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CERN and cosmic rays
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SPS (NA61) and LHC cover three orders of magnitude in c.m.s. energy
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Collisions at the LHC
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Modeling CR interactions

extrapolation to higher energy & different collision systems
>

Reference systems

used for model tuning Systems in air showers
Hadronic interaction models

LHC: D

ptp@7..14 TeV +(N, O)

Poebh @576 .. 5 TeV K+(N, O)

5ps. > Theory & < (p.n+(N, 0)

p+C, 1+C @ 12 GeV Phenomenology .

%ﬁeéef‘e%‘;?gﬁm @1GeV ... 1000 TeV
_ —

* Light hadron production most important
* Measurement accuracy in reference systems ~ 5-10 %
* Model deviation often larger

Hans Dembinski | MPIK Heidelberg 4



o;/®,

10-3

10—4}

1075¢

10-6

LHCb and CR physics

AMS, PAMELA
JCAP 1509 (2015) no.09, 023
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LHCDb can provide input to cosmic ray physics
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* Anti-proton production in pHe collisions
Most uncertain component of anti-proton flux measured by AMS-02

* Charmed meson production in pp and pPb in forward direction
Charmed mesons in air showers produce neutrino background for IceCube

 Light hadron production in pp and pPb in forward direction
Address muon puzzle in air showers, prevents unambiguous inference of <InA>
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Pierre Auger Observatory
PRD 91 (2015) 032003

E=10"eV,0 = 67°

o Epos LHC
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Muon Puzzle and <InA>

Based on Kampert & Unger, Astropart. Phys. 35 (2012) 660-678

KASCADE. IceCube. TUNKA Pierre Auger, Telescope Array

Cosmic ray observables to

: . < C data (N
test astrophysical theories £ C S
4 —
Directions u
* No point sources found 2 7 3
2
Energy spectrum ¥ 2
* Good accuracy %*
*  Weakly discriminating 9 < 1
=
Mass composition % o pO@9.2 TeV
* Poor accuracy (theoretical) S\ o LHC
« Strongly discriminating - - pp@13 TeV,
-1 A ne ] A il R

10" 10'® 10" 108 10" 10%°
E [eV]

Mass composition very sensitive to astrophysical theories of CR origin,
but accuracy of <InA> poor because of uncertainties in air shower models
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LHCb experiment

HCAL N N

w0 %\ JINST 3 (2008) SO8005
\ \ IJMP A 30 (2015) 1530022

LHCh —
HeRSCHel HeRSCHel
| —
' n
mmm  ALICE
L — =
Forward spectrometer fully instrumented in 2 <n <5 A
: ATLAS
¢ Very good momentum and vertex resolution - [E— -
* dp/p <1 % for 0 <p <200 GeV/c, dx ~ 20 um for high p tracks = . S
* Good particle identification ' ' o
CMS+TOTEM
« K:~90 % efficiency, mis-ID <5 % e
N
* W ~97 % efficiency, mis-ID ~ 1-3 % v o ' N NI - s- y
*  Optimal: u, p, K, n*- produced inside Vertex Locator - v?"a”v' systm -
O : 0 0 0 — CAL "
Ok: K%, A%, y, e, 7 _Egﬁkt
. ackin
* Challenging: stable neutral hadrons n, K% lumi counters
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HeRSCHel.: forward scintillator

Carvalho Akiba et al. JINST 13 (2018) no.04, PO4017

. B LHeo [ HeRsChel

All

Single diffraction

(gap)
hole radius Double diffraction

Station B2 47mm hole radius
atz=-114.0m 61 mm (gap)

hole dimension

(M o o ~ 54 x 115 mm CEP elastic
1V (gap-(gap)
L CEP inelasti
(gap)
L~ Elastic scattering
Station BO (gap)

atz=-7.5m
15 -10 -E;))seugorap%ity 17;0 15

600

Station B1
atz=-19.7m

Station F1
atz=20.0m

Station F2
atz=114.0m

» Forward shower counters with acceptance 5 < In| <10
 Better identification of diffractive events, important to identify CEP
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Recent LHCb measurements

Many new high-precision results on charm

* pp@13TeV
Inelastic cross-section: LHCb-PAPER-2018-003, arxiv:1803.10974

Prompt charm production: JHEP03(2016)159

JAp & J/Ap pair production: JHEP10(2015)172, JHEP06(2017)047

Central Exclusive Production (CEP) of J/y & y(2S): LHCb-CONF-2016-007
Two-particle angular correlation: LHCb-PROC-2017-033

O O O O O

 pPb
o @5 TeV - D & y(2S) production: JHEP10(2017)090, JHEP03(2016)133

o @8.16TeV
JAp production: Phys. Lett. B 774 (2017) 159
Two-particle angular correlation: Phys. Lett. B 762 (2016) 473

* Fixed target (SMOG)

o pHe @110 GeV
anti-proton spectra: LHCb-CONF-2017-002

o pHe @86.6 GeV & pAr @ 110 GeV
Jp, D? production: LHCb-PAPER-2018-023 (in prep.)
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p+p collisions at 13 TeV
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Inelastic cross-section

Gine) [MD]

LHCb-PAPER-2018-003 13 TeV (new)
g0 | arxiv:1803.10974

70

60

e |HCb

= TOTEM

Vs [TeV]

« New measurement using 10.7 nb! of zero-bias events at 13 TeV
+ Total uncertainty 4 % (systematic)

* Low intrinsic systematic uncertainty of analysis 0.2 %

* Luminosity 3.9 %
* Excellent agreement with TOTEM and ATLAS results

Hans Dembinski | MPIK Heidelberg
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Prompt charm production
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JHEP03(2016)159
JHEP05(2017)074 (erratum)

2D spectra of DY, D*, D, D™
available, also ratios

Good agreement of theory
and measurement

Measurement much more
accurate (5-10 %) than theory,

especially at low py

Comparisons with CR models
wanted
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CEP of J/y and (25)
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LHCb-CONF-2016-007

Central exclusive production
» Diffractive process: pp 2 pXp, X = meson

 Fusion of photon and pomeron

photon (spin 1) + pomeron (spin 0) = vector meson (spin 1)
*  pQCD calculations available
* Probes gluon PDF down to x =2x10¢

Discrimination of CEP events with HeRSChel

—— CEP-enriched dimuons
........ Non-CEP J/y
e More than 5 tracks
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Inclusive J/y pair production

Probe for double-parton scattering (DPS)

opps (JIVJf)) =

1o (Jh)”

eff

o.¢ thought to be universal
for all processes and energies

Compilation of o,; measurements
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—=— DO (2y + 2 jets)
—— DO (J/y + )
LHCb (r(1 S)D°’+, Vs=7&8TeV)
------ ATLAS (Z + J/y - lower limit)
—— DO (J/y + Jly)
—— DO (y + 3 jets, 2014)
—&— DO (y + b/c + 2 jets)
~#- CMS (W + 2 jets)
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—— LHCb (J/yD?
DO (y + 3 jets)
—&— CDF (y + 3 jets)
—— CDF (4 jets)
— = UA2 (4 jets - lower limit)
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DPS process sensitive to
parton structure

* parton transverse profile
* parton correlations

JHEP06(2017)047
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Angular correlations

Phys. Lett. B 762 (2016) 473
pPb @5 TeV

LHCDb Pb+p sy =5TeV
1.0< P, < 2.0GeV/c
Event class 0-3%

i\ ' "‘\\s\ t\\‘\,,‘"

/\

w.ﬂ«

LHCb-PROC-2017-033
PP @ 13 TeV |ixco PreLminary

pp Mﬂ 3Tev
Medium p_

Igh actlivity class

,—"

Hint of
""""" near-side ridge
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Clear signal of
near-side ridge

Take pairs of charged prompt particles,
bin by (An, Ap)

Structures in angular correlation plot

* Near-side peak from jets

« Away-side ridge from back-to-back jets

* Near-side ridge from interesting physics
*  Quark gluon plasma
* Color glass condensate
* Collective effects (e.g. flow in EPOS)

Near-side ridge in pPb @ 5 TeV
* Clear signal in central collisions

Near-side ridge in pp @ 13 TeV

* Hint of signal in high activity events
* Needs further study with more statistics
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p+Pb collisions

Pb “forward”

p N

1.7 nb at sy =5 TeV \‘wl:}
14 nb™ at Vsyy = 8.2 TeV
Probes low x in nuclear PDF

“backward”

p
> —

0.5 nb! at Vs =5 TeV
21 nb! at Vs = 8.2 TeV

Probes high x in nuclear PDF

Hans Dembinski | MPIK Heidelberg 16



Heavy-ion physics

Pb Pb

> €

* Probe Quark Gluon Plasma (QGP) * Study cold nuclear matter effects,
disentangle from QGP effects

gy tniverse e « Study nuclear PDF at low and
il H high x (forward, backward)
175 N Quark-gluon plasma
% 150 ’o\ deconfined .
2 125 LY * Study absorption and coherent
g'%0(  confined ) energy loss in nuclear medium
% 7 Hadron phase . color superconductivity
= 50 (several phases)
25 ® 1 K — Nuclear modification factor
20 aryon oremieatpotera ey 10 2000 R . = cross-section for pPb
“baryons - antibaryons” hep"’fgﬁ%tgg;gz PA o

A x cross-section for pp
Superposition model: R ,, =1

Hans Dembinski | MPIK Heidelberg 17



Rpr prompt J / v, Pbp

Prompt J/1p production
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i ] 2, | 4 LHCb (8.16TeV) ]
[ g | ]
10 e = &0 _
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I :\\\E&QNE%& SENSS: |
i backward. }++ : 4 ] Also available:
0.5t 1 ackward 0-5¢ o orward 7 double-differential CS
- Preliminary 5., 55 ] - Preliminary | o_.._,, 1 :
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Prompt D production

25T 1T
—4— LHCD prompt D’
[ LHCb prompt J/y
EPS09 LO
EPS09 NLO
nCTEQI15
B CGC

o
TT T T[T 177

————
LHCb

Preliminary

pPb \[s (=5 TeV

METENETE BT R AT YRR

LHCb-PAPER-2017-015

* Small excess in backward rapidity

* QOpverall similar to Rpr for J/p:
similar cold nuclear effects

* Superposition model ok for high xp, and

N Also available:

double-differential CS
Ratio forward/backward

1r -
- T * Parton density models constrained
05F NN
L backward ]
- forward ]
R s— S — pr, but violated for low xp, and py
7
i A e e s SN o e s s s B B
- +- LHCb LHCb . i - LHCb LHCb ]
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R,py J/ y-from-b-hadrons, Pbp

S
o

J/w from b-mesons

LHCb-PAPER-2017-014

Smaller deviations from unity

No visible dependency on beam energy

Good agreement with model
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Also available:
double-differential CS
Ratio forward/backward
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p+Gas collisions

gas (He, Ne, Ar)
p i
Ny o
Runs at Vs, = 69, 87, 110 GeV
ﬁ; 102 % Beam Energy
N 2500 GeV
E
S  E B 4000 GeV
*E 1 B 6500 GeV
o —
x 10"
» —
5 102 E-
g_ pNe pHe pPAr PAr PbAr pHe pHe pNe pNe
2015 | 2016 | 2017
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SMOG: Gas target

JINST 9 (2014) P12005

System for Measuring Overlap with Gas
 Inject He, Ne, Ar into beam pipe at ~2x107 mbar
* Enabled best luminosity measurement at LHC

» Allows data taking in fixed target mode

g
Y 1.0
2
o
0]
o 0.5
E
2
i 0.0 . o 0.0
© g no beam crossing in SMOG runs
2 E 0.4 —05
m £ 06 LHCb data
= X 08 .
N 10 ' -1.0

’ —1000 —500 0 500 1000
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y (mm)
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anti-p production in pHe

Prompt production at Vs, = 110 GeV LHCb-PROC-2018-001
= R ' LHCb-CONEF-2017-002

(\’l— B ‘, 1--e- ¥ x (120 <p < 14 c

> 10 <, LHCb Preliminary = o POGND
8 10 e S —| --®= 10"x (140 <p< 162 GeVrc)

T ol e o sz Excellent anti-proton identification
B T . I —.y- 107% <p<2l. c . .

o [ —eage, T, ] wxasT<p<214Gavi) (multivariate, uses both RICH detectors)
3‘- 5| .-..,_; ol s | --e= 10%x (21.4<p <244 GeVic)

[_10 = Wi g, E . (21.4<p<24.4GeVic, 1.2 <py < 1.5GeV/c)

I~ Ty, _‘ —| o= 10 xeiacp<a17Gevie 200 e
= 107 E Son ~r— —] =A== 10°x(27.7<p <314 GeVic) t? C oo . ]
_g- T ] . a. 150 LHCb Preliminary 3
< — - ‘\ o =-4-= 107 x(31.4<p <355 GeVic) E 3
~ —7 =% | - .
pee 10 = : R 10® x (35.5 < p <40.0 GeV/c) j 100:_ 3
I%- 102 — e _: ~~~~~ 107 x (40.0 < p <45.0 GeV/c) A 5();_ _i
f;lo = — e 10" x (45.0 < p < 50.5 GeV/c) 0 = E

107" = = —-%— 10" x (50.5 < p < 56.7 GeV/c) o 3
N - —F-= 10™x (56.7 < p < 63.5 GeV/c) _505_ _E
10 z —4e= 10" x (635 < p < 71.0 GeVic) —100F —
10715 [~ 10 x (71.0 < p < 79.3 GeV/c) _150:_ 3
— —-m - 10" x(79.3 < p<88.5GeVic) 2005 g e L 3
1077 = —-A— 107x (8.5 < p<98.7 GeVic) 200 —100 0 100 200
o = | | \l —-¥.— 10" x (98.7 < p < 110.0 GeV/c) DLL (p -K)
10 * —— —t—
0 1 2 3 4
p, [GeV/c] Precise normalization of cross-section

* Reference: single electron-scattering (p+e,,,)
* Clear signature, backgrounds charge-symmetric

Only 6 % uncertainty
Hans Dembinski | MPIK Heidelberg 25

Total uncertainty <10 %



anti-p production in pHe

EPOS-LHC EPOS-1.99 HIJING QGSJet-IL.04

data/ prediction data/ prediction data/ prediction data/ prediction data/ prediction
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3 4
P, [GeV/c]

LHCb-PROC-2018-001
LHCb-CONF-2017-002

Data / model predictions

Simulations with CRMC
https://web.ikp.kit.edu/rulrich/crmc.html

EPOS-LHC
Too few anti-p by factor 1.5 to 2
Fewer anti-p than EPOS-1.99

HIJING

Best overall agreement

QGSJet-11.04

Good at low (p, py)
Too many anti-p at high (p, py)
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Jp production in p(He,Ar) i

* Cross-section reported for p+He, luminosity measurement available
* Yields reported for p+Ar; no normalization information, only shape

Cross-section/yield vs. p; also available + total cross-section for p+He

do,,, /dy* [nb]

pHe: differential cross-section pAr: differential yield (no normalization)
= T T T ' T | ] '5 lp T ' T T T T T ' T =
700 LHCb preliminary |'s,, = 86.6 GeV pHe - < 0.9 i— LHCb preliminary |'s,, = 110.4 GeV pAr —z
600 - [ pHe x 178 CTI4NLO+nCTEQIS = ;e_‘ 0.8 ;— [ pAr CTI4NLO+nCTEQIS —i
T e pp x 1.78 CTI4NLO . > e pp CTI4NLO B ——— <]
500 o Iy }ineur. ilnte‘mf\laliunl ‘ ] E 07 = .:»'\u }incm: ilntc.xp(_wlationl ) e
[  eeseeaa. l ogarithmic interpolation ] [T  messaa J/ ogarithmic mterpolation -
E L;_lv(.b"dﬂm T HON L asssssssans E i. 0 6 ;_ LI“IJCdema ter] ._____{.__._4—;
400 3 e J E % 05 é_ —é
300 E 0.4 E
- . 0.3F ]
200 = E 02E predictions E
100 EE R —— = 0.1E $ normalized to data 3
O - | | | 3 O E. . . . | . . . . | E

-2 -1 0 -2 -1

y* y*

* Good agreement with interpolation based on PHENIX and HERA-B data
« HELAC-ONIA under-estimates p+He cross-section by factor 1.78

HELAC-ONIA: Shao & Lansberg, EPJC(2017)77: 1
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DY production in p(He,Ar) o

* Cross-section reported for p+He, luminosity measurement available
* Yields reported for p+Ar; no normalization information, only shape

Cross-section/yield vs. p; also available + total cross-section for p+He

pHe: differential cross-section pAr: differential yield (no normalization)
=y 77— '5' = - L S — =
S, E  LHCb preliminary |'s,, = 86.6 GeV pHe 3 < 09 E_ LHCb preliminary s, = 110.4 GeV pAr 3
*I_I 70 2 [/ pHe x 1.44 CTI4NLO+nCTEQIS = — = [ pAr CTI4NLO+nCTEQIS 3
> goFE pp % 1.44 CTI4NLO E x 08 o pp CTI4NLO =
S - LHCb data . 2 07E LHCb data ]
o OF E P 06 = E
< 4af 1 % osf 3
3 == E 04 f— E
e ] 0.2F predictions E
10, , = 01E normalized to data 3
O :. . . | . . . L | | 5 E | . . N N | E
-2 -1 0 -2 -1 0
*

<
*
<

* Good agreement with interpolation based on PHENIX and HERA-B data
« HELAC-ONIA under-estimates p+He cross-section by factor 1.44

HELAC-ONIA: Shao & Lansberg, EPJC(2017)77: 1
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Intrinsic charm in nucleon?

LHCb-PAPER-2018-023
in preparation

« DY cross-section provides first test of intrinsic charm content in the nucleon
* No sign of strong intrinsic charm contribution to nuclear PDF

pHe: differential cross-section

do, /dy* [ub]
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First bin probes high x region of nuclear PDF, where intrinsic charm contributes
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Summary & Outlook

D> e O+ QCD with p+p collisions @ 13 TeV
Charm production: JAp, D, D*, D,
Parton PDF: J/Ap pairs, CEP of J/ip and ¢(25)
Collective effects: Two-particle angular correlations
Prospects
 Precision measurement of &, K, p spectra
 Precision measurement of e.m., hadron energy flow

0 O O O

55

D> € 3&;‘? * Heavy-ion physics with p+Pb collisions @ 5 TeV and 8.16 TeV
9‘7 o Cold nuclear matter effects (test of superposition assumption): J/ap, D°
o Collective effects: Two-particle angular correlations

* Light-ion physics with p+(He,Ar) collisions @ 86.6 and 110 GeV
- <$H o Charm production and probe of nuclear PDF at high-x: J/, D°
’ e vo o Precision measurement of anti-proton production for AMS-02 and PAMELA
o Prospects

v *  Measure non-prompt contribution (20-30 %) to anti-proton yield
~ > &® from hyperonpdecagi)s P Y

* Measurement of i, K spectra to constrain e* production
* Scaling violation? Repeat analysis with p+He(gas) collisions @ 86.6 GeV

LHCDb is excellent for studying CR physics. Lots of activity, more to come.
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