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From the micro to the MACKO Cosmos

Matter, antimatter and Super-matter
Symmetries and Super-symmetry (SUSY)
The vacuum and the DARK WORLD...

The whys and wherefores of SUSY

SUSY in the sky
SUSY on the ground
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Matter and Antimatter in the Standard Model




»From matter to anti-matter of different helicity

Spin—Up Spin—Down
Electron Positron




CP violation

!

T violation | ===

CP ) t == -l

CPT Theorem
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Arrow of time
In the microcosmost!!




CP Violation

Baryogenesis I Sakharov, 1967

Origin of matter
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The real “Lord of the Rings”: the LHC Ring at CERN
. R e T e ok

¥ pa— e |
o e L e o
: 1 e j=t o A '_ P

14 TeV

14 x 1012ev 1

(Shall we find New Physics?...Higgs? SUSY?, origin of the Univers?...)



175 m depth
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Tunnel of the LHC

protons against protons at £ ~ 14.000 my



A typical collision event at the LHC

11.000 turns/s, 600 million collisions/s...



Tracking Electromagnetic Hadron Muon
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LHC >Hadron collider

Hadrons from quarks

g+anti-q
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Interactions e.m., weak and strong
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virtual photon
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Radioactivity: weak interactions

(Fermi 1934)

Gr o~ Lo
F 2
MW

Neutron decay

...of free neutrons!
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Neutral Weak+em interactions at LEP I and II
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Different types of weak interactions
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, | = . Cabibbo flavor mixing matrix (1963)
S —stnf. cosd. S =
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Generalization: Cabibbo-Kobayashi-Maskawa matrix

d’ Via Vs V. d .
, ud  Yus  ub | Kobayashi-Maskawa, 1972
S = Vea Ves Vb S
b . Vie Vie Vi b ; Nobel Prize 2008 *
shared with Y. Nambu
0.9753 0.221 00037 cosbc ~0.97
[] — |o0221 09747 0.040 sinf,. ~ 0.24
0.009 0.039 0.9991
Similar to Cabibbo’s, but 3x3... ] T U =1

+ complex phase!! ‘ | CP violation !! |

* "for the discovery of the origin of the broken symmetry which predicts the existence of
at least three families of quarks in nature".




...we can produce the top quark at hadron colliders

Quarks bottom and top:
Fermilab 1977+1995 ~NJ
t' 9
Tevatron + LHC:

...and also the Higgs boson from it: pL W
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Interactions
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Symmetries




Standard Model

principle of local gauge invariance

|

symmetry group SU(2) x U(1) x SU(3)¢

|

Higgs mechanism and Yukawa interactions
——  masses Mw. Mz. Mermion

renormalizable quantum field theory

SM 1

accurate theoretical predictions

detect deviations —  “new physics” ?







Precision Physics in the SM| 3
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Precision Physics Beyond the SM
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X = Higgs bosons, SUSY particles
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new physics!

. . . J. Grifols, J. Sola, Phys.Lett.B137:257,1984.
First calculations in SUSY: . Grifols, J. Sola, Nucl.Phys.B253:47,1985.

D. Garcia, J. Sola, Mod.Phys.Lett.A9:211-224,1994.

P.Chankowski, A. Dabelstein, W. Hollik, W.
Mosle, S. Pokorski, J. Rosiek, Nucl.Phys.B417:101-
129,1994.

51'01'2 Of The ar"" in SUSY: S. Heinemeyer, W. Hollik, D. Stockinger, A.M.
Weber, G. Weiglein, JHEP 0608:052,2006.
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Measurement Fit  |OMea_QM|/gMmeas

1 2 3
m,[GeV] 91.1875+0.0021 91.1874
,[GeV]  2.4952+0.0023  2.4959
Gp.o INb]  41.540+0.037  41.478
R, 20.767 £ 0.025  20.742
A 0.01714 + 0.00095 0.01645
A(P,) 0.1465 +0.0032  0.1481
R, 0.21629 + 0.00066 0.21579
R, 0.1721+0.0030  0.1723
o 0.0992 + 0.0016  0.1038
A° 0.0707 £ 0.0035  0.0742
A, 0.923 + 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513 +0.0021  0.1481
sin“0F'(Q,) 0.2324+0.0012  0.2314
my [GeV]  80.399+0.023  80.379
Iy [GeV]  2.098 +0.048 2.092
m, [GeV] 173.1£1.3 173.2

August 2009 1 2 3



» Present and expected accuracy for precision observables

LHC

observable || central exp. value | o = gtoda o LHC olLC

My [GeV] 80.399 0.023 0.015 0.007
sin? g 0.23153 0.00016 0.00020-0.00014 | 0.000013
my |GeV] 173.3 1.1 1.0 0.1

.2 plept 1 gv(f\ff%)
sin Oyp = 1 (1_% (gA(f\fI%) S. Heinemeyer, G. Weiglein (2010)




Hints from Higgs searches?...LEP Electroweak Working Group
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with direct search My > 114 GeV:
My < 186 GeV  (95%C.L.)



Higgs mechanism
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Higgs mass and self-interactions

Higgs potential: VvV = —/? ((I)ch)g + 2 (chcb)4

Higgs field in unitary gauge: ®(x) = % ( . ?{( | )
= U X

H(x): real scalar field, describes neutral spin-0 bosons
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Higgs production at the LHC

e gluon fusion, gg —+ H

g
200
- H
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e vector boson fusion, qq¢ — qqH
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A favorite option: Supersymmetry (SUSY)

Standard particles SUSY particles

Higgs

! Quarks . Leptons . Force particles Squarks Q Sleptons 0 SUSY force
particles

- Supe:rsymmetnc
"shadow " partlcl



Golfand and Likhtman (1971) . 5 Wess and Zuming (1974
Volkov and Akulov (1973) What is SUSY: (1974)

[ =
% [

Q'°=2) |Fermion) = |Boson) Q'°=2) |Boson) = |Fermion)

{Qa.Qppt = 20", P05 (GUT+gravity!)

W, (S — %) — i (S — O)
fermion sfermion
quark (u, ¢, t) — squark (u,c.t)
vi(S=1)  —  N(S=13)

gauge boson gaugino

N

T A . =
g.9 — g.9



» Super-particles and Super-Lagrangians

Living in Super-space: = — (z,60,0)
O (x,6) = d(x) + V20°u, (2) + 6°0%€, 5 F (2),
= (¢, 9, F) chiral supermultiplet
V = —00"0 vy + 000X + 50000 D + h.c.
= (A, vu D) vector supermultiplet

SUSY world = Mg =M My = M),



SUSY transformation
(e.g. on the chiral multiplet): (¢,vy, F)

05 = V21 (boson — fermion)
05t = V2aF +iV20"70,¢ (fermion — bhoson)
doF =

—iV20, 0" 1 (F' — total derivative)

D F
L= [ dod50.] + { [ 0@ + e

su perpotentlal
f (I) Z:ZIZ(I)Z 4+ — Z mU(I)Z(I)] + — Z gwk(I) P . (I)A

3 2,7,k



_Yukavva couplings ] potentlal vV
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Notice that V is positive-definite in SUSY !
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Generalizing the procedure we can construct

the MSSM

ab ve = SUSY cannot be easily SSB,
vv k that must be broken!!

V=2




» Weak versus mass eigenstates

Sfermions:

CDL — (qu? va FL) CDR — (qua @DR» FR)
2 — m? + -n'z.?L + (% — %SinQQH ) cos(20) Mz —mmy ( fﬁh + jicot3)
T —my (Ay + pcot3) mi +mg + §sin*f cos(23) M3

Neutralinos: In the (B°, WY, A%, AY) basis

M, 0 — My cosFsinfy, My sin sinfy
Mo — 0 M, Mz co %J’ costy — M blllJ costyy
A BV 7z cosFsinby Mz cos3 cosbyy 0 —
Mz sin@Bsinby — My sing cosfy, — i 0

Xa = N1oBO 4+ Nog W9 + N3, A9 + Ny AY
a=1,2,3,4 = y1 LSP



SUSY and the Hierarchy Problem

SMZ < M2 < 1Tev? Hp

Msysy 5 (1—-10)TeV

LHC II?



MSSM.

Minimal Supersymmetric SM

fields gauge group
superfield fermion boson SU3)e | SU2), | Uy
II Matter sector sfermions (R=T5+%)
Quarks Q% ( 2’1 ) ( 2’1 ) 3 2 %
Squarks " o L - L 2 1 4
U; us p il p 3 -3
: c T 3 4
D; di p di 3 1 _3
Leptons L; ( Vi ) ( Ifi ) 1 2 —1
Sleptons ) “i /L YL
E; e n € o 1 1 2
Gauge sector gauginos gauge
SU(3) e G Aa g2 8 1
U(l)y B g By, 1 1 0




Higgs bosons and Higgsinos

fields gauge group
superfield fermion scalar SUB)e | SU2) | U(l)y
Higgs Sector | Higgsino  Higgs doublets
. H1 H1
H Hy
s HJ H3
Ho ( 2 ) ( 2 ) 2 1 <«==m As in the SM
2 2
Hj Hj
— Y
(Q=T3+%)
i v 4+ HY
Hs> = - 0 Hy = B
couples to u couples to d Three neutral physical states:
R R 1O, HO, A0
Two charged physical states:
(¥
tan g = ﬁ it




Balance of (real) d.o.f.'s

(Doubling?)

Nyjssn = 128 4 128 = 2 Ny + 8

(fermionic) (bosonic)

(fermionic) (bosonic)



Spectrum of Higgs bosons in the MSSM (example)
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large M 4: 1" like SM Higgs boson ~ decoupling regime
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» Higgs boson production at the LHC in the MSSM
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e gluon fusion, gg - H H — hO, HO, AO

g
LHC :J> H + more (SUSY) diagrams
o vector boson fusion, qq — qqF \ Enhanced Yukawa couplings:
iifé___.»———— q
W, MSSM
W, Zr-fj ) 0= .
s h™tt| cosa/sinpf

hOvb | —sin o/ cos 3
Htt| sina/sinf
Hbb| cosa/ cosf3
A°tt cot (3
N tan (3

e tTH (bbH) production

— vl

t(b)
g voomy—— t(b) q- / v
\ < i tang = 2
¥oUOOoD

g 00092t F(F) 7/




M, [GeV]

» Fitting the data: SM versus MSSM

T e 7 R e o L ) BT P ] L e e NS T 05 3 0_2335_| —TT T T S ) R T R W e T
80,70 L &xperimental errors 68% CL. | C experimental errors 68% CL: ]
- LEP2/Tevatron (today) mi‘z,EzJf Mpe 2.5 ] 0.2330 LEP2/Tevatron (today) ]|
B Tevatron/LHC = n Tevatron/LHC ]
Rescetons - o - ILC/GigaZ ]
80.60 B ILC/GigaZ gsmmen 0.2325 g h
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B 1 N ]
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80.40 T R
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1 o02305f
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[Heinemeyer, Hollik, Stockinger, Weber, Weiglein]
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