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@ SHOWER CORE

f 1.8 km ——

Hadronic interaction
Modeling

it follows on any
reasonable shower model that the energy of the
primary particle was about 10'® ev. Taking the

usual estimate 3 x107° gauss for the galactic
magnetic field, one finds the radius of curva-
ture of the path of a proton of such energy to be
about 10* light years. Since, according to cur-
rent estimates, the radius of the galactic halo
is only about five times this value, while the
thickness of the galactic disk is about five or
ten times smaller, it seems certain that the
primary particle acquired its energy outside
our galaxy.

An important question is whether the primary
particle was a proton or a heavier nucleus.
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Energy measurement problem “solved”. “Fly's Eye”
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Atmospheric Absorption
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Shape depends on :
Area < Energy * Primary Identity

e Interaction Model




COMPOSITION

of UHECR

Very high astrophysical importance

Controversial - inconsistent observations.

X

IMax

Fluctuations of Xm
Other methods

aX
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Elongation rate corrected for detector acceptance and
comparison with previous results

~3900

5 e HiRes/MIA
5800 © HiRes 2005
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Fig. 25.— Comparison of current HiRes stereo <X, results with results from the HiRes-

prototype/MIA hybrid (Abu-Zayyad et al. 2001} and previously published HiRes stereo
resulis [Abbasi et al.  2005).
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The “theory curve”
<X__ (E)> is determined

by the parameters that describe
hadronic interactions.

(and by their energy dependence).

Interaction Lengths
Multiplicity
Inclusive Spectra




XmaX and the Composition of Cosmic Rays

Proton Showers

| Logarithmic
. . E growth
Xl E) = Xbuo(E") + Dy(E*) In () of average X,

with energy

Xﬁm{(E) A XII;IB,}{ (%) Mass dependence



Xm

x and the Composition of Cosmic Rays

Proton Showers

| Logarithmic
) ) E growth
XP (E)=XP (E¥)+ D,(E") In (E*) of average X

E
XA (E)~ XP (—)

with energy

Mass dependence




Obtain the average mass (In A), — > 404a(F) InA
and its variation DL m =
with energy




The importance of “CORNERS”

(when real)

£ 780L x°/Ndf=9.7/9
2
R 760/
< i
5C i
V -
740_—
720:— D1 = 106 + 35
: D= 24+3
700 Ig(Eb/eV) = 18.2 1+ 0.1
L o . N

1018 1019
E [eV]



"METHODOLOGY”™



C.R. DATA
Astrophysical Hadronic
Information Interactions



From Accelerator Data + Theory —® Astrophysics

C.R. DATA
Astrophysical
Information

Hadronic
Interactions







(InA)p =

\J

Astrophysical
Information

Hadronic
Interactions
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E* =10 eV

(Xmax) = 750 £ 5 (stat) 4 10 (syst) g cm °

<Xmax> = 00 12 g cm 2

Doy — 40+ 4 g cm™*/decade

[(Xp ”slb p = 800 g cm - 2. Cam >QGSJet ~ 784 g cm -

D"~ 59 g cm ™7 DR&59 ~ 46 g cm




Naive 2-component model

éf’(E) = ﬁf’p(E) ‘%f’Fe(E)

5(E) o r (E)ﬂfp . (E)(ﬂfﬁﬁ)

B+ b+

E* = 1019 oV




Sibyll-Interpretation

(log,o Adsibyn = 0.83 £

0.21

<1‘3’gm A>Siby11 ~ log [6-8 J—r%ﬂ

g — 1.1 0.2
[Fe]Sibyll

d(log A) o 50

- 0.07

dlogE

Sibyll

{ﬂ}Sibyll = —0.7£0.15




Sibyll-Interpretation

(log,o Adsibyn = 0.83 £

0.21

<10810 A>Siby11 ~ log [6-8 J—r%ﬂ

- — 1.1 4+0.2
[Fe]Sibyll
dlog )| 0321007
 dlog b Sibyll

{ﬂ}Sibyll = —0.7£0.15

Composition
1s Mixed

50% p
50% Fe

Composition
become heavier
with increasing Energy




QGS]Jet-Interpretation
Composition (logyo A)qesier = 0.72 £+ 0.26
M | ,
1S ].Xed <10g10 A)QGSJet i log [528 —I__;Li]
40% Fe Felqasee — —°°
Composition: Td(log A)
Indication (1.5 s) { dlog E LGSJet el

of moderate increase _
Of .A. W].th El’lergy {ﬂ}QGSJet — _03 + 02




How can we include systematic uncertainties
in the modeling of hadronic interactions

in the estimate of properties

of Cosmic Rays?

“Spread” of predictions

for different model.

Overestimate ? Underestimate ?

Some models are Perhaps we are missing
lower quality. something important.



“Alternative Approach” to the problem.

C.R. DATA
Hadronic
Interactions




“CONSISTENCY”

Different Methods
to measure same physical quantity
must agree

. Fluorescence versus Surface detection

B X versus ™Muons”
max



From Cosmic Ray Data = Hadronic Interactions

C.R. DATA

Hadronic
Interactions

Astrophysical
Information

“Astrophysical
Composition Methods”



From Cosmic Ray Data = Hadronic Interactions

C.R. DATA

Hadronic
Interactions

Astrophysical
Information

“Astrophysical
Composition Methods”| 1 <A < 56 wery likely)



“Astrophysical
Composition Methods”

Il Energy Spectrum

“imprints” of Energy Loss

B “Cosmic Magnetic
Spectrometer”



Features in the Cosmic Ray Energy Spectrum
can in principle give information
on the nature of the particle

Interpreted as the effect
of energy loss during propagation
from their extragalactic sources.

Known target: 2.7 K CMBR radiation field

Energy Thresholds for protons :

py— pr pypete

Y == T?,ﬂ'—l_

Pair Production
llG ZKI’




J[E]E?’J m*s 'sr eV’
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Berezinsky

1 et al.

| Inject Smooth
| power law

Spectrum.

{ Let propagation
1 leave its

“Imprint”

1 on the shape
-1 of the spectrum.
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“COSMIC
MAGNETIC
SPECTROMETER”

Constraint on :

AUGER RESULT

Correlations of the Highest-Energy
Cosmic Rays with Nearby
Extragalactic Objects (AGN)

Protons are preferred [



Deviation in GALACTIC Magnetic Field

o~ 2.7

.60 EeV dx B )

E/Z kpc 3 4G

Deviation in EXTRA-GLACTIC
Magnetic Field
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IF one accepts (at least for the sake of discussion)

the astrophysical hints of a proton dominated composition....
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IF one accepts (at least for the sake of discussion)
the astrophysical hints of a proton dominated composition....
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Electromagnetic Showers

vVersus

Hadronic Showers

Toy model
discussion.




Electromagnetic Showers

/\\ B -po ©W)
/ \

Radiation Length
(Energy independent)

Fer =Eyu Y(u)

Vertices :
theoretically understood

(and scaling)



Electromagnetic Showers

E L
Xmax(E') ~ /\rad In (_) Logarithmic

growth of the
penetration.

E 1
= E
3 \/ In ( B / = ) Cgflls‘ggvation

Elongation rate = 85 (g/cm?®)/decade

Nimax(E)



Heitler toy model

for electromagnetic
showerws

“Electron-photon”

particle

Splitting length A
Critical energy €

N(X, E) = 2%/



Shower development
in Heitler toy model:

200 |

150 -

N(t)

50 |




Proton Shower Vertices

/ o —
/ Y

= uy,

: theoretically not
understood
(and not exactly scaling)



" : 1 “Hadron”
Hadronic particle

Interaction Length /\

Hadronic “Inelasticity” f

Interaction
Length

“multiplicity 1

Hadronic vertex

Energy sharing
1 - (1-f) +

f/m +

f/m +

f/m +

f/m +

1-f



Hadronic shower




N(1)

Hadronic parameters
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Hadronic shower in toy model.
300

250 |




N(t)

1000 |
300 |
600 ¢
400

200

t (radiation lengths)




N(t)
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(1))

Xpax(E) = k A + X log,

™m &
.[mteger] Xmax(F) = Araq In E + constant
k=k(A/X ) ‘
1 for0< f<1—-27"
k —
{ [—% log, (uzxfﬂl)] forl -2 < f<1
Hadronic
interaction

parameters




IF /\ , and the other

hadronic interactions parameters
are energy independent

o, A “Elongation rate”
is equal to the

dinEE  1n?2 rad radiation length




IF /\ , and the other

hadronic interactions parameters
are energy independent

d X A “Elongation rate”
e = A\, g is equal to the
dinE In2 He radiation length

Energy dependent parameters: Elongation rate changes

dm(E) dlnf(E) (1 —{(_EJ)C((;;— k)ﬂ

dXma(B) [, B
din ™ dln E dln E

dA(E)
dn E

+ k



Scaling model :
85 (g/cm2)/decade .-~

K max

-
-~

-
-~
-~
-

-~ Increasing cross
] sections

Softer
spectra

Elongation Rate Log[Energy
For protons



Ame(p/7 Air) [g em™7]

1016

118
E, (eV)
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Exactly Scaling Interactions
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Different elongation ra

Exactly scaling models
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Introduce Energy dependent softening of the spectra
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It is possible to “reproduce”

A “desired” composition with

(in this example) an appropriate gradual softening
of secondary meson spectra.

. . Predictions
Possible also to introduce for LHC 11?
A faster rise of the cross section

Ambiguities !
May possibilities....
How can we distinguish among them ?




It is possible to “reproduce”

A “desired” composition with

(in this example) an appropriate gradual softening
of secondary meson spectra.

Possible also to introduce
A faster rise of the cross section

Ambiguities !

May possibilities....
How can we distinguish among them ?

WARNING !
Perhaps : this approach is completely incorrect
the mass composition is indeed mixed ....
We have to rely on [accelerator data + theory]




Fluctuations on Xm

aX

Very Interesting an puzzling piece of information !
Not confirmed by HIRES

Potentially very important



FD Results

» (Xnax) @nd RMS vs E
» resolution correction

» broken line fit:
slopes D [g/cm®/decade]

» comparison to air shower
simulations

» published HiRes data
(update cf. Pierre’s talk)
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Comparison of data and p-QGSJETO02 fluctuation widths
Use 2-sigma truncated gaussian width to fit Xmax distr.
Detector resolution is NOT deconvoluted!

HIRES 5; 70
P.Sokolski =

50 B
protons
40
30 on e ‘/
20
------ QGSJETZ
—— QGSJETT
10

Q8 7825 185 18.75 19 19.25 195 19.75 20
log(E(eV))

Fig. 28— Results of fitting HiRes stereo data Xaee distribution to Gaussian truncated
at 2 x RMS (black points). Superimposed are curves representing expectations based on
QGSIET] and QGSIET? proton and iron Monte Carlo. Gaussian-in-age parametrization
used in reconstruction.



Overall comparison of Xmax data with QGSJETO02 p and FE

HIRES

400 500 600 700 800 900 1000 1100 1%05‘
X g/cm

Fig. 11.— Top: Xpar overlay of Hiles data (points) with QGSIET02 proton Monte Carlo
airshowers after full detector simulation. Bedtom: X, overlay of Hiles data [points] with
QGSIETO2 iron Monte Carlo airshowers after full detector simulation,



Overall comparison of Xmax data with QGSJETO02 p and FE

HIRES

=1
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X g/cm
Fig. 11.— Top: Xper overlay of Hiles data (points) with QGSIET02 proton Monte (

airshowers after full detector simulation. Bedtom: X, overlay of HiRes data [points)

QGSIETO2 iron Monte Carlo airshowers after full detector simulation,

AUGER

People

Keeping this
distribution

for themselves
At the moment.

Good work

Farlo

pith tO you '




RMS [Xmax] decreasing with energy !

Need robust confirmation.

What does it imply ?
Il Composition getting heavier !

] Proton shower fluctuations
becoming smaller.

Much larger cross sections
(shorter interaction length)

Particle production properties.
(seems unlikely to me....) [but ....]




THEORY

Construction of
Hadronic Models




HADRONIC INTERACTIONS

Leading nucleon| | T~ = YV |
[150% of energy Electromagnetic
Shower

n\/'{' Decay
= ut 4y,
) \
Inclusive spectra et + v+ 7,

of secondary particles| |mteraction




E = 175 GeV FERMILAB SAS PP
Brenner et al (1982)
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Phenomenological Evidence for
FEYNMAN SCALING

| o | |
102 —
. Lol -
g 10° &
e
o
g
— 100 —
=
X
e
S
= ~1
o 10 = @ 100 GeV
O E, = 175 GeV
107< =
| | | I | | | ‘
0.0 0.2 0.4 0.6 0.8




NUCLEAR effects: PP vs p-12C

NA49

dn,/dxg

103 7 (pp)
O - (p—Carbon)

10_4 | | | | | | | | | | | | | | | | | I | | 1 | | I |

0.0 0.2 0.4 0.6 0.8
Xp



Hadronic Interactions

Composite (complex) Objects Q‘ D
Multiple interaction structure




1t Slide
from R.Feynman
seminar in 1976.

ISR high pT
Pion production

Deep Inelastic
Scattering T

Develop quark

Freld #Feynmay CALT-E8- 525

Fox (Brookhaven ARS) CALT -68-577
Hovee jet

Hovee.
fz’:f;"/:f% &

@MJGM Cotliine.
bt p8 w577
R (1) ik didududio s Koo, (P )

o WA sy s mades fetran jit

fragmentation Model
from e+ e- Scattering

Data consistent _—— |
with QCD

FRoM  EXPERINENTS WITH LES7DUS
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0.8

I I T T
Quark Distributions =

(a) Proton

(c)

GA"'Q(XG) DE(ZC%
D
0\\ C/(/
N\ v 45
@ 25 (a+b-=c+d)
. \ dt
b/ _}
F 4 d\
P X

Fig, 1

HARD scattering

Parton Distribution Functions



Fig. 1. An e'e Annihilation
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Rank
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(o) mesons

which decay to
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Field -Feynman : Quark - Fragmentation




xf(x,Q?)
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Decay

Hadronization

Parton
Shower

Hard -
SubProcess

Parton .
Distributions

. Minimum Bias
Collisions

I

f(x,Q%) f(x,Q%)



Where does the approximate
Feynman scaling comes from ?

The (iterative) Fragmentation of one
COLOR STRING produces a
SCALING SPECTRUM of HADRONS

d0;P_L0: P+

@ dod1,PLo — PL1:%1P+

d191
g 4192, P11 — P12:22(1 = 21)p4

B a2T3,p1o — P13.23(1 —22)(1 — z1)py

303 { L
and so on until joining in the middle of the event

dn/dy

- : | : )

(neh) =~ cog + ¢1 In Ecm, ~ Poissonian multiplicity distribution




} Diquark

o

Basic Structure of
a NON diffractive PP interactions
is made of TWO STRINGS

hard/semihard interactions
result in additional strings

— ! Quark

Color Structure

33=3D6

3R3=148




Integrated cross section above pTmin for pp at 14 TeV
QCD 2 — 2 -

[ T T
jet cross section i
total cross section ——----

1000 |

100:

g |

% 10:—

/ / :
a9 — dq 03

I~/

qq — q'G -:
qq — 99 N TR R o Y
g — qg

g9 — dd

gg — qq dO’/dpi%l/p‘jforpL—?*O.




Typically 2 — 3 interactions/event Pythia

at the Tevatron, 4 — 5 at the LHC, MC
but may be more

In “interesting” high-p | ones.

Most particles in

Fragmentation

Regions

Described by the

“beam remnants
strings”




EXTRAPOLATION to HIGH ENERGY (Pythia pp)
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EXTRAPOLATION to HIGH ENERGY (Pythia pp)
- R L BN AT
0.06 —
~ :
“ap
O 0.04 —
o !
i i
=
"U -
B .
0.02 —
cxrill PR BT R Ty
0.001 0.005 0.010 0.050 0.100 0.500 1.000

4 = Elab/Ebeam



PROTON Spectra

(elasticity spectra)

| | | | | | | | |
06__Eheam = 108, 10", 10", 10" ev
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| —
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PYTHIA PROTON Spectra

0.6 beam

B
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PROTON Spectra (elasticity spectra)
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MULTIPLE INTERACTIONS

B Estimate of the average number of
Elementary interactions per pp scattering

] “Spatial Distribution” [proton spin]

(Transverse coordinates)
of the partonic constituents.

0 Fluctuations of the
“parton configuration” of an interactig

hadron.
Beyond PDF's

Parton Distribution Functions




Hadrons crossing time short

“Snapshot” of the Parton Configuration.










Very Important
potential of LHC

7+ 7 TeV
PP collider




Problems at the
Beginning of
Commissioning

19* september 2008




Dates...

d Tests of the transfer lines SPS-LHC:
June-August (3 weekends).

d Injection tests into parts of the LHC:
~September.

Jd First circulating beam:
~Qctober.

d First collisions at a few TeV: (ery low luminosity... )
~November.

... then a run over winter until November 2010.

Jorg Wenninger : june 2008 Hadron Collider summer school
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LHC Physics in 2009/2010

First beams: very early physics - rediscover SM physics

10 pbl: Standard Model processes

measure jet and lepton rates, observe W, Z bosons
first look at possible extraordinary signatures...

-1
30 pb Measure Standard Model Processes (at 10TeV need ~ 30pb!):
— ~ 104 Z - e+e- (golden Z’s for detector studies (1%)) Background for new
]

~105W - ev BIEIEE

¢ Need to understand
~ 103 ttbar (measure o to 10%) very well

/

Initial Higgs searches and searches for physics beyond the SM

> 200 pb* Entering Higgs discovery era and explore large part
of SUSY and new resonances at ~ few TeV

FNAL June 4, 2009 97
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TOTEM
Leading Protons measured at
-220m & -147m from the CMS Experime ntal |ay0ut

i
.'E. ﬁf

Leading Protons measured at
+147m & +220m from the CMS

Inelastic rates Telescopes
- Rapidity gaps
- Forward particle flows
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Tevatron: Cross section
E710- Measurements
1.8 TeV: Oyt — 72.8£ 3.1 mb
PR11:
1.8 TeV: Ot — 7142 +£2.41 mb
CDF:
546 GeV: 6, = 61.26 = 0.93 mb
(agrees with UA4)

1.8 TeV: 6, = 80.03 + 2.24 mb

G =111.5%1.2 T2} mb Prediction for LHC at sqrt[s] = 14 TeV

[PRL 89 201801 (2002)]



CROSS SECTION MEASUREMENT

16 dN of Optical

2 ,
L O = X Theorem

fot 1+p2 dt .
L Gror — Ne! T N.fnel

67 (dN , /dt)| _
1+ p- N, + N

O tot

inel

L — 1+/O2 (Ne/ +N{'nc/)é
|67 (dN,/dt)|_,  [Luminosity Determination]
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L H C F g)?‘loxllﬂierﬁ’?;aelr particles

in the very forward region

I.P (140 maway)

Two
non-identical
Detectors
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We are studying at the same time

“Gigantic Astrophysical Beasts”

Millions of light years away
Length scale 107** cm

Microscopic
Partonic constituents of matter

Length scale 1 0"’ cm

Exciting Ditficult
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Physics Physics

L oesli i Anderson "
Bl discovery K =

" Ly ; ‘-.
2 : .I'I : II* i
1A y
i »




(eV/cm®)

E? n(E)

0
].D | 1 1 | | | | 1 1 | 1 1
- Galactic/Extragalactic -
o Cosmic Rays
1074 — CR .
0’
1078 |- G5 =
%3 e
B
i +"‘++ ¢++" Q:’;:’j'i i
"”"“':*’ttf tt"‘c’ﬂ'{:’ i
i > i SN
1078 — :’0'0 m,” i"ﬁ;p‘”ﬁ* flo%esin, —
’vv’::. .0 ,‘, ’, X ,ﬁg.;ﬁ,;ﬁ "
L ' i‘,“ * ‘.’ & .,‘ *‘" “‘,.',. *:.ﬁé:;- .
ﬁ@@‘ 3 "i":“:‘i'*u:i
== SR ‘%& m *o" SRS
e 1 oY 1005050505686 %0%% 0. % ‘# PRI
109 1012 1n15 1015 1021

E (eV)



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 96
	LHC Physics in 2009/2010
	Slide 98
	Slide 99
	Slide 100
	Slide 101
	Slide 102
	Slide 103
	Slide 104
	Slide 105
	Slide 106
	Slide 107
	Slide 108
	Slide 109

