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The LHCb experiment

The LHCb is a general-purpose experiment in the

///;/// AN forward direction:
\ 7 \
A E
Nominal Intera%n/ JINST 3 508005 ‘200& * Single-arm forward spectrometer:
Point (IP) ceap HCAL . \ optimized for bb production,
SPD/PS M3 2<n<5,0€]10,250] mrad.
Magnet RICH2 [ M2 \
T1T2T3 * Tracking:
At = — excellent vertexing,
o IP resolution: 15+29/p; [GeV] um,
momentum resolution: Ap/p = 0.5% — 1.0%.
* Particle Identification (PID):
/3 _ excellent separation among K, m and p with
O - Lo — ‘f ‘ i mf)mentum-m [10, 110] GejV/C range.'
e Trigger: flexible and versatile, bandwidth up to

15 kHz to disk.

I e |Its forward geometry is very well suited for
fixed-target physics.
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

LHCb fixed-target apparatus

Nominal p-p
collision point

- SMOG: The System for Measuring Overlap with Gas

L BeamEnersy | HCh-PUB-2018-015
s * Inject noble gases (He, Ne, Ar) in LHC beam pipe around 3 ® =i§§§§e‘\f
2 e .
Efectve gus rge (20 m) the LHCb IP, pressure of 2x107 mbar (x100 g I 5500 Gev
nominal LHC vacuum) 5 I I I l
* Since 2015, exploited for LHCb fixed-target physics g”"z . p!r 1 i
o

programme: highest-energy fixed-target experiment ever. 1S s e S

Unique physics opportunities at the LHC

* Unexplored intermediate energy to SPS and LHC: \/Syy € [30,115] GeV N S I6 oV pPb Ot Collon Sy

(6| M LHCb LHCD 110 GeV
. . . ATLAS/CMS I HERA
* Large target Bjorken-x at intermediate Q2 —pi

p ALICE Muon

10t

e Collisions with targets of mass number A intermediate between p and Pb

* Cold nuclear-matter effects (CNM) for QGP studies % 10°

* Nuclear PDFs at high-x and strange hadronization process 10?

* Hadron production and spectra measurements for CRs physics B S

* Polarization studies in baryon production e Nt W W W
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http://cds.cern.ch/record/2649878
https://iopscience.iop.org/article/10.1088/1748-0221/9/12/P12005

Antimatter production for
Cosmic Rays physics




Detached antiproton production

* Interpretation of p flux in CRs measurement (indirect DM searches) limited by models of p production in CRs collisions
with the interstellar medium (H, He)

* Dedicated measurement to the component from anti-hyperon decays (20-30% of p production) in pHe, extending first
LHCb result only dealing with the prompt processes [PRL 121 (2018) 222001] = Two complementary approaches
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001
https://link.springer.com/article/10.1140/epjc/s10052-023-11673-x
https://link.springer.com/article/10.1140/epjc/s10052-023-11673-x
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Larger contrlbutlon measured wrt all most widely used theoretical models
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https://link.springer.com/article/10.1140/epjc/s10052-023-11673-x

Light (anti-)nuclei identification

Expand antimatter production measurements to light anti-nuclei:

—~ No known primary sources |:>
— Low production cross-section in secondary collisions

LHCb not designed to identify light (anti-)nuclei

— New techniques under development.

LHCb-DP-2023-002 LHCb-FIGURE-2023-017
lonisation losses in silicon sensors: Z2 dependence Light nuclei slower than c: M dependence of particle speed
in Bethe-Bloch - dE/dx to identify He — Time-of-flight to identify d, distinguish 3He and *He
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First deuteron candidates

First (anti-)Helium candidates )
observed in pHe data!

observed in pp in LHCb data!
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https://arxiv.org/abs/2310.05864
https://cds.cern.ch/record/2868172

Charm production in pNe and PbNe




Charm production in fixed-target

Sequential suppression  color screening Quarkonia dissociation due to colour charge screening is a predicted
........................................ signature of QGP formation: measurement of sequential suppression

1t step

2 ‘ mechanism corrected for CNM smoking gun for QGP
8
% — Measurements of charmonia production in different nuclear systems and
Cg ------------ kinematic phase space crucial to quantify Cold Nuclear Matter effects
é » Nuclear PDFs  Parton Energy Loss Comovers  Nuclear absorption
o " step - p
o ,S én ’ g ‘ .
Y(2S) Y V| [t L G“'_@ﬁ"
Temperature (Energy density) > % ‘. |

Measurement of D?, J/{ and {(2s) in pNe and D° and J/{ in PbNe /sy y=68 GeV

3
:> * Unique energy scale L)
p i
* Sensitive to possible nucleon intrinsic charm (IC) content I P T p—

* Extend previous D° and J/{ measurements in pHe (110 Gev) and pAr (68 GeV) 10— — LHCb

[PRL 122 (2019) 132002] S U d
10 10 » 10 10
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001
https://arxiv.org/pdf/hep-ph/0701220

Total J/y cross-section [nb/nucleon]
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pNe

Good agreement with Vogt
predictions (no IC, 1% IC)

Eur. Phys. J. C83 (2023) 625

J/ cross-section in agreement

with previous experiments

- Power law dependence on

centre of mass energy

P(2S)/ J/Y ratio compatible with
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previous measurements with similar A.
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PbNe Eur. Phys. J. C83 (2023) 658

Unique opportunity to measure J/ to DO ratio at
LHC correcting for CNM.

Ratio as function of collisions N_,;; is power law

bp
% _ %
ab?

N, from Glauber model to ECAL energy deposits.

!
O po ( coll)

— a’<1: additional nuclear effects on J/{

—> Same trend between pNe and central PbNe: no
evidence for anomalous suppression.
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https://link.springer.com/article/10.1140/epjc/s10052-023-11673-x
https://link.springer.com/article/10.1140/epjc/s10052-023-11608-6
https://link.springer.com/article/10.1140/epjc/s10052-023-11673-x
https://link.springer.com/article/10.1140/epjc/s10052-023-11674-w

N° transverse polarization




N\° transverse polarization

First observation of A° transverse polarization (1976):

Study polarization in pNe /syy=68 GeV
non perturbative spin effects even in high energy collisions. yp P NN

Same x, coverage as HERA-B but higher energy
Experimental measurements highlighted common features: - Study energy (in)dependence of polarization

* Polarization increases with x; and p; up to few GeV

> Exploit self-analysing decays A’ — pr~ and A° — prrt:

* Independent of beam energy and colliding system
P &Y &Y e Strong parity violation: p preferentially emitted along

* Same magnitude of polarization observed for other the A spin direction in its rest frame.
hyperon_s I —— —> Protons angular distribution depends on the A°
 Phys. Rev. D 91, 032004 (2015) ’ L A0
0.1 E polarization P
] e - e i T = P4’ from linear fit of p angular distribution in bin of cos@
-0.1 — !Iﬁ,,* — Polarization studied as a function of the A° p;, n, y and x;
- ok 4&, ﬂ E considering dependence observed in previous studies.
E wATLAS {s5=7TeV .
osf © HERAB {s=42CGeV -
°F A E799  {5=39GeV dN  dNy AO
- ¢ NA48  Vs=29 GeV — = ——(1+ aP" cosf)
04F % M2 \s = 27 GeV 2 df? df?
10 10 10 107 1
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.91.032004

Kinematic range: 300< p; <3000 MeV/c & 2<n<5

P(A®) = 0.029 + 0.019 + 0.012
P(A°) = 0.003 + 0.023 + 0.014

Uncertainty dominated by limited statistic.

o= O 1 Study performed in kinematic bin:
03F =
b messacev,ne ¢ AP:increasing trend in polarity,
01E 3  compatible with previous
0 _—t_ ......................................... 3 experiments.
—0.1F = - o
I: 1 » A% flat distribution around 0
E e A 3 . : :
03f -7 E —> Compatible with previous
4B S experlments,ln cont.rastW|th

p,[MeV/c] theoretical expectations.

|

—0.17 —e— LHCb-SMOG pNe ys = 68.4 GeV —_— } !

[ —=— ATLAS pp Vs=7TeV

HERA-B pC |5y =42 GeV
[ . E799 pBe |5 = 39 GeV
—(0.3 F —+— NA48 pBe |5, =29 GeV

[ —»— M2pBe VSNN =27 GeV
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T
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Xp

Comparison of results as a function of x;

with previous experiments:

» Different kinematical regions
and collision systems

* Very good agreement in
polarization values.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001
https://arxiv.org/abs/2405.11324

Fixed-target upgrade for Run 3




SMOG upgrade: SMOG2

SMOG2: gas confined in a 20 cm long storage cell upstream the interaction point: Nominal p-p

collision point

- x100 average pressure with same gas flow | \\SMOGZ Storage cell

* Direct and precise gas pressure and temperature measurements

—° Simultaneous pp + fixed-target data taking
* Wider choice of injectable gases: H,, D,, N,, O,, Kr, Xe (+He, Ne, Ar)

s> LHCb-FIGURE-2023-001 ¢ \/  LHCb-FIGURE-2024-005
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T 140— = LE e 3
S0 b ot : e 3
100 SMOG2 cell (pAr) ; = op oNe A0
80 I ' 3 ;i E | ~74nbt E
60 g 3 in 2hrs E
40— 'g 4 :— _:
] L .
20 o 2F . e
N ‘ Lo 0 —— T O~
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Mass [MeV/c?]
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https://cds.cern.ch/record/2898697/files/LHCb-FIGURE-2024-005.pdf
https://cds.cern.ch/record/2845444/files/main%20(1).pdf

Recorded luminosity [nb"]

SMOG upgrade: SMOG2

Data samples collected during April and May 2024 with all available gases!

—
A

LHCb preliminary, sy = 113 GeV

10° b May 2024
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® Data
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----- Background

= Signal

n | L
1800

Unique physics opportunities never explored at LHC:

1900
m(K" %) [MeV/c?]

* Charmonium, bottomonia and exotica production from H, to Kr.

* pH,, pHe, pD,, pO, and OH, collisions to extend modelling of productions of

CR interest.

* Flow measurements at low energy over wide pseudorapidity range.

e Ultra-peripheral collisions in pA and PbA.
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https://cds.cern.ch/record/2898697/files/LHCb-FIGURE-2024-005.pdf

Conclusions

LHCb can perform the highest-energy fixed-target measurement ever

* Measurement of detached-to-prompt p production in pHe collisions

* Together with prompt p production measurement, anti-hyperon contribution
to p production crucial input to models of antimatter production in space

* Open and hidden charm measurements in pNe and PbNe collisions

* Unexplored energy scale, unigue possibility to measure charmonia
production correcting for CNM.

* First LHCb A° polarization measurement in pNe collisions

* Unexplored kinematic region, contributing to understand the long-standing
challenge of the transverse A° polarization explanation.

Many more interesting results in store with SMOG2 data samples!

Thanks for the attention!
Chiara Lucarelli, 15/07/2024 17
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Prompt antiproton production

First measurement of a(pHe — Top,.omth) at+/syy = 110 GeV:

p reconstructed in the kinematic region p € [12,110] GeV /c,
p; € [0.4,4] GeV /c to optimize reconstruction and particle
identification efficiencies.

Only p promptly produced considered; detached component

reduced cutting on the impact parameter wrt the primary vertex.

p number from a simultaneous fit to the PID variables in (p, p;)
bins.

Luminosity from pe elastic scattering with gas atomic electrons.

- Dominant contribution to systematic:

* Luminosity measurement: injected gas pressure not
precisely measured.

* Particle identification performance: poor calibration
statistics.

Chiara Lucarelli, 15/07/2024

N

do/dp [ub c/GeV]

e Result on XS is compared to different MC
event generator.

* Experimental uncertainties (<10%) are
lower than the spread among theoretical
models.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001

Impact of the measurement

Important contribution to the improvement of the secondary p flux prediction:
* Validation of the extrapolation of the cross section from pp to pHe.

* Validate models for the cross section energy evolution (violation of Feynman scaling above 50 GeV).

B g (a) | =
10-3 . . . el
§ BN JCAP 1509 (2015) .
£ ANE02 A T Phys.Rev.Res 2 (2019) 023022 '
CT]
10 3 TH 1071_
ielg- 5 + AMS-02 (Utgt)
R ; —— Baseline prediction
K %@ 10—2¢ [ Total uncertainties
1057 —  Fiducial 10 (1) | |
4 Uncertainty from: = Cross-sections
Propagation 1
+ B Primary slopes — 200
Solar modulation = REUE s .
10_6 : . ,é:
1 5 10 50 100 I (p=m=Eeisdeees s T T
Kinetic energy T [GeV] Z i
/= )
. . — . —20r
* The uncertainty on the predicted secondary p flux is reduced. Transport
. . . . ) XS Total
* Room for exotic contribution heavily reduced —40 | .
R [GV]
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https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.2.023022
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Luminosity measurement in SMOG data samples

e
SMOG is not equipped with precise gauges for the gas pressure: %{Q’

Event 82083147 ¥ \

Run 174630

Tue, 17 May 2016 18:47:09
i

—> Luminosity is determined through pe elastic
scattering with gas atomic electrons.

* pe events are identified as an isolated low-energy S W o 3 5 wf T ———3
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001

Detached antiproton production

* Interpretation of p flux in CRs measurement (indirect DM searches) limited by models of p production in CRs collisions
with the interstellar medium (H, He)

* Dedicated measurement to the component from anti-hyperon decays in pHe, extending first LHCb result only dealing with
the prompt processes = Around 20-30% of p production comes from anti-hyperon decays:

0 _ _ = Ty = x = x
Aprompe = P70 57 — prrt E° 5 Axnt =0 & An Q" — AK*
* Available data indicate strangeness enhancement but large spread among different theoretical models

- LHCb SMOG measurement can constrain the models
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https://link.springer.com/article/10.1140/epjc/s10052-023-11673-x
https://cds.cern.ch/record/2806641/files/CERN-THESIS-2021-313.pdf

Analysis strategy

Analysis for secondary-to-primary p ratio R = 0ge¢/0prim following two complementary approaches:

. 0(pHe_> (Aprompt — ﬁf/ﬁ-)X) p o, LA S S S S S R L . S R
* Exclusive approach: Rj; = — Y, S [ LHCb . d
o(pHe — DPprompt X) o 10°E pHe (syn = 110 GeV Sional G
_ _ at = i NN Blgr;(a dE
- Measure A — pmrt, dominant detached component. .fl’" 3 L N«
. . LHC p SMOG He E
- ldentifying decay exploiting LHCb excellent mass & f ]
. . . . . . @ 10 E
resolution (no PID info): event selection via kinematic § .............................................. -
description in the Armenteros plot and impact parameters. T 10 '

<
- Most systematic uncertainties (luminosity, reco, ...) cancel in the ratio. 1100 110 1120 1130

m(pr*) [MeV/c?]

o(pHe - HX — pX) H=AS.E20

* Inclusive approach: Rz = )

O-(pHe —> ppromth) ?): 107 ;ES?SN_ =110 GeV ._.._ dl{ltzt:hed 2 -....;Ear?rlgggaterial
o ghost -7
— Focused on all detached components. g 1
o detached p 3
— Selecting p with tight PID cuts large impact i ! S
o o parameter (IP) P /.\>
— Distinguishing between , detached and by L7
5 Vi i i LHC p @—»>gSMOG H
secondary p via a fit to the pHe data impact _ P @—>eps10G He )
parameter with the composition of templates.  smallimpact prompt D

parameter (IP)
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(Anti-)Helium identification
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Bethe-Bloch: Z=2 particles deposits ~4 times the

energy of Z=1 particles

— He: higher ADC counts and wider cluster size
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Prompt (anti-)Helium at LHCb

Selection: Run2 data: pp collisions at /s = 13 TeV, L _.=5.5 fb!

int

e All trigger lines

. , , First (anti-)Helium candidates
* Prompt tracks (compatible with PV) passing through VELO, TT, and T1->T3

observed in pp in LHCb data!

. 2
* Good quallty tracks (Xtrack < 3' I\IclustersXSi station >2)

ln N 1 I L] 1 | 1 I I 1 L] L] I I 1 ] ) I L] L]
<5000 [ 100 3
* p/|Z|>2.5GV and p;/|Z|>0.3 GV S 100 T T He
~ - F .
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* Rejection of photon conversions E 2500 [~ N . ] B
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Application: Hypertriton

* Hypertriton life-time and binding energy gives access to hyperon-nucleon interaction TN
/ °He '\
—> Constrains on maximum mass of neutron stars Pt .3 T\ @ )
e VN W,
Search for 2-body decay into He: @ /—> {,@ ) )\ NS
3 3 -
AH— "Hem™ + cc \E/ \/6/
Results:
(Run2 pp collisions at /s = 13 TeV) % 60 L L L L
. . ) = L LHCb preliminary
Yields: ~ L ¢ Data5.5 fb!
— 61 £ 8 Hypertriton > i —— Signal i
46 + 7 i_H : L 40 - ——— Background
- t 7 anti-Hypertriton § I , Same-sign data
e Statistical mass precision: 0.16 MeV S L i
St ]
Under investigation: 20 —
* Systematic corrections on mass scale: |
— Charge-sign dependent energy-loss - + h H .+| 4 )
© y P * 0 I i$§1 L1 1 - *é-m -

- _Tfacki”g corrections for Z=2 | 2960 2980 3000 3020 3040 3060
 Efficiency and acceptance corrections LHCh-CONF-2023-002 (submitted to EPS-HEP2023)  m(3He ) [MeV]
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Time-of-flight measurement at LHCb

tarift = ttpc — tror — Tprop

OT (Outer Tracker): largest area, straw-tube drift chambers

 Hit position from ionization cluster t,— r relation

A o calculated in the B=1 hypothesis. For B<1:

tTOF,reco < tTOF,reaI == tdrift,reco > tdrift,real = r-error E |

2

r-error

True B minimises the y#,~> Particle ID through time measurement

Standard LHCb reconstruction (B=1) inefficient for light nuclei
- Modified pattern recognition algorithm

Correct hits position to recover reconstruction efficiency

e LooponBE [1/\/1 + M2, /p?, 1]

Track Rec. Eff.

* For each B : hits position for B value and perform fit

e Select candidate with best )(fzit
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(Anti-)deuteron identification

Reconstructed tracks refitted to determine B = Iterative procedure rerunning Kalman fit with different B hypotheses

1. At least 15 OT hits required on each track % L1k
D) B
2. Change B following )(fzit decrease (gradient descent) without ié 1k
outliers removal 2 Y& = Xtrack + [(tm1 — (M1))/om1]? z R 10°
o 09 -
. . . . : S - .
3. Fit around minimum to estimate B, and its uncertainty o 05 LHCh Pretiminary ]
4. If fit at minimum has outliers, removed and reiterate procedure - PHo oy = 10 GeV 1 10
07 :_ o of sample _: =
. . ;As<p<zo GeVic ‘~, 1 103é1.6<p<1.8 Gevie _* _ 0 6 :_ _____ K _: :
e ~10% of SMOG pHe o R - A ?  LHCb-FIGURE-2023-017 - |
— ; :“. | % g p'*' R '“1., 0.5 L— A S RS S R e
(vSyy = 110 GeV) da-taset ol e ovp e 2000 4000 6000 8000 10000
e Background suppression: tw N \ ! .‘N‘H‘ IIIIIIIIIII - B reconstructed Momentum [MeV/c]
o(B) <0.02, x*gris/Ndf <2 7 o ™™™ Under investigation:
MV 22_1'2<p<1'4GeV/°'.~": £~ + Some DATA/MC discrepancies in OT response
First deuteron Cand'datles " o | . | .+ Efficiencies and systematics studies
° 102— | J'f  LHCb Preliminary b3 lo? I j' LHCb Preliminary 7 .
observed in pHe data! H‘H ' e . w“| 'HI‘NHHU o ‘m i Improve background suppression to expand

I momentum range where clean identification
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Analysis strategy

&, 6000 F ' rTT T ' 3 &3500F ' ' ' ' E
0 . . . . % 5000 f_ - ]é)iagtSal LHCb _E % 3000 ;— - ]é)iat;ial LHCb —;
N° transverse polarization searches exploits the self-analyzing decays 37F iiBfgome  [] Swmseovmne 3 2 E o Biihoma  [| Fwmesecevone 3
4000 — Total 4 » E — Total 7
0 _ gSOOO-— E §2000 - =
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Strong parity violation: p preferentially emitted along the A° spin direction in its rest frame.

— Protons angular distribution depends on the A° polarization pA°.

% : decay distribution for unpolarized A°

dN dNO AO a : parity-violating decay asymmetry for A°,
E— (1 —I— OéP COS (9) fixed to world average

dQ dQ 6 : angle between p,, and 72 normal to

production plane

:.2 1.4: —r T : 1.4: — T T T 1 T 1 7
¢ 3E A P,=0029+0019 ® 3E A PL=0003+0023
125 3 125 3
11E 34 g = A° . . . s e ..
1—:*:—+;__&:+:i_=+==+=—+:+= b 4y 3 P7fromlinear fit of p angular distribution in bin of cos@
: —+ . .+ T+
09:— E 0.9:— = . . . . 0
g ] g 1 Polarization studied as a function of the A° p;, n, y and x
08F ER S E o . T . F
07F iy 684 GeV e 3 07F fran 684.Gev pie 1 considering dependence observed in previous studies.
06_1 T e I S
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GFS and injection

Gas injected into cell or VELO tank through the Gas Feed System:

® Four gas reservoirs (3 noble gases + 1 non getterable line), used to fill the
calibrated volumes V1 and V2, controlled by dosing valve DV601

® Table with calibrated volumes used during injection, pumping group to clean
line and dosing valve DV602 to control injected flux.

® Gas feed line to feed either the VELO tank (PV503) or the cell (PV611)

® Turbo pump TP301 connected to VELO tank through GV302 (open during
SMOG?2 operations) to provide pumping when ion pumps off.

® Multiple gauges to measure pressure along the line and in the VELO tank:

1. PZ602: pressure at calibration volumes, around 10 mbar when full.

2. PZ601 and PI601: pressure at the beginning and end of GF line, 0(0.01)
mbar for SMOG2, 0(0.001) mbar a-la-SMOG (P1601 under sensibility).

3. PE301: pressure at the turbo pump TP301 (SMOG injection point),
O(1e-8) mbar for SM0OG2, O(1e-6) mbar a-la-SMOG.

4. PE411 and PE412: pressure in the VELO tank in Ne equivalent,
O(1e-8) mbar.
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