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Introductions

| was born in Florence, studied and got my Ph.D. there
- | am now a research fellow at INFN Florence

First interest for LHCb fixed target physics during my bachelor degree:
fixed-target luminosity measurement using elastic pe collisions.

Matter searches.

fixed-target apparatus

in LHCb control system, day-to-day babysitting
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Extending the physics reach of

the fixed-target programme at
the LHCb experiment

............

A bit of hardware work during my master thesis:

characterisation of temporal response of 3D diamond pixel sensors.

Back to my first love (SMOG) since 2020, working mainly on three topics: :_
¥ "_ P S - Anti-deuteron searches in pHe datasample, relevant for indirect Dark

- @Gas flow simulations for injections of non noble gases in upgraded

- Operations of fixed-target system: luminosity measurement, integration

| will give you an overview of the LHCb unique fixed-target programme,

with a focus on these topics




The LHCb experiment

LHCb is one of the four experiments on the LHC at CERN. It is a general-purpose experiment in the forward direction:
A Py
S * e Single-arm forward spectrometer:

\
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JINST 3 508005 (200% optimized for bb production,

VY
b
Nominal Interac 'on/

Point (IP) | o — o B \ 2<n<5,0€]10,250] mrad.
Magnet RICH2 [R1) M2 gl ‘ * Tracking:
| - T1T2T3 \ excellent vertexing,
R — momentum resolution: Ap/p = 0.5% — 1.0%.
P i * Particle Identification (PID):

excellent separation among K, m and p with
momentum in [10, 110] GeV/c range.

e Trigger: flexible and versatile, bandwidth up to
15 kHz to disk.

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

The System for Measuring Overlap with Gas (SMOG) can inject gas in LHC
beam pipe around (+20 m) the LHCb interaction point

— Conceived for luminosity measurements, x100 nominal LHC vacuum
Since 2015, exploited for LHCb fixed-target physics programme

— Different targets and different centre of mass energies.

(He, Ne, Ar)
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Forward geometry + gas target =
highest-energy ever fixed-target physics experiment
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protons (Pb) on target [10%]

Unique physics opportunities at the LHC

* Cold nuclear-matter effects for QGP studies
* Unexplored intermediate energy to SpS and LHC

* Nuclear PDFs at high-x and nucleon intrinsic
* Large target Bjorken-x at low Q? >

charm studies

Hadron production and spectra measurements

for Cosmic Rays physics

e Collisions with targets of mass number A .
intermediate between p and Pb
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http://cds.cern.ch/record/2649878

Antimatter production for
Cosmic Rays physics




Dark Matter and antimatter in space

Antimatter fraction in Cosmic Rays (CR) is a sensitive indirect probe for Dark Matter (DM):

e Signatures of Dark Matter annihilation and decay processes

e Constrain space of Dark Matter candidates

10_3 T T T
é PAMELA 2012 JCAP 1509 (2015)
Space experiments (PAMELA, AMS) measured antimatter fluxes in CR & SO :
—> Inconclusive results due to limited knowledge of production processes. 10-4 |
_ : )
E.g. In 2015, new AMS-02 data for p abundance in CRs: =
&
Excess for T>10 GeV compared to expected p from collisions of primary CRs 1057 L4 A
onto interstellar gas (90% H21 10% He) i Uncertainty from: s ](:oss-sections
opagation
- Improved theoretical modelling required to be S
conclusive on the nature of this excess 107° 7 510 50100
Kinetic energy T [GeV]

Accelerator experiments can complement Cosmic Rays investigations
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https://iopscience.iop.org/article/10.1088/1475-7516/2015/09/023

LHCb cosmic programme

During Run2, LHCb with SMOG provided unique results contributing to improve the accuracy of the p production models:

PRL 121 (2018) 222001
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= ZWLN o =i QGSJETI-04 ] — _
SN S Tk S - = QGSIETI.04m ] G(pHe — ppromptx) at /sy = 110 GeV.
B i fmriim = =HOING 138 N . .
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20 40 60 80 100 b - ———————1— =

p [GeVie] ~ 07 LHCb —— [E)gtgs 199 =

E pHe |5y = 110 GeV : E

TN G

In 2022, p production from anti-hyperon decays 0.5 B . PYTHIA 6 E

in pHe collisions at \/Syy = 110 GeV. 0.4 ;Hl_;_. _ QOSJET-I0A

: _ o " E

* Larger fraction of detached p observed wrt o ﬁ{g‘l_ég:-,_':;‘:' - -
. 02F SU 7

theoretical models. - ' -

O1F Eur Phys J C 83, 543 (2023)
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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
https://link.springer.com/article/10.1140/epjc/s10052-023-11673-x

Impact of the measurements

9

Important contribution to the improvement of the secondary p flux prediction:

- Room for exotic contribution heavily reduced

¢ PAMELA 2012
¢ AMS-02 2015

JCAP 1509 (2015)
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* Knowledge of cross section still dominates uncertainties.

Phys.Rev.Res 2 (2019) 023022

L AMS02 (o)

—— DBaseline prediction
[0 Total uncertainties
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* Heavier probes (i.e. rarer to produce in known processes) can be interesting to investigate.
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https://iopscience.iop.org/article/10.1088/1475-7516/2015/09/023
https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.2.023022
https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.2.023022

Light anti-nuclei in space

AMS *He candidate

Light anti-nuclei fraction in Cosmic Rays is a golden channel for indirect CERN Colloquium 08/06/23  Bending Plane
Dark Matter detection: ——— |

* No known primary sources

* Low production cross-section in |:>
secondary collisions of Cosmic Rays
and interstellar medium

Low background
channel

AMS-02 observed anti-helium and anti-deuteron candidates in Cosmic Rays:

« (0(10) He candidates, O (1) d candidates: )y o — PR

=/ 37— I - s Charge =-2
expected d/ “He around 103 z s =
: s Ordinary *He
H « ~|Charge =+2
- Needed knowledge of production processes S . e =ameeic
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https://indico.cern.ch/event/1275785/

Anti-nuclei production

* No comprehensive theoretical model to explain from first principles (anti-)nuclei production in hadronic
interactions 2 Phenomenological models tuned on data

Coalescence model:

An anti-nucleus is produced if the nucleons are sufficiently close in
phase space: B, coalescence probability.

* Experimental data suggest that B, depends on the type of reaction (pp, pA or AA) and on the incident particle

momentum (p,,,).

e ALICE measures d and He production in pp, pPb and PbPb interactions at /s = 13 TeV and central rapidity
e SpS fixed-target configuration covers /syy < 27 GeV and backward to central rapidity

Large uncertainties on extrapolation models to intermediate energy (E.,~10-100 GeV)
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Deuteron identification techniques

Unique opportunities at the LHCb fixed-target:
* Collisions with targets of mass number A intermediate between p and Pb > Reproduce Cosmic Rays interactions (pH,, pHe)
* Energy range \/syy € [30,115] GeV for beam energy in [0.45, 7] TeV = Unexplored gap between SpS and LHC/RHIC.

ECAL HCAL
SPD/PS M3
RICH2 M1

M4 MS

PROBLEM: LHCb detector not designed to identify light (anti-)nuclei

@

Two possible techniques available with the LHCb detector

Charged particles emits Cherenkov radiation when moving in

medium with B>1/n 0T 2.4 s o M1: 3-4 ns o,
—> RICH detector to identify high momentum d ™ t
~ b

. . . .o -_&: R3

Light nuclei significantly slower than c: M dependence of ||l Y
particle speed st Ss==

- Time-of-flight in OT and M1 to identify d S - ks
’ h [[IIITTTTTRM 1
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Light anti-nuclei at the LHCb experiment

Search for d in Run2 SMOG pHe (Vs,,= 110 GeV) dataset.

Time of flight between interaction
RICH PID: high p region (p>30 GeV/c C:ﬂ E{) .
it el /c) point and Outer Tracker:
U low p region (p<10 GeV/c)
Limited discrimination power :
Conceived and developed
o Fros Lchaols o7 v+ in my PhD thesis!
Z% 107 & == .
& = —v— E
e —- ]
E E
107 + | n—d misidentification same
- o - level as expected signal
0 Ewd—d R + E
= N S o S -
fepod e, Y
=~ K—>d 3
" .m—d | LHCb unofficial 7
10 B b b b b b b b 1 =3x10°
0 10 20 30 40 50 60 70 80 90 100

Momentum [MeV/c]
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https://cds.cern.ch/record/2668903/files/PoS(LHCP2018)078.pdf

Time-of-flight measurement at LHCb

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

RICHI1
mol | OT measures the arrival time t;,. of the ionization cluster
— with respect to the beam crossing time Lo,
Vertex 2/ ‘ tof :
Decllcc‘;()r’ f ! > S
! (217,
/
————————————— | Uioer Irpc |
trpc =|(Tcoll _ Tclk) |+ tror +tdrift + tprop gl ) T TiE,
N —— — to = offset from Ty, drift
T.,1;; = bunch crossing time of collision and FE delay drift
T, = LHC clock

* Hit position from ionization cluster tg.,—r relation

tarift = ttpc — tror — tprop

13
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https://iopscience.iop.org/article/10.1088/1748-0221/12/11/P11016

Time-of-flight measurement at LHCb

tarife = trpoc — tror — prop

In principle, time resolution
enough up to 10 GeV/c S

* t;or calculated in the =1 hypothesis. Residual
between ttpc and t(r), expected arrival time for
fitted track, is proportional to B,

- Some capabilities for proton ID with TOF

Arbitrary units

Time delay [ns]

—4 -2 0 2 4
JINST 12 (2017) P11016 Track time (ns)

T T T T
0.2 0.4 0.6 0.8 1.0 1.2 1.4
Momentum [MeV/c] le4

* For 3<1: tTOF,reco < tTOF,reaI = tdrift,reco > tdrift,real
— error in r determination

Low d reconstruction efficiency at low momentum

* For d at p<3 GeV/c, r shifted more than 1 mm wrt real particle track.

» Hits discarded or fit 2 too large because of erroron r

2

F-Eerror — r [mm] Need new reconstruction algorithm and PID strategy
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https://iopscience.iop.org/article/10.1088/1748-0221/12/11/P11016

Time-of-flight reconstruction algorithm

Target: Correct hits position to recover reconstruction efficiency

Modify the reconstruction algorithm to take into account <1

Recovered efficiency at low p

o C ! T L L o C 7
Eﬁ' 14 —=—n —K LHCb Preliminary — Eﬁ' 14 =1 ——K LHCb Preliminary —
; = Simulation, PatForward - ; - Simulation, TofForward -
S 12 p —d 3 3 12 p —d -
a7 C pHe s =110 GeV ] a2 C pHe s =110 GeV ]
=4 1= — e 1 —
Q - 3 Q - -
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= I . > i | e -
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&F w-m n E_-m -
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0.2 :_ . Track Reco NRecble,L _: 0.2 :_ Track Reco NRecble,L _:
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MC sample:
QGSIJET for pHe + coalescence afterburner (1 coal x event)
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https://cds.cern.ch/record/2868172

Ghost Rate
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Time-of-flight reconstruction algorithm

Additional degree of freedom: possible increase of tracks
reconstructed from random combinations of hits (ghost rate)

— Same ghost rate as standard reconstruction

Recovered efficiency at low p
preserving reconstruction quality
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Time-of-flight particle identification

MC sample:
QGSIJET for pHe + coalescence afterburner (1 coal x event)
E_O'SE""""""\""\""\""\"“I""\"“E a_0-55"H|‘"‘|HH|‘"‘|'H'|HH|H"\"HH"

. ‘_" 04 : 4 . 1800 ‘_" 04— H : N
Given the reconstructed tracks, developed an 3 LHED Simulation E LHED Simulation
Ofﬂine tOOI to determine B a?;n 0_5_ 7 from pHe sy = 110 GeV _% » aén 02; K from pHe s, =110 GeV o0

= E 7 = c
[ERrY=. - 1200 | = 20
e B 11 of <
ﬁ.l; é 800 A)I; é 60
412; é 600 4)?3 é 40
Target: refit reconstructed tracks to determine j: L BE j: K|
. . . o T s o3 S ST
Iteratlve procedure rerunnlng flt reconstructed Momentum [MeV/c] reconstructed Momentum [MeV/c]
with different B hypothesis & VST S
S LHCb Simulation = = o LHCb Simulation s B
Fit around minimum to estimate B, and o(p) 8 F p from pHe Sy =110 GeV 8 F d from pHe {5y =110 GeV filio
= = I s TFE 3 140
from fit around minimum of y£, 5 s E 5k s B
b= 0 = [
Good agreement between B, ., and B(p) s E 3 E G
02 — 02— - {60
P : ol RERN
Oy oS00 0 S0 6050030053005 o000 00 S0 10073004005 7005 53053005 1000 "
reconstructed Momentum [MeV/c] reconstructed Momentum [MeV/c]
LHCb-FIGURE-2023-017

Chiara Lucarelli, 01/10/2024 17


https://cds.cern.ch/record/2868172

(Anti-)deuteron identification

* SMOG pHe (/syy = 110 GeV) dataset reconstructed
with time-of-flight reconstruction = Preliminary results

First deuteron candidates
observed in pHe data!

L . B s B B e s e B B B S B~

[ 18<p<20GeVie .-

reconstructed [3

10* — - = T _ _E
0.8
10° 3 =
2 '+._z 1 A= ST .
10 3 0.7

10

LHCb Preliminary '
= He3

FEPETETE B BT L FEPEPE BT A BEET TS BT R TR .;, ', [JHCM:“UGCV - - Hed
02 Olgreconlstructtle‘(iﬁ 0.6W 08 Olgreconlstructcla&f) 0 5 + ," ! \ | \ \ | \ ‘ _ 1
ST T T D 2000 4000 6000
lAepclotl S 1 w0 < reconstructed Momentum [MeV/c]
10° 5 ]
F 10? °
10°E E Work in progress:
i Y] ] . .
10k *H@_ o * Develop MVA-based filter to improve
1k I I background suppression
05 TR 05 09 1 LI

reconstructed 3
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» Efficiencies and systematics studies
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Fixed-target upgrade and
gas flow studies




SMOG upgrade: SMOG2

SMOG: unique opportunity at LHC, but some limitations highlighted by analysis:

Nominal p-p
collision point

* Limited statistics as data collected only in dedicated periods without pp ‘_ =
physics or with beam-empty LHC bunch crossing (10% of total) ===

* Limited variety of collision systems

. . .. Storage cell G t t
* Limited measurement precision 20 cm as large

20 m /
SMOG2: gas injected in a 20 cm long storage cell upstream the interaction point:
* Gas accumulates in limited region
—> Limited contamination of beam line Po
— x100 average pressure with same gas flow. (2)
< > —> Wider choice of injectable gases: H,, D,, N,, O,, Kr, Xe (+He, Ne, Ar)
* Direct and precise gas pressure and temperature measurement. 'L, L.Z -
- Injected flux and luminosity directly measured at % level —(D Ta H_'LHC
* Fixed-target and pp interaction region separated Injection e
—> Simultaneous pp + fixed-target data takin A S
PP 8 8 O et s I
* New gas feed system with more gas recipients : :
- Fast switch between gas from remote (no access required) —
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Physics opportunities with SMOG2

Unique physics opportunities never explored at LHC:

* Charmonium, bottomonia and exotica production from H, to Kr.
* Flow measurements at low energy over wide pseudorapidity range.

e Ultra-peripheral collisions in pA and PbA.

-I pH,, pHe, pD,, pO, and OH, collisions to extend modelling of productions of CR interest.

SMOG (k) and SMOG2 (%)

2) pp(H2) — P to test scaling violation in forward hemisphere

)

3) pd — P to test isospin effects * Hz; 02’ N2 for
) pp, pHe — d, He to determine coalescence momentum : : atmospheric CRs physics
)

pp, pHe — 7, K to model positron source term

X 3

xx

Martin Winkler at 2nd LHCb Heavy lon workshop
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https://agenda.infn.it/event/18734/timetable/

Physics opportunities with SMOG2

Chiara Lucarelli, 01/10/2024

il ; HHch acceptance imils * At lower energies to test scaling violation in forward hemisphere
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420 50 B0 70 80 80 100 110 o violation and constrain the n prOdUCtion.
(S [GeV]
* With O, target and O beam: 0O,, pO, and OH, collisions to study air
E; [GeV] o
il o s A iE i S 4 showers and contribute to understand the muon puzzle
L I I LR B W R R _l T |||||!| T T 1T T 1 flml
PO EPOS-LHC @
0.6} olpp — p) I Nasspc ;
e lgj.bﬂ____\ Eopbean=0-8TeV,2 <1 <5 Epbeam=6-8TeV,2 <1 <5
0.4k 24 9] % o mmm) 0
{  Fermiab . ) AR + 0 - 0
LHCb with deuterium gas ? 2 00002040608 10 ++ 0 g i °
020 : i sTAR G 1] sys. correlation - VSnn = 80 GeV, VSyn = 112 GeV,
= E I auce | —2.4 < yeys < 0.6 —2.8 < ycys < 0.2
----- ] I i A
------- ."‘-l SfrssssmmEEs II
0.0§ : e m E— H -
Ll ML N sl Eopeam=6-8TeVXZ,2<n <5 pream=3'4TeV'_6'9<y,<_3'9
101 102 10° 104 LAB Frame n Beam rest Frame
\/; [GeV] -1 : iﬁi: E[l\);lffm : ;::’IS:;»DECOR gi:ft:d from Xy 0 — o / $ T 0 o &
4 IceCube SUGAR ~=+ GSF
1015 10'6 107 10'8 101 0 i JSwm = 80 GeV 0 i

EleV 22



SMOG upgrade: SMOG2

Many challenges to be overcome in preparation
and during operation of SMOG2

During my PhD, | took care of addressing these crucial points:

1. The storage cell is open-ended, therefore the gas flows continuously in the VELO vessel until it is
extracted by the pumps.

- How does the non-noble gas interact with the detector material?

2. For production measurements, the luminosity needs to be precisely known
- How can we calculate the luminosity for fixed-target datasamples?

3. The SMOG2 apparatus is a new subsystem that needs to be integrated into the LHCb control system
- What do we need to implement for a smooth day-to-day operation by non-experts?
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Gas impact on LHC

Understand and quantify impact on LHC machine to set limits to the new gas flux injection.

The beam presence can induce desorption/emission phenomena from the surfaces exposed to it.

— Beam pipe surface coated with Non-Evaporable Getter (NEG): thin (~um) TiZrV film

NEG coating works as a pump, adsorbing molecules on its surface through chemisorption:

» Sticking coefficient s (=pumping speed): probability to capture a molecule
impinging on the NEG surface.

Gas can be classified according to their behaviour on NEG:
* Noble gases (He, Ne, Ar, Xe and Kr): not pumped by NEG, they diffuse freely.

* Getterable gases — Non hydrogen-like (N, and O,): pumped on the NEG surface. Sticking
coefficient depends on available pumping sites = Progressive saturation of NEG (i.e. s=0).

* Getterable gases — Hydrogen-like (H, and D,): dissociate on NEG surface and diffuse into
the bulk = Slow saturation of NEG, but embrittlement if H_,, /NEG_, ., in bulk too high.

OIOO0O 24
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Molflow+ simulation

Impact of gases higher in the vicinity of the gas injection point

Storage Cell
—> VELO RF Foil

Beam pipe + RF foil + Storage cell: complicated geometry

BilmEGnmmiye .
—> Molecular flow simulation needed to study gas injection effects: =TT

0~ — — o s —— A S — )

— Detailed geometry model.

- Update NEG properties dynamically during simulation. RF Foil
Molflow+: A
j‘> * Steady-state molecular flow simulation T
software Set simulation
pmﬂmle‘l-er'smd < —
stop condition
Modified time-dependent simulation: y
* Total simulation divided into time steps. SOy
j‘> * NEG properties (sticking coefficient, 3 no
total sorbed particles) updated after Update sticking _’;wem% e =
coelficlent gk 5 - er
each step based on step results. L yes
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TARGET: Understand the level of degradation of the NEG coating and its propagation in time and space.
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e Level of saturation during Run3 injections acceptable for LHC operation

* No embrittlement is expected

Approval to inject of non noble gases! First H, injection in November 2022

Chiara Lucarelli, 01/10/2024
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Luminosity measurement in SMOG2

Luminosity fundamental for production measurements: 4V/,. = Lo

- Required precision at the percent level

In fixed-target: L = V;..,,N,,0, where 0 is the gas areal density

Areal density depends on injected flux Q and conductance of system C.

Vyep = rev frequency of LHC beams
N, = number of circulating protons

L = cell lenght
Po = maximum gas density at cell centre
Q = gas flux

kg = Boltzmann constant
T = gas temperature
C = geometry conductance

Po
0 — Lpo _ _LQ 3
o 2 2kgTC

Cylindrical cell, |:> Trianeular pbrofile: i 2

injection in the middle = P . C—o.381 D3 T ’ n_
S L/2+4D/3 (M ° T et

Real cell is interfaced with a complex geometry that changes L 1 L/2+4D/3 M Q
effective conductance of system L=K:-V,N, =" = .
—> Correction factor K to take into account real configuration 2 2-3.81 D T kgT

Chiara Lucarelli, 01/10/2024

27



Luminosity: geometry impact

Molflow+ simulation to evaluate K: three geometries considered to evaluate effect of injection point, RF foil, interfaces

K= esimu/eideal

] .. Cell + RF foil + interfaces:
Isolated cell, capillary injection: Cell + RF foil:
_ Cusb under iniection boint _ _ — Smooth transition to 0 both
P J P - lGas tail to(\;var:ls RF fc;'IR?:‘ie _TO upstream and downstream
— No impact on areal densit ower conductance o Ol .
b y Total correction factor K = 7%

sty / MY
s 4 4

10"

I3

e = 3 Ea 1 —— = — 1s0Ell —— ——
E 160— - — ‘e 160— . ) — ' e . =
= — LHCDb Unofficial } Isolated cell .| 5 £ LHCb Unofficial £ +  Cell + RF foil — — 160— LHCb Unofficial } Complete geometry —]
4 — K — e — —
& 140 Molflow simulation / X — a5 M= i i T = a = i i =
g oo Tdeal cell e o Molflow simulation E e Ideal cell 3 140— Molflow simulation e Tdeal cell -
10— = E / E 120 — —
100 = 100 N = 1oE E
wE E 0 E 80— =
[y | = &~ _ - |
60— = = ;»“" 3 60— ", =
w0 - 40— e — a0 y —
E = = e 3 = ., =
20— — 20— /?,! | 20— -, =
F = = y. = = . . -
. ;_.. g .._E - 0 ;._ i | _._: - 0 j s , | ) | r—
a E —= o 085 — o 08E —
= = =, 06= = =_ 06E- =
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Gas flux measurement: theory

Pumping
station
High pressure _* * Pout

arm

* Pinj * Dvheﬁoz SC
Velo vessel
ou

Q=Cirlj x AP

* AP =P, ;- P, is the pressure drop between the injection and the extraction point

P.,;= 10 mbar, P, < 10 mbar > AP =P,

out

* G, is the conductance of the GFS line and it determines time dependence of P, (t):

dP: (t) Ci...
=Ty hm® = Q=
1nj

L} Gas flux measured from pressure decrease in time

B dPinj(t) :

Pinj (t) — Pinj (O)e_t.cinj/vinj dt inj
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Online flux and lumi measurement

Online flux Q and luminosity determination:
* Py, from PZ602 acquired every 10 s
 Qfrom linear fit to pressure drop over last 15 min

* Strong instability over first 10-15 points (~2 min).

e Stable within expected decrease levels over the injection duration.

L 1 L/2+4D/3 |[M Q
P 2 2381 D3 T kgT

fromL=Kk-v,.N

* Integration performed per-run as for pp and persisted in RunDB

PARTITION: RUNTYPE / STATE /
RUNID FILLD s jspETECTORS ACTIVITY TeK PRYSSTATS'  pEsTiNATION
COLLISION24 DEFERRED ° I : h k f Luminosity
292195 9565  LHCDb: all but UT_A 0x1000104A 0 -
o T PHYSICS * OFFLINE Rea tlme check o agreement Target flux [mbar*l/s] Measured flux [mbar*l/s]

o between target and measured flux: -

CalibSettings LHCState | SMOG SMOGLumi avHItPhysRate avLOPhysRate avLumi - At t h e m O m e nt to I e ra n Ce 2 O% tO Lumi nOSity [1’{5*11 h]
%0, 1689, PHYSICS | 5MOGZ HELIUM 1463 48412397 | 499494 64892805 22586411 368421 892 72216044387 m itigate EffeCt Of d ec rea Si n g fl OW I nj Stability
with time, work in progress!

858, 2616
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Offline flux and lumi measurement

Offline re-evaluation required to reach target precision (<2%) and evaluate related uncertainties:

10.2 3.50E-05

* Exponential fit to PZ602 to get C,;: Py, (t) = Pini (0) ¢~ t:Cinj/Vinj

10
3.00E-05

Pinj(0) measured at start of each injection -
Vinj measured by LHC vacuum group on GFS e 2.50£.05 g
E ., =
dP;,i(t) o~ E
* Instantaneous Q from: Q(t) = ———>— Vipj = CiyPin;(t) < ., 2ovcas 3
* Luminosity per-run re-calculated and persisted in LumiDB 9
y = 9.998¢6.187€-6x 1.50E-05
 Offline analysis not started yet, but first test on 6 hr 2023 Ar injection %% Cn=2:339E-6
* Qdecreases 2% per hour (but it depends on the gas type) . 5000 10000 15000 oo
* Average difference with online measurement of 5% Time s o
4 PZ602 e (inj x  Qmeas = = Pinj Fit

To be done:

* Validate correction factor K (from simulation)
e Validate luminosity results performing p-e
elastic scattering measurement
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SMOG2 operations

INJECTION TABLE INJECTION LINE

PVE11 | © ]

The injection in the storage cell (and all related operations)
is controlled through a complex gas feed system.

PV503 ., . PE3O1
[]

7 — Multi-gas injection system with variable conductance
to allow controlled fluxes.

— Remotely controlled valves and pumping groups to
ensure purity of injected gas.

‘:]':ww

BEAM 1

RF FOILS

VELO VACUUM VESSEL

Many new exciting opportunities, much more
—> complicated operations and control system!

GFS controlled automatically via FSM:

Operators select which gas to inject and when start/stop the
injection, pumps and valves are automatically configured by the FSM

Bucket List for a fully operational SMOG2 subsystem:

* Monitoring panel for operators and experts

* Interface with central LHCb control system
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GFS monitoring panel

s % Lumi & Injection stak '
Gas & GES Valves status & SMOG regime ﬁ :

rSMOG monitor l‘rm 30 Jun 2024 22:43:55

GFS table ————— 8~ GFS Valves Luminosity NSHOO 0
. . Regime OK GV 302 PV 503 PV 611 DV 602 Target flux [mbar*l/s] Measured flux [mbar*l/s] Send to |ng00k &
1.400e-05 1.473e-05 @ Legend

Gas ready in GFS To VELO ToSC  Opening [permill @ Ready-Open/Status OK @@ Not ready
23] _108R Luminosity [1/s*ub]

SMOG (VELO)  SMOG2 (SC) 2.229e+00 Inj stability )

status

Ready-Closed . Warning/Unknown state

Injection i Gas | Hyarogen | ‘

. Interlocked/No status Error
t e Pressure [mbar] Temperature (not calibrated) )
yp Z : = "' - | GFS gauges status 3 MOG_T5_C_u 8

i ‘s rz602 @

One place with all essential

/ 2 na @ operational information

Fast identification of
problems

: PI 601 @

<I<]}

3= . VELO gauges status = g |
] e @15 mmw i
- 5 rea1l @ B 2
— e W - ,J!’; — ‘:—--::---._ ki'g — B - . 1

"S- rE412 @ 8%
R I L g e e . e "

| i ! | i ko kst i - (Ll il e L ° IO U
1:20:00  21:30:00 1:50 00 10 0:00 0 06:0 9:00: 1:00 0 ' 17:00:00 3:00:0
(]} -
d 0
) - a - . -
U (J1U
- c DEIld - c U o )10
-
aya
aNa aULE g OnNnao 0 d C
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SMOG2-LHCb control interface

* LHCb operators in Control Room have to be able to easily access the status of SMOG2.

* Injection conditions (mode, gas, stability) should be stable during each run and easily accessible for analysts

SMOG
ARGON
STABLE

SMOG SMOG
ARGON ARGON SMOG
State |SMOG OFF
UNSTABLE ‘ U‘NSTAEISLE‘ Changed
; 3 o SMOG L
State |SMOG Unstable/Injection Stopped
Changed
SMOG
State |SMOG Stable; Mode: SMOG2; Gas:ARGON
a 276247 [?‘: Ly PARTITION: RUNTYPE / Ehanged
RUNID  FILLID o oo ACTIVITY TCK PHYSSTAT| SMOG ,:ii?" -
State |SMOG Injection Started; Mode: SMOGZ2; Gas:ARGON g:|
) COLLISION24 T —
292195 9565  LHCb all but UT_A . 0x1000104A nged| N _
Logbook B
SF_LHC HV
- II_I:'J- |"| |"| [j l Beam Energy Start Lumi End Lumi RICHL_LHC HV
5800.0 00 932674.88451525 RICH2 LHG Y
ccccccccccc
CalibSettings LHCState | SMOG SMOGLumi avHItPhysRate avLOPhysRate avlumi || MuoNLHCHv
PLUME_LHC HV -
30 1689 INFO: Please expect PLUME_LHC_HV to stay NOT_OK (red) while providing Luminosi
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858, 2616

SMOG2_HELIUM | 1463 48412397

FSM to trigger run change when injection
mode (NONE/SMOG/SMOG2) or status
(STABLE,UNSTABLE) change.

Propagation of injection conditions to

LHCb_LHC: TOP

W System State
CD Big Brother reov < 4 A

Fri 20-Sep-2024  18:20:58

Big Brother
t
Dy Seftings By Actions el %

Magnet
Set Current:
5849.9 A

Fill Number: Energy:
10132 6800 GeV

Measured Current:  Polarity:
5849.9 A DOWN

DB Interface

Run DB Server ‘

Cond DB Server:{)  Archive Status: () ‘

Settings Motion

READY. Beam Position

X[ 012mm

e
=i |

READY
READY

499494 64892805 22586411 368421 89273

[~VELO Closing Manager

Stat DAQ HV BCM BPM VTX

e
com -3 00 0@
wotion | | criteria

Motion System Position
XA [ 0.09mm XC [ 0,09 mm

Step:| 0.00

RunDB

Maln LHCb control panel




Validation on data

Injections in SMOG2 as default since May 2024, already
collected hundreds of hours for all available gases

—> H, regularly injected in LHC! o ]
Large statistics of signals already

Efficient separation between pp and pAr collected!
. . ] ] . | . | N T e T S
— Operating simultaneously in collider : | Injected H_ ﬂ b E P13 Ge o Seaal + background
. . g 006 — Injected He - - 2 ' — 7 b
and fixed target mode with two S ol MmiectedAr g ii w13 v
colliding system and energies! E ool ﬁ *iﬁ 187
3 - i 1 = e S
10° “ 00| :F'*' +F B E 10° :
3 & - + i 4 ©
% 180 Interaction region (pp) 0.02 - i . s . Ly L
3 e - + + . 3000 3200 3400 3600 3800
o 001 |— Tﬁ* + _ M) [MeV/e?]
E - E ;%anﬁﬁ=A ] - -10° : ,
120 0 SENE 500 ' ' ! ! 100 ' ' ‘ i ~300 TS 100 [ LHCb Preliminary 2024 $ Data ]
10— SMOG2 cell (pAr) Z [mm] ?U E ; Arﬁ 51?:5;18; (jelvmé — Signal + background ]
a i i i 2 W e
Gas density profile follows a triangular 3
0 J{HH\ th shape, independent from gas type 5
20 =
= g
0 600 J 00 200 — 200 o “

L L " " "
1850 1900
MK [MeV/c?]
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Conclusions

LHCb fixed-target programme is continuously expanding its physics reach

* New time-of-flight based technique to reconstruct and identify low momentum (anti-)deuterium

- First deuteron candidates observed in LHCb!

TE 10° = LHCDb 2024, \{%= 113 GeV
. . . 2 Runs 290410-307043
¢ Gas flow simulation studies for upgraded SMOG2 system to: e |
=}
: . : . . El
— control systematics on density profile for precise luminosity measurement 2
[<¥]
o
- Systematic on luminosity from density profile within percent level § !
1
- demonstrate the feasibility of injecting non-noble gases: H,, N,, O, v
10 pH, I pD, | pHe I pNe | ;)02. . I pAr
—> First H, injection in November 2022, regularly performed since May 2024 Collision system

Exiting new physics results expected with data collected in 2024 and 2025

Thanks for the attention
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LHCb fixed-target apparatus

Unique physics opportunities at the LHC

tHep MM syocHe  iHep MM sMOG He

o— @ o

8.16 TeV Ipph Other Collision Systems LHCb-PUB-2018-015
o/ I LHCDH W LHCD 110 GeV 5 10° vy g
10°: B ATLAS/CMS HEEE HERA X [ SMOG pHe 110 GeV >
- :\LIC‘E % 105 'f_ ﬁ e R
107} ALICE Muon O 1045 _____________________
o
100 108 o e S
S 10% 10: S ;I T R
1”2_ 1 = rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
0—1 ......
101} T B i . .
Saturated réqior 10° 107 10® 10° 10* 10° 102 107 )e 10% 107 10° 10° 10* 10° 10% 107 )e

107F 0= 10~7 1073 10~2 1071 100
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http://cds.cern.ch/record/2649878

Prompt antiproton production

First measurement of a(pHe — ﬁpmmth) at\/syy = 110 GeV:

* p reconstructed in the kinematic region (p € [12,110] GeV /c,
pt € [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 simultaneous fit to PID variables in (p, pt) bins.

* Luminosity from pe elastic scattering with gas atomic
electrons.

—> Dominant contribution to systematic:

- ' LHCb
—F— Data e . . . L.
oo e fmenee * Luminosity measurement: injected

gas pressure not precisely measured.

[IIIII]TIT

B 214< p<244GeVie —
-7 WK
I Fake

1.2< P 1.5 GeV/e

llllllllll

* Particle identification performance:
poor calibration statistics.

——

.- -
—-— .
_ e

1

2
arg(DLL+ i DLLy,) [rad]

IIII]I]TIlTII[II

Candidates per 7/20 rad
2 8 z £ & &8
- £ 5 & 5 & s

F
+
j
1
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do/dp [ub c/GeV]

35
30

_— e D
th © h O W

Result on XS is compared to different MC
event generator.

Experimental uncertainties (<10%) are
lower than the spread among theoretical
models.

—
" LHCb

== DATA
i pHe — pX 12<p <28GeV/c === EPOSLHC
- e VS = 110 GeV s EPOS 1.99
L B = QGSIETII-04
T m e = = QGSIETI-04m 7
s == HIJING 1.38

T T T T T T T T T L—

Moanag 0 T T . TTmainmy,

=== PYTHIA 6.4

-----------------

......................
.......................
LT TR R T e ey

e —

e e v — e ]
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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

Luminosity measurement in SMOG data samples

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

Event 82083147 e \

Run 174630

Tue, 17 May 2016 18:47:09
e

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

* pe events are identified as an isolated low-energy S W o ] S wf T ————
electron track. Zioof 1 = smp N i

(\EJ] 800:_ ** —— & candidates E r: Zf;;: 4 —=— ¢~ candidates :

e Charge symmetric background is evaluated through 2 b . comddies ] Zswf p4 e cudidies 3
. . . 2] ! » 1 :2 400_ + + 3
positron yield and subtracted from electron yield. = aoof - 1 Zsmf . N 3

S 5ok S 200F * E

. . . 5 200f O ok > o 3

* Poor electron reconstruction efficiency (16%) =2 6% o S i
. . . 5000 10000 0 50 100 150

uncertainty on luminosity p [MeVie] P, MeVic]

‘%1000:— had ' LHCb . % 800F 'ﬁ Lo 4

z i - —— ¢~ candidates 1 = 700;_ ¢ § —— c” candidates

. . . . ° § 800:_ +.°. (background subtracted) g g 6”'0_ ¥ (background suhlraclcdj—;

Dominant contribution to systematic uncertainty on ag! b % —— Simultion 1 Esof ¥ —— Simulaion :

|} " % 400 P 3

fob {gmb f s

2 a0 » * k- 200F 3 23' E

O E '.6*4 o 100— _‘?‘ﬂ‘ ABM E

=
il
=
&
=]

5000 10000 00
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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

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

A p " O & An® Q" - AK*

Aprompt — pﬂ--’_ i_ — 1371'0 E — A']T—i_ E
e Available data indicate strangeness enhancement but large spread among different theoretical models

- LHCb SMOG measurement can constrain the models

E, [GeV]
P e . CERN-THESIS-2021-313

II1-II1I| I-III'|I|II I \IIIII LI \IHHI LI | \IIIHI L] IIIIIII| Il O 0.55 __| T T T T T T T T T T T T T | T T T T | T T T T | T T T T | T T T |__

Martin Winkler at 2nd | HCb Heavy lon workshop § BHM = E p € [12, 110] GeV/c QGSJETILI04 =

0-8f 1§ S 05F — EPOS-LHC =

e 4sE Pp €104, 41 GeVic — HIJING138 E

06l T 1 MIRABELLE 5, 77 E n<s — PYTHIA E

PP { } Nado g 0.4 — EPOS199 L

2 ' f | 8 035F -

< 04 | § we 6035 E

o ] i ISR g wE_—— L

: I IS Y ] — 3

02 LHCb data would be I auce S gof T== =

| veryl helprI i s 8 0.15 E7! | | | | | | é

000 T BT T 0.5 1 1.5 2 2.5 3 35 4

Js (Gev p simulated transverse momentum [GeV/c]
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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 = 0g¢¢/0prim following two complementary approaches:
p
SV
+

o(pHe = (Aprompt — P ) X)

Exclusive approach: Rj;=

U(pHe — pprompt X)

~ Measure A — prr™, dominant detached component.

Inclusive approach: Rz =

Chiara Lucarelli, 01/10/2024

o(pHe — HX — pX)

O(pHe = ﬁpromth)

Focused on all detached components.
- Selecting antiproton with PID information and distinguishing between

R

prompt and detached p via excellent VELO IP resolution.

Identifying decay exploiting LHCb excellent mass resolution (no PID info).

- T

’
PV I/
LHCp SMOG He

large impact ;
parameter (IP) P
: -’

PV: _~
LHC p .-j»’smoc; He
prompt D

small impact
parameter (IP)
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Measure antiprotons from A, omp: :

Exclusive approach

Ry =

o(pHe — (Kprompt — pr ) X)

0(pHe — ijrompt X)

Event selection via kinematic description in the

Armenteros plot and impact parameters to select

signal decays.

- Most systematic uncertainties (luminosity, reco, ...) LHCp._.’SMOG e

cancel in the ratio.

PV _~-

10*
D 10°
sV
102
e I

Candidates per 0.34 MeV/c?
S

LHCb
pHe \syy =110 GeV

—— Data
Signal

llllHq T IHIHI T llllHq T
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ammmnn CET T,
LE T
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| 1120 I
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P momentum [GeV/c]
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Larger contribution measured wrt all most widely used theoretical models

5 LHCb —_—— Data' _:
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Inclusive approach

He > HX -9X) 7 _ 3 ©
Measure antiprotons from all detached components: R - = 0(p ¢ — pX) 9 H Aa 2,
U(pHe = ppromth)

u[I]l
)

£ % d . I d : . J I 2 4 K | Y 2 4 " |
— i ith i i @ LHCb —— Data prompt p
Sample enriched with p selected with tight PID cuts. ) 5 10" E e e 110GeV o detachod B —ove rom materil
. L . detached p e < ghost —- T
- Components statistically separated as ) jarge impact - q 8 — K e
. ° : <
detached and secondary with a fit to the pHe data Parame’ (I':;), e S 10°
H ° eg ® Cd =
impact parameter with the composition of LHC p @—»4pSMOG He S 104
templates (Gaussian compositions applied to small impaf.tp) prompt P 10°
. . parameter
simulation). iiP
. . . =5 IAOIIIISAIIIIO
Larger contribution measured wrt all most widely used theoretical models log(x?,)
7E LHCb | '~ ——Daa "§ & ogp LHCH T T T T T Eﬁ%sll 0 E
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Comparison between the approaches

k1.6
< 14

1.2

0.8
0.6
0.4
0.2
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Ratio of the results is expected to be predicted more reliably than the single terms

(depends only on the hadronization).

Results mutually cross-checked since found to be consistent with EPOS-LHC prediction.
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Anti-nuclei production

« Main channels for indirect DM measurements are e™ and p but limited in accuracy by the knowledge of background
from secondary production (e, p ) and standard primary sources (e™).

* Anti-nuclei production cross section (SM) scales with mass number A: 0, /O, = (1073)A

> d and 3He are ideal channels but it’s necessary to predict with high precision the secondary flux.

J

Coalescence model:

An anti-nucleus is produced if the nucleons are sufficiently close in
phase space: B, coalescence probability.

* Experimental data suggest that B, depends on the type of reaction (pp, pA or

AA) and on the incident particle momentum (p,,,). More direct measurements in the
* No comprehensive theoretical model to explain from first principles (anti-)nuclei > | interesting system and energy range
production in hadronic interactions are needed.

- Phenomenological models tuned on data
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Coalescence model

d formation is described via the coalescence of a p-in pair'

d
A _
T, k) = 3700 VY d3kﬁd3k,,_, 22

Factorization hypothesis and isospin invariance hypothesis:

dN;

. 4 AN, (k\ T
Vi ) = R+ 5 = 25ED S| v i s (] @

where R is associated to the reduction of the phase space after the
production of the first nucleon.

For an anti-nucleon with mass number A, under the same hypotesis:

vt sy (1) [ ()] o

_ A [(4n N\
Alternative parameter: By = —— (7190)
Mp
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Coalescence model: results

ANTIDEUTERONS
’U‘ T \IIHH‘ I \HHII‘ I \I\HII| I \IIIIH‘ I IIIHH‘ T I\HHI‘ I'TT]
= 220— —
% C FTFP-BERT EPOS-LHC Z
E 200; .:) p+p .p+p ; 2 (V,}(-‘;\ i T T IIIIII| T T \IIIII| T T T IIIII| T ]
— C B B 7 C'T‘1D T T T T [ T T T | T T T [ T T T T T LI Ny
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Expected anti-nuclei in SMOG dataset

Is the luminosity of the Run2 pHe (Vs,,= 110 GeV) dataset sufficient?

Estimation of expected number of d in dataset

* EPOS-LHC simulation of pHe (Vs\,= 110 GeV) collisions: 1<p<100 GeV/c, p;<3 GeV/c, 2<n<5. probability

(V5,71) = Ba (Ep

AN 4
dp’y

« Afterburner for d production: coalescence model (4=2) =) F 4

B, = coalescence

dN,
A

(Vs ﬁA/A))A

* Number of prompt p observed in pHe (Vs,,= 110 GeV) dataset used to normalize simulation results

Around 4500 candidates in LHCb acceptance

s

Expected 300 candidates in Time-Of-Flight region (1<p<10 GeV/c)

Chiara Lucarelli, 01/10/2024

d/p d yield

Total
(1<p<100 GeV/c)

RICH

0.9x103

1.0x10°3 2000

(35<p<100 GeV/c)

TOF
(1<p<10 GeV/c)

0.3x103

Future possibilities: expand searches for He

49



Anti-nuclei distributions
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Anti-d distributions
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Anti-He distributions
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d identification with OT Track Time

Hits position determined from TR relation (calibrated on data): 2,
tarift = troc,corr — tror — Cprop, = 2

|7”| |1"|2 20

taripe() = (2135 + 1442 ) ns -

For <1: 1:TOF,reco < 1:TOF,reaI - tdrift,reco > tdrift,real = errorinr determmatlon

-5 -

|:> Ford (p<3 GeV/c), hits position wrong of the order of 1mm wrt real particle track. rerror r [mm]
— pa [GeV/c]

— 1.0
2.0
3.0
4.0
5.0 Low d reconstruction efficiency at low momentum

6.0

1004

Terror [Mm]

10714

_ _ 0 10 20 30 40 50
Chiara Lucarelli, 01/10/2024 tarin [NS] >3



TOF Forward reconstruction algorithm

. . . . MC sample:
Modify the reconstruction algorithm to take into account B QGSJET for pHe + coalescence afterburner (1 coal x event)
o LA L A L L ]
. . e . P M 14F —=—n ——K LHCb Preliminary -
Target: Correct hits position to recover reconstruction efficiency = z . Simulation. PatForward 3
f 1'2; pHe s =110 GeV
1— -]
Loopon B € [1/\/1 + M2,../D?, 1] and save track with best fit 2 E 08w "
_|rmw;l Lol .
. . . . .y 0.615 - -
* PreLoop with no OT drift time: hit position at center of straw, 04% - ]
Ot = 2.5 mm O_zé_ : _;
1. If no candidate track, stop algorithm 0 003000 4000”5000 00050008000
. . - - - Momentum [MeV/c
2. If no OT hit, run regular reconstruction LHCh-FIGURE-2023-017 | ]
a:.' ot B
3. If track with OT hit, use track p to set B range for loop il 2 +1’: _’_f St ot ard
7] 1.2— - —
 Loop on B: for each step, correct hits position for B value and S L PHe s =110 GeVo -
Q - l
perform fit E osf e i
B ]
* Select candidate track with best x? 0-63 E
0.4F -
- 02F =
Efficiency at low p recovered - ]
= |

1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

2000 3000 4000 5000 6000 7000 8000
Momentum [MeV/c]
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https://cds.cern.ch/record/2868172

OT standard reconstruction

tarift = trpc,corr — tTorF — Lprop

Standard reconstruction algorithm:

1. Check for hits on the X planes of OT compatible with VELO seed

1. Simple correction of t.. for TOF with =1 = Flight distance from IP to <= Correct TOF with B#1.

centre of straw, straight line.
Correct TOF for

straight line to right y
3. Project hits from t ., on reference plane to select hit clusters compatible with VELO seed projection

2. From VELO seed, y of track on every planes = Correct t;, for propagation on wire =

2. Compatible hits fitted and excluded based on contribution to x?

1. From candidate track parametrization based on VELO seed and central hit of : Correct TOF for
cluster, correct t,... for adjusted propagation adjusted track length

2. Fit candidate track with cluster hits
C 3. Remove outlier (hit with highest x?) ¢ = stop loop when reached good quality
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OT standard reconstruction

tarift = trpc,corr — tToF — Lprop

Standard reconstruction algorithm:

3. Track candidates with minimum OT hits and maximum y? extended with compatible hits from stereo planes

1. Candidate track parametrization from fit used to : Correct TOF for
extract x,y position from stereo hits adjusted track length

2. Project hits from t,.;. on reference plane to select hit clusters compatible with VELO seed projection

4. Parabolic fit of x information and linear fit of y information performed to exclude hits with largest y? contribution
1. Repeat x fit from step 2 including x component of stereo hits

2. Straight line fit for y component of stereo hits (same steps as x fit)
Correct TOF for

3. Based on new y parametrization of track, update hits and repeat y fit — adjusted track length

5. Quality variable based on momentum, x?> and number of hits defined, P Based on NN tuned on high
to be used in best track selection momentum pp, changed to x?
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Track Rec. Eff

TOF Forward performance studies
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Step size:
Negligible impact on efficiency
and B resolution

Reco time significantly increase
reducing step:
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Reconstruction efficiency
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QGSIET for pHe + coalescence afterburner (1 coal x event)
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o, 0.008

Momentum resolution
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o, unchanged

Multiple scattering dominates
o, over hit position

MC sample:

QGSIET for pHe + coalescence afterburner (1 coal x event)
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Mass reconstruction vs std OT TrackTime

Loose selection:

converged fit + o(3)<0.06

* C(Clear d peak separated from
background for p<3 GeV/c
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Performance on MC simulation
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Bias on B reconstruction
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* Correct estimation of uncertainty
e Systematic underestimation of

at high momentum

 Origin of bias to be understood,
could be related to approximations
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Deuteron selection
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Selection efficiency

| Efficiency for simulated deuteronsl
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Performance on Data

Clean samples of m and p from Kg - *n” and A - pn~ + cc (B,,,. known from p)
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(Anti-)helium identification

What about (anti-)helium?

New technique developed in Aachen based on dE/dx |:>

in LHCb subdetectors

LHCb-DP-2023-002

lonisation losses: Z?> dependence in Bethe-Bloch

— dE/dx to identify He
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(Anti-)helium identification

i ~ LT e ] Amplitude (ADC) _7-bit

< Heliu 7] _ . 7= i ite A +i 127

5 : e Bethe Bl?;h.lz 2 ?alrtlcles deposits ~4 times the

3 1 energy of Z=1 particles I

% 0.1 B 2 N ) [ —— _ l_ _l m l..ll

S i 1 —> He: higher ADC counts and wider cluster size 1 2 3 4 >
P T S S e S Cluster size (CLS)
0.0 0.1 0.2 0.3 04 0.5 0.6

LHCb-DP-2023-002 AE [MeV]

Probability Density Distributions (PDD)

T T | L | T T rrrr]

Q
o . . . . . . a 0.1 Cb 3fb!
Define Likelihood discriminators based on cluster size and ADC counts: 5 D** and A decays | p.x xdua
» |2
n 1/n @ E 10~
() —
LX = PDD; ,X = {He, Bkg} a ‘.
107 H/
i=1 —
10-'0 -

o
—_
I

. LHCb simulation ]
Helium
-~ CLS=1
4L — CLS=2 |
10 —— CLS=3
107 | /d_

— CLS=4
IT
R (1
\ 10—10 PO | TR B L

Chiara Lucarelli, 01/10/2024 I(.)HCb-DlPO-02023-%)%OZ 300 VE(I),(()) R A]§?3067

. AYgo

One discriminator for each subdetector: < « AT

1/NdN/dADC

PDDHe



https://arxiv.org/abs/2310.05864
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Prompt (anti-)helium at LHCb

Selection: Run2 data: pp collisions at /s = 13 TeV, £,_=5.5 fb!
e All trigger lines ] . i .
P t track tible with PV ing th h VELO, TT, and T1->T3 First (anti-)helium candidates
° -> . .
rompt tracks (compatible wi ) passing throug , TT, an observed in pp in LHCb data!
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Application: Hypertriton

* Hypertriton life-time and binding energy gives access to hyperon-nucleon interaction /q*\
—> Constrains on maximum mass of neutron stars PN TN ( @ - \)
Search for 2-body decay into He: @ /—>{\,/@ \} ' )\ A
3 3 - \
AH - “Hem™ + cc \g/ \Q/_//@/ (77
Results:
(Run2 pp collisions at /s = 13 TeV) % 60 L L L L
. . ) = s LHCb preliminary
Yields: ~ L ¢ Data5.5 fb!
— 61 £ 8 Hypertriton > ) —— Signal 1
46 + 7 i_H : &2 40 - —— Background
- t 7 anti-Hypertriton § I , Same-sign data
e Statistical mass precision: 0.16 MeV S ) i
St ]
Under investigation: 20 ' —
 Systematic corrections on mass scale: ]
— Charge-sign dependent energy-loss - +
o f. ° Ft). fz_zgy Oﬂﬁﬁ-ﬁ#;l. y ity
| [facking corrections for &=< 2960 2980 3000 3020 3040 3060
* Efficiency and acceptance corrections LHCb-CONF-2023-002 (submitted to EPS-HEP2023)  m(3He ) [MeV]
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The LHCb experiment upgrade

|Upgraded LHCb Detector |

Detector Channels

R/0O Electrenics

To be UPGRADED

SciFi

Tracker
b

RICH2

Chiara Lucarelli, 01/10/2024

LHCb detector upgraded during 2018-2022 to
extend the reach to new physics signatures and
increase precision on key observables

* Tracking system fully replaced
* New optics for RICH system
* New electronics and DAQ channels

* Full DAQ chain only software:
— First trigger level completely on GPUs, 30 MHz

- Real-time alignment & calibration and event
reconstruction & selection



SMOG upgrade: SMOG2

SMOG: unique opportunity at LHC, but some limitations highlighted by analysis:

Nominal p-p
collision point

* Limited statistics as data collected only in dedicated periods without pp
physics or with beam-empty LHC bunch crossing (10% of total)
— Overlapping with pp luminous region problematic

— For operation safety, max 10”7 mbar gas pressure Storage cell

. . . . . 20 cm +20m
* Limited variety of collision systems .

— For operation safety, only noble gases
— Gas switch requires access in the cavern

* Limited measurement precision
- No direct pressure measurement to measure luminosity
- SMOG data processing not included in “standard” pp analysis tool
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Physics opportunities with SMOG2

EPOS-LHC
e Ultra-high energy CRs are measured by ground-based experiments, after
21§ full development of the shower in the atmosphere
g 00;00204060810 + +
E ] sys. comelation ’ .-‘+ * Muon puzzle: observed a muon excess with respect to model predictions.
| n
I AH 4 * Modelling of hadronic interactions in non-perturbative regime require
N 01— - - . . .
< more precise and more various experimental data.
¢  Auger FD4SD A Yakutsk AGASA . . . o o
-1 ;,:%bgmm § NEODDRCOR | v * SMOG2, accessing the poorly explored high-x and intermediate Q? region,

PR T P R ¥ TR AT can give a unique contribution
E/eV

Eobeam=6-8TeV, 2 <1 < 5 Ep beam=0-8TeV,2 <n <5

-8 =@
0 H 0

* With SMOG2 O, target and p beam: exactly reproduces CR

particle impinging on the atmosphere. JSwn = 80 GeV, JSwm = 112 GeV,

. . 24 < YecMms < 0.6 —-2.8< YeMms < 0.2

*  With SMOG2 0O, and H, target and O beam: OO,,, simultaneously
at two energy scales and rapidity; OH, reproduces very forward pO  Eobean=6.8TeVxZ,2<n <5 Ey bear=3-4 TV, —6.9 < y’ < —3.9
. . . LAB Frame - Beam rest Frame
interactions in the O at rest reference. o
‘ ) <\ -1 °
0 H VSNN = 80 GeV
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Sticking coefficient evolution model

No theoretical model to describe sticking coefficient saturation. Some general empirical models exists but parameters
must be measured for each NEG film + Gas combination

—> Sticking coefficient evolution model fitted from experimental data.

H, N,
Parameter ‘ Fitted value
0.020 - S50 0.0258 = 0.0008

. S Zo [em 2] | (0.7 +0.2)-10™

1\ Parameter | Fitted value = D 7L9
o 001 \ s (C4+2)-10° 5 S0 0.020 = 0.009
= S0 0.0179 = 0.0002 = . k[em™ ] | (0.26+0.16) - 107
o = h 14+03
2 gm0 X\ —0.94 +0.03 10t
© O L
Qo
[$] (@)} —
2 \ £ -
X 0.005 X
2 . O
@ L s |

0.000 - . = ,'I|0—1 ' |1
- 1. T — N2 molecules cm™ [X 10"] (smooth sub)
H concentration in the film [at.%] 2 \P $0.0
s(xi) = Ssar + S0 s(r) =1 , . g
= T > T
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Saturation starts after 3 min of injection, total
saturation of first 5 cm after 30 min

Saturation propagation slows down after 1 h

After 10h of continuous injection, saturation up to

~20 cm and total saturation up to ~13 cm.
— 15% area saturated, 37% reduction of average s,

Max z vs time
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Sticking coefficient

le=2

Sticking coefficient vs z

Fraction saturated

Fraction saturated vs time
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Results accuracy: N,
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— Saturation starts after 20h of injection . .
Fraction saturated vs time

le—2

- Fraction of saturated area increases linearly but spatial 3] — Fraction of # facets -
propagation slows down after 48h (~5 cm) £ | — Fraction of Area _ 015
—> Corrugations hinder gas flow g ’T:‘ 010
— After 96h of continuous injection, saturation up to ~11 cm g g
(but saturation >10% up to ~7 cm). £
0.00

— 2% area saturated, 20% reduction of average s, , ——————————— ——

0 20 40 60 80 100
. . Time [h] Time [h]
— Atomic concentration x,,: 3% (z<20 cm)

9 WeII below embrittlement threShOId XC vs z¢ (time_tot==1.22 h) XC vs z¢ (time_tot==5.54 h)

> g g E 15 2
. % ‘E i - & o;i:s .téggé- 0.0163 % ‘i. ' i cééég~ -:gggé. - o - Oﬂ‘ﬁﬁ

Max z sat vs time Sticking coefficient vs z T E ,;M?M ’ =TT j M
le-2 osf2 » Veoeas teesss 0012 o5ese s I Neaads teesss 0012

Vet "‘ W Fasss P e e e e
Feee & F gl o o cauiydiyituiyity 0.0
i OLY; i MWM T A AL g GAPAPARARAY |
- F F AT AT A 0,
10 : 05— ' """ 0.006 . —_H:: ‘;.'.‘Un.._..‘ 0.006
Time [h] *E .r" """ RIS TER SRR~ SEPRY © TR
= S ‘- T un 0004 Feoeodl =X 11T 1199 0004
g 8 e 003 e L ERRELn agaRat . e Do DhEEERdRERREY L.
S . 0.24 T ”E:‘t‘o’e(m' ° % 5 i i % % ¥ * zce:love(cm) ’
"5 6 o 051 Time [h] » 0.62
» s ] 24.4 e 122
N £ . 48.14 . 253
e 4 20371 +  60.57 e 554 Xc vs zc (time_tot==24.4 h) Xc Vs z¢ (time_tot==96.84 h)
@ _E 5] o 741 " 5 sE H £ s g
E Eﬂ . 96.84 . 10-73 % E - o - ::::--: c:;;;;a - & & & a omsﬁ j;j E - & & - j::;:: - & & & a 5§
2_ ;Ulﬂ : . ‘ 224 § ‘:::::‘ : - .é '."M e S *r ‘annm ’
. I . Feeee C IR N H ', b
oun is ;’i‘--.]h....-ll;.--- ‘ 48.14 053;;; ,,: . ...,‘1..... ::2 = r i"‘. oo AV
0 z [em]) i s 96.84 f""‘M’“"“W “' ':2‘:'"‘"‘““"'\"“"‘\ £ pr i" * syltyfyliviiviy o0t
. [F50 0 of f . « o s PAPAPAYAYA, 0.008 3o o o gpAApRpALS e PAPAYAQAYAY
0 20 40 60 80 100 ; ' -‘ 3 ‘ y ! e s v veveeee | e 3 e |
: 0 10 20 30 10 50 6 osfiiad £ SRR .os;EEE: faeidt 0.006
Time [h] z[cm] JEE 378 S W 4 YO ¥ S .
= o v © s mineses 0.002 —‘:7 o e « !:.::" v v v w s 0.002
L | | o & L

Chiara Lucarelli, 01/10/2024 S e e T e e 76



Results accuracy: H,
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Python script: Molflow+

A brief explanation of Molflow’s algorithm:

Chiara Lucarelli, 01/10/2024

Test Particle Monte Carlo method: simulation of virtual test particles (vp). Only
collisions with walls (characterized by temperature, opacity, sticking coefficient).
Physical quantities derived scaling from virtual to real physical molecules:

dfreal
dt

Steady-state simulation: simulation of system at equilibrium. Continuous influx of gas
particles (constant outgassing rate) and pumping speed.

= scale * fy, scale = outgassing rate/# desorbed vp

* Only rates are simulated! Impingement rate, absorption rate, ...

* Absolute quantities (i.e. # absorbed particles by a facet) can be obtained
multiplying the rate by an arbitrary time (physical time).

Statistical accuracy of simulation roughly connected to # hits per facets and on the scale

factor: Q %

Fix # desorbed vp: Fix simulation time (timeCPU):
higher #desorbed = lower scale factor, longer timeCPU = better statistic,
but simulation time can diverge. but no real control on scale factor.
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Python script: input and output

Input:

* xml/zip geometry file (from the Molflow GUI).
- Must already include outgassing.

e Starting sticking coefficient.

Output:

* xml/zip MolflowCLI output file for each step (option: overwrite input file).

* xml summary file with relevant data:

- simulation parameters: gas mass, total outgassing, input and output file.
- facet parameters: id, temperature, area, centre coordinates.
- iteration data: id, CPU time step, scale factor, total time, pressure, density, #
hits and absorbed (for iteration and total), concentration, sticking.
- NB: starting conditions memorized with iteration id = -1
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Python script: parameters and controls

Parameters:

 CPU Time steps: It’s possible to define variable CPU time steps that follows a predefined
sequence or update CPU time steps so that the scale factor remains (almost) constant.

* Physical time (and total time): the physical time of each step is chosen in order to move
along the sticking coefficient curve evenly for every facet (i.e. no extreme coefficient
jump in one step) 2 Minimum time (for all facets) that produces a decrease in sticking
coefficient lower than a fixed value (i.e. decrease of 10% of the sticking coeff.)

* Facets to be updated (indexes, intervals, selection groups).
» Sticking evolution model: N2, CO and H2.

e Stop condition: condition that interrupts the simulations loop. Currently available:
maximum simulation time, maximum saturation propagation along z, maximum number
of iterations and saturation in any of the facets.

e Starting point: the simulation can start from any intermediated simulation step
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Validation strategy

Validation of the script on a simple pipe in order to
reproduce Yasunori Tanimoto results (presentation).

100+

* Constant outgassing from one extreme; constant 1
pumping speed from opposite extreme (7 I/s). 1073
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— Starting sticking coefficient: 1.
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BGI: transversal uniformity

Beam-Gas Imaging (BGl): interaction between beam and gas molecules within LHCb interaction region to measure
beams properties and luminosity = SMOG2 gas injection to enhance beam-gas interaction rate.

Transverse density profile: in principle uniform, but important to evaluate non-uniformity for systematic effects on BGI

. . p(T»Z)_<P)z . L.
Target: evaluate non uniformity in transverse plane inside the cell
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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 SMOG2, 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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Semi-automatic GFS control

~| Tools ~| Action -| Replay ~| Admin | Help -|

File -

New FSM allows a semi-automatic control of GFS operation: .

® Part of VELO vacuum control, accessible via remote desktop (dedicated
SMOG piquet account?)

® Two (almost) independent FSM:
— GFS preparation: gas reservoirs operation and table preparation

xxxxx

xxxxx

nnnnn

— Gasinjection: pumps regime selection and injection control

nnnnn

nnnnnnnnn

& VELO GFS Table: SMOG Gas Injection - [m] x

~SMOG2 Tabl;

GFS preparation: GFS Gas Control

Preparation of GFS table for desired gas: purging from existing gases, preconditioning for new gas
- Independent of injection process.

— It can be performed whenever outside injection procedure.

— Preconditioning guaranteed for 15 days = after expiration, forced purging.

— Swap between two gases requires 30-40 min (purging 20 min + preconditioning 15 min).
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Semi-automatic GFS control

[~ VELO Vacuum System Synopt

New FSM allows a semi-automatic control of GFS operation:

® Part of VELO vacuum control, accessible via remote desktop (dedicated ig =
SMOG piquet account) =] *
®* Two (almost) independent FSM:
— GFS preparation: gas reservoirs operation and table preparation LA~ )
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— Gasinjection: pumps regime selection and injection control o)
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Injection: GFS

® Control swap between Nominal (ion pump on, TurboPump isolated) and SMOG
regime (ion pump off, pumping through TurboPump).

— Possible only when there is no beam, it takes 15 min.

- Regime Change Allowed interlock, to be tested.
® Prepare line (15 min) for injection and control start/hold/stop of injection.

— Fixed injection flux (Oct23 calibration) = 2e-5 mbar |/s for Ar.
— Injection on Hold up to 30/60 min = after timeout, forced recovery (40 min).

— Interlock (Injection Allowed) when VELO is moving, to be tested.
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Automatic run change: implementation
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Change run

> NONE
SMOG NONE

Run change when:
® NONE<->SMOG/SMOG?2 transitions.
® STABLE<->UNSTABLE transitions.

- Expected 4 run changes for each injection cycle

Automatic run change when injection conditions change:
® |dentify start/stop of injection.

® ldentify stable pressure plateau (slow decrease of
pressure) and pressure spikes (unstable).

4

® |f mode == NONE = No status monitoring.

® When injection valve change status - Mode == INJ,
status == UNSTABLE, stability monitoring ON.

® Moving average over 10 readings of pressure: STABLE if
change wrt previous reading <0.7%.

® When injection valve is closed and status == STABLE
- Mode == NONE, stability monitoring OFF.

® In order to exclude frequent run changes, status freezed
for 2.5 minutes (minimum time for Data Quality in pp)
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VELO incident — January 2023

RF foil separates LHC primary vacuum from VELO secondary vacuum

Multiple vacuum equipment failures = No control over pressure
protection systems

. . gy Primary Vacuum
Apressure ~ 200 mbar but foil designed for Apressure<10 mbar /ey —

J

Plastic deformation up to 14 mm of RF foil towards beam pipe
- VELO and SMOG2 cannot be closed
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No data acquired with SMOG2 in 2023 25 [ —
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