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The LHCb experiment

RICH detectors

K/mt/p separatio
Vertex Detector e(K—>K) ~ 95 %,
5%
reconstruct vertices

A s-ID g(m—>K) ~
decay time resolution: ﬂ
IP resolution: 20 um o &

Tracking system:
TT and OT
: momentum resolution -
bD'pg_le Magnez T Ap/p=05%10% [ \Calorimeters (ECAL, HCAL)
enCing peE it (5 GeV/c —100 GeV/c) energy measurement
e/y identification
AE/E = 1 % @10 %/VE (GeV)

(acceptance 2 < n <5)

Single arm forward spectrometer with excellent vertexing, tracking, PID

Muon system

M identification e(u—>p) ~ 97 %,

mis-ID g(m—>p) ~ 1-3 %

[IIMPA 30 (2015) 1530022]
[JINST 3 (2008) S08005]



Fixed-target mode at LHCb

SMOG (The System for Measuring Overlap with Gas) enables injection of gas (He, Ne, Ar...) in the
beam pipe section crossing the VELO (unique at LHC).

s =110 GeV sy =69 GeV
c—8 @—e
Fixed target mode Gas

(He,Ne, Ar...) Pb Gas (Ne, Ar)

ECAL HCAL

SPD/PS




Fixed-target mode at LHCb

' ® Gas pressure: 1077 to 10 ° mbar, which corresponds to a luminosity of 6 x 107cim s

2.1

®* Luminosity measured using proton-electron scatterings since the gas density is not known precisely

~* Collisions at: \Syy = y/2Eymy = 41 — 115 GeV with Ey = 0.9 — 7 TeV

- energy scale between SPS and LHC

¢ yum = sinh 1 (JEy/2ZMy) > 3.8 < Y < 4.8. Hence @7 TeV —2.8 < (¥*= Y,0p — Yem) < 0.2 .

LHCb acceptance covers the backward rapidity region in the c.o.m frame.

®* (Can observe particle carrying a large fraction of the initial longitudinal momentum of the target nucleon in the

* * ~ 2 : *
c.o.m. frame: xp = p; /|max(p;)| = «/WN/MZ + p% sinh(y*)

® Can access large Bjorken-x value in target nucleon (xp~x; — x5),
which are accessible in beam-beam collisions only at much larger Q2.

®* (Can use differents targets hence tests differents systems and study

a wide range of different topics.
(e.g. light/heavy particles production, interesting for cosmic rays physics)
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Fixed-target mode at LHCb: current status

N(r‘ 102 Beam Energy
o
i
5 10 2500 GeV
o B 4000 Gev
g
s 6500 GeV
o
o

pNe pHe pAr pAr PbAr pHe pHe pNe pNe PbNe
2015 | 2016 | 2017 | 2018

(Pb
| r\)IIII|'|'|T|_‘IIII|'|T|'| IIII|'|T|'| IIII|T|T]_

protons

Pilot runs 2012 (pNe) and 2013 (PbNe) + small amount of data with three gas species in 2015
2016: dedicated to the study of proton-helium collisions, motivated by the antiproton production measurement

To avoid background from pp collisions, events recorded with a bunch in beam1 and empty for beam?2.
Collected during special runs at low beam intensity (Van der Meer scans, LHC MD periods)

Special case: pp data taking at /s = 5 TeV at the end of 2017, the SMOG device was operated continuously and
pNe collisions at \/Syy = 69 GeV was collected at the same time (integrated luminosity ~100 nb~1).
lons-target samples also available since 2018: e.g. pNe vs PbNe comparison possible




Charm production in fixed-target collisions

First fixed-target programs at FermilLab in the 90’s. These experiments
cover a variety of beam particle types at a range of energies with different
target materials.

Production mechanism:

Wheather you are colliding neutrinos, photons or hadrons a single process
tends to dominates.

= peutrino-strange-quark charged current scattering (neutrinos + target)

= photo-gluon fusion (photons + target)

= gluon-gluon fusion (hadrons + target)

More details on charm production
see talk from Felipe Garcia

Experiment Beam Beam Target Material
Momentum Particle
(GeV/c)
E690 800 P LH,
E771 800 P Si
E866/NuSea, 800 P LH>, LD, C, Ca, Fe, W
E789 and E772 Ag, Au, and Cu dump
E769 250 7t K%, and p Be, Al, Cu, and W
E781/SELEX 600 ¥~ and 7~ C and Cu
572 P C and Cu
E791 500 T C and Pt
E815/NuTeV 20 to 400 Yy, Uy Fe
E687 220 ~ Be
E831/FOCUS 170 v BeO and Si
WAS9 340 ¥~ and 7~ C and Cu
WAR2 340 T Si, Cu, and W
370 P Si and W
WA92 /Beatrice 350 T Cuand W
| Experiment [ Measurement
E690 Diffractive Production of D*
E771 ¢ and b Production by Protons
E791 D* Production: zp, p?, Polarization, Asymmetry
E791 A. Production Polarization and Asymmetry
E781/SELEX | Production Asymmetries
E831/FOCUS | Charm Particle Correlations
E815/NuTeV | Neutrino Production of Charm
E866 J/1, ', and T Production and A-Dependence
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https://indico.cern.ch/event/853688/contributions/3623050/

[ Charm production in fixed-target collisions }

How does QCD describe the charm production? = perturbative calculations

Two processes are responsible for heavy-quark hadro-production at the LO in perturbation theory:
a O

qq — QQ gg—)Qé

Y Y

C a .
dominant at the LHC (~ 85% at VS = 14 TevV).

Next-to-leading-order (NLO) corrections come from two sources of O(a3) diagrams:

Real Emission Diagrams

99

rtual Emission Diagrams
— /'XT\
+ +
AL AL 22n EREER

What about hadronization effects? > These effects are usually described in terms of a non-perturbative
fragmentation function. g



https://arxiv.org/abs/hep-ph/9711337

MDM measurement

Motivations:
» MDMs have never been measured for short-lived charmed, beauty baryons and tau leptons.

» Measuring MDMs of baryons is a good test for new physics e.g. test for non-perturbative QCD, study the
substructures of baryons, probe compositeness of quarks.

Today’s status:

e First hints from the g-2 measurements for muons and electrons: g-2 collaboration
- A lot of effort from the theory side : g-2 theory initiative

* For baryons it’s harder due to the shorter lifetime ct~ 60 um, lifetime ~10713s
— Feasibility studies : ,
Predictions for A} give a range for u(Af):

u(AF)

= 0.37-0.42, g(A}) = 1.80-2.05.
KN

Hence this measurement could help distinguish between different theoretical approaches

More details on (g-2) T ,
see talk from Alex Fomin

* Preliminary studies going on for T g-2 measurement: arxiv:1810.06699



https://muon-g-2.fnal.gov/collaboration.html
http://www.int.washington.edu/PROGRAMS/19-74W/
https://arxiv.org/abs/1810.06699
https://indico.cern.ch/event/853688/contributions/3624327/

MDM measurement

How to access the MDMs: To obtain the magnetic moment of the particle, we need to measure the
precession angle ©, which is directly linked to the gyromagnetic factor g :

g
0, ~y (E - 1) 0 3
From 0, we can infer the MDM ([i) of the particle defined as 2
1=2 49 T o
2 mc z o1
. - , : g [
rotation axis  The value |g| = 2 corresponds to a Dirac particle, whereas s [
|g| # 2 would suggest the presence of MDM anomalies. g o
Present measurements: éﬁ -
-1
Particle MDM measurement [py] Particle MDM measurement [z ] i
p 2.7928473446 + 8.2 x1071° i —0.89 +0.14 i
-9+
xt 2.40 +0.46 +0.40 =0 —1.250 + 0.014 !
A —0.6138 + 0.0047 n —1.9130427 + 4.5x1077
i —0.6507 + 0.0025 Q- —2.02 +0.05
More details on crystals,
see talk from Alex Fomin Measured in units of the nuclear magneton i, =

input

-

_|_____—Z_0’_>A
e Q°

—_—t" input n

eh
2my¢
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https://indico.cern.ch/event/853688/contributions/3624327/

Polarization measurement

* Firs measurements of the production polarisation of heavy-quark particles E791 for AL ,D* and -onium.

* Knowing the polarization is usefull for better understanding QCD (Ex. J/psi to distinguish between color-octet and
color-singlet models) and evaluate the sensitivity to future MDM/EDM measurements.
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https://arxiv.org/abs/hep-ex/9912003
https://arxiv.org/abs/hep-ex/0205099

Polarization measurement

* Polarization is expected to be perpendicular to the production plan due to parity conservation in strong interaction.
* Helicity formalism is used to describe the amplitude: 5 dimensional analysis, 2 masses (mzz,K, mzz,n) and 3 angles (6, ¢,, x)

* Spin density matrix

P pri - pr_1 _ 171+ Pz P, —iP,
P11 p_1_1 2\ P, +iP, 1-P,
272 2

« One chain At - (K*°(890) » K~ntt)p

Ly
Ao (m, ) =Bgeeo(Mcn)x Y DYt o, O, =0k ) D2y o ox, (9kce0, Orco, —Pge0) ban, gy, beoif D2t TE0 T

/ Apes0=-1,0,1

Relativistic
Breit-Wigner

Ao (K*°(890) > K ) p
A} > (A*H(1232) - prt) K-
| ;

Helicity amplitude

12



Polarization measurement

2
1+P,

> Z B, (mr)ar‘ %% +
'

dl' ~

r

Model based on E791 already available in LHCb software (EvtGen).

B,(m,)a,

’

1
272 2

1-P,

1 +

r
. (8]
More A’s resonances can be added to improve the model g 45
A measurement of the 2 other components of the polarization 3
can be performed as a cross-check. x4
£
Resonance Mass (approx)| MeV/e? | Width (approx) [ MeV/c* J¥  PDG status 3.5
pi channel
A (1405) 1405.11 15 50.5+2.0 1/2 Certain(*)
A (1520) 1517 =4 15+10 3/2 Certain 3
A (1600) 1544 3 11247 1/2+ Likely
A (1670) 166073 1973° 1/2 Certain
A (1690) 1697 £ 6 65 14 3/2 Certain
A (1800) 1720-1850 200-400 1/2 Likely
A (1810) 1750-1850 50-250 1/2% Likely 2.5
A (1820) 182477 T2 5/2% Certain
A (1830) 1899 + 40 8043y 5/2 Certain
A (1890) 1850-1910 60-200 3/27 Certain
A (2100) 2000-2110 100-250 7/2 Certain 2
A (2110) 2090-2140 150-250 5/2% Likely
A (2350) 2340-2370 100-250 9/2+ Likely(*)

2
Z B,(my)a 11| + Z B,(my)a 1 1
- T2 = )

Here helicity amplitudes including 3 resonances used, to be tuned using pp Data.

2

EvtGen simulation

A »>pK =t

A - (K*°(890) > K~ n¥) p
AY - (ATT(1232) > prt) K~
A} - (A(1520) > pK™)

K*°(890)

A+*(1232)

lIIIIIIlllllllllllllllllll

A(1520)

_IIIllllllllIII|IIIIIlIIIIIIIIlIIIIIIIIIIIIIII

12 14 16 18 2 22 24 26 28 3 32
m2 . [GeV?/c*]
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pNe AL - pK~n* sample at center-of-mass energy +/Syy = 68.6 GeV

. & F -
The number of expected events is ~ 200 S o VL“‘;':;’“:“:“E"
. . . . 150:_ s= eV pNe
Major problem: pollution from pp collisions « ghost charges ». Emz_ ke
© A; =pK n*
. In the pNe data sample, SMOG is operating continuosly, no special runs.  g™F
= 100[—
*  pp and p-Gas data are taken at the same time % wf HJF
alternating full and empty bunches. S sof- _*-“+ """""
40}
: . 20f-

Some debunched protons from the previous beam goes to the following bunch - T T
. . 2220 2240 2260 2280 2300 232-0 2340
which is supposed to be empty. m(p K =*) [MeV/c?]

HPUHits_vs_Z
2140__ o Entries 40853
Beam 1 Beam 2 S Tar Meany ta5s
T120 RN RS x 57:132
Lol .79 P
Debuinehed protons - LHCb Unofficial _'1.-.:;'.',".:2' Oy ‘2f57%
100} i a084f op
pp ) ) ey 80| L
777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 60~ R
40 Typical SMOG ‘3
p-empty HEEEEE) ) T 2oL €vents :
PoIIu.tion from C L _'“ L
previous bunch 0_1 000 500



First preliminary selections ]

First selection with basic cuts based on
(PID, Impact Parameter, Vertex position)

Signal & background yields:

e §$ =153+ 15,B =197 4+ 16 width= 6.6 MeV
* bkg fraction = 19% in £15 GeV signal region

* Significance S/vS + B =11.1

Candidates / (6.4 MeV/¢?)

Pull

70

10E

0

3

-3

E — Full fit
60

50
40 F
30E

20 F

Ll Ll L ' Ll L L
e Al — pK at* data

Signal

Background LHCb Unofficial

t

4‘ M A i 1 i " M " 1 " M " -}-.. 1 M
2.25 2.3 2.35

m(A; — pK~ %) [GeV/c?]

0 HH*;“*HH{HH*;H*
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|

First preliminary selections }

* higher statistics

Improve the selection using the D* - K~n*n* pNe sample to train a BDT using topological variables.

~ 80 p—————————1—————1—
 similar 3-body decay topology (but 7(D*) = 5 7(A})) 2 F s s pK o data P
* At the end one may reweight the events according to = 602_ Bekpround
the t(D1)/ t(A}) ratio (to be studied) < oF
- Preselection + loose BDT 3 405_
g 30F
. . S a0k
Signal & background yields: “E
10E.L] +++—i——r _
« S =356+24,B = 1104 + 37 width~ 5.3 + 0.4 MeV 0T 23 235

* bkg fraction = 37% in £15 GeV signal region m(A: = pK-a) [GeV/e?]

3

0 HHHHHH}HH}*“H

-3

Pull

* SignificanceS/vS + B = 15.0
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Perspectives: SMOG2

* New geometry + increase in the target gas pressure

* Ex. Neon target: ~2 X 10~>mbar -> 100 times larger than SMOG and 0.4 collisions per bunch (pp has 7.6)

Table 2: Expected yields of reconstructed events for selected processes using fixed-target data
samples acquired with SMOG during the LHC Run 2, and possible with SMOG2 during Run 3
(using as an example the pAr sample according to the scenario in Table E)

SMOG SMOG SMOG2
published result largest sample example
pHe@87 GeV pNe@69 GeV pAr@115 GeV

Integrated luminosity 7.6 nb " ~ 100 nb™* ~ 45 pb~*
syst. error on J/i) x-sec. ™% 6-7% 2-3%
J yield 400 15k 15M
DY yield 2000 100k 150M
AT yield 20 1k 1.5M
(28) yield negl. 150 150k
7(1S) yield negl. 4 7k
Low-mass Drell-Yan yield negl. 5 9k

CERN-LHCb-PUB-2018-015

Technical Design Report

17



[ Conclusions J

“* Fixed-target sample taken by SMOG can be used to measure initial polarization of A%

* Implementation of the fit has been done with 2 different frameworks: Tensorflow (Daniele

.~ Marangotto and Louis Henry) and RooFit (Elisabeth Niel), hence the results on the polarization

. measurement can be cross-checked to have a robust measurement. ,
* The high statistics pp data allow to measure the amplitude parameters with good accurancy and fix
. them when measuring the polarization to p-gas data to compensate for the low statistics. |

Future steps:

' » Optimise the signal extraction for AL - pK~nt in pNe: clean the signal from « ghosts charges »
: and apply an optimised BDT trained on a bigger MC sample.

* Make an estimate of the sensitivity to the polarization in Dalitz plot bins as a function of the

' number of events

'+ Expected large improvement with SMOG2!

__________________________________________________________________________________________________________________________________________________________________

Thank you
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[ Charm production in fixed-target collisions }

Factorization of the process :

do =3, i fi (x1) ®f (x,)® do(ij - kX) ® Dy (2)

incident partons : parton
distribution functions,
non perturbative

(long distance)

A+B—->X+H

AN

inelastic interaction producing heavy
quarks: hard scattering cross
section, computable perturbative

hadronization process of these
qguarks: fragmentation functions,
non perturbative

Factorisation scale uy = separates the long and short-distance physics.

20




Charm production in fixed-target collisions

First fixed-target programs at FermilLab in the 90’s. These experiments
cover a variety of beam particle types at a range of energies with
different target materials.

Motivation for studying heavy-quark production:

e Can study a single quark from its production to its complete
hadronisation (not affected by other QGP related effects since their
masses are much highers than the QCD critical temperature
~156 Mel/ )

* Allows the investigation of the gluon content of hadrons since the
productions is dominated by gluon processes

* Can probe: intrinsic charm, sea-quark ditribution, quark anti-quark
asymmetries (and more... particle-antiparticle correlations,
fragmentation functions, color-octect model..etc) .

Experiment Beam Beam Target Material
Momentum Particle
(GeV/c)
E690 800 D LH,
E771 800 D Si
E866/NuSea, 800 P LH>, LD, C, Ca, Fe, W
E789 and E772 Ag, Au, and Cu dump
E769 250 £ K*, and p Be, Al, Cu, and W
E781/SELEX 600 ¥~ and 7~ C and Cu
572 P C and Cu
E791 500 T C and Pt
E815/NuTeV 20 to 400 Yy, Uy Fe
E687 220 ~ Be
E831/FOCUS 170 v BeO and Si
WAS9 340 ¥~ and 7~ C and Cu
WAS82 340 T Si, Cu, and W
370 P Si and W
WA92 /Beatrice 350 T Cuand W

First fixed-target programs at FermiLab in the 90’s. These experiments
cover a variety of beam particle types at a range of energies with
different target materials.

Motivation for studying heavy-quark production:

- Can study a single quark from its production to its complete
hadronisation (not affected by other QGP related effects since their
masses are much highers than the QCD critical temperature
~156 MeV )

- Allows the investigation of the gluon content of hadrons since the
productions is dominated by gluon processes

- Can probe: intrinsic charm, sea-quark ditribution, quark anti-quark

asymmetries (and more...

particle-antiparticle correlations,

fragmentation functions, color-octect model..etc) .
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Charm

production in fixed-target collisions

p N c and b cross sections

Solid: m,=1.5 GeV, m,=4.75 GeV = _

Most of the available data are on charmed-hadron production
since the bb cross section is small at these energies.

The theoretical apparatus of perturbative QCD is in this case at
its very limit of applicability, because the charm mass is very

g 1072 . .
= close to typical hadronic scales.
g
-4 | o . . . .
0 ) Thus, effects of non-perturbative origin will very likely play an
Dotted: m.=1.8 GeV, m,=5 GeV . .
Dashed: my=1.2 GeV, my=45 GeV | important role and they can be better studied.
10—6 g . 1 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 070809 1
E, (TeV)

Figure 2:  Pair cross sections for b and ¢ production in pN collisions

versus experimental results.

Fixed-target experiments can sheld lights on QCD calculations.
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https://arxiv.org/abs/hep-ph/9702287

Charm production in fixed-target collisions

First measurement of charm production in fixed target mode has been performed by LHCb:

Measurement of ] /1 and D° production cross section in pHe collisions in the rapidity range
[2,4.6] at /syy = 86.6 GeV and 110.4 GeV

@: 600:—
> s00- D' — K™z" [\  LHCb
= 4003_ \'syn = 87 GeV pHe
Motivations: 2 ol
> The production of D® mesons allows to study the charm production mechanism é 200k
» In proton-nucleus collisions one can study the the behaviour of cc pairs, parton g 1005
shadowing in the target modifying the charmonium production, saturation § IS
effects and parton energy loss. m(K ) [MeV/c?]
_____________________________________________________________________________________________________ § [ LHCb -
i Results: é - @ Thismeasuremen.t‘_,.w' -
' LHCb results in good agreement with NLO NRQCD fit (J/y) and other B I0°F ,? B E
experimental measurements at various energies > ¢ ._.H' g ]
------------------------------------------------------------------------------------------------------ T pat)
107 NLO NRQCD
Rk: cc not shown here, a correction is being implemented and it is not official yet. 1’ Vsxu [GeV]
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