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The Standard Theory

¢ Three gauged symmetries SU(3)xSU(2)xU(1)

¢ Brout-Englert-Higgs mechanism of spontaneous EW symmetry
breaking -> Higgs boson

¢ CKM and PMNS mixing of flavours

¢ CP violation via phase factors

¢ Confinement of quarks and gluons inside hadrons

¢ Baryon and lepton number conservation

¢ CPT invariance -> existence of antimatter

The ST principles allow:

¢ Extra families of quarks and leptons Seems to be excluded by exp
¢ Presence or absence of right-handed neutrino still unclear
 Majorana or Dirac nature of neutrino Still unclear

Still unclear

¢ Extra Higgs bosons
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Main questions to the ST

Is it self consistent ?

Does it describe all experimental data?

Are there any indications for physics beyond the SM?
Is there another scale except for EW and Planck?

Is it compatible with Cosmology?

Why's? How's?

why the SU(3)xSU(2)xU(1)? ¢ how confinement actually works ?

why 3 generations ? ¢ how the quark-hadron phase transition
why quark-lepton symmetry? happens?

why V-A weak interaction? ¢ how neutrinos get a mass?

why L-R asymmetry? ¢ how CP violation occurs in the Universe?
why B & L conservation? ¢ how to protect the SM from would be

etc heavy scale physics?



Is the SM consistent quantum field theory?

¢ The running couplings possess the Landau ghost poles at high energies

| : e The ghost pole exist for the U(1)
coupling and for the Higgs coupling,
< but ... beyond the Planck scale

0.0
T T

e The Landau pole has a wrong sign
residue that indicates the presence of
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This is the ghost pole
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¢ The situation may change in GUTs due ® requires modification of the ST at
to new heavy fields @ the GUT scale VERY high energies



Is the SM consistent quantum field theory?

¢ Quantum anomalies may ruin the ST if not cancelled among quarks and leptons

This is the anomalous diagram Anomalies in the SM

%Uﬁ) % u(1) % U(1) % U(1)

ui1)  U(1) Su(2 SU2) SuE) SU@B) grav  grav

P = (=) + (1) + (-1)° — (=2)° =0
T T T T
dr vy, €L €R-
TrY; = 3(%—%%)—1—1:07

e cancellation of anomalies requires
TrY, = 3 (g t3-3- (—g)) =0, quark-lepton symmetry
1 1 4 2 e this is a hint fowards the Grand Unified
3(—+————(——)) 1-1—(-2)=0.

TrY = )
Theories



Is the SM consistent quantum field theory?

& Quantum corrections can make the vacuum unstable ... \ x5
¢ the whole construction of the SMmay bein =" N, e
trouble being metastable or even unstable | b
€ the situation crucially depends on the - RoEwdeimoy
top and Higgs mass values and requires 200 Instability
severe fine-tuning and accuracy > -
©) 150j /‘5\‘80\ g
g NS S
. . . S E
The way out might be the new physics at higher scale: 5 100] Stability :
= g
e SUSY is one example: Vsysy = |F|* + |D|* >0 = osor 2
e Extended Higgs sector is another e ST ’
0 50 100 150 200
example:
Several Higgs fields with several Higgs-like 180 180
couplings push the smallest coupling up T R
(might have also several minima) 2176 5 1P
J £ 114 / 2 1)
® GUT's provide the third example: 2 I | 317
£ 170 E 170/
c g
In a unified theory the Higgs coupling might = 108 = 168
be attracted by the gauge coupling and 3 166
115 |20 125 130 133 140 115 120 123 [30 1533 140

stabilize the potential

Higgs mass M in GeV liggs mass M, in GeV

5 Espinosa'l3



Is the SM consistent quantum field theory?

¢ New physics at high scale may destroy the EW scale of the ST

Quantum corrections to the Higgs potential due to New physics

* The Higgs sector is not protected by any symmetry

heavy (M) . mHy —14
— « creates the hierarchy problem ~ 10

—» dm’~ A M?

R I * requires modification of the ST
{ light (m) 10° 10" 10

magurT

e the way out might be the new physics at higher scale:

SUSY is one example: Extra dimensions is another example:

* cancellation with
superpartners up D=4 brane D=4 brane ~ Wrap factor

to

O Am? ~ 1 TeV y=0 =T G_QJ(WR)
plank gy TeV

- little hierarchy \ !

' e problem m_— . M3

Mp, = 7(6 —1)

=10 positive negative
msusy = TeV tension tension



Does the ST describes gll experimental data?

¢ EW observables pool ¢ Flavour Physics observ
=2 with M, measurement jad yasmnmanan gy A AR B R O e e e e D n o y
B w/o M, measurement nf Y 5 I JN 08 (e -based)
T T T[T I T[T IO [T I [TTTT [T 10 - Y Ampd Am, 2994 £5 i
M, | | EXfigerl.lf | 0.0 FWZD . - DHMZ 10 (r-based) -
M, G 1.2 o ) Ty Am, _ ~195+ 54 —a
I'w E; 0.2 I= o0 P (: é % .j I—Jar;;dfsgo fe:47 —e—
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A(LEP) AR p T <10
A(SLD eﬂl\' ' @("‘\“‘ -1.9 7
I - . .
n?e"=%(Q \ QCD ? 0.7 e Forward-backward asymmetries in LEP data -
FE .
A% 0(\6 — 0.9 ignored problem
Ars = 5|25 e g-2 of muon - the main pain in the neck -3 o gap
A 0.0 : , : :
’ o b inclusive-exclusive di
A - 06 Vub inclusive-exclusive discrepancy
R? | 0.0
R)| | = 2.4 e strong CP problem: axion field ?
. 0.0 ® rare decays: fine so far
Mol i 1 _ L 2'2 e spin crisis in QCD: parton distributions?
® a2 d ' e neutrino masses and mixings: looks OK
Aahad(Mz) i -0.1 . ‘L
Lii el bu.'- ST'II needs TO be Clar'lfled



The Mass Spectrum and Mixing

? y .
* Mass spectrum? e Mixing Matrices?

Maquark = Yquark =V ° Quark-Lepton Symmetry
Mifeton = Ulenbomn ° O e Strong difference in parameters

mw = g/V2-v
mz = g? +g2/V2-v
mH:\f)\-v
m~ =0
SM | B

Mgluon = 0

Jp Quark Charm Quark Top Quark
-~ 0.002 GeV 1.25 GeV 175 GaVf
t : v, 0
: O

Why these values? Are the two related? Are they related to masses?

Down Quark Slrange Quark Bellom Quark

“O0RGeV | [o00RGeV | [42GV * What re the CKM and PMNS phases!?

These ara relative masses not size ey have no measurable size I

. e Where lies the source of CP violation:in
Zlechron Muaon Tau Or reélerance.
0.0005 GeV 0.105 GaV 1.78 Gev ‘ . qu rk or |epton sector!
e . . Proton
0.938 GeV

Eleclron Neulrnine Muon Neulrino Tau Neulrine Criginally hought to be
~0 ~0 ~0 massless bul now not




Neutrino Sector
Neutrino masses *

Il Vu V3 f v, B V2

Am? =0.8-107° eV?

BN B v

E Am®=25-10"" eV?
<

7
)
3
= l Vs - Vs g Am? =25-107° eV?
S Am?=08-10"° l
i v I Vi i v V3
Y my, <023 eV my,, <2 eV m,, < 0.2 eV
cosmology: the CMB B-deca *
o8 e ™ Planck y KATRIN

Troitsk-Mainz



Dirac or Majorana!?

Neutrino Sector
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Candidate Isotope Experiment
Ca Candles
%Ge Gerda, Majorana
Uise SuperNemo,Luciter
130Te CUORE
X e EXO NEXT, KamLAND-Zen
I%Nd SNO+

T,,2vBB (135Xe) x 102! yr =
2.23 £ 0.017 stat £ 0.22 sys

T,,,0vBB (13¢Xe) x 10%° yr
>1.6 (90% CL)



Is there another scale except for EW and Planck?

you are here

EW

would like fo get to here

au Newirine Originaly thougnt to oe
.
maesiess bul now not ‘| 2



Is it compatible with Cosmology?

Astrophysics & Cosmology challenge

e Baryon asymmetry of the Universe

N(B) — N(B)
NW

still not explained
requires larger GP than in the SM

~ (6.194+0.14) x 107

e Relic abundance of the Dark Matter

OM = 4.9%. DM = 26.8%. DE — 68.3% * Understanding is beyond the SM

e Number of neutrinos

. —_ ? r pal ruhl“;';:o"’ .N(IH);::"I. '.:I'ST N S50
Nepp =3.524+0.47 95% CL * Well suits the SM = ™ :
Planck + WP + highL + BAO + HST q <-> l g ‘('0; '
§ L II :"
* Masses of neutrinos g ol )WY
. E_ i --'ZL_IW'?'.J -, w"\.-..“.
¥m, [eV] < 1.11(0.22) * Probably a hint e e e T
Planck + WP + lensing + HST towards new physics

13



Do we understand confinement?

Challenging problem in particle physics well inside the SM

Time to come back?

* How confinement actually works?
* Why colourless states?
- Which bound states exist in Nature?

Standard Hadrons Exotic Hadrons

d aiscovery at the B Factory / Newly discovery at the B Factory

\\ { Exotic mesons containing bottom quarks
"mesons ¢ ontaining charm quarks ;
— At least four quarks must be contained

LR
(W

BARIONIUM HIBRIDO  GLUBOLA ’“3872 111200) ete. 2450 a“d - \_ 400610)md 210650 )
? ? o e Lattice gauge theories e (Gauge theories in dual description
e Holographic approach e Back to analyticity & unitarity ?

14



Dense hadron matter - new phase?

RHIC/LHC/Early Universe Hadrons do not exist above the Hagedorn temperature
Ere & Ay P I: A
5
What happens with had}mnz gq§ a’r hfgh pﬁessur'e
K“n\" nl:'t\’.':‘tﬂr .

"\T x N | \ ?_'\'x‘f“ ; :—\\j‘nn,z oA

How to get the newﬂph_gsa?r AL «x
What is th~ levant &esdmpﬁloﬁ'% o

120 (O g::leon Matter ”8 0 1.C riIIA\;l/n/ |It‘T|‘:‘.'M(‘\ 135, 19493
@

00 O(f e (\0“\ .,ucal mechanics,
@\N \3 nonequilibrium thermodynamics

” Dynamical models for HIC (l\c\(\ hydrodynamics
’
S
Macroscopic 4~ _-upic dual models - holography
Non- -« microscopic transport models — Nuclear phase diagram in different representations
pased on many-body theory
hydro-models: I X T 1 @ ' S— ]
= description of QGP and hadronic phase Hadron-string Partonic cascades Y ; 14 i
= assumption of local equilibrium {UrQMD, IOMD, HSD, (Duks, BAMPS, ...} .4 P R 1
* EoS with phase transition from QGP to HG aGsSw ...} E.d 5 1
= initial conditions (e-b-e, fluctuating) : 5, {3 4 -
Parton-hadron models: -
Rl e e TP TR A
« QGP: pOCD based cascade : et |
ideal viscous * massless q, g 7
Jyviksiylh SHAST. hkke,(2+1)D VISHZ41, % .
Stmu. ) 5 mm.;mo MUSIC,...) mhu:gm coalescence 2 ;;. B R T R R
' " mP: 'QCD EOS " T ; ‘.F
‘ = massive quasi-particles £, 3.,
fireball models: Hybrid (q and g with spectral functions) £ £ f
" no .mw mmm. QGP phm: hydm \lllth GGP EOS in mnl“ mn,'b“ i 4 E !lr
patametrized time ' * hadronic freeze-out: after burner - « dynamical hadronization -3 wl
evolution (TAMU) hadron-string transport model « HG: off-shell dynamics § Ao -t o3
epiuam. (applicable for strongly interacting 2 U Gl peteriod
systems)




Search for New Physics ;gj%

The Higgs Boson - Target # 1 P
Is it the SM Higgs boson or not? A. Singlet extension
B. Higgs doublet extension
What are the alternatives? C. Higgs triplet extension

Custodial symmetry as guiding principle for extensions

indicates that an approximate global symmetry exists,
My,

P = MZ cos? Oy =1 broken by the vev to the diagonal ‘custodial’ symmetry

group SU(Q)L X SU(Q)R%SU(Q)L_FR
Thus the Higgs field transforms under SU(2), x SU(2)r: & — LOR'

DL+ 1) — Y, For both SU(2)-singlet with Y=0

Y M.Spannowsk
> 3 Y, and SU(2) doublet with Y=+-1 P y

Any number of singlets and doublets respects custodial
symmetry at tree level. Not so for arbitrary triplet models ...

16



Search for New Physics ;,:%

The Higgs Boson - Target # 1 < ?

Is it the SM Higgs boson or not?
* Perform direct search for
How to probe? ————>  additional scalars

* Probe deviations from the The mass spectrum of
SM Higgs couplings the Higgs bosons (GeV)
HE Y K
700 H — —— H,
A — — A,
h h — A,
% % % ¥ % % ¢ % % LA — &
[Klute, Lafaye, Plehn, Rauch; Zerwas 3] S M M S N M SS M
* The Higgs physics has already started
e This is the task of vital importance. W Hove found p
e May require the electron-positron collider € May have found one o
these states

17



Higgs Boson (125)

ATLAS and CMS :%“3&3110 — Mass has been measured to — All couplings are consistent
. un : —— 0.2%1 ge(%mgn24 oV with SM within 2.50
| m,=125.09+0. e
L zz] - "
©  ww| 4 R
. — Angular distributions
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> r H are (3%) YY, ZZ, WW, Tt
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Higgs=>hh->bbtt

Resonance search

Extra Higgs Bosons
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New P
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Search for New Physics

The Dark Matter - Target # 2

The Dark Matter is made of:
= Macro objects — Not seen

New particles — right heavy neutrino not favorable but possible
(- axion (axino) might be invisible (?)
- neutralino 1 suGRrA detectable in 6\
- j less the (\C¥% "¢
Not from Sneu.ti.‘mo ue CX\O \
thesM  § - gravitino 15 Ot pper®
- heavy photon \NXN\ \,\e,\
- heavy pse' e ’(0 \OJ the other
\ - light sterile ..gas \Ne\“@l dels
998 o
/.\nnihila’rion ocattering Creation at
in the halo on a target the LHC
o, =5,
WIMP X | g X~ =0, Ly EE =g
T ¢

XX —fm&

X+X—=g+q 4 X+g—=X+g 20 q+q—3X+X



' DM Searches

Vector spin-independent

b

10" E
"c—‘”::,'r. :_
g 10 .1_7;
O, g™
Bl INDIRECT DETECTION
g ”.:.4!.! ;.'-- \
(,':) ‘0." £ » Dark matter may pair
2 :t“ F annihilate or decay in Qumm“‘fﬂffwhm“i* Positrons
= o o A our galactic 0
z :E,j Ir‘eady close to neighborhood to ;i m |
= = N . f B tectrons
1(1"""% Spin Indepsndent, Vecior Cperator — "\‘ z nQUTrlno floor‘ Positrons ':m?u:ur?]:i 3 S
VAT T (N 1 (MEER " r ° H - '
0 = e o« ® Still have a chance High-Energy & @ P i
Photons n i ‘ '
Weltaey] Neutrinos AR - ¢

Antiprotons

Antideuterons Supetsymmetri . v Y
neutralinos VAN A .

DIRECT DETECTION: STATUS AND PROSPECTS
» Since 2010, sensitivity improved by ~100 (for m ~ 100 GeV)

! ‘l' {
Bosons ¥ ¢

Decay pracess

* Further improvements by 2-3 orders of magnitude expected
by a suite of experiments world-wide

10 10-* 0.3 e
Tt SR s 10 S hear
2 £ e Y '~ A TS93
§ 1R E g NGRS TS 1070 (o) CAPRICES4
21 WAl ava|IabIe experlmental data combined (LHC, LUX, Planck) are still consistent with | ,

1 even the simplest versions of SUSY (cMSSM, NUHM) .'
%1 sRemaining parameter space is directly probed by direct WIMP searches with tonne J
41 scale detectors: DEAP-3600, XENON1T, LUX/LZ
z DCompIementarlty W|th LHC (cMSSM/NUHM are mostly out of reach of the 14 TeV run!)
10-48 e e 10" I AMS (2014)
- Snowmass Cosmi o AR - 0 . . e . (B ELT T S L T N '
IFrontler Summary (2014) VY e o 100 200 300 400 50(

WIMP Mass [Gevie] Beyond neutrino floor

ICHEP 2016 -- I. Shipsey

Energy [GeV]

directional detection needed
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Search for New Physics

SUSY Supersymmetry - Target # 3
SUSY has been the prime candidate for BSM physics near the TeV scale.

Kiwoon Choi

(ICHEP 2016, Chicago)

Hierarchy problem

Standard particles SUSY particles

- " | ‘
o S [ Hogs

Al L B

o

Dusishs 9 -

Supersymmetry remains, to this date, a well-motivated, much anticipated
extension to the Standard Model of particle physics

-

o b 172 >
omy ~ Mpa = Mavsy

LZUIIN TTIAUuLLul

SUSY

speCtrum \ ? = .:;:'s)mf'--_
N :'\
f Strings

>

1 TeV 1016 GeV

2 4 6 8 10 12 14 16 18
Log, (Q/1 GeV)

Gauge coupling unification



What is the LHC Reach?

Universal scenario

100
L =
=2
0.01 o
o
0.0001 &
o
He))
1e-06 T
g
1e-08 ©
SeT 127 il ieprigieprig/llisgigsg. ol gnig.0p.ng .. ] 1e.10
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
mq [GeV] mg [GeV]

Masses of superpartners

CMSSM NMSSM
3000 B A
qr 3500 14 TeV™ g
& 3000, 1/flps
: O) 3000
> = % o500 LHC SUSY
=) o 5000 sparches
-2 -2 -
E E excluded
1500 |
1000
" 1 r r o r o r 1 o | Enu " 1 r r o 1 r o r 1 o
1000 2000 3000 4000 1000 2000 3000 4000
my [GeV] my [GeV]
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HC Run?

ATLAS SUSY Searches* - 95% CL Lower Limits

Status: August 2016

ATLAS Preliminary
V3=7,8,13TeV

Model &Y Jets ET [Lantw™) Mass limit Vi=7,8TeV Reference
MSUGRA/CMSSM D-3epuft-2r 2-10jets3d Yes 203 185 TeV m(3)=mi¥) 1507 06525
3, §-q¥; 0 26lets  Yes 133 M <200 GaV, M= pen. {laen(2™ zen Gt ATLAS-CONF-2018-078
o .;._.9?? compressed) mono-jgt 1-3jels  Yes 32 mig) i 15 GeV 1604.07773
5 B g-.q@?! 0 26jots  Yes 133 m(£3)=0GeV ATLAS-CONF-2015078
= g_mf‘} g Wi 0 26jels  Yes 133 MES) <400 GaV. M )0 S(miF] )+ (i) ATLAS-CONF-2018-078
2 @z i-—a“[{(}yg Y\ ep 4 jats s 13.2 m(¥})<&00 GaV ATLAS-CONF-2016-037
& 2 W2k 2e,u(SS) O08jets Yes 132 miFs) <500 GeV RTLAS-CONF-2016-037
2 GMSBT?NLSP) 12r+01¢ 02[t8  VYes 5.2 1507 05578
2 GGM (bino NLSP) 2y ¥ Yos 3.2 CrINLSPpa0.1 - 160609150
S GGM (higgsino-bino NLSP) Y 15 Yes 203 miFH~ 1507.05403
*  GGM (higgsina-bina NLSP) Y 2jats Yes 133 2 S-CONF-2016-066
GGM (higgsino NLSP) 2eulZ) 255 Yes 203 150303290
. Gravitino LSP 0 monc-jel  Yes 203 . )\‘Q 150201518
5‘3 &5, 0BT} 0 3k Yes 148 e \ ATLAS-CONF-2016-052
DB B Clen 3k Yes 14.8 e ATLAS-CONF 2016052
B 32 pobit Olep  3b  Yes 201 \) S beoucineca
we bbbl 0 2h Yes 3.2 O v 1606 08772
SR 1By, By—ity 2¢,4(88) 1b Yes 132 150 GeV. mif7 )= m(F])4100GeV ATLAS CONF-2016037
2R 7 bty 02ep  12b  Yes 471133 Ga' M{FE) = 2meET). m(E =55 Gev 1209.2102. ATLAS-CONE-2016.077
B & i, - WhE| of ] 02ep 0208125 Yos 4,7/18.3 ; (\ miFe)et GoV 1506.08616, ATLAS-CONF-2016-077
i,_ iy, hi—ct} 0 monojel  Yes 3.2 e m{F ) mE ot GaV 1604.07773
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Search for New Physics

Extra Dimensions/ Exotics

onventional Kaluza-Kiein idea: Q: Do we really live on a brane?
eriia hension too small to be seen A: We have to check it
Q: Do we have good reasons to
= discovery of D-brane believe in It? _
= matter fields restricted e A: No, but it is appealing
to lower dimensional brane dimension ) 5
= external bulk felt only Q: Why D>4:
bttt i A: String theory loves it

» extra dimension bigger

Q: Is it what we believe in?
A: We believe in BIG deal

Experiment Exotics
 Search for Z' (Di-muon events) * Leptoquarks
» Search for W’ (single muon/ jets) * Long-lived particles
» Search for resonance decaying to t-tbar - Off-pointing photons
- Search for diboson resonances - Excited fermions
- Monojets + invisible - Contact interactions

Drawback: No real mo’rg\ga’rion -> Unknown scale



Resonance search summar

e Up to 25% mass limit increase by extending 2015 to 2016
e ~50% of the analyses updated to Run?

Vector-like quark pair
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Search for New Physics &
Compositeness A

New level of fundamental particles

Excuse me..are you

Higgs boson -> pseudo Numbu-Goldstone boson

[Contino ‘10]

G

Global symmetry G
(o broken to H of SM

Higgs boson < m — meson

W, Z bosons < p — mesons

Should be
/ !/ / /]
T, T, 0,0 -

Advantage: No artificial scalar field
Protection from high energy physics
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Quarks and Leptons made of preons

e

New strong confining forces

Technicolor
Walking Technicolor
Extended Technicolor

e No new excited states observed
e Problems with precision EW observables
e No viable simple scheme

Still possible



Concluding Remarks

M LHC experiments are at the front line of mystery land: be patient
[ Target #1: Higgs sector

[/ Target #2: Dark Matter

[/ Target #3: New physics (supers (\65 \S\
€
M Future developmenr? X d\SCQucially depends on LHC outcome
o
M Complim: X\()G’Q",(L.rches for dark matter and insights in neutrino
physics are® . extreme importance

M The areas that were left behind come to the front:
confinement, exotic hadrons, dense hadron matter
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