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The Daedalus Problem

Physics Analogy
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The Daedalus Problem

Physics Analogy
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The Daedalus Problem

Points to remember

o Hierarchy problem
o Quantization problem

o Stay close to experiment
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Supersymmetry
Susy General

Possible symmetry between bosons and fermions

@ Superpartners for known particles
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@ Improves renormalization behavior
(alleviates quantization problem)

e Unifies SM couplings at 10'°GeV
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Supersymmetry
Susy General

Possible symmetry between bosons and fermions

Superpartners for known particles
. . . 0 I+
Improves renormalization behavior b LB P H

(alleviates quantization problem)

Unifies SM couplings at 101°GeV
(alleviates hierarchy problem)

Provides good dark matter
candidates (experiment)

Many predictions at TeV scale
(experiment)
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Supersymmetry: Our Contribution

Link to Experiment

Neutrino oscillation experiments like Super Kamiokande (s1,sz)

Neutrino masses Am;
Mixing angles 6;

[S1] M. A. Diaz, F. Garay, B. Koch, Phys.Rev.D80, 113005 (2009)

[$2] M. A. Diaz, B. Panes, B. Koch, Phys.Rev.D79, 113009 (2009)

[S3] M. A. Diaz, S. G. Saenz, B. Koch, Accepted for publication in PRD, (2011)
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Supersymmetry: Our Contribution
Partial Split Supersymmetry

We used the model Partial Split Supersymmetry p,

Gauginos
Q e @ S-quarks and S-leptons heavy
Entire e Abandon Higgs naturalness
Higgssector SHeptons . pe .
@ Keep unification
s @ Solve proton decay
=i B @ Solve FCNC and CP violation

[*] M. A. Diaz, P. Perez, C. Mora, Phys. Rev. D 79, 013005 (2009)
[#] R. Sundrum, JHEP 1101, 062 (2011)

Possible violation of R parity

ﬁg’s)\s/ = —ieiH] ol; — ﬁbinﬂz(édUW—égé)L; + h.c,

Mixing of neutralinos induces neutrino mass matrix @
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Supersymmetry: Our Contribution
Neutrinos in Partial Split Susy

Xk
At tree level not sufficient
but at one loop level: Vi %
b, H, A
Neutrino mass matrix, Mgss = ANN + B(e'N + &N+ Ce'e (2)

where A; = pbjv, + €jvy

Fits v-masses and v-angles:

[s2]

23/ 7
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Supersymmetry: Our Contribution

Dark Matter Partial Split Susy — Gravitino

Two body decay:

Three body decay:

Benjamin Koch (PUC, Chile)

B(3-body)

(Dominant for msz;; small)

= m3p 2
(G — yv) = —==|U; 3
=)= 5|l 0)
with
UVV,- . 2(d91l’lVIX0) (ngISW _gc,]MZCW) iy
Branching ratio

20 40 60 B0
My, [GeV]

[S3]
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Supersymmetry: Our Contribution
Gravitino = Induced Photon Flux

Two body decay should induce photon flux

Flux from dark matter halo dominant: (where d, constant)

Compare to observed photon flux:

E’J (E) MeVem™ s s

thalo

E2
dE

10°

0° =1=360°, 10° < Ibl = 20°

*  EGRET
® AT

3

107 = .

10” 10
(McV)

Benjamin Koch (PUC, Chile)

= d,[ (G — yv)%é(E—@) (4)

2

= Constraint on gravitino lifetime

) > o022 (25

B: two body branching ratio
p: detector efficiency at E = p3)2

<« Fermil AT, PRL 103,251101(2009) @
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Supersymmetry: Our Contribution
Combined Constraints from Neutrino Model with Gravitino DM

Demand:
@ Reproduce all neutrino masses and mixings (blue-green)

o Dark matter mzj, that agrees with y flux (red-o0)

108 T

2
L

=)
=]
=3

Ty (1077 8]

Maximal value for msz» (Low) (s3)

10 F E|

.
01 1 10 100
my,, [GeV]

(a) Allowed region for M1 = 100 GeV.

Found surprising and testable prediction
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Large Extra Dimensions
LXD General

Approach:
Large Extra Dimensions
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Large Extra Dimensions
LXD General
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Large Extra Dimensions
LXD General

Idea:
Gravity looks weaker than it is. Hidden dimensions d cause this effect
1
Gn = +5 ()
Mz,

True gravity scale M¢ in d 4+ 4 dimensions [

M3, = M2+ Rd (6) \ T A \
Allowed by experiment: y ﬁ{ / ]
7)

M > 15TeV | /

Standard model particles

R < 1um ,
Gravity
d > 2
Also less simplistic models [« @
[#] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali, Phys.Lett. B436, 257-263 (1998)

[##] L. Randall, R. Sundrum, Phys.Rev.Lett. 83 3370-3373, 4690-4693 (1999)
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Large Extra Dimensions
LXD General

If really
Me = TeV =~ Mz =~ 0,1TeV (8)
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Large Extra Dimensions
LXD General

If really
Me = TeV =~ Mz =~ 0,1TeV

@ Explains hierarchy

@ Does not solve quantization
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Large Extra Dimensions
LXD General

If really
Me = TeV =~ Mz =~ 0,1TeV

@ Explains hierarchy
@ Does not solve quantization
@ A lot of observables at ~TeV
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LXD: Our Contribution
Link to Experiment 1

Spectrum of cosmic rays (like Auger observatory)

Predict deviation from

expected high energy
spectrum [xi]

[X1] B. Koch, H. Drescher, M. Bleicher, Astropart.Phys. 25, 291-297 (2006)
Benjamin Koch (PUC, Chile)
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LXD: Our Contribution

Gravitational Radiation from Cosmic Rays
If Mg ~ TeV elastic scattering of cosmic rays = gravitational radiation

dE t kd=2k2(2k3 + 3k?)
dkgdk 291 (d2)MET2 (k2 + k2)?

9

Allows to calculate average relative energy loss

0.25 ——r
Using Glauber hadron profile L
s @2 =8, MT=,
[ dt9E(t s, d) 5 oy TN
dE o de T 5
——(s.d) = 2
dx Vs/2 do® § o1f
/\ { dtT;‘,A -
(10) 0.05 |~
Ll .‘H.l
n10Q 1o 1™

Energy [Gev]
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LXD: Our Contribution

Gravitational Radiation from Cosmic Rays

Energy loss — missed in spectrum Monte Carlo

1.05 ——r e —— —

1

0.95

0.9
LXD’s can provoke strong oes -
miss interpretation of actual i
cosmic ray flux. (xy

F'*E"3 &

| d=5,Mi=2Tey
075 I ot Wi =2 TV e

0.7

0.6 |~

06

| | .
0.55 L
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Energy [Gel]
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LXD: Our Contribution

Link to Experiment 2

Large Hadron Collider (LHC) (x2,x3]

. do
Cross sections JE4O
event rates N; [r2 r3)

[X2] T. Humanic, B. Koch, H. Stoecker, Int.).Mod.Phys. E16, 841-852, (2007)
[X3] B. Koch, M. Bleicher, S. Hossenfelder, JHEP 0510, 053 (2005)

Santiago, Sept. 2011 35 /71
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LXD: Our Contribution

Mini Black Holes

The energy of every collision defines event horizon (Ry black hole)

Usually very small

But LXD: /#\\E -
Ryt tor Mo &
(d +2)Ag 2 MZ+2 N’
(1) RIE)
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LXD: Our Contribution

Mini Black Holes

The energy of every collision defines event horizon (Ry black hole)

Usually very small

But LXD: /#\\‘2 -
Ryt tor Mo &
(d +2)Ag 2 MZ+2 N’
(1) RIE)

Can be large!
Integrate cross section
0(E) ~ RZ0(E — My) =
Possibly many black holes produced at TeV energy

Benjamin Koch (PUC, Chile) Santiago, Sept. 2011
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LXD: Our Contribution

Mini Black Holes

Analyzed observable: Multiplicity

" pep,sart(s)=14 Tev!

107 £ = charged hadrons
P QoD e ALICE multiplicity acceptance
s F ARl . Minimum Bias trigge
10 . T iGN FURning
® . @L=10* ¢gm” s :
. . c .
Black holes radiate with low = ... 100 Hz DAQ rate ]
:_.,; YYVYy :. BH (black
temperature 5 — 833v, i symbols)
. T £ MASMHALT TOE IS 28 ¥
= Higher multiplicities 27V By, T
. . . o™ 3473 vy
in Monte Carlo simulation g boe o Y
TeV STV 4
i

0 50 100 180 200 250

charged hadron multiplicity / event
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LXD: Our Contribution

Mini Black Holes

Analyzed observable: Asymmetry

Charyhdis vs. PYTHIA
charged pions -1<y<

= cuts: 0.1<pT<10 GeV
O] pTirig>7 GeV

8 | | . ®  QCD (hard collisions)

) o~
i 'a'ﬁs:;-::-_--_..-l:»..:’
Black holes replace back to b

=
back jets = crate angular
cuts: 1<pT<300 GeV
asymmetry PTigo100 Gov

e ONVE(20)
.

1,
i
(]
-
-

aNd(ag)

N,
riger
™
1Y
2
o

. ..-". [N
=, C

. oo o

eee*s ey ggeetet® - 0

u

=, o .

L %

N7

Bl 0 1 2 3

A (radians)
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Exact Renormalization Group

Approach:
Exact Renormalization Group
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Exact Renormalization Group
ERGE General
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Exact Renormalization Group
ERGE General
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Exact Renormalization Group
ERGE General

What exactly is the quantization problem?

9
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Exact Renormalization Group
ERGE General

What exactly is the quantization problem?

“Gravity is not renormalizable”

What is renormalizable?
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Exact Renormalization Group
ERGE General

What exactly is the quantization problem?

“Gravity is not renormalizable”
What is renormalizable?

“Well ..."

9
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Exact Renormalization Group
ERGE General

What is renormalizable?

Feynman method: g

Power expansion in coupling g
4 fa)
H O
(e) U] >m<
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Exact Renormalization Group
ERGE General

What is renormalizable?

Feynman method: g
Power expansion in coupling g

Result=c;-g°+ - g*-00+... (12 i:( >;<>‘)<
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Exact Renormalization Group
ERGE General

What is renormalizable?

Feynman method: d
Power expansion in coupling g

Result=c;- g2+ o -g* - c0+... (12) ¢ )
Problem oo canceled by N adjustments : M: >ﬁ< : “ i
(N=small for any order g™)

Result = c;-g?+¢-g*+ ... (13) ;(_}<>l"§>;<

Q
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Exact Renormalization Group
ERGE General

What is renormalizable?

Feynman method: d
Power expansion in coupling g

Result=c;- g2+ o -g* - c0+... (12) ¢ )
Problem oo canceled by N adjustments : M: >ﬁ< : “ i
(N=small for any order g™)

Result = c;-g?+¢-g*+ ... (13) ;(_}<>l"§>;<
Gravity: Ng — oo for g — oo @
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Exact Renormalization Group
ERGE for Gravity

Weinbergs Idea

Maybe expansion wrong!
— needs the whole functional '[¢]?
(possible if there are UV-fixed points)

Wetterichs realization [

019 = & T [9:RUT ] + R )] (14)

Flow equation where ¢ are fields, [?) = 62I/6¢?), t = In(k), and Ry
cut-off function.

= running couplings

[#] S. Weinberg, “General Relativity” Cambridge University Press
[#] M. Reuter, C. Wetterich, Nucl.Phys. B417, 181 (1994)
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Exact Renormalization Group
ERGE for Gravity

Running gravitational couplings

!
= Oithg = 15
Ay N Py a(d + 2gk) (15)

28k P>
= a =
Pe 8k = P, 1 a4 + 2gy)
with the dimensionless couplings defined as
Nk

g=KG . =15 (16)

Go: Newtons constant, /Ag: Cosmological constant

2

s /ﬂ

[¥] D. F. Litim, Phys. Rev. Lett. 92, 201301 (2004)
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Exact Renormalization Group
ERGE for Gravity

ERGE solutions:

0030
0025
0020
0015
0.010
0,005 _

e G )
: ) e b T T —01 00 01 02 03 04 05
—01 00 01 02 03 04 05

. . Analytical approximation of (15) using
Numerical solution of (15), [Rr1]
g, AL 1, Ry

We use analytical approximation

k) k

Ag) = E5(B+e)l—glgP? —5+3g/(28")(5 — glg”))

g
k2

o - b <)

With the UV fixed points A* and g*
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ERGE: Our Contribution

Link to Experiment 1

WMAP-satellite measured microwave temperature of the sky.

Variations of only Wlooo'
even for causally disconnected regions (horizon problem)

Explanation:
e Usually one invents new field “inflaton”
@ We used ERGE (ry

[R1] B. Koch, I. Ramirez, Class.Quant.Grav. 28, 055008 (2011)
Benjamin Koch (PUC, Chile) Santiago, Sept. 2011 47 17




ERGE: Our Contribution

Early Universe
Homogeneous background

ds® = —dt? + a(t)?dx?
Friedmann equations

(2)2 _ 8716(33/), agpm) A

3 at a3 + 3

a

a
a 3 a* 233
@ Works in late universe

o Fails in early universe (horizon problem)

@ Other issues ...

Benjamin Koch (PUC, Chile)

_8nG (agp, agpm) +ﬁ
3

Santiago, Sept. 2011

48 /71



ERGE: Our Contribution

Early Universe
Homogeneous background
ds® = —dt? + a(t)’dx® . (20)

Modified Friedmann equations

S\ 2 -
a _ 8nGy (agpr  agpm N Ne % 4 Gra ’ 1)
a 3 a* ad 3 a Gya

a 81 G aép, agpm Ng Gké Gy Gk 2613
- Dk 22
a 3 ( A "B ) T3 +2Gka+ 2G? (22

@ Works in late universe

@ Good in early universe, solves horizon problem
@ Shares other problems and open questions @
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ERGE: Our Contribution

Early Universe

UV solution of modified Friedmann equations

a=C-t
Implies that Hubble horizon

1 te ¢
h = _ = —
H tf—t,-/tf a C

ts smaller than causal horizon

= f, el ()]

hc > hy = Solves horizon problem

Benjamin Koch (PUC, Chile)

Santiago, Sept. 2011

(23)
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ERGE: Our Contribution

Link to Experiment 2

Large Hadron Collider (LHC)

. do
Cross sections JE4O
event rates N; [r2 r3)

[R2] T. Burschil, B. Koch, JETP Lett. 92, 4 (2010)
[R3] B. Koch Phys.Lett. B. 663, 334 (2008)

Santiago, Sept. 2011 51/ 71
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ERGE: Our Contribution

Black Holes in Extra Dimensions

Running fundamental scale Mg

. k d+2
ME+2(k) = M2 |1 + (th) (26)

Improve black hole solution

1.0

— M=05TeV,RG
-- M=0.5 TeV, No RG
— M=1.7TeV,RG
-- M=1.7TeV, No RG (R2]
— M=4.0TeV,RG
-~ M=4.0TeV, No RG

0.0 /

=05 1 ! !
Ll R L L
1.5 2.0 25

r[1/TeV]
[¥] J. Hewett and T. Rizzo, JHEP 0712, 009 (2007)

52/ 71
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ERGE: Our Contribution

Black Holes in Extra Dimensions

Temperature (rz)

0.30
0.25 \
0.20
T S~
1 2015 — e
TH - 4 (arf(r)) (28) e d=2 Mp=1TeV
T r=Horizon . I dets
0.05 = 0002 b
I i=0.007
0.00 .
0 2 | 6 8 10 12 14
M [TeV]
Radiation spectrum [r
o d—2 M;—1TeV
| M=487TeV | 3
5 T = Totass /( T ) N w (29)
£ =0.007 w, H) = e — y
o = T(M) ] exp(w/TH) + s

T = T(Myin)

1(1/TeV]
T

Myin = /M2 + m2 — 2E,M
Tn = Tu(Mgn)

1
Wmas = 0.5 TeV M [TeV]
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ERGE: Our Contribution

Black Holes in Extra Dimensions

Cross section (rz, r3|

6(v's) = nRE6(V's — M) (32)

6
?%
£
=4
=
& d=2 Mp=1TeV
9 _
class
i=0.002 —
i=0.007
0 X
0 My 2 4 6 8 10

M |Tev]
Black hole cross sections for d = 2 and My = 1 TeV, varying £
Much less black holes than in the usual estimate
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Summary

@ Introduced problems of unification
e Studied three different approaches
o Compared to various experiments

@ Obtained predictions or limits

Level of 7
abstraction

7= _——_——— = N
I 2"
General

; SU(3)xSU(2)xU(1) }
e QFT
Relativity
Gravity . Hierarchy problem Standard Model
10°Gev 10°Gev 10°Gev y

100 GeV - 1 eV
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Summary

@ Introduced problems of unification
@ Studied three different approaches
o Compared to various experiments
@ Obtained predictions or limits
( mm

7/\7 B r——— )
General ; SUB)XS,%(—Z)XU(:LQ
Relativity

Gravity Standard Model

101:QGev ld;GeV 10°Gev 100 GeV - 1 eV
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Summary

@ Introduced problems of unification
@ Studied three different approaches
o Compared to various experiments
@ Obtained predictions or limits
N
Large Extra Dimensions 1[ ]I

General 2 ; SU(3)xSU(2)xU(1) }
Relativity QFT
Gravity Standard Model

101:QGev ld;GeV 10%Gev 100 Gev -1 eV
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Summary

Introduced problems of unification
Studied three different approaches

Compared to various experiments

Obtained predictions or limits

-7 ERGE
I-E SU(3)xSU(2)xU(1
General f ( )XQF1(' )xU(1) )
Relativity
Gravity Standard Model
10"%Gev 10°Gev 10%Gev 100 Gev -1 eV
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Summary

Introduced problems of unification
Studied three different approaches

Compared to various experiments

Obtained predictions or limits
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Summary

@ Introduced problems of unification
e Studied three different approaches
o Compared to various experiments

@ Obtained predictions or limits
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Summary
A Little Extra

No prediction confirmed?

@
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Summary
A Little Extra

No prediction confirmed?

Yes one!
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Summary
A Little Extra

Using cosmic rays (Auger ...) & neutron stars (ALMA ..)

REPUBLICA ARGENTINA

CORREO OFICIAL

velocity (mis)
3

§

A1] B. Koch, M. Bleicher, H. Stoecker, Phys.Lett. B672, 71-76 (2009)

Benjamin Koch (PUC, C

= Escape velocity

© Estimate 1

o Estimate 2, d=1
Estimate 2, d=2

x Estimate 2, d=6

moon earth

= Prediction:
Minit BHs are

@ Not there or

@ Not dangerous
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Summary
A Little Extra

L HC runs since 2009

g
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Summary
A Little Extra

L HC runs since 2009

We are still here
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Summary
A Little Extra

L HC runs since 2009

We are still here

Prediction confirmed!
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The End

Thank you!
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Backups
BBC

BBC news 27.08.2011%:

@ ... LHC results put supersymmetry theory “on the spot”.
@ ... simplest version of the theory has in effect bitten the dust.

@ ... experts working in the field are “disappointed” by the results -
or rather, the lack of them.

@ and so on ...

What is behind that?

*http://www.bbc.co.uk/news/mobile/science-environment-14680570?SThisF B i
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Backups

Behind BBC news:

Thousands of models = nature decides = ideally there is only one!

MSUGRAICMSSM : 0-lep + E ; .,

Simplified mode (light 7, e
Simpl. mod. (||gm;5) O-lep'+ brjets +E ;...
Simpl. mod. (G-1i7,) : 1lep + brets + £,

ATLAS Searches*

95% CL Lower Li

its (Lepton-Photon 2011)

mass
=5 mass ATLAS
;m";::s Preliminary

g mass (for m(b) < 600 GeV)

%

g mass (for m(3,) < 80 GeV) J-Ldl =(0.031 - 1.60) fb™!

% Pheno-MSSM (ng';mx ) : 2:ep SS +E s gmass
3 Pheno-MSSM (iight 7')  2-lep OS, Erm qmass NE=TTeV
GMSB (GGM) + Simipl. model : ] + E § mass
GMSB : stable © | EEHIRARIGSISG < mass
Stable massive pamcles R-hadrons = g mass
Stable massive par | B e b mass
Stable massive par | csten i vsosioea ey [ mass
RPV (1, =0.01, 1,..=0.01) : high-mass ey 7, mass
Large ED (ADD) : monojet M, (52)
2 UED: Compact scale /R
s Graviton mass
2 Graviton mass
£ KK gluon mass
H My (556)
& ADD BH (M,/M, My (5-6)
ADD BH (M,/M, My (5-6)
= qaqq contact i A
3 qauu eaniact ntarn 7
iR Z mass
& aR W mass.
o Scalar LQ pairs (f=1) : kin. vars. + gen. LQ mass
- Scalar LQ pairs kin. vars. in uyjj, pvjj 2" gen. LQ mass
4% gensration coll. mass in 0,0, WaWo | EIESSESEIHEY O, nass
4" generation : d i Wl (2-ep 55 |ESEEEEASS—G ], nass
ep +jots + £, (TSRS 1 mass
5 9) : 2-lep + jets N mass (m(W,) = 1 TeV)
S Maor. neuts. (LRSM, no mixing) : 2:1ep + jets W, fass (230 <m(N) < 700 GeV)
e H_' (DY prod., BR(HfﬂH [ . mass

Excited quarl‘u‘ o

Axigluons : g

q* mass

Axigluon mass

Color octet scalar : .,

| Scalar esonance mass |
L L L

107"

1 10

Mass scale [TeV]

*Only a selection of the available results leading to mass fimits shown

2011
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Backups: Supersymmetry

Popular observables

Large number of observables have been studied
Example:

quark 1 = muon
squark V = neutrino
anti-quark X% = chargino

ona o

anti-squark X9 = neutralino
(lightest super-pariner)

S-quark, anti s-quart production and observable at LHC
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Backups: Supersymmetry

Results

Constraints on parameterspace for
the MSSM Higgs sector
80

b= — Observed (CLs) mra, >0 /
] —e— Observed (CLs+b, PCL) /
e 70 ....... Expected (CLs+b)
[ + 1o
C_J+20
60 LEP
— — DO observed (7.3 fb") /
—— CMS observed (36pb)
50 «++---- CMS expected (36 pb™) /
4
30%
2
] \s=7TeV, I Ldt=36pb’"
ATLAS

/// |

03¢ 100 150 200 250 300
m, [GeV]

CERN-PH-EP-2011-104
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Search for superpartners in the

di-lepton channel
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== background estimate?

R Hadrong00 GeV
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Ll

CERN-PH-EP-2011-077
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Backups: Large Extra Dimensions
Results

Constraints on Randall Sundrom graviton mass
for various values of k/M,

ATLAS --- Expected limit
\'s=7TeV [ Expected + 1o
G* =l Expected+ 26
— Observed limit
= /M, = 0.1
/M, = 0.05
— kM, = 0.03

— /N, = 0.01

o B [pb]

T
Ll

T T

Lol

3
T

Ll

ee:det= 1.08fb™"

T T TTTTIT

uu:ILdt: 12117
Slady v b by LNy Lo SNy 1y i
02 04 06 0.8 1 12 14 16 18 2
m [TeV]

CERN-PH-EP-2011-123 @
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Backups: Standard Model Higgs

Results

Constraints and evidence on
SM Higgs

Benjamin Koch (PUC
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Backups: Supersymmetry Our Contribution

Connecting Neutrino Model with Gravitino DM

Link due to neutrino photino mixing:

2
u

2(detM, o)

r(é — yv) ~ |Uy\,,.|2 ~
N————— %

(8aMisw — ByMacw ) A

determines y-flux :
parameters of neutrino model

Numerical parameter scan, values of Uyy,

My |U7\,|2(min) |U7V|2(max)
100 GeV  2x 10710 4 x 10713
300 GeV  2x10717  3x10°M
500 GeV 1x10717 1x10°M

Q
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