass scale [TeV]

“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.

Status: SUSY 2013 [Ldt=(46-229)fb" 5=7,8TeV
Model e T,y Jets ET™ [rdti) Mass limit Reference
T l T T T T T T T r T T T T T T T
| MSUGRA/CMSSM 0 26jets  Yes 203 |&& 1.7 TeV m(@)=m(g) ATLAS-CONF-2013-047
MSUGRA/CMSSM 1epu 36jets  Yes 203 |E& 1.2 TeV any mi(g) ATLAS-CONF-2013-062
© MSUGRA/CMSSM 0 7-10jets  Yes 20.3 g 1.1 TeV any m(g) 1308.1841
Gd, §—qiy 0 2-6jets  Yes 203 |a 740 GeV m(F)=0 GeV ATLAS-CONF-2013-047
B, E— qqxﬁ’ 0 2-6jets  Yes 203 |E 1.3 TeV m(F)=0 GeV ATLAS-CONF-2013-047
ge. g~ qg¥1 —;quixl ; e g—: ;:e:s Yes ;gg g . 11.; ?r T‘o’v mﬁ]doo GeV, m(¥*)=0.5(m(T})+m(g)) ATLAS-CONF-2013-062
BE, E—qq(il/tv/w)Xy eu -3 jets - . 12Te m(¥})=0GeV ATLAS-CONF-2013-089
2  GmsB (? N(LSF') ¥ 2ep 2-4jets  Yes 4.7 tang<15 1208.4688
@  GMSB (f NLSP) 127 0-2jets  Yes 207 tang >18 ATLAS-CONF-2013-026
2 GGM (bino NLSP) 2y - Yes 48 m(F2)>50 GeV 1209.0753
E GGM (wino NLSP) Tep+y - Yes 4.8 m(¥3)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) ¥ 1b Yes 4.8 m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e.u(Z) 0-3jets Yes 5.8 m(H)>200 GaV ATLAS-COMNF-2012-152
" Gravitino LSP [v] mono-jet  Yes 10.5 m(g)>10"* eV ATLAS-CONF-2012-147
ST gqbﬁfa‘f 0 3b Yes 201 |& 1.2 TeV m(i])<600GeV ATLAS-CONF-2013-061
mg Fotth 0 7-10jets  Yes 203 |& 1.1 TeV mi¥7) <350 GeV 1308.1841
B E—tthy 0-1ep 3b Yes  20.1 g 1.34 TeV m(E})<400 GeV ATLAS-CONF-2013-061
@ 80 E—bii 0-1ep 3b Yes  20.1 g 1.3 TeV m(E})<300 GeV ATLAS-CONF-2013-061
byby, Epl—uﬁi’ 0 2b Yes 201 | by 100-620 GeV m(F))<90 GeV 1308.2631
e biby, by—th; 2eu(SS) 03b Yes 207 |b 275-430 GeV m(¥;)=2 m(¥) ATLAS-CONF-2013-007
'2 H i (light), Fy—bFT 1-2ep 12 b Yes 4.7 fy 11 m(#})=55 GeV 1208.4305, 1209.2102
H i (light), f— Wle g e Ué? jets  Yes 20.3 t 130-220 GeV m(f'zj =m(f, )-m(W)-50 GeV, m(f;}<<m(¥7) | ATLAS-CONF-2013-048
# t1(medium), F -t e jets  Yes 203 |h 225-525 GeV m{¥7)=0 GeV ATLAS-CONF-2013-065
: 1 (medium), & — b3 0 2b Yes 20.1 ) 150-580 GeV m(F})<200 GeV, m(¥i )}-m(¥})=5GeV 1308.2631
a # T (heavy), f —t¥ 1ep 1b Yes 20.7 3 200-610 GeV m(i})=0 GeV ATLAS-CONF-2013-037
® g ?1?1 (heavy), f;—t¥; 0 2b Yes 205 f 320-660 GeV m(i})=0 GeV ATLAS-CONF-2013-024
0B hi. hoch 0  mono-jet/c-tag Yes  20.3 f 90-200 GeV m(t)-m(P7)<85 GeV ATLAS-CONF-2013-068
t ty (natural GMSB) 2eu(Z) 1b Yes 207 |& 500 GeV m(Ed)>150 GeV ATLAS-CONF-2013-025
B, bhoh + 27 3eul(Z) 1b Yes 207 |® 271-520 GeV m(t)=m(i3)+180 Gev ATLAS-CONF-2013-025
{._rR.‘L Re .’—»m 2epu 0 Yes 20.3 i 85-315 GeV m{l:’?]-ﬁ GeV } } ATLAS-CONF-2013-049
E pevee {1. —{v((7) 2epu 0 Yes 203 ;X; 125-450 GeV mpfg]-o GeV, m(f, ﬁ}-O.Sme“i}+mu:%}) ATLAS-CONF-2013-049
% o )(1 X1, X1 —=Tv(1¥) 2t Yes 20.7 Yo 180-330 GeV } n:.gxlj.o_ GeV, m(F, 7)=0.5(m(¥; }sm(¥1)) ATLAS-COMNF-2013-028
5 )(1X —rvaf&f(w] (v () 3eypu 0 Yes 207 | 4_8" 600 GeV mET)=m(is), mw‘;)‘.o‘ m({aﬁ)-o..')[mufhmu’?n ATLAS-CONF-2013-035
xlx — Wi zx& 3eypu 0 Yes 20.7 xlxa 315 GeV m(¥; )=m(¥3), m{F})=0, sleptons decoupled | ATLAS-CONF-2013-035
Fi¥s— Wi hE] Tenu 2b Yes 203 .F% i 285 GeV m{¥5)=m(¥3), m(¥7)=0, sleptons decoupled | ATLAS-CONF-2013-083
g Direct ¥, ¥; prod., long-lived ¥; Disapp. trk 1 jet Yes 203 | ¥ 270 GeV miF; )-m(E)=160 MeV, r(¥})=0.2 ns ATLAS-CONF-2013-069
B2 cvss spmer ot e 120 R N e e Ayt
stable 7, 1—.rej..'+re,u H - - . < - -
g GMSB, x?—.yG long-lived 2y - Yes 4.7 0.4<r(i])<2 ns 1304.6310
=, x?—»qq,.; (RPV) 1u, displ, vix - - 20.3 ] 1.0 TeV 1.5 <cr<156 mm, BR(u)=1, m(f)=108 GeV | ATLAS-CONF-2013-092
LFV pp—i, + X, V,—e +pu 2epn - - 4.6 A43,=0.10, 413,=0.05 12121272
LFV pp—¥, + X, ¥—e(u) + 1 lep+t - - 4.6 X33,=0.10, dy(2)33=0.05 12121272
> Bnmear RPV CMSSM 1eu 7 jets Yes 4.7 m(g)=m(g), cTisp<1 mm ATLAS-COMF-2012-140
& X,]Xh By - WE} ¥ oeer,, euse 4o - Yes 207 m{F3)>300 GeV, d1210 ATLAS-CONF-2013-036
Xy X1, ¥ = WH Florri., eri, 3ep+T Yes 20.7 m(f’?]:‘aﬂ GeV, 1;>0 ATLAS-CONF-2013-036
g—qqq 0 87 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—tit, ti—bs 2e,u(88) 03b Yes 207 ATLAS-CONF-2013-007
o Scalar gluon pair, sgluon—qg 0 4 jets - 4.6 inel. limit from 1110.2693 1210.4826
@« Scalar glunn pair sgluon—: tt 2e p (SS) 1b Yes 143 ATLAS-COMF-2013-051
g WIMP interaction (D5, Dirac y) mono-jet  Yes  10.5 m(y)<B0 GeV, limit 0f<687 GeV for D8 ATLAS-CONF-2012-147
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ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)

Large ED (ADD) : monojet +E, ...

Large ED (ADD) : monophoton + E; ...

Large ED (ADD) : diphoton & dilepton, m,,

UED : diphoton + E, ...

S'iZ, ED : dilepton, m,

R51 : dilepton, m,

RS1: WW resonance, m;

Bulk RS : ZZ resonance, m,

RS g — {l (BR=0.925) : tT — |+jets,m

ADD BH {M,, /M,=3) : 8S dimuon, N, ...
ADD BH (M, /M,=3) : leptons + jets, p
Quantum black hole : dijet, F (m,

%) qqll Cl - ee & up, 1‘5"
uutt Cl - S8 dilepton + jets + E

M (HLZ 5=3, NLO)
Compact. scale R

Graviton mass (k/M; = 0.1)
Graviton mass (k/M; = 0.1)

Graviton mass (k/M, = 1.0) jn'_df =(1-20)fp"

fs=7,8TeV

A {constructive int.)

L=20 1", 8 Ta¥ [ATLAS-CONF-2013-017] 2BETeV 7' mass

Z'(S8M) :m,, |L=471b",7 TeV [1210.6604]

14Te¥ £ mass

18TeV 7 mass

Z' (leptophobic topcolor) : T — I+jets, m  [L=1431h"8 Tev [ATL AS-CONF-2015-052]

= W' (SSM) imy | t=47 6", 7 TeV [1200.4445)
W (—=tq, g =1) T [L=47 17, 7 Tev [1200.6503)

255 Te W' mass
430 Ga¥ W' mass

W (—th, LRSM) im_ |i=14.3 b™, 8 TeV [ATLAS-CONF-2013-050]

Scalar LQ pair {(#=1) : kin. vars. in egjj, evj] [Lt=t0m",7Tev [1112.4828)
9 Scalar LQ pair (#=1) : kin. vars. in pujj, pvij [e=10mw" 7 Tev [1203.3172)
Scalar LQ pair (=1) : kin. vars. in t1jj, Tv]] |t=471" 7 Tev [1303.0528)
eneration : 't'— WbWWb [L=471h" 7 TeV [1210.5456)

660 Gev T gen. LQ mass

e85cev 2" gen. LQ mass
5346ev  3” gen. LQ mass

658 Ga¥  1' mass

4
4th generation : b'd’ — 55 dilepton + jets + Er 1=14.3 {6, 8 TeV [ATLAS-CONF-2013-051] 720 Ge¥ b’ mass

Mwss
Vector-like quark : TT— Hi#+X | L=14.3 fb", § TaV [ATLAS-CONF-2013-018] 790 GeV_ T mass (isospin doublet)

Vector-like quark : CC, M, |L=481b", 7 TeV [ATLAS-CONF-2012-137]

Excited guarks : y-jet resonance, m
e E Excited quarks : dijet resonance, f
LS Excited b quark : W-t resonance, m,,,
Excited leptons : -y resonance, m
~ Techni-hadrons (LSTC) : dilepton,m__ |
Techni-hadrons (LSTC) : WZ resonance {hrllj,mwz
5 Maiarhgemr. (LRSM, no mixing) : 2-lep + jets
Heavy lepton N (type |ll seesaw) : Z- resonance, m
g Y r%t (DY p(rgg., BR{HﬂL*—au%:n 1SS ee (uu), mZ"'
Color octet scalar : dijet resonance, m,
Multi-charged particles (DY prod.) : highly ionizing tracks

1.427ev. VLQ mass (charge -1/3, coupling x g =v/mg)

b* mass {left-handed coupling)

I* mass (A = m(l*}))

p /o mass (mip_Ja;) - min;)

p, mass (m(p,) = mix;) + m,, mia)=1.1m{p.))
N mass (m(W_) = 2 TeV)

N* mass (|V_| = 0.085, |V | = 0.063, |V | = 0)

H* mass (limit at 388 GeV for uu)

Scalar resonance mass

mass (|g| = 4&)

TESS
L 1 1111

10
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Cross section ratios: 14 (13) TeV / 8 TeV
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= Unanswered Questions in the Electroweak
Theory, C. Quigg, hep-ph/0905.3187

= Beyond the Standard Model, A. Pomarol, hep-
ph/1202.1391

= Physics Beyond the Standard Model and Dark
Matter, H. Murayama, hep-ph/0704.2276

= Nouvelles Physiques by Henri Bachacou and
Adam Falkowski, Lecture @ Ecole de Gif 2012
(slides only)






Second order phase transition or cross-over
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No role in baryogenesis




= Higgs self-coupling (A) energy

variation deduces from renormalization

group evolution

= EW vacuum unstable if A <O

Instability
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Higgs quartic coupling A(u)
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