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* Con

MOTIVATION

beyond the lhc

strain the high energy

models prediction of

had

ronic interaction Op-air

aian

ne atmosphere.

800_
- Baltrusaitis et. al. 1999
700- Honda et. al. 1999
- knurenko et. al. 2013 ‘
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EXPERIMENTAL METHODS



Op-air from the extensive air shower

= ldeal solution: Measure
exponential distribution
of first interaction X |

Practical solution:
Measure depth of X .
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Events/(5)

-
o
.

10

Y

CONVOLUTION METHOD

First Point of Interaction (x1) slant depth

Xmax-X1

) | alpha = 664.11 + 0.31
- lambdaln = 48.71 + 0.53 < F beta= 19.65 = 0.17
i s
1 1 —z
E 102; \/ﬁexp{—i <z+6 )}
R ® | xm —zl — «
z =

| 5
E 10—
: '- ~

A 600 700 800 900 1000 1100 1200

delta x

1 Lm 1 .t /)\ : l[wm_xl_a+e_[wm_x1_a]]
)\ e 1 pP—air o2 B B daj]_
0



EXTRACT LAMBDA FROM THE
XMAX DISTRIBUTION

e Xmax distribution 1s
convolution of X1 and

L.andau like distribution

* Get lambda by

deconvolution

* Advantage: fit to the
whole Xmax
distribution.

\/1 /xm : —Z1/Ap—ai
e L1 p—air
B 27 Jo Ap—az’r

\

N\

H"'\-\_

o N\ I\

Xmax fitted with convolution

Events/(7.5)

lambdal = 48.24 + 0.71




CONVOLUTION METHOD

1 Tm 1 s /)\ ' l[a}m—ml—a+€_[a§m—ml—a]]
1 p—air o3 B B dx]_
0

€
B\/ 27 Ap—air

Xmax fitted with convolution

o lambda1 = 4824+ 0.71
* Disadvantage: i
Highly dependent i
on the mean Xmax oL
value —>Highly + #HH.
model dependence. HHH[H | J%mmmﬂmﬂﬂm




MODIFIED CROSS SECTION
METHOD

Equivalent c.m. energy Vs, (GeV)
107 10° 10* 10°

LR A2 I - L Rl ‘l"l’" LA I‘l"‘ll]’ LJ Ll L2 I"IYIYL. L2 Ll LA}
} ;
Tevatron

~J
S
Il

- O Nametal 1975 ’
[ A& Siohan ot a/ 1078
— ¥ Baltrusaitis of al 1084 ;
[ ® Mioke of al 1004

s Honda et al 1000
O Knurenko ef al 1999

* Moditying the energy
dependence cross

- @ ICRCO7 HiRes Sho L X -

[ Aemdazn section of the p-air and

8
1

.....
LY
,,,,,,

8
1 Ill

Cross section (proton-air) (mb)
FeN
S

of J—, the hadronic cross
- A + sessmss SIBYLL 2.1.0P_.’( 12 ~ .
: cmun SBYLL21,0, 408 sections 1n the shower
2m|;1 |||||||,| ||||||;‘ lulul‘ llllmd ||n|u‘ l“l.ll.ll llllud llmn‘ 1|n|ml_u
10" 107 10" 10" 10* 10" 10" 10® 10" 10°
Energy (eV)

» Moditying multiplicity;
elasticity, pion to charge
ratio.

. . lOglo(E/1P€V)
modified _ _E—model E). (1 19 — 1
g o (E) ( +U/ )loglo(loEeV/lPeV)

E: Shower energy

t19: factor by which
show 1s modified at 107eV



K FACTOR METHOD

= ldeal solution: Measure
exponential distribution
of first interaction X |

* Beam of N protons will be
attenuated by

dN/dX =-N/A

A: proton mean free path
}\:mpair/Gpair

Practical solution:
Measure depth of X . 0



EvenisiAXmax

10

K-FACTOR METHOD

.
. exp(-Xmax//\)

;
f i
|

| ki

JLLLLLLLALL

IIIIIIIIIllIllllIlll

600

700 800 900 1000 1100
2
Xmax (g/cm )

11

* Using deeply penetrating
particles. the tail of the
Xmax distribution

* Attenuation length 1n
proportion to the
propagation length.

= k>\p—air

* Determine the 1nelastic
proton-sir cross section

14.5mp

k)\p-air: k inel
p-air



K VALUE

Determined from high energy
shower models.

Simulate 10000 events for each
0.1 step 1n Logiok(eV) [CGonex*]

Calculate the attenuation length
from the slope of the Xmax
distribution decrement

determine the interaction length
Apair from the model first point
of the pair interaction slant

depth X;.

12

%/ ndf 8.672/10

.QGSJETIL4

Prob 0.5634
135 PO 1.154 + 0.009399
“ Uk | | Pt
= I I |
1.15:— * * + l T * T
.......................
Log E(eV)
Og10

OGSJETIIL.4

QOGSIETO1
SIBYLL
EPOS-LHC

* 1. Bergmann et al., Astropart.Phys. 26, 420 (2007)



K VALUE DEVELOPMENT
AND THIS WORK

* Fly’s Eye K value 1.6
(theoretical model)

* by 2001(Pryke) K from the

full model simulations~7%o*

* Models evolving and LHC
data

* K model dependence 3%

Weekly model dependence

13

A (g/cmz)
p-air

ddddddddddd

OGSJETIL.4

OGSIETO1

SIBYLL

EPOS-LHC




EXPERIMENTAL RESULTS

14
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THE AUGER

Malargue, Argentina

1660 water Cherenkov stations

[3000 km?]
four Fluorescence Detectors
39360 hybrid events

2004-2012

Energy Range 10'7%-10'%-10'%° eV

Auger Collaboration PRI 104,091101 (2010)
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DATA SELECTION

Quality cuts. Fiducial selection.
T1ght cuts to remove acceptance, reconstructed biases.
compare simulation at generator level

Xmax resolution of < 235 g/cm?2, E above EeV

Auger Collaboration PRI 104,091101 (2010) W%



ATTENUATION LENGTH

10

dN/dX,,. [cm %/g]
|

10"

A,, = 60.742.1(stat)+1.6(syst) g/cm?

1078 <E<10®eVv
. A, =607+ 2.1 glem?

s

’ 4
b

[ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I T 1 TI I 1 1 1
200 400 600 800 1000 1200 1400
X, . lg/em?]

(E) = 101?'90 eV

dN/dX,,, [cm ?/g]

i i

10"%< E <103 ev
A, =574+ 1.8g/em’

(E) = 1018'22 eV

A, =57.4+1.8(stat)+1.6(syst) g/cm?

conversion of A to Gp.air using

modified cross section method

Auger Collaboration ICRC2015




SYSTEMATIC
UNCERTAINTIES

101?.8 L 1018 eV 1018 L 1018.5 e\

A,,, systematic uncertainties (mb) 13.5 14.1
Hadronic interaction models (mb) 10 10
Energy scale uncertainty, AE/E = 14% (mb) 2.1 1.3
Conversion of A, to op_air (Mb) 7 7
Photons (mb) +4.7 +4.2
Helium, 25% (mb) 17.2 15.8
Total systematic uncertainty on op,_,i; (mb) +19/-25 +19/-25

Auger Collaboration ICRC2015
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800

700

300

200

PROTON-AIR CROSS
SECTION

B Baltrusaitis et. al. 1999

B Honda et. al. 1999

B knurenko et. al. 2013

- Aieliie et. al. 2000 oW

B Mielke et. al. 1994 y

~ v Siohanet. al. 1978 L[ o )

- % Aglietta et. al. 2009 I—I_L R o

L O Abreuet. al. 2015 — —r """

. O Belov et. al. 2007 l ;

[ @ Abbasietal. 2015 . '

m —— QGSJETII-4

| 2= T T Sibyll2.1

= ! T EPOSLHC

Lol vl vl il vl il il il

1012 1013 1014 1015 1016 1017 1018 1019 1020

Energy(eV)

Auger Collaboration ICRC2015
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Results, o,_,ir In mb

@ Lower energy point
457.5+17.8(stat)+19/-25(syst)

@ Higher energy point
485.84+15.8(stat)+19/-25(syst)
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DATA COLLECTION

Delta, Utah T LLL.1™

= Telescopes - Dammr nTmr _— = CLF

ey BEN

507 scintillation surface detector

[700 km?]

s wgiew
T E Ty
(BN N NN RS
B AN EE NN SRR
N N N AN SN E R
(A R A R N R R R R AN E
LR E N MR N R e
FE NN g N | o BB
LA N RS e R R
LR AN R NN NN R A SN R EEEE
AR R N R R A R A NS N R SRR R R
AR RS A RN R NN R R T
R A RN R SRR RN E e ] W
LR R A R N N AR R AR
A R R R NN NN R E R A N SR N
A R AN A N RN R FE RN R s R
SEE TN Nl N Y T s ey e Y g
FE N N N ww SFENssE SRR
[ Ny NN LN R AN R AR N r
LA R B R F NN N RS R RN R
L N N N e NN NN e NN R
A N A R NN R R RS R
R R N N NN R
1 L R R N AN N E R R R E T

three Fluorescence Detectors

439 hybrid events 1 fluoresce
detector and surface detector array

2008-2013

Energy Range L A e AN s T

22

e e e 4 me e ammammean -
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DATA SELECTION

* Pattern recognition cuts. L e g o

* compare to simulation including detector I
and reconstruction effect. i

» Xmax resolution of ~ 23 ¢/cm?, E

above EeV.

Start

Slant Depth [gmicmzl

*R. Abbasi et al., Astropart.Phys. 64, 49 (2014), 23



ATTENUATION LENGTH

A =50.47%6.26[Stat.] g/cm”

n <+t

i ++++ + exp(-Xmax/A)
“?10:— +
W N
%1?“ \\
w £ \\

:1018.3_1019.3 eV

Lot b b b a b b o baa

600 650 700 750 800 850 900 950 1900
Xmax (g/cm )

conversion of A to Gp.air using

the k-factor method

R. Abbasi et al., PRD 92 032007 (2015) 24



SYSTEMATICS
UNCERTAINTIES
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LARGEST SYSTEMATICS UNCERTAINTIES:
UNKNOWN CONTAMINATION

—P
= — Fe 10%
B — gamma 10%
- — He 10%

10° - CNO 10%
B .,

.‘

10:— ‘
- hJI

1=

: [l .'[I\WM !Jl\l

| - | |
600 700 800 900 1 000 1 1 00 1 200 1300
xmax

26



<X

> [g rnicmz]

max

850

800

750

700

650

COMPOSITION FROM
AVERAGE SHOWER <XMAX>

- ps s | —QGSJETI-03]
T T T e QGSJET-01cf
- oco:o:o:oio:oi oo |---SYBILL24 ]

- - 2 - oot _s-="7 o Proton -

=

Lot : : : : : : : : :
.l-'l'fl||||-|||||-|||||-|||||-||r||-||||||||||||

18.5 19 19.5 20
Energy log ] O(Ep'eV)

Telescope Array Collaboration, APP 64 (2014) 49

24

(Xmax) [g/cm?]

850 | ¢ data + outat
800 |
750 |

700 |

650 |

m

[ )

—— EPOS-LHC
— — Sibyll2.1
. QGSJetIl-04

1018 1019
E [eV]

Pierre Auger Collaboration, PRD 90 (2014) 12, 122005
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TA/AUGER COMPOSITION
WORKING GROUP

820

Middle Drum Hybrid

+ TA MD 2014 preliminary
£ | 800
- + Auger 2014 ® TAMD

® MD Hybrid Dota
— Proton

780

760

740

X, gfcm?]

750p -

i

720

700|

700

18.2 184 186 188 19 19.2 194 196 198 20

L
....
. a it
-

- Solid—> QGSJETI—-03
650( Doshed —> QGSJETI-04 lg(E/eV)

182 18.4 18.6 18.8 19 19.2 19.4 196 19.8 2 v%'

log(E(e )‘2 average difference: (A) = (2.9 + 2.7 (stat.) + 18 (syst.)) g/cm?

The Average Xmax of the two observatories are in good agreement.

ICRC2015, arXiv:1503.07540 28



P-AIR CROSS SECTION
SYSTEMATICS SUMMARY

* Model dependence (£17 mb)

* Attenuation length

distribution (Negligible)
* Detector Bias(Negligible):

* Helium contamination(10,20,50)%

(-9,-18,-42)mb

* Gamma(<1%) 23mb.

Energy dependence bias in the Xmax

8001

EOO_IIIIIII 1 111 1| 1111 ] 1111 1 1111 IR

7005

600

300

® O O « <

Baltrusaitis et. al. 1999
Honda et. al. 1999
knurenko et. al. 2013
Aiellie et. al. 2009
Mielke et. al. 1994
Siohan et. al. 1978
Aglietta et. al. 2009
Abreu et. al. 2015
Belov et. al. 2007
Abbasi et. al. 2015
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-------- Sibyll2.1

.-+« QGSJETO1
— EPOS-LHC

107 10° 10" 10"
Energy(eV)

Op-air*®! = 567.01£70.5[Stat.] (+25,-29)[Sys.] mb

R. Abbasi et al., PRD 92 032007 (2015)
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CONVERSION TO PROTON-
PROTON CROSS SECTION

30



P-AIR CROSS SECTION
PROTON-PROTON CROSS SECTION

 Glauber Formalism*

* nuclear geometry

* multiple interactions 40 —
u m
* opacity profile of e
nucleons =
30—
L C}l'_l -
© 25
> _
S . F e
* Block, Halzen, and = e
Stanevy, ** 5 e
of L
: Unitarity
%0

60 80 100 120 140 160 180 200 tot 2ob
o [mb]
p-p

*R. Glauber and G. Matthiae, Nucl.Phys. B21, 135 (1970)
I ST M. Block and F. Halzen, Phys.Rev. D72, 036006 (2005).
* PHYSICAL REVIEW D 76, 111503(R) (2007). 31 ** Block, Phys.Rev. D84, 091501 (2011).




P-AIR CROSS SECTION
PROTON-PROTON CROSS SECTION
AT CME 97 TEV

350
-] Fly’s Eye
3001 Akeno
- v HiRes
250— % o Auger
- § e Thiswork
S 20— § o pbarp
E i PP
P 150 — ! . ppTOTEM [ ’
- § —————— o even (QCD-Fit) I T.--
| ) nn TJJ’L ’l
100[— & ot
- g oS
50:_ I \\’“.!—ﬁh —————————————
O: | | lllllll | | lllllll2 | | 1111113 | | lllllll | | I
1 10 10 10 10°
“Ys(Gevs

Oppotel = 170 (+48,-44)[Stat.] (+17,-19)[Sys.] mb

R. Abbasi et al., PRD 92 032007 (2015) 32



CONCLUSION AND OUTLOOK

* Continuously further improved experimental
results on the op.i™® measurement from cosmic

ray detectors Eunecr >> Erngc.

* lLatest updates:
* Auger IGRC 2015
* TA R. Abbasi et al.,, PRD 92 032007 (2015)

 Future measurements with the full TA detector.

39



Thank You!
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Backup slides
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TA/AUGER COMPOSITION
WORKING GROUP

Middle Drum Hybrid

® MD Hybrid Dota
— Proton

750~

650

ICRC2015

700,

....
.....
.“
5

Solid = QGSJETI-03

Doshed — QGSJETIN-04

182 18.4 18.6 188 19 192 19.4 19.6 19.8

log(

EeV)

36

TA MD 2014
Auger 2014 & TA MD

—— QGSJETI-03 p, Fe

18.8

log(E/eV)

19

19.2



Number of Events

Number of Events
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™ rrTTTTTTTYTY

™ T TrTTTTTTTY

TA COMPARISON OF XMAX
DISTRIBUTION QGSJETII3

CVM p-value
Proton: 0.0024
Iron: 3e-227
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* Data
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o, in mb.

BLOCK HALZEN AND
STANEV

100 T T T . 0.2 .
a0 [ - Pp data C — .[
r * pbar-p data ] oar ]
Bo [ 2 H :
C o log (v/m) L
70 | PP y oor
C 2{ o
R | v/m
&0 °9 =N = Pp data
£ - pbar p data
50 | .t - 2./
a 0.2 Ppp log (v m)
40 o cLf e Ppbar p Iogzt\‘,fmj
r 0.3
30 [ r
20:""" : e : e 0.4 e .
10 100 1000 10 100 1000
48, in GeV s, in GeV
a) b) V'S,
20 . . T
18 | |
: Bpp {
N.d___h 16 — """" prar 8]
g = pp data ]
g 1a L pbar p data ]
= _ '
o iz | s

10

1 1 1 T S R R | 1 1 S S R |
10 100 1000

A8, in GeV

* PHYSICAL REVIEW D 76, 111503(R) (2007).



K VALUE DEPENDENCE

2 [
-9 “®-Log, (E(eV)) 18.4
1.8 —
u —— Logm(E(eV)) 18.7
— i —*— Log (E(eV)) 19
16— ® 10
v L LN
1.4 — LN
i !\i
N _\.}\i
12—
i SN NS MY ‘
1 [ ! |
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700 750 800 850 900

Lower Edge of the Fit Range (Xi)
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DECREMENT OF THE SLOPE
SYSTEMATICS

* Data divided 1n halves based

on: 4ot
i g
S i
» Zenith angle il t
o w N
* Distance of Shower (Rp) 3 | N
S 1F N
Y N
* Energy of events i
Lo v v v v v b v by v v by v by v Ty
Energy (eV) A [g/cmz] 600 650 700 750 800 850 900 Xrﬁgg (g/crr;lg))OO

E > 1018-63 55.7x10.1 Attenuation lengths are consistent

E < 101863 45.5x7.7

within the statistical fluctuations.




DECREMENT OF THE SLOPE
SYSTEMATICS

* Data divided 1n halves based

O1.

;
+

» Zenith angle

-
o

 Distance of Shower

(Rp)

T TTTI
—{—
_}_
+
/

S

2
Events / A Xmax (cm /g)

/

T T TTT1T7
/

* Energy of events

600 650 700 750 800 850 900 950 1900
Xmax (g/cm )

Attenuation lengths are consistent

within the statistical fluctuations.




P-AIR CROSS SECTION

Model
OGSJETIIL.4

OGSIETO1
SIBYLL
EPOS-LHC

42

Model
OGSIETII.4

EPOS-LHC

Op -airlnel mb

550.3£638.5

569.4170.8



P-AIR CROSS SECTION

SYSTEMATICS

* Energy dependence
bias in the Xmax

dlStI’lbuthn 100: —®——  CONEX-Thrown Information
<N €gligib1€)1 90; —®—— CORSIKA-Reconstruced & Quality Cuts Applied
80? 5
o '
8t F,
~ _60— i
<860: i H . # l
: X £ J}
* Detector 01 ERE
Bias(Neglgible): 0F
A TR RN BTN BUE A

30_| 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 4 | |
700 720 740 760 780 800 820 840 860 880
Lower Edge of the Fit Range (X )
irange
_ [l
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ngh Energy Hybrld Event

MD-FD 2010/08/12 07:30:33.216258
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Energy: 1.3 X 10?0 eV

Zenith Angle: 55.7°

Surface array constrains
geometry fit via extra timing &

core information



