|

PARTICLE PHYSICS 20

._

3 \"‘ﬁ
|

-

" g‘
\' »

-

A
W‘“‘ )
Rl f}

Thursday, December 8, 2011



A Long Time Ago, in Galaxies
Far, Far Away...
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BIG-BANG COSMOLOGY

> Elementary particles and cosmology
seem to be completely different branches of physics
ohe concerned with universe's elementary constituents
and other concerned with universe as a whole
Most powmafmi particle accelerators have recreated conditions
that existed in universe just a fraction of a second after Big-Bang
opening a window to very early history of universe

> A flood of high-quality data from Supernova Cosmology Project,
Supernova Search Team, Wilkinson Microwave Anisotropy Probe(WMAP)
and Sloan Digital Sky Survey (SDSS) pin down cosmological parameters
to percent-level precision establishing a new paradigm of cosmology

> Standard Big-Bahg model assumes homogeneilty and isotropy

> A surprisingly good fik to data is provided b'j
a simple geometrically flat (expanding) universe
i which 30% of enerqgy c&ems&v s in form of non-relativistic matter
and 70% is i form of a hew unkinowin dark enerqy tompoﬂeh&

> Adding to the puzzle (with strongly negative pr&ssure}

baryons represent about 4% of matter-energy budget of universe



FRIEDMANN EQUATIONS

Most general form for mebric tensor (consistent with WMAP & SDSS data)
is thot of flat Robertson-Wallker spacetime
which I co-moving coordinates is given by

e — —

ds® = dt® — a®(t) [dr® + r* (d6? + sin? 0dg’

- —

a(t) distinguishes RW metric from flat Minkowski space
(co-moving volume is a volume where expansion effects are removed)
It is common to assume w matter content of universe is ect fluid

_ (a)z 871G np

Friedmainin equ&&ioms .-

a3 3
are result of applying general relativity (with a perfect fluid source)
to a (3+1)-dimensional spacetime that is homogeneous and isotropic

H(t) = Hubble parameter Gy = M, e Newkow's constant
A\ = cosmological constant

P and P w pressure and energy density of matter and radiation
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COSMOLOGICAL PARAMETERS

Energy conservation leads to a third useful equation

[ p=—3H(p+p)

R
P — ==

Expansion rate of universe as a {u.mtf tinvie
can be determined by specifying matter or energy content
through an equation of state which relates enerqgy o’kev\si,&j to pressure

For perfect fluid m eq. of state characterized by dimensionless number

w =p/p

Aside from well-lhown Hubble parameter
it is useful to define several other measurable cosmological parameters

Friedmann equation can be used to define a critical densite

2
such that when A =0 w | Do = SH
| iy N
scaled Hubble parameter h defined by w , H = 100 h km s
cosmological d@.ms&vj p&rame&er T <5l
is defined as energy density relative to critical density l ()
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REDSHIFT

Stnce universe is expanding galaxies should be moving away from each other
we should observe galaxies receding from us

Recall that wavelength of Light emitted from a receding object

s skrebtched oubt so bhat observed wavelength is larger thawn emitbed owne
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CM3
Perhaps the most conclusive piece of evidence for Big-Bang

is the CMB (discovered by chance in 1965)
One fascinating feature of CMB is iks Planck spectrum
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to extremely high precision over more than three decades in frequency

it follows blackbody curve at a temperature T$MB = 2.725 £+ 0.001 K (10)

universe was i Ehermal equitibrmw\ when bthese Fho&ms were lLast scabtered
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MORE ON CMB

Earth
Temperatures

]
-63° -13° 37°
Centigrade
June 1992

Microwave Sky
Temperatures

~ |
©-270.4252° -270.4250° -270.4248°
Centigrade

380,000 Years after Big Bang

An even more fascinating feature is that w to better than a part in 10°
CMB temperature is same over entire sky

This strongly suggests that everything in observable universe
was i thermal equilibrium ot one time in its evolution
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EQUILIBRIUM THERKMODY NAMICS

Because early universe was to a good approximation in thermal equilibrium
particle reactions can be modeled using tools of statistical mechanics

For dilute weakly-interacting gas of particles with g internal d.of.

nunber ci@.v\siij —

energy density | P =
|

pressure "«' p =

are given in terms of its phase space distribution function f(p)

(or occupamav)

witkh E2:ﬁ2+m2
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PHASE SPACE OCCUPANCY f

For o particle species of Ejpe 7 A kme&w eqmtnbrmm

is given by nfamntuar Fermi-Dirac or Bosemﬁmsﬁem distributions

g is temperature
Hi is chemical potential (if Presem&)

and T Corrasgmmds to either Fermi or Bose skakistics
1f species of type 1 is in chemical equilibrium its chemical potential

s related to chemical Fo&em&mts of other species with which it interacts

then ; + i = Uk T+ U] whenever chemical aquiubrmm holds
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FROM EQUILIBRKIUM ﬁISTQIBUTIONSm

F ik follows that for a Faar&wte species of mass m;

F In SM = a chemical potential is often associated with baryon number
and since nekt barvam density relative to photon density
s kihowi ko be very small w O(10™ 10)
we can neglect any such chemical potential

when computing total thermodynamic quantities



BOSONS & FERMIONS STATISTICS

e For a nondegenerate (T > ,uz) relakivistic s[pec::,es (T > mz) we have

— ((3) gZT3 for bosons
((3) g;T? for fermions

|
—N—
slosy |
N
:]M|HJ\ |

for bosons

|
—
oolxwo|>1
-
o
S @ﬂ
&

for fermions

e
~.

\
SV

Pi =

where( ( ) — 1 20206 . is Riemann Zeta -fuhcf:t,c;f 3

3k On the other hand w for a nownrelakivistic parhde species (Ti < mz)
relevant statistical quantities follow a Maxwell-Bolkzmann distribution
and thus there is no du{{erente be&weah {erm;oms omd bosons
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MORE ON BOSONS & FERMIONS STATISTICS

# For a nongenerate relativistic species average enerqy per particle is

m T, ~2.7017T; for bosons
(E:) = pi/ni { 307291)

,

180C(3) T; =~ 3.1517; for fermions

whereas for a non-relativistic species

¥ For photons
we can compute all of thermodynamic quantities rather easily

where YB(F) is total number of boson (fermion) degrees of freedom
and sum rums over all bosoin (fermion) states with 1M << 1’

(factor of 7/8 is due to difference between Fermi and Bose integrals)



SM EWE;TNH NUMBER OF DEGREES OF FREEDOM

— (T) T defines effective number of d.of N(T
30 bj taleing account new particle d.o. £ as Eempera&ure. s raised

PR

Lhahge i V(I ( ) (LSMOT’LMQ nMass e{{e&&s) Ls gwe*;n L

'MWWM
me < 1" <my, et 43
- omy, <1 <my T 57
 m.<T < 17 'S 69
T. <T < Meharm - 1's + w, 4, d,d, s, 5 + gluons 247
‘ m. <T < m, ¢, C 289
my < 1" < Mpottom 303
' my <1< my.z b,E 345
- Mmwz < T < Miiggs W=*.Z 381
 my<T < Miop H° 385
my < ottt A27

T. = t;owfmemear\&wc&etowfmemem& bRt o be&weemqumws and kaciroms
At higher temperatures N(T') will be model dependent

Thursday, December 8, 2011




TEMPERATUORKE TIME KELATION
At early times t < 10° yr
universe is thought to have been dominated by radiation
equation of state can be given by m w =1/3
1§ we neglect contributions ko H from A

(this is always a good approximation for small enough a)

then we find that a ~ t1/2 and PR i

Subs&t&u&ihg 'Y‘ inko ’g&‘

we can rewrite expansion rate as a function of temperature in plasma
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MATTER-KADIATION EQUALITY

Universe made Eransition bebween radiakion and makker dominakion

when PR = Pm or when T ~ few x 10° K at Zeq ~ 3300

For a mablker or duskt dominatked universe W = ()

=
and &her@f@re a(t) £ t2/3 and PIm ~ A

DARK ENERGY

In a vacuum or A\ dominated universe

(which we are approaching &oc&aj)
gl | ji&idi&\g) G o

Current best measurement of equation of state (assumed constant) is

i +0.067
Wz=0 — _1°OO6—O.068
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ISENTROPIC DY/NAMICS

For a system in Ehermodjv\amw eqmubrium

can be converted into eq. for conservation of entropy per co-moving V

Recognizing that p — ST @ becomes

A non-evolving svsﬁe_m

would s&aj at constant S and N i co-moving coordinates
even though number or entropy density is in fact decreasing

due to the expansion of universe

For radiation

this corresponds to relationship between expansion and cooling

T ox a Aihemn adiabatically expanding universe
Note that both s and 7 scale as T
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BN

® Nucleosynthesis taking place in primordial plasma
is undoubtedly an observational pillar of standard cosmological model
indeed known simply as big-bang nucleosynthesis (BBN)

@BBN probes evolution of universe during its first few minutes
providing a glimpse into its earliest epochs (z ~ 108)

® Physical processes thvolved

(which have been well-understood for some time)
interrelate four fundamental inkeractions:
gravity sets dynamics of expanding cauldron
weak interactions determine neutrino decoupling
and neutron-proton aquiubrmm freeze-out

and
electromagnetic & nuclear processes requlate nuclear reaction network

® rFinal abundance of syx&kasi.md elements
is sensitive to a variety of parameters and physical constants
allowing many interesting F:m-bes on physics be.vc:nmc'k M
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Leokback Time

e~
N I

CMB Spectrum Fixed

Radyabion = Matter
Energy

PRESENT
13.7 Billion Years
after the Big Bang

The cosmic microwave background Radiation’s
“surface of last scatter”is analogous to the
light coming through the clouds to our

eye on a cloudy day.

We can only see

the surface of the
cloud where light
was last scattered




NEUTRING COSMOLOGY

& Extrapolating present state of cosmos backwards in time
we infer that ak a temperature of say a few tens of MeV

universe was filled with a plasma of (p, 0, e 6+, UV, and 7)

(barvoms are hownrelativistic while all other par&ides are relativistic)

¥ Introducing ratio of baryon number density to photon number density

1= i T O
we see that nmpy /T ~ 108

and thus nucleons contribute a negligible fraction to PR

& These Far&ici&s are L&p& it Ehermal equitibrmw\

bv various electromagnetic and wealk processes of the sort

Ui e+e_, Ve = Ve ,NlUgi— Pe Y — €+€_,’Yp = /D
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V€ and Ve scattering processes

can cmtj [aroaeed via NC inkerackion

For process V€ e DRe
current-current form of mvarmt«& a\mpu&ude

: E)JINC(VG — Ve) =

\
T —

! Vu( k)+€ (Eaﬁ) ﬁ”u(wla—}

e —

since mean ev\e.rgnes of interacting par&u:i.es

are of order of temperature T ~ MeV < myz
ress averaged square amplitude ( {or masstess electrons) as

.\WNCV = 16GE[(cy + CA) (P%ka)(P""ke,) +

N = — = —

W C&M ex
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INVARIANT AMPLITUDE & CROSS SECTION

Using [ = —— [k .p)(k.p)+ (K . p)(k.0)] we rewrite ¥ as
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CC AND NC ITERFERKENCE

For Vg€ —> Ve  m scabtering amplitude comes from bwo diagrams
/. in T-channel and W in U-channel

u-channel

Amplitude for t-channel process is f)ﬁNConf 1 with v =1,
For U-channel we have

Y= ,‘JﬁNC MEC is given bj 1 wp&h‘

Ve€ and Vg€ elastic scatbering cross seahons are gwev\ bv E M\d m
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INTERACTION KATE
From X we first obtain number density of massless particles
n,o(T) = O s

and then COMFM&Q wealk interaction rate (Fer neubtrino specias}

T, ~n. o(ve” = ve )v
v =p"ke/(Ew) = (1 —cosf) is Moller velocity

we adop& a Ehermai. ‘average ﬂfoi.i.owaci bv angutar ayerage on Ems factor

= __

— 2Ew(1 — cos0)
> Z, =2, = — Y e e
> 2, =(1+0)° + (1 + )1 +cy) + (1 +¢4)° ¢
p TV )

Electron neutrino interaction rate is ‘1Fu€ =1.16 x 107%° (
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NEUTRING DPECOUPLING

Comparing Q) with expansion rate @ caolculated for [V (T) =145

we see that at high 1’ weak interaction processes are fast enough
But as [’ drops below some characteristic ngc

neubrinos ci@.r;:oupi.@. - &hev lose Ehermal contactk with electrons

The condikion

sets decoupling temperature for neutrinos

T, =~ 1.56 MeV  and T ~ T5°° = 2.88 MeV
f?;ougkiv spealz‘ang all neubtrino s[oeci,es deaaupte ak Tyd e ) NeV
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KINETIC & CHEMICAL EQUILIBRIUM

Much stronger electromagunetic interaction

_|_

continues to keep P, N, € ,€",7 in equilibrium

2 2
Ustng dimensional analysis 0 ~ & /may

ooooooooooooooooooooooooooooooo

...............................

.......................................................................

.......................................................................

Nucleons are Ehus mantianed in kinetic equéubrium

Average kinetic enerqy per hucleon is §T

2
One must distinguish between kinetic and chemical equilibrium

Reactions Llike 7Y — PP have Long been suppressed

as there are essem&iattj no anbti-ucleons around



ISENTROPIC HEATING

If a is separation between any pair of bypical particles
then 5a° o< N(T)T?a® = constant

For 1T 2 m, particles in thermal equilibrium with photons thelude

Fko&om (g7 5 2) and e [mirs (gei m— 4)
Effective # of particle species before annihilation is NVpefore = 11/2

After annihilation of electrons and positrons
only remaining abundant particles in equilibrium are photons

effective # of particle species is N ¢ = 2

\ )
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ISENTROPIC HEATING (contd)

Before annihilation of electrons and positrons

heubtrino EE‘-MPQWEW‘@- 1, is same as photon temperature T7

But from then on w L33 simply dromoed like @

so for all subsequent times 1, a equals value before annihilation

(Tl/a)‘after — (Tya)‘before — (Tfya)lbefore

We conclude therefore that after annihilation process is over

photon temperature is higher than neubrino temperature by a factor of

_ (Tfya)‘after ~ 14

after (TI/ CZ) ‘after
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EFFECTIVE NUMBER OF NEUTRING SPECIES

Energy density stored in relativistic species is customarily given
in terms of so-called effective number of Light neutrino species Nﬁﬂ:

through relation

Pv denotes energy density of a single species of massless neubrinos
IB(F) is effective temperature of boson (fermion) species

and primes indicate that electrons and photons are excluded from sums
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?QQBES Or ANﬁﬁ - Nﬁﬂ-’ =

% For a good part of the past two decades
BBN provided best inference of radiation content of the universe
Time-dependent quantity being the neutron abundance at ¢ =T

Y

which regulates the primordial fraction of baryonic mass in 1He

23 eft i
Y, ~ 0.251 +0.014 ANST 4 0.0002 A7, +0.009 In (5 . 10_1())

¥ More recently

observations of CMB anisotropies and large-scale structure distribution
probe Nﬁﬁ ot CMB decoupling epoch with unprecedented precision

N A, h2 N
AT ) 8
Aot Q,, h2 1 + Zeq

¥ Though significant uncertainties remain

most recent cosmological observations show a consistent preference
additional relativistic d.of during BBN and CMB epochs

AN — { 0.687032 (1) BBN

1.3470%2  (lo)  WMAP + BAO+H,
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(Qa, Q) PLANE

o Observations of SN CMB and BAD
have [arcwi,ded three stringent constraints on (2 and (2p

o Resulks favor (QM, QA) ~ (03, 07)

o Baryowic watter conskrained bv CMRB and BBN

— — = = = —

’ QDM]'LQ — 0113 ]
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WIMPs

Particle (or particles) that make up most of dark matter must be stable
at least on cosmological time scales
and non-baryonic so that they do not disturb subprocesses of BBN
Must also be cold or warm to properly seed structure formation
and their interactions must be wealk enough
to avoid violating current bounds from dark matter searches

Among plethora of dark matter candidates
weakly interacting massive particles (WIMPs)
represent a particularly attractive and well-motivated class of possibilities

This is because they combine virtues of wealk scale masses and couplings
and their stability often follows as a result of discrete symmetries
that are mandatory to make electroweak theory viable

(dependent of aosmotogj)

WIMPs are naturally produced with cosmological densities required of DM
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Rotations m angular momentum operators L;

1

Spacetime symmetries m Boostks m boosts operators K;

Translations m momenkum opara&ors PM

SUSY is the svmme&rfj that resulks when these 10 generators
are further supplemented by fermionic operators (),

()« |Boson) = |Fermion),

~_ = = J—

No particle of SM is superpartner of another

SUSY therefore predicts a plethora of superpartners

none of which has (yet) been discovered
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MSSM PARTICLE S‘PELTQUM

Boson Fields Fermionic Partners SU(3)c SU(2

~

g g 8 0
Wwe Wwe 1 3
B B 1 1

J
1/6

—2/3
1/3

H: 1 —1/2
Higgs{ 1 (~ N) /

H 1 1/2

Normal particles/fields Supersymmetric partners
Interaction eigenstates Mass eigenstates

Symbol Name Symbol Name Symbol Name

q=d,c,b,u,s,t quark qdr, §r  squark q1, G2 squark

l=e, u, 1 lepton I, [ slepton l1, s slepton

V= Ve, Vy, Vs neutrino sneutrino % sneutrino
gluon gluino gluino
W-boson wino
Higgs boson higgsino chargino
Higgs boson higgsino
B-field bino
W3-field wino

Higgs boson o X9,2,3,4 neutralino
higgsino

Higgs boson o
higgsino
Higgs boson
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SUSY BREAKING

Novel feature of SUSY m its boson—fermion symmetry
also posses one important drawbacie:

RBose~Fermi sjmmaﬁrt’ has not been observed in nakure '

If SUSY can serve as a theory of low energy interactions
Lt must be a broken symmetry
1 SUSY were unbroken
SM particle and iks superparther

would have same mass and quantum numbers (except for spin)

From phenomenological perspective
most interesting mechanisms responsible for SUSY breaking
are those wikh i.c:}w-&margv (or weak-scale) SUSY

in which effective scale of SUSY breaking
is tied to scale of electroweak symmetry breaking

(natural solution of hierarchy problem)



LSY

R-parity is defined bj l Rp — (_1

.
\ B

ALL SM particles have R, =1 and all superpartiners have Rp — |
Conservation of R-parity implies IIR, = 1 at each vertex

= both B and L violating processes are forbidden

An immediate consequence of R-parity conservation
is that LSP cannot decay to SM particles and is therefore stable

Particle F’h\jSEfZS conskrainks
naturally suggest a symmetry

that provides a new stable particle
that may contribute significantly to present energy density of universe
Lightest neutraline in R-parity conserving models of SUSY
is by far the best studied candidate for dark matter
Detecting it has become benchmarik
b:} which experiments are evaluated and mutually compared
We will follow this Etradition here
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WIM?Y KELIC DENSIT Y/

Creneric WIMPs were once in Ehermal equatibrmm
buk d@.ﬂoupi.ed while sErcw\gi.fj non-relativistic

Consider a particle of mass M, i thermal equiubrmm i early universe
Evolution of Ty as universe expands is driven bj Boltzmann's equation

L dliny, |

dt

= ———

\
N

eq
"'y is equilibrium number density

<O‘ 2}> is thermally averaged annihilation cross section of X particles

mu&&pued bj their relative velocity

Ix is number of internal degrees of freedom of WIMP particle



€q
X

F3H(T) ny = —(0v)(n2 — n%%) s small

In very eartj universe when Ty O

an
right hand side of -

and evolution of density is dominated b:j Hubble expansion

As temperature falls below M,
€q
Ty becomes su,ppre.ssed and the annihilation rate incereases
rapidly reducing number density 7,
When number cie.msi,&j falls enough
rate of depletion due to expansion becomes greater than annihilation rate
and particles freeze-out of thermal equiiibrtam

Defining freeze-out temperature to be time when Tlx <0' U> — H we have
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USING DIMENSIONAL ANALY‘SI‘SW

| cffv(

(g~ 0.65 and My = (Gr)~Y/2 ~ 300 GeV)

Solving for TFO by numerical integration we obtain Tro =~ 20 — 30

(for wealk scale cross sections and masses)

Recall that meU2 /2 =3T/2 and so WIMPs freeze~out with v ~ 0.3

Freeze—~oul Eemgera&ures Hh GeV < T )1: 0780 €V
COT‘T‘@.SPOMG’\ to WIMPs with 100 GeV < m, < 1500 GeV

Adding up SM d.of. Lighter than 80 GeV leads to N(T), °) = 92

FoT a very ha&vv or very Light WIMP this number may change

but is not expea&ed to sigmiﬁaamﬂv madifvj final resulk



WIMY MIKACLE

Altogether w f <O"U> ~ 3 X 10_9 GeV_2 ~ 3 X 10_26 CIn

After freeze-out m density of X particles that remain is given by

MMy Ny 10° GeV ! 1

Y

Pc Mp; N(TFO) <0'U>
Numeracauv w Ehis expression jietcis

Thus we see that observed cold dark matter density (QCDMh2 = (.1)
can be obtained for a thermal relic with weak scale interactions
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EXPERIMENTAL PROBES

Correct relic density 5 Efficient annihilation then

(vo12232p 322007 )
MOY VOIJOTIIUMY JU212144F

(Particle colliders)

Efficient production now

>

Efficient scattering now
(Direck debection)



DARKK MATTER HALC

o When our Galaxy was formed
cold darke ma&&m umevu&abtv dus&ered wikh Lummeus ma&&er

qgalactic matter dens&v ;m[pi.ueci bj observad ro&a&m c:u.vs

o Unlike baryons w dissipationless WIMPs fill galactic halo
which is believed &o be an nsa&kermai. syhera of WIMPs

a In summary e we now evervﬁkLMS &bou,& these p&r%&d&s

(except whether they really exist!)

o We kihow that their mass is of order of weak boson mass

o We khnow that &hev tnkeract weawtv

o We also khnow btheir cie.msi,&v and average v&toa&j A our Gamxv
glven assump%iom Ehak &k@j constibtute dominank tompov\ﬁmﬁ
of density of our galactic halo as measured by rotation curves

Thursday, December 8, 2011



GALAXY ROTATION CURVES
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SI and SD inkerackions

Elastic scattering and annihilation cross sections of lightest neutralino
depend on its couplings
and on mass spectrum of Higgs bosons and superpartners

Couplings (i turi) depend on neutraline's composition

Spin-dependent (SD) axial-vector scattering is mediated

by t-channel exchange of a Z-boson
or S—channel exchange of a squark

Spin-independent (SI) scattering occurs:
ab btree level
through {-channel squark exchange and S-channel Higgs exchange

and at onhe-loop level
through diagrams involving loops of quarks and/or squarks

Cross sections for these processes can vary dmma&itauj with parameters

even for case of MSSM

Thursday, December 8, 2011



WIMY DETECTION SCHEMES

%' For a first look ot experimental problem of how to detect X
it is sufficient to recall that they are weakly interacting

with masses n range l tens of GeV < m, < several TeV .

\

-

——

*¢ Lower masses are excluded bj accelerator and (in)direct searches
while masses be.:.}m\cl several TeV are excluded bj cosmology

% Two general techniques referred to as direct (D) and indirect (1D)

are pursued to demonstrate existence of WIMPs

% In direct detectors
we observe energy deposited when WIMPs elastically scatter off nuclei

¢ Indirect method infers existence of WIMPs
fyom observation of their annihilation Produ«t&s
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SPIN INDEPENDENT BOUNDS

Lightest neubralino's SI scatbering cross sections for a range of MSSM parameters
Scan varies mass of CP-odd Higgs boson 1A up to 1 TeV

all other mass parameters up to 10 TeV
and ratio of other Higgs bosons VEV 1 < tan B < 60

Also shown are current Limits from direct detection experiments
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SPIN DEPENDENT BOUNDS

0.05 <Q h* < 0.20

—h

S
w
IS

o, <olim CDMS(2008)+XENON10(2007)
0, < 0.0010!™ CDMS(2008)+XENON10(2007)

—

1
W
()]

CDMS (2008)

—h

S
(3]
[e)]

-
-

e o =

—

1
W
~

......
................
......

B

—h

S
[6)
(o)

[
et
;;;
.
e
.
v
----------
llllll

Cna,
.................

—

1
W
O

Neutralino-proton SD cross-section o, [em?]
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5

20% CL upper Limiks on SD meu&raumo“pro&m cross section
Blue shaded region indicates MSSM parameter space

allowed bj existing Limits on amrresponding S1 cross section
Green shaded region would be rule out ¥ existing Limits on Oy N,SI

are improved by a factor of 10°



HIG6S RUANORS FLY AS DECEMBER 13 PRESS CONFERENCE APPROACHES

RUMORS SAY THAT ATLAS’ PEAK NEAR 126 GEV HAS 3.5 STANDARD DEVIATIONS
AND CANS’ PEAK NEAR 124 GEV HAS 2.5 STANDARD DEVIATIONS
IF YOU ARRE REALLY OPTHAISTIC YOU CAN ADD THESE TwO RESULTS IN QUADRATURE
TO GET AN OVERALL RESULT WITH A SIGNWICANCE OF 430
THAT IS ROVGHLY 99.998 CONFIDENCE LEVEL
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http://www.wolframalpha.com/input/?i=error+function+%28N%2Fsqrt%282%29%29%29+for+N%3D4.3
http://www.wolframalpha.com/input/?i=error+function+%28N%2Fsqrt%282%29%29%29+for+N%3D4.3
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