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Cross-sections for astroparticle physics

Experimental astroparticle physics recently entered a precision era with a variety of probes,
calling for an improved understanding of interactions of cosmic rays during their propagation.
Accelerator data are much needed to complement many observations:

#® Birth of = background from charm decays in cosmic atm. showers
o = ~ background from CR interactions

o = background from CR interactions in the inter-stellar medium
o = hadronic interactions in

non-perturbative regime
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AMS-02 p/p data vs model for secondary pro-
duction in 2015 Giesen et al., JCAP 1509, 023
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https://doi.org/10.1088/1475-7516/2015/09/023

The LHCDb experiment ,i

’ M4 M5
M3
LLHCD 1s the experiment devoted to heavy o / B SPOTES oAl
flavours 1n pp collisions at the LHC. A

Vertex

Detector requirements: Locaor |5
Forward geometry (pseudorap. 2 < n < 5)| i1
optimises acceptance for bb pairs | ... gz
Tracking : best possible proper time I
and momentum resolution ~5m
Particle ID : excellent capabilities to select I
exclusive decays
JINST 3, (2008) S08005

Trigger : high flexibility and bandwidth (up Int.J. Mod.Phys.A30 (2015) 1530022
to 15 kHz to disk)

“Fixed-target like” geometry very well suited for. . . fixed-target physics!
| Q‘; | |H|I||' | ._:! - The System for Measuring Overlap with Gas (SMOG)

JINST 9 (2014) P12005
can inject small amount of noble gas in the LHC beam
pipe around (~ 320 m) the LHCD collision region.
Turns LHCD into a fixed-target experiment!
TR/ Possible targets: He, Ne, Ar, and more in the future
* | Gas pressure ~ 2 x 107" mbar = £ < 6 x 10%%cm 257!
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LHCDb and cosmic rays: Outline

#® The experiment provides the most accurate measurements of charm production at the
highest energy achievable at accelerators in pp collisions, important to understand neutrino
production in UHE atmospheric showers

p-SMOG Vs=110 GeV pp Vs=13 TeV

=
(=]
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The fixed-target configuration offers some
unique possibilities: ¢
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® accessing large x region in the target,
not accessible in collider mode
= charm PDF at large z, possible in- |
trinsic charm contribution and nuclear 10 _______
effects :

-
o

-
o N w > ” o
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10° 102 10" 1 10° 107 10° 10° 10* 10° 102 10 J

LHCb-PUB-2018-015
#® pHe collisions (pH and pD probably possible in the future) reproduce cosmic ray
interactions in the interstellar medium at the energy scale /sy ~ 100 GeV, relevant for
current experiments in space, notably for antimatter production

10° 107 10° 10° 10*

#® pNe collisions (pN and pO probably possible in the future) can provide useful measurements
to understand development of UHE showers in the atmosphere
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Charm production in pp collisions

#® [HCb data provide measurements in the forward direction at the highest available energy at

accelerators

® Exclusive measurements of D°, Dt, D, D*, At for 7 < /s < 13 TeV
#® Data are remarkably more precise than theoretical uncertainty, notably at low pr

0] LHCb DO PONHEGWNPDRMOL | | 0. pr<8Gev/e, 2<y <43 LHCb
S | V5= 13 TeV Vs =13TeV
> 102[ TE:‘ [ GMVENS
O | ' . FONLL
= 10"} L] . } . . .
§ 0____ = s m— 20<y<25 m=0
= 107+ i — : POWHEG+NNPDF3.0L (scaled) arXiv:1506.08025
I (0 ; E=|=
o [ ' ' . . 25<y<3.0,m=2 .
10—2 E { POWHEG+I;INPDF3 .OL (absolute) arXiv:1506.08025
"§ 10_3 _'_'____ I '  —
- — I _
510 E | I 05 y <3 m = LHCb average ——i
=" | e
N = : . 1
T — i .
-7 — B I S—
10 . == 1 | LHCb D° ——
10-8 . . 4.0<y<4.5 m=8
-9 } |
I S—
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14 _
pr [GeV /d] o(pp — ccX) [ub]
JHEP 03 (2016) 159, erratum JHEP 05 (2017) 074

#® Main input to PDF fits and current predictions of atmospheric high-energy neutrino flux (see

e.g. PROSA collaboration JHEP 1705 (2017) 004)
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2015-041.html
https://doi.org/10.22323/1.314.0012

Charm production in fixed-target data
PRL 122 (2019) 132002

® First charm samples from (7.6 £0.5nb~!) and (few nb™1)

® Charm cross section measured from ~ 400 J/) — p*p~ and ~ 2000 D — K7 decays from
pHe data (and differential shapes from similar statistics in pAr)
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-023.html
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Pumplin, Lai, Tung, PRD75 054029
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® Rapidity distributions in backward region compatible with predictions without Intrinsic
Charm from the HELAC-ONIA model [ Lansberg and Shao, EPJC 77 (2017) 1 ]

in both pHe and pAr samples.

= no evidence for large IC contributions (unless tricky cancellations with nuclear effects)

® More to come from larger samples on tape (~ 100 nb~' pNe)

G. Graziani
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-023.html
https://doi.org/10.1140/epjc/s10052-016-4575-x
https://indico.cern.ch/event/577856/contributions/3424179/

Antiprotons from pHe collisions PRL 121 (2018), 222001

> Cross- g 20 p————"—"F—"——"——"T =
section, the process accounts for ~ 40% of 2 1o LHCb P =
secondary cosmic p 100 - Pre P = HO GV E Zgg

® Data collected in May 2016, with proton 50%‘ — ’ \q) — 500
energy 6.5 TeV, \/sxn = 110 GeV, mostly E 400
from a single LHC fill (5 hours) PEK ! 214< p<244Gevie 15300

# Minimum bias trigger, fully efficient on j:g: 12< prelaGevie 2 :?gg
candidate events E o, THNEE-t 3
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® Exploit excellent vertexing capabilities to

select prompt production.

(anti-hyperon component will be measured

in a dedicated analysis)
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-031.html

® SMOG gas pressure not
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PRL 121 (2018), 222001

# Background measured from data,
using events with single positive
track

# Systematic uncertainty of 6%,
due to low electron reconstruction

efficiency (~ 16%)
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-031.html

Total relative uncertainty per bin, in per cent

PRL 121 (2018), 222001
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#® Dominated by systematics

® [Largest correlated uncertainty is the 6% from luminosity

® [argest uncorrelated uncertainty from PID analysis
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-031.html

Result for cross section, compared with models

PRL 121 (2018), 222001
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Result for prompt production (excluding weak
decays of hyperons), compared to
EPOS LHC rrcoz 2015) 034906
i mrmnrceraned  EPOS 1.99 Nucl.Phys.Proc.Suppl. 196 (2009) 102
o 3 QGSJETII-04 rros3 2011) 014018
oicevid  QGSJETII-04m astr. J. 803 2015) 54
| HIJING 1.38 comp. Phys. Comm. 83 307

20

3 140 [ CHeh

g0k LHCb

D120k pHe — px 07< p, <12Gevic PYTHIA 6.4 (2pp + 2pn) JHEP 05 2005) 026
- Lo . mzllOGeV

The “visible” inelastic cross section (yield of
events reconstructable in LHCDb) i1s compatible
with simulation based on EPOS LHC:

< 35 T

S sf ™ LHCb o ]

S . pHe - pXx 12<p_<28GeV/c  --- EPOSLHC 3

O b e BB TTTRTTEE O crosier gHHOb G BPOS=LHC — 1 08 4+ 0.07 4 0.03
= - s = QGSIETI-04 3 VIS VIS

-8' 20 - e . !,,_,,i = = QGSJETI-04m I

2 Y- == HUING138 7

_8 5, Foedmee, L TRl

T : PYTHIA 6.4

=
o

= excess of p yield over EPOS LHC (by factor
~ 1.5) mostly from p multiplicity
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-031.html

Implications for cosmic antiprotons

Reinert and Winkler, JCAP 1801 (2018) 055

200 ]
pHe - p+X :
The preliminary results of this study (released in 2016) was § 150} Hl :
used to validate @g | "'I"--I._..} _
. . 100 - 1
® cxtrapolations from pp data to pHe cross-sections g ] ; = -
S L : i i 2 T Tk I...
® cmpirical parametrizations for scaling violation 3 ool
of cross-sections | Pr=06-28GeV
OIIII2IOIIII?:IOIIll'ﬂlIOIIIISIC!II
p [GeV]
Korsmeier, Donato, Di Mauro, PRD97 (2018) 103019
10 e | | | 10 | | | | 5
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100 L pre062GeV e X068 ] 10° -
E pr=075GeV  eeveeTa x(;ﬁé’s = - E
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_10 E_ pr:po_ggzv " X%Zs - _10 E 3
$1020 pre12GeY et s S102k 4
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2103k e eserereen X0 £1073 E
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comparing data with different parameterizations for scaling
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https://doi.org/10.1088/1475-7516/2018/01/055
https://doi.org/10.1103/PhysRevD.97.103019

#® Significant shrinking of uncertainty for the predicted
secondary antiproton flux from the use of LHCb and

NAG61 (pp) new data (plus other improvements)

® Other studies still suggest a possible excess from dark

®;/P),

20 15 Giesen et al., JCAP 1509, 023

103

¢ PAMELA 2012
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20 19 Boudad et al., arXiv:1906.07119
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Y
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https://doi.org/10.1088/1475-7516/2015/09/023
https://arxiv.org/abs/1903.01472
https://arxiv.org/abs/1906.07119

Prospects Exploitation of current samples
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o
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[EnY
o

2500 GeV
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pNe pHe PpAr pAr PbAr pHe pHe pNe pNe PbNe
2015 | 2016 | 2017 | 2018

® pHe data at 4 TeV beam energy (y/sxy =86 GeV)
#® Extend the study to p produced by anti-hyperon decays (~20-30% of p production)
® Measure production of 7, /v, p from the various SMOG samples (He, Ne, Ar targets).

Samples acquired during Run 2, up to
[ Ldt ~100nb~" (pNe)

A

protons (Pb) on target [10%]

Gas target upgrade
#® The fixed-target program will be developed from LHC Run 3 Po
thanks to a new gas target SMOG?2, based on a storage cell: ?

# increase instantaneous luminosity . O

» poss.1bly inject other gases as H, D,N, O ! L
® precise control of the gas density D fa e

Injection
SMOG VErtex LOcator sensors _

~ 1077mbar on +/—20m ‘

1 1T

o | | L]
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The SMOG2 gas target .

20-cm long storage cell, 5 mm
radius around the beam, just up-
stream the LHCb VErtex LOcator

® Made of two rectractable halves as

R the rest of VELO
» Up to x100 higher gas density with
D same gas flow of current SMOG
' | ® Gas feed system measures the gas
i . AL density with ~ 2% accuracy
; D

» Approved by LHCC
CERN-LHCC-2019-0051

® Installation due in november 2019, to be
operational from the start of LHC Run 3

Technical Design Report
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http://cdsweb.cern.ch/record/2673690

PrOSpeCtS With SMOG2 LHCB-PUB-2018-015

S LHCb acceptance limits
# Possibility to complete the cosmic p study: \I\[lbe data points
to also measure pp — pX and ra- N
tios with pHe

O == -- - m e

to test isospin violation (relevant o1
for antineutron production) l ‘
to measure evolution
with energy (scaling violations) and access °4T36 30 5060 70 80 100

forward region (Feynman-z > 0) Feynman-x distribution for p vs \/sxx

and accessible region to LHCbD

#® Possibility to inject . Baryon and kaon production in pN and pO is a key
input to understand muon production off-axis in extensive showers

® Huge statistics to study nuclear effects in charm production, and disentangle intrinsic charm
with H target
#® For Run 3 and beyond: proposal to have short runs with (|CERN-LPCC-2018-07)
® study pO collisions up to /syx = 9.9 TeV with forward acceptance
#® oxygen beams on H target give access to very forward particles in pO (up to n = 7.6) at

/San ~ 100 GeV
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https://cds.cern.ch/record/2649878
https://cds.cern.ch/record/2650176

Conclusions

» Thanks, notably, to its fixed-target program, LHCb became
an unexpected contributor to cosmic ray physics!

» Fruitful collaboration with the astroparticle community
(pHe program proposed by O. Adriani, F. Donato et al)

# Many new measurements will be possible with the gas target
upgrade already from Run 3

The LHCb space mission 1s reaching new heights!
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Additional Material
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the VErtex LOcator

#® Excellent LHCDb vertexing capabilities, optimized for forward particles, allow to distinguish
prompt and secondary particles from weak decays
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RICH Performance

Eur. Phys. J. C 73 (2013) 2431

=
o
g‘ 220 5 1o LHCDb O 0O ALL(p-K)>0
£ 200 g \s =7 TeV Data e m ALL(p-K)>5
% 180 = 1
é 160 w mﬂaﬁbogﬂxmxmxwwﬁ o
ety tbagapt iy,
S 140 0.8 o s Tt
) o I. —
= 120 o P—P
o © .
2 100 0.6 R
© e —so A
; —60 0.4

40

20
0.015 L '] '] '] '] L1l I '] '] '] '] '] '] L1l I 0

20 40 60 80 100
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10*
Momentum (GeV/c)

Particle separation in RICHI1 K/p separation vs momentum
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Acceptance for antiprotons in pHe collisions

JINST 3, (2008) S08005
Int.J.Mod.Phys.A30 (2015) 1530022

Nominal p-p splicA - BUAY
collision point . \

afs w s

A 1| o .

|-. r: .ll||-|-|

] =

Fiducial region
for p-He collisions

g 4 / I /
3 35
O 3 ~2<n<44 3<n<5
Q5 p thr. = 18 GeV p thr. = 30 GeV
K thr. = 10 GeV K thr. = 16 GeV
2
15 e
. Rapidity in c.m.s. system:
y' '~ —28-0.2
05

—
—
| | L L L | L L L |

e 2p;
20 40 60 80 100 x-Feynman
PRL 121 (2018), 222001 p [GeVic] v/ S~

Acceptance x reconstruction efficiency for antiprotons
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-031.html

Antiprotons from weak hyperon decays

» only prompt p component measured so far, detached component from weak
decays of hyperons 1s treated as a background (will be determined 1n a
separate study)

100
9F LHCb VELO

# suppressed by requir-
ing small 1impact pa-
rameter (IP)

| P, resolution [um]
a1
o

——2012data, 0=11.6+ 234/p_|_

—=— Simulation, 0 = 11.6 + 22.6/pT

L L L L I L L L L I L L L L I L L L L I L L L L I L L L L
oO 0.5 1 15 2 2.5 3
Up_ [GeV c]

JINST 9 (2014) P09007

» Residual detached component estimated to be (2.4 4+ 0.5)% and subtracted
# Systematic uncertainty estimated from data/MC comparison of IP tails
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Background from residual gas

® Residual vacuum in LHC is not so small (~ 1072 mbar ) compared to SMOG pressure

#® Can be a concern, especially for heavy contaminants (larger cross section than He), and
beam-induced local outgassing

® Direct measurement in data: about 15% of delivered protons on target acquired before He
injection (but with identical vacuum pumping configuraton)
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pHe — p.X result: uncertainties (relative)
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Statistical

D yields 0.5 — 11% (< 2% for most bins)

Luminosity 1.5 —2.3%
Correlated systematic

Luminosity 6.0%

Event and PV selection 0.3%

PV reconstruction 0.4 —2.9%

Tracking 1.3 —4.1%

Non-prompt background 0.3 —0.5%

Target purity 0.1%

PID 3.0 —6.0%
Uncorrelated systematic

Tracking 1.0%

IP cut efficiency 1.0%

PV reconstruction 1.6%

PID 0 — 36% (< 5% for most bins)

Simulated sample size 0.4 — 11% (< 2% for most bins)
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pHe — p.X result:
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12.0< p <14.0GeV/c, k=0

140< p <16.2GeV/c, k=1

16.2< p <18.7 GeVlc, k=2

18.7< p <21.4GeV/c, k=3

21.4< p <244 GeV/c, k=4

24.4< p <27.7GeV/c, k=5

27.7< p <314 GeV/c, k=6

314< p<355GeV/c, k=7

35.5< p <40.0GeV/c, k=8

40.0< p <45.0GeV/c, k=9

45.0< p <505 GeV/c, k=10

505< p <56.7 GeV/c, k=11

56.7 < p <63.5GeV/c, k=12

63.5< p <71.0GeV/c, k=13

71.0< p <79.3GeV/c, k=14

79.3< p <88.5GeVlc, k=15

88.5< p <98.7 GeV/c, k=16

98.7 < p <110.0 GeV/c, k=17

p production 1n
pHe @ 110 GeV

Data
(points with error bars)
VS

EPOS LHC (curves)
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