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LHCDb is a single arm spectrometer fully instrumented in the forward region (2.0<n<5.0)

Designed for heavy flavour physics and also exploited for general purpose physics
[Int. J. Mod. Phys. A 30, 1530022 (2015)]

Collision » Muon
£~97% for misID~2%

~20um IP resolution

Tracking (magnet)

0.4%-0.6% momentum resolution (0.2-100 GeV)
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LHCDb is a single arm spectrometer fully instrumented in the forward region (2.0<n<5.0)

Designed for heavy flavour physics and also exploited for general purpose physics
[Int. J. Mod. Phys. A 30, 1530022 (2015)]
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Integrated Recorded Luminosity (1/fb)
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2018 (6.5 TeV): 2.19 /b

2017 (6.5+42.51 TeV): 1.71 /fb + 0.10 /fb

2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /b
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /fb

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

LHCb Integrated Luminosity in Pb-Pb in 2018
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2010 (3.5 TeV): 0.04 /b
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Integrated Luminosity (1/ub)

Pb-Pb 2018

‘ ®  Delivered Lumi: 236.92 /ub

Recorded Lumi: 212.95 /ub
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LHCD Integrated Luminosity at Pb-Pb in 2015

Delivered Lumi: 6.10 /ub
Recorded Lumi: 5.58 /ub

Integrated Luminosity (1/ub)
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LHCDb Integrated Luminosity at p-Pb 4 TeV in 2013
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Integrated Luminosity (1/ub)
g

p-Pb 2013

Delivered Lumi: 2137.72 fub

Recorded Lumi: 1949.02 fub
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Dark Matter and LHCb

. — Unification of Dark Matter and SM phenomenology predicts signatures at LHC.
— Many signatures can be searched at LHCDb

+ Dark bosons

+ Rare decays

+ Long lived particle (LLP)

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

. — Unique coverage complementary to ATLAS/CMS
. — Soft trigger and forward acceptance — lower masses

' reach

. — Excellent secondary/tertiary vertex reconstruction —

' lower lifetimes (~ 1 ps).
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Hidden Sector Bosons in B’ 2K u*y PRL 115, 161802 (2015)
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Multivariate selection is applied to reduce

the background further using uBoost
algorithm.

J. Stevens and M. Williams, uBoost: A boosting method for
producing uniform selection efficiencies from multivariate
classifiers, JINST 8, P12013 (2013).
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Different models hypothesize a field that
could explain inflation, baryon asymmetry
and/or dark matter.
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Hidden Sector Bosons in B’ 2K u*y PRL 115, 161802 (2015)
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. — Search for a narrow dimuon peak is performed 505 §
i a S
5 .. . “ I
. — Limits for the axion model below are calculated. §; =
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Hidden Sector Bosons in B* 2K 'y -

+

K*/ K+

— Sensitive to DM sector with portals to SM
— Three regions of dimuon decay time are selected to optimize limits using Run | data
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Candidates

Candidates / ( 3.3 MeV/c?)

PRD 95, 071101 (2017)
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Hidden Sector Bosons in B*2K 'y 'y

— Model-independent limit with branching
fraction normalised to B*—K 'y (u*y’)

— Lifetimes constrained relate to decay
lengths ~30 mm to 30 cm
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() [ps]

PRD 95, 071101 (2017)

3000
m(x) [MeV/c?]

for square of the mixing angle, 82.

B. Batell, M. Pospelov, and A. Ritz, Multi-lepton signatures
of a hidden sector in rare B decays, Phys. Rev. D 83, 054005
(2011).

F. Bezrukov and D. Gorbunov, Light inflaton hunter’s guide,
J. High Energy Phys. 05 (2010) 010.

F. Bezrukov and D. Gorbunov, Light inflaton after LHCS8
and WMAP?O results, J. High Energy Phys. 07 (2013) 140.
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' — Interpretation for the inflaton model
 described in the references below is given




Dark Bosons in s—d PRL 120, 221803 (2018)

Hints from HyperCP experiment could indicate the

existence of darkboson. \
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H. Park et al. (HyperCP Collaboration), Evidence for the
Decay £ — pu*u~, Phys. Rev. Lett. 94, 021801 (2005).
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Dark Bosons in s—d PRL 120, 221803 (2018)

Usmg Run | data, LHCb found evidence for SM decay
| Bt - pptpm) = (221]3) x 107
No significant peak in the dimuon mass.
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Dark Bosons in gluon fusion

. —In the dimuon final state, searches at LHC usually
_exclude the Y region.
—Due to the excellent mass resolution, search fora
-narrow dimuon resonance in the mass region '
- between 5.5 and 15 GeV at LHCb is performed. :
. —Mass independent multivariate selection is used to :
. maximise the analysis sensitivity. |

Murilo Rangel
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JHEP 09 (2018) 147
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Dark Bosons in gluon fusion

S 8000F 7.5 < pr < 14 GeV
s [ 2<n<45 — Fit PDF ]
§ eooor- F 1 Pt Pl T (nS) ]
= : ~--- Background ]
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Candidates/(18.6 MeV)

500
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' Due to the precise model of tails, LHCb :
sets first limits for spin-0 hypothetical
light dimuon resonance in the mass:
- range between 8.7 and 11.5 GeV. :
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JHEP 09 (2018) 147
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Dark Photons PRL 120, 061801 (2018)

K H : electromagnetic current suppression factor

I e s e s ot e s s = s s mm s = =t
p ge 7V . M+ N
i !/ . no m(A/ !/ A
meson SM [ (A) ] g bQ[Am )] .7:[777 A [m
p
) N [off-shell photon hase-space A /vy* eft ratlo
meson decays M Drell-Yan " p P e=1 for prompt
. — Coupling may arise via kinetic between the SM hypercharge and A’ field strength

tensors
— A’ can decay to pair of muons and search can be normalise to prompt production
- — Search is fully data-driven if very short lifetimes are considered
'Run Il data: L=1.6/fb at 13 TeV
Trigger: Soft p; muons with no prescale
- — Di-muon masses down to 2m(u) up to 70 GeV
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Dark Photons

Candidates / a[m(pu*p)]/ 2
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PRL 120, 061801 (2018)

A= V
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Dark Photons

90% CL exclusion regions on [m(A’), &%

~ 107
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[ cHeb

PRL 120, 061801 (2018)

- Previous Experiments

1g-1e . —
1072 107! 1

m(A") [GeV ]

No significant excess found in the prompt-like search.
First search for dark photon masses of 10 GeV.

Murilo Rangel
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Dark Photons PRL 120, 061801 (2018)

Long-lived search covers lower masses [214-350] MeV
— Excluded material map using beam-gas collisions (photon conversion background)
based on material interactions from hadrons produced in beam-gas collisions

— e ] T T |' T r T r :
g 20 :_ JINST 13, P06008 (2018) — 103
~ C 3
?;) 10 :— —: | ,
Ao i . 1°
e 0 — LHCb =] =
-10f— — 10
~20 — | | -
— | N ) 4 4 | =
~500 0 500 1000 !
z [mm]
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Dark Photons PRL 120, 061801 (2018)

Long-lived search covers lower masses [214-350] MeV
— Excluded material map using beam-gas collisions (photon conversion background)

90% CL upper limit on n [m(A’),e2] / ni [m(A’), £2]

~ 107 710
b B LHCH ~ERlonglivedexcludedy Jo™
I : No significant excess found :
- : First displaced search not from beam-dump
10 : experiments :
50 300

~10
10 350

) [MeV]
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F-—————————
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The trigger explores displaced vertex topology and the limits use:

Background model empirically modeled as HF decays material interaction
Signal model obtained in simulation

Murilo Rangel

Signal model (35 GeV/c?, 10 ps) for B(H® — m,m,) = 1.
Best-fit signal model (35 GeV/c?, 10 ps).

EUR. PHYS. J. C77 (2017) 812

Search for SM Higgs decaying to hidden valley particles
— Single displaced vertex with two jets

_______________________

10* ¢ LHCb
103

Vs =8TeV

Candidates / (2 GeV/c?)
S

80
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EUR. PHYS. J. C77 (2017) 812

’\> 103 C . ¥ Y ' ! LU | y J Y p L I L l:
N F o m, =25GeV/c? 8 m, =50GeV/c? ]
1 [+ m =35GeVi?  x m, =35GeV/c, m, — co LHCDb |
TI_/ 102 E° my =43 GeV/c? + m, =35GeV/c?, m, — s§ 4
= ‘ \
i
Z &
o 10f E
3 F
e !
10—1 E_ ]
10—2 | Ll L
! 10 10? 10°

No significant excess found in the long-lived

Example: for m_=50 GeV and 1=[5-50] ps, BR>30%

Murilo Rangel

Lifetime [ps]

is excluded
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LLP — ptjets EUR. PHYS. J. C77 (2017) 224

Testing models:
- mSUGRA with R-parity violation
- Four simplified MSSM models
- Possible decay of Higgs-like particle with mass between 50 and 130 GeV

i u
H(125) ""— : ®
0
_____________________________________________________________________________ = —
| Trlgger on displaced vertex containing a muon and tracks S LHCb o
; = F TtTNe ;0 background
I l % ------------ signal
. . . . I c)
: Selection based on MLP using 7 variables — R, is the most | g \4 -
i discriminant 2 b :
: Limit setting from fits to LLP mass i 5 F ]
| Background model empirically modeled as two exponentials i : 210 4b — 6b e 8‘0
. . . . . I
: Signal model obtained in simulation i LLP mass (GeV/e?]
o I
21
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LLP — ptjets Eur. Phys. J. C77 (2017) 224

— 10 F LHCDb
e a
S Vs =8 TeV
§ L._._9s_._ . BR=10%
o
% 1 F
o -
m -
o L
L X
O | TLLP = D PS
10-1 . 1 N N N 1 N N N 1
20 40 60

LLP mass [GeV/cz]

5 models tested and no significant excess found in the long-lived
Example above: m(H)=125 GeV, 1(LLP)=5 ps and BR=10%,
LLP mass < 30 GeV is excluded

22
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H—urt lepton-flavour-violating decay EUR. PHYS. J. C78 (2018) 1008

Lepton-flavour-violating decay of Higgs-like particle will indicate the presence of unknown physics.
Four decay channels are analysed and the search is performed for masses between 45 and 195 GeV.

& 220F T i @ ey 3 — 10° [ | I — T | T T =
Q E LHCb Vs =8 TeV : © - =
~ 200 = o - sl ]
> = —e— Data 3 [ F S—/\ :
o 180F wy 25T 3 N \ B ;
O 160F N Z1T = + i '
) 140F Iﬁg —— QCD 3 ;‘l\_ i |
~ 120F Htit V7 =
2 100 E sz Other E T 10 3 =
£ ok H (55 Gevier) L Fuacs G-sTev 5
:-9 60 E = So - —— Observed ’Z' i
o B £ © - e Expected Fle §
S 40F - e s
< o = - I tlo k= [T '
o 285— o’ 1 E 26 . T,
< — W1 S Tt - 1 | L | L | L | L | L | L | L | L
50 100 150 200 125 45 65 85 105 125 145 165 185 205
m(uty,) [GeV/c?] my, [GeV/c?]
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Antiproton production in pHe collisions

| Astroparticle experiments probe dark matterin |

l the universe, but large uncertainties due to the
} antiproton production cross-section limit their

SenSItIVIty. O. Adriani et al. (PAMELA Collaboration), JETP Lett. 96,
621 (2013).
10-3 M. Aguilar et al. (AMS Collaboration), Phys. Rev. Lett.
117, 091103 (2016).

¢ PAMELA 2012
¢ AMS-022015

a
4
S
s
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,/’*/ Uncertainty from: W% Cross-sections
Propagation

W Primary slopes
Solar modulation

1 5 10 50 100
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|
I 10—6
|

|

|

—LHCD is able to inject gas in the interaction region and become

a fixed target experiment using SMOG device.
—6.5 TeV protons collide with He at \'s = 110.5 GeV
—0.4/nb acquired in 2016

Murilo Rangel

TP 301 |.|

—

PRL 121, 222001 (2018)

SMOG

Gas

— injection
| Q

= Gas bottles
* Restrictions

® Evacuation

ev3oz P /
Detector Box
Jp with RF foil i
s I Detector
LHC =
beam  SO—
VELO vessel | Pe2m !
vacuum with RF foil

Detector Box

\
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Antiproton production in pHe collisions PRL 121, 222001 (2018)

: & T T T T [ T T T T [T T T T T T T T T] -.@=- 120<p<140GeVic.k=0
: 33.7 million reconstructed pHe collisions for about E 10?
- 1.4 million antiprotons <
: 16.2 < p < 18.7 GeV/c, k=2
- - - - - - : - <
E A0 E ! - ' LHCb E 3— 10—1 18.7 < p <21.4 GeVic, k=3
% 2000 :_ E_ata pHe sy =110GeV _: %[— 214 < p <244 GeVic, k=4
%20000 — e 214< p<244GeVie — § 107 Y
5 E I Fake = g 10
10000 [— - N-O 314 < p <35.5GeVic, k=7
E = g I_: X 107
5000 E ..: L. — ,;‘4 35.5< p <40.0 GeV/e, k=8
0 | . _-;- g O (x) o : 2 5 40.0 < p <45.0 GeVie, k=9
arg(DLLy+ i DLLy,) [rad] : 10°
: 45.0 < p <50.5GeV/c, k=10
............................................................................................... o N
. . . . - 56.7 < p <63.5GeV/c, k=12
— First measurement of antiproton production in p-He collisions 107"
— Significant excess of anti-proton production over the EPOS
— Measured range of the antiproton kinematic spectrum are crucial 1075 |
for interpreting the precise anti-proton cosmic ray measurements sy s GV iets
from the PAMELA and AMS-02 experiments by improving the 1077
.. . . . 88.5< p <98.7GeV/c, k=16
precision of the secondary anti-proton cosmic ray flux prediction
10_[9 e I ¢ oo o o I a9 o0 1 2 3 2 - .= 98.7< p<110.0GeV/c, k=17
0 1 2 3 4
pT [GCV/C] 25

Murilo Rangel



Murilo Rangel

Max Luminosity [10%/cm%s]

LHCb Upgrade

arXiv:1808.08865 [hep-ex]

current LHCb —— Upgrade | ——» Upgrade Il—»>

20—: = = = " I:
] 300
18—
165 5 —|250
1 ¢ =}
14— =
a — 200
12— =]
= ;’-’ 3
10 | —150
8 a3
6— —100
4—: 7
= = 50
2— .
0 8, n L 1 1 1 L
2010 2015 2020 2025 2030 2035
T T T Year
Upgrade I Ib i

Integrated Luminosity [fb™]

Run 1+2: 9.1/fb
Run 3: 25/fb
Run 4: 50/fb
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https://arxiv.org/pdf/1808.08865.pdf

LHCb Upgrade
CERN-LHCC-2012-007

New mirrors and
photon detectors

uTt
(new silicon tracker)

New readout electronics

eiie /| o for the entire detector
erte /

Locator/ _ [/
/i

New VELO -
(Pixel Detector) RS AT " / BREEEEM | | ] TR

IUpgraded LHCb Detectcll

Detector Channels R/O Electronics

o ,.

SciFi
(new scintillating fibre tracker)
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http://cds.cern.ch/record/1443882?ln=en

LHCDb Trigger - Upgrade |

% Increase instantaneous luminosity:
4x10% - 2x103 cm?s™

*# Replacement of tracking detectors
# finer granularity to cope with higher particle density
# new front-end electronics compatible with 30 MHz
readout

s Remove hardware trigger stage and operate software

trigger at 30 MHz input rate with 5 x more pileup than Run 2.

s# HLT1 output: from 100 kHz to 1 MHz
Disk buffer contingency: from weeks to days
HLTZ2 output: from 0.6 GB/s to 10 GB/s

JINST 14 (2019) P04006

Murilo Rangel

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

oooooooooooooooooooooooooooooooooooo

-Software High Level Trigger

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

L

Buffer events to disk, perform online

detector calibration and alignment

L

7 N\
Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers

\ J

<3 I OO
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Possible trigger on merging jets suggested by Schwaller P.,
Stolarski D. and Weiler A. [JHEP 1505 (2015) 059] Extrapolations show good perspective to reach lower
masses and lower lifetimes

LHCD dataset
Published Run 1
at 2 fb!

23 fh~!
. 50 !

N
~ 60_
% . 300 fbh!
O
N
3

Emerging Jets

ATLAS and CMS dominated

~25m

LHCB-CONF-2018-006

]_O I T TITT I U ITIT] LIRS I WAL | LI L) |
w* 102 10?2 10! 10
Ty 7 [m]

1 ATLAS and CMS dominated
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Summary

% LHCb has an extensive program of searches sensitive to Dark Matter

% Analyses explore the unique LHCb capabilities for
. separating primary, secondary and tertiary vertices with excellent resolution
. triggering on soft particles

» Future and other related results can be found here

30


http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html

THANK YOU!
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Run 2 trigger
LHCb Run Il Trigger Diagram (2015 - 2019)

40 MHz bunch crossing rate

L I b Trigger structure:

LO Hardware Trigger : 1 MHz
readout, high Etr/Pr sighatures

¢ Hardware: energies deposited in calorimeters and muon
stations hits are used to bring 40 MHz to 1 MHz

450 kHz 400 kHz 150 kHz

Software High Level Trigger(HLT) :
[ Partial event reconstruction, select ] § Software: events built at 1 MHz ("‘27000 physical COI'GS)
et i ot HLT1: fast tracking and inclusive selections

Buffer events to disk, perform online 1 MHz to m kHz
detector calibration and alignment HLTZ2: complete event reconstruction and selections

Full offline-like event selection, mixture
of inclusive and exclusive triggers

0 0 17T
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Run 2 trigger

LHCDb Trigger Run 2

[ Bunch crossing rate ] 1 '
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2§ 110kHz 0.1} ﬁ\ A N
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p urirer alipration Calendar Week
£
: [High Level Trigger 2 # HLT Farm with 10 PB disk space
full event reconstruction # At an average event size of 55 kB with 100 kHz: up to 2

& < weeks before HLT2 has to be executed
12.5kHz # 2x trigger CPU capacity since Farm is used twice for
Storage HLT (excess used for simulation)
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Run 2 trigger

LHCDb Trigger Run 2 o

[ Bunch crossing rate ]
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~50% improvement in

100 mass resolution
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110 kHz e
&=
= [ High Level Trigger 2 ] # Real-time alignment and calibration
full event reconstruction # Dedicated HLT1 trigger lines supply samples for the
\ J

alignment
# Alignment & calibration tasks run in parallel while events
are are being processed by HLT1

12.5kHz

Storage
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Increasing persisted event size
Decreasing information

Run 2 trigger: Turbo

Bandwidth [GBs™'] o< Trigger output rate [kHz] x|Average event size [kB]!
I

|
___________________ 1

HLT2

candidate

Turbo data processing model

# Analyses that can be done using trigger objects can
profit of reduced event size and higher trigger rate.

# Event size can be reduced from 70 kB to 7 kB
depending on the persistence level

# Calibration samples increased, reducing systematic
uncertainties on efficiency measurements

# 50% of HLT2 trigger lines are Turbo counting 10% of
the bandwidth
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Run 2 Trigger: Turbo Analyses

Observation of the Doubly Charmed Baryon Z.. *

R. Aaij et al. (LHCb Collaboration)
Phys. Rev. Lett. 119, 112001 — Published 11 September 2017

Study of J /4 Production in Jets

R. Aaij et al. (LHCb Collaboration)
Phys. Rev. Lett. 118, 192001 — Published 8 May 2017
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Run 2 trigger: Plots

LHCb-CONF-2016-005
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LHCb Run Il trigger

Beam-beam crossing
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Hardware trigger
1 MHz
HLT1

Partial reconstruction
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10 PB calibration
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50 MB /s Full reconstruction 100MB/s
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Figure 1: Dedicated SMOG runs collected since 2015. Beam-gas collisions have been recorded using
different gas types (He, Ar, Ne) and beam energies.
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