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Searching for long-lived particles at the LHC and beyond

- JINST 3 (2008) S08005
LHCb experiment T
A General Purpose Forward Detector

e LHCb, originally designed for b- and c-hadron physics, is now considered a general purpose forward detector

« Unigue phase space region (2 < n < 5) complementary to General Purpose Detectors (ATLAS & CMS)

'Sl':aatciI;Lnsg SPD Calorimeters
two RICH detectors
 Excellent track momentum resolution: 0.4% at 5 GeV to 0.6% at 100 GeV 0 2
« Impact Parameter resolution o;p = 20 um for high-p tracks, lifetime resolution of 6, = 0.2 ps I
 Muon ID efficiency: 97% with 1-3% y — & misidentification — %?E::'D

lumi counters

» Electron ID efficiency: 90% with 5% i — e misidentification

Davide Zuliani Status of LLPs searches at LHCDb
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Searching for long-lived particles at the LHC and beyond

LHCDb experiment [Py R Lt 120, oo1e0t Lot
Trigger

e Soft triggers are needed

new turbo lines since 2015:
* Hardware level (LO): « store online reconstructed particles

» Muons with pr > 1.5 GeV « reduce event size by discarding lower level info
« Calorimeter energy deposits with £ > 3 GeV * output can be directly used for analysis
e Software Level (HLT):

 Topological triggers for displaced vertices
 Triggers for PID and jets
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Searching for long-lived particles at the LHC and beyond

LHCb experiment JINST 13 (2018) 06, P06008
VELO material

 Material map of VErtex LOcator (VELO) is fundamental for LLP searches:

 Displacement up to 20 cm

 Thin VELO envelope (RF foil) - background dominated by
 heavy flavour decays at < 5 mm
 material interactions at > 5 mm

 Precise material VELO map by secondary interactions of hadrons produced in beam-gas collisions
T T2 T3

—_ - ey ' . : : -
E 20— — 10°
T — _ Track with
§ 10 :— = TT/ VELO hits
3 = - 10° VELO A
Z o LHCb = ! |
— ~ Track without
— "W - - VELO hits
— wHBE — \ :
=-10— Vi \ — 10 (downstream region)
-20F- ' =
— | a " M M 1 —
~500 0 500 1000 !
z [mm]

 So far only performed analyses on Run 1 and Run 2 data with LLPs decaying within the VELO

e Searches could be extended to LLPs decaying downstream of the VELO (displacement up to 200 cm)
— much worse momentum resolution
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Searching for long-lived particles at the LHC and beyond

LLPs searches at LHCDb

A lot of studies!

* Displaced leptons:
 Dark photon
| ow-mass di-muon resonances
 Majorana neutrino

» |LLPs decaying to e* v | NEW!

 Light boson from b — s decays

* | LLPs decaying semileptonically | NEW!

 Displaced jets:

« IHNL in W= = utu™jet | NEW!

e LLP — jetjet
o LLP — u+jets
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Searching for long-lived particles at the LHC and beyond

LLPs searches at LHCb

Search for long-lived particles decaying to e*u v

e Several productions mechanisms are considered:

. ' ' q LLP
Direct production g T1P q I+
* Pair production from SM-like Higgs boson decay
+
e (Charged current processes 0NN 000 To______ W
h
« Signature: displaced vertices containing e and
of opposite charges g LLP & LLP

 Analysis performed with full Run Il data ( ~ 5fb_1)
* Signal selection:

« LLPs massrange [7,50] GeV and lifetime range [2,50] ps

e R f « p(e/u) > 10 GeV/c and pp(e/u) > 1.6 GeV

S0 LHOG Data _ E, LHCb . Data | _ o

3 (a) Simulated bb — ¢*u*X § (b) Simulated bb — "X ° Good qua“ty vertex inside VELO

=35 i] = m=7GeV/c*, T=10ps £l m=15GeV/c*, r=2ps

= . ~trFl 0 e m = 15 GeV/c*, v = 50 ps : : :

=op g, '  Lifetime of the candidate > 0.5 ps

=25 '_g

%2,0 3  Mass correction to account for not reconstructing neutrino
o

-
A

(S tas

(=)

¢ Moy =\ mep)? + pleny’sin® 0

< 3.3 GeV/c? are discarded

(=
A
L

4 5 6 7 & 9 0 20 40 60 0 . 100 I I
Meore [GEV/c?) LLP flight distance [mm)] y Candldates Wlth mCOI"I’
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https://link.springer.com/article/10.1140/epjc/s10052-021-08973-5

Searching for long-lived particles at the LHC and beyond

LLPs searches at LHCb

Search for long-lived particles decaying to e*u v

: : + T : : : : : : :
« ABDT is further used to purify LLP — ¢~ u™v candidates * The signal yield is obtained by means of a simultaneous fit of
S 2 - T L m..,.-and LLP flight distance into two BDT intervals
S LHCb e Data S o K . ' 0.1 < BDT < 0.5
:106 Simulated bb — e*u*X E :10? (b) Simulated bb — e*u*X 3 o~ 10" gr——rr—rr N .
g & m=7GeV/c, 7=10ps 1 § : - m=20GeV/cE T=2ps > Total E 10°
o -~ m=15GeV/c®, T=10ps 1 : ~=== m=20GeV/c2, T=5ps 3 _ 2 _ .
'g 10° ~ m=30GeV/c%, T =10 ps 'g 10° &, ~m m =20 GeV/e?, 7= 10 ps 2 104k Low Ak4za€ke:r§u}.;m e S 10
o “ m=50GeV/c’, =10 ps @] 7 o m =20 GeV/e?, T =50 ps S High AR background g
: ) _ ? Data :g 100
g 10§
3 “ '
10 ; |
100 0.1

00 02 04 06 08 10 00 02 04 06 08 10 00 20 30 40  s0 e 70 80 e 25 S0 75 100 125 150 175
BDT BDT Mo [GeV/c?] LLP flight distance [mm]
| | — S I
 Results are found to be compatible with background-only & f LHOb ® 1 &, LHCb o
nypothesis "\ 17 o g ]
? - _,-O [ 3 o= ::,-,:8
 Upper limits at 95% Confidence Level (CL) on the production R S S IR . -0-zzzzme-0 g
] . . . R O __'__-,—O’ _v.v"" ~ ) ) -
cross-sections times branching fraction are computed for each X o1k o ; g e 21 B g v »
. . S : [ et S ) ’3'.7 o p b LT TP SRS e e
prOdUCthn meChanlsm ;;E' 33:312::::-3------;:&‘ """ - "% 8:‘.2,‘:::::18:.‘::::-:‘?""’:“-_ “
T —
_ e g = | ‘ 1077 7 o , :
. Best limit for lifetimes below 10 ps and masses above 10 GeV/c?  § [ mu-roeve o mur- 1216w o0 ma=T0GNE T mum 00K
-7 myp = 8.7 GeV/c? - myp =298 GeV/c® 1 LLp = 8. | MLy = £3. {c
-0~ mur =108 GeV/c? - ©O- mup = 50 GeV/c? [ "O° mup=108GeVie  ~O- mup=50GeV/e
T —— . BT
TLLe [ps] TLee [ps)
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https://link.springer.com/article/10.1140/epjc/s10052-021-08973-5

Searching for long-lived particles at the LHC and beyond

LLPs searches at LHCb

Search for massive long-lived particles decaying semileptonically at \/E = 13 TeV

 Search for massive long-lived particles (LLP) decaying into a muon

and two quarks )2? g X
» LLPs lifetimes considered range goes from 5 ps to 200 ps
* Two searches are performed: ---7)---«:' d
h \ \‘\
a. Higgs-like bosons from gluon fusion (with mass
m € [30,200] GeV/c?) decaying into 2 LLPs o N
(a) S ORI

b. Direct production from quark interaction, with LLPs masses
m € [10,90] GeV/c?

: : —1 ¢
e Analysis performed with full Run Il data ( ~ 5fb™") 10| " Dw 10
. . ] ~ 4l o bbsim
» Signal selection: > 10} £ 10°
O 10° RBTis
« Displaced vertex from any PV and one isolated high-pr muon £ A S
:‘f; 10“[ % 10°
. B ot HHEH =
« Muon impact parameter > 0.25 mm and pg > 12 GeV/c E 10} £ 10
1| ﬂ 1
e LLP candidate — 3 or more tracks and m;,, > 4.5 GeV/c? 0 50 100 150 0 2 4 6 8 10
| | | Muon p., [GeV/c] Muon IP [mm)]
 Requirements on muon isolation
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Searching for long-lived particles at the LHC and beyond

LLPs searches at LHCb

Search for massive long-lived particles decaying semileptonically at \/E = 13 TeV

« A MVA based on BDT is used to further purify data e 95 % CL upper limits are set on 6(LLPs) X %B(LLPs — qggu)
 The background shape is obtained with a data-driven method: for both searches — sensitivity of the order O(1 pb)
2
«  Signal region: muon isolation < 1.2 ol I ol LHCb
= = 541" (a)
: : : 2 10 } =
« Background region: muon isolation € [1.4, 2.0] = =
=) Q
[] [] ] [] ] .a .a
 The signal yield is obtained by a unbinned extended 3 3 |
. : . . A w107k
maximume-likelihood fit to the reconstructed LLP mass 2 10| 2 10} =20 GeV/c?
S S | X
& ko T - T T pate & F T 2L v I TP T S
g Ry 2 " D (mciyround) 10 20 40 60 9 50 100 150 200
C background % 10 Fitted background LLPmass [GeV/c7] LLP lifetime [ps]
O signal O
; @] S
0 s 2 10° a3 54 fb (b)
10° g S 1P Nemw o
107 - 10° g 10 g |
20 40 60 80 20 40 60 80 2 : 2 10!t )
LLP mass [GeV/c?) LLP mass [GeVic? 8 8 : m =20 GeV/c
Signal region Background region | Al
J J J J : 50 100 150 200 5 10 50 100 150 200 5
Higgs mass [GeV/c7] Higgs mass [GeV/c7]
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Searching for long-lived particles at the LHC and beyond

LLPs searches at LHCb

Search for heavy neutral leptons in W= — /ﬁ/ﬁ jet decays

X)
3
"I

Prompt heavy neutrino decay to u™ jet

=102

« HNL mass range between 5 and 50 GeV/c? ;10—3
. . g . . —1 —4

« Significant lifetime expected at low masses Q 18_5

107 — N — pud — N — pch
\/E — 7 and \/E — 8 TeV 10—8 — N — Jus — N —> eV,

— N — puub — N = puv,

. Analysis performed with full Run | data ( ~ 3fb~!) at 107° i

107 \—>,u<‘d_\_)’””
1071 — N —> ,uc.s
¢ 10~ Bt M U RIS B
" 20 80 20 40 60 80
W my | GeV/cz] my [GeV/c?]

 Signal selection:
o  pr(uy) > 3 GeV/cand my, (un, Hy) € [20,70] GeV/c?
W 7 - Jet reconstructed with AR = 0.5 and p; > 10 GeV/c”

g « Heavy-flavour background suppression: IP of u, and py,

 (Candidates are classified as same-sign (SS) and opposite-sign (OS)
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Searching for long-lived particles at the LHC and beyond

LLPs searches at LHCb

Search for heavy neutral leptons in W= — ;"™ jet decays

SS candidates

OS candidates

+ Three different BDTs are used for ), 1y, and kinematics T Lich T g OF e ke
3 5] 05— p X '§ 250 -':3—7;'-\'
* Definition of signal and control regions: >, @t we] T 00 &8 Total prd. une
T ot N o po 4 et T = ser N = 1+ et
IP(uw) (mm)  pwuBDT  pyuBDT  KinematicuBDT — IP(uy) (mm) 2 ) 2 150 | ””"L
Signal < 0.04 > 0.55 > 0.60 > 0.62 < 0.1 "§_ 9 ”g 100
W region < 0.04 > 0.55 < 0.60 <0.62 <0.1 © Ok -
bb region > 0.04 < 0.55 < 0.60 < 0.62 > 0.1 E E i
QCD region < 0.04 < 0.55 > 0.60 > 0.62 < 0.1 P i o 0L ol 'ty -
0 (2’ A = 28 s et S
v 2 F - . =20 F ' -
. - _ - i} z 0o 20 10 60 80 = 0 20 40 60 R0
N_Z - | | | | LHCH | = - m{pnjet) [GeV/e?] = m{pnjet) [GeV/e?]
3 — o lepton-number-violating _ : : : : PR :
= 10~! & ° lepton-number-violating corrected Vs =T7,8TeV — ° Binned fit to pT(/’tN) In elght pSGUdorapldlty bins
= = lepton-number-conserving = _ o _ 9)
102 — = lepton-number-conserving corrected 4 o No excess is found, upper limits on & (N — ,l/ljet) ‘ Vﬂ N‘
- e 1 « Up to now results are not competitive with ATLAS, CMS and DELPHI
3 L= T |
e .\:'\+/* ///”‘ = searches
10 7 < + With integrated luminosity of 50 fo~! — better sensitivity for the same-
- - sign muons channel
10_5 R S S S T S S S S S S S S S S S S S ST SO S M E— sy a
10 20 30 40 My [ V?OQ] * Here search for prompt HNL, better sensitivity at low mass can be
N ev/c

reached with displaced search!
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Searching for long-lived particles at the LHC and beyond

Prospects for LLPs searches at LHCDb

What to expect for the future!

~1 visible ~5 visible ~50 visible
Qraction ] Qraction ] [ interactkij
LHCh— ¢ LHCb Upgrade ———— ¢———LHCb Upgrade Il —

Run1 - Run2

T -1 Lsz
Lin= 101 Injector upgrades ATLAS/CMS

Phase 2 upgrades
EIEDETED

LHCb Upgrade |
Installation starts

LHCb Upgrade |: incremental Side View

improvements/prototype detectors

Magnet SciFi RICH2
Tracker

« LHCDb is getting ready for the Run 3 with a whole new detector:

 upgraded VELO with pixels

 new silicon strip detector, new scintillating fibre detector

 Particle ID: new optics, new photon detectors

e calorimeters: reduce PMT gain and new electronics

« muon detector: new electronics and increased granularity

 upgraded trigger all in software (LO removed)

upgrade
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Searching for long-lived particles at the LHC and beyond

Prospects for LLPs searches at LHCb

Rich program for LLPS searches
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LLPs decaying semileptonically
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arxiv.2105.12668
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w 1076} o
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-8 [ ..
107 F  HL-LHC minimal
- 0 HL-LHC By 44 = 10% Dark photons
10—10' ) Ly ) L L T . D
1073 102 101 10° 10! 102
my [GeV]
Higgs to scalars
20 15 fb—! 300 fb!
-:-F == -
- Minimum Higgs B
1.8 1 excluded at 95% CL
----- [110.02%
? 161 B | @9 | OB E10.10 %
S | RN | O § || 0.50 %
é) 1.4 250 %
750 %
121 BN | | B M 19.00 %
1.0 : - - -
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Searching for long-lived particles at the LHC and beyond

Conclusions
Wrap up

e LHCb is by all means a general purpose forward detector Unleashing the full power of IjHCb
to probe Stealth New Physics

« LHCDb is a unique place to study LLPs:
 Detection of low-mass particles and soft signatures

° StUdleS on b_ and C_decays Editors: M. Borsato', X. Cid Vidal?, Y. Tsai* *, C. Vazquez Sierra®, J. Zurita®
 Phase space region complementary to ATLAS and CMS Authors: G. Alonso-Alvarez”, A. Brea Rodriguez?, D. Buarque Franzosi® 19,
G. Cacciapaglia'''?, A. Casais Vidal?, M. Du", G. Elor'', M. Escudero'®, G. Ferretti”,
T. Flacke '*, P. Foldenauer'”, J. Hajer™ ' L. Henry®, P. llten®, J. Kamenik*'#,
B. Kishor Jashal®, S. Knapen®, F. L. Redi®*, M. Low®*, Z. Lin***2
¢ Several analyses on Run I and Run " data: A. Ovanguren Campos®, E. Polycarpo®, M. Ramos®™#, M. Ramos Pernas™, E. Salvioni®,
M. S. Rangel®, R. Schifer®, L. Sestini®', Y. Soreq ¥, V. Q. Tran"?, 1. Timiryvasov®,
I ¢ ‘eghel™. S ‘estho Whiams™, J. 7 an”"
° )ark photons and dl_muon resonances M. van Veghel®, S. Westhoff®, M. Williams*, J. Zupan

e HNLs
 LLPs decaying to jets and semileptonically Abstract

In this paper we describe the past, present and future potential of LHCb to find
Stealth physics. This refers to Beyond the Standard Model signatures with excellent

° Gettmg ready for next runs: theory motivation and not falling in the category of “flavor physics”. Examples
of these signatures include Long-Lived particles, light resonances or hadronic final
° Whole new detector .st;m:.s \?'llvrv particle idt.'ntifi('utiuu'(';m play an i.lupul'tzmt n.)lv. We will describe why
LHCD is very well equipped to discover this kind of physics at the Large Hadron
. Collider, and provide good examples of well motivated theoretical models that can
° -
Fu”y SOftware trlgger be probed with great detail at the experiment.
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Searching for long-lived particles at the LHC and beyond

LLPs searches at LHCb

Search for dark photons produced in 13 TeV pp collisions

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

* Search for massive long-lived particles (LLP) decaying into a muon and two quarks v~

e Light dark photons can appear in mixing with an off-shell photon 107

« Large fraction in the forward region with low p

- LHCb prompt-like

" BaBar

KLOE

Search for A’ = u*u~ at 13 TeV (£ ~ 1.6fb~1) using Run Il data -

Both prompt and displaced signatures are studied 10-2

10’

LHCb

-3
10° _— = isolation Vs = 13TeV 10
5 applied prompt i+ -
10 _
\ B onq 10~
B hh+ hug

107

IIIII| | IIIIII| | IIIIII| ==

Note: recent CMS
search above 10 GeV

PRL 124, 131802 (2020) _
|| lI | | | L 1 11 II

107 -
-2 -1
World’s best upper limits for invariant mass range of ~200-700 MeV (prompt) 10 10 1 10 m(A") [GeV]

Candidates / o[m(putp™)|/ 2
2

1 10

m(u'p”) [GeV]

e Can be extended with di-electron search at very low masses in D* — Dee
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801

Searching for long-lived particles at the LHC and beyond

PRL 115 (2015) 161802

LLPS SearCheS at LHCb PRD 95 (2017) 071101

Search for massive long-lived particles in B - K"y(u"u~) decays

» A hidden sector boson y can contribute to b — suu decays ¢ Two analyses:

-+ £ S . * —
< H . B 5 Ky withKY - K*ztand y — utu
X - _
{ w e« BY"—> K'yandy = utu
(; (th Vis ( A e Similar analysis strategies:
S
BB < >K*0(K+) e y — utu~ allowed to be displaced
dlu) ) diw) « BDT classifier to reduce background
\ / o 10° - I |
_ © ety 7 500 [ essecesiasiassisseseseseteses 3%
’ Run | data (QCZ ~ 3fb 1) (\l:' : A LHCb 95% CL | |- i
- SPTI @ 10” ' AE 8-k ] FLE
e Scan of the di-muon mass distribution [\ S R N (1
o ¢ Iy Y@2S)+y(3770) 55| G I 4 ;
- ——— Pm;npt. I— L R - IE 10°8 L
§ 20—~ _ Displaced = i World’s best upper
3 sp O = 07 1 limits below 2m.
3 F -
g 10 — .
> | h : 10 Gosmological constraints g
) : 2 | 1 | pa 0 I 18 940 08, ﬂ o 0 00 §aeir "Il] 1 | | 1 L . 2><.|.0—1 . . . — 1 é 3 4 5
200 1000 2000 3000 4000 21
m(ut ) [MeV] m, [GeV/c"]
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Searching for long-lived particles at the LHC and beyond

EPJC 77 (2017) 812

LLPs searches at LHCb oD 52 2015012010

Updated search for long-lived particles decaying to jet pairs
A Higgs boson could decay to a pair of Hidden Valley (HV) pions, which in turn decay to gg pairs

o Search for a “displaced di-jet vertex” = good resolution of primary (PV) and secondary vertices (SV) is needed

« |HCb can access low lifetimes and small HV pion masses

« Runldata(Z ~ 2 fb~1) are analyzed

[W—
()
S

pr—
IRLLL LILLALLL LILRAL rrrmm T

llllll

[W—
()
W

102 - LHCb m, =35Gevic>

T, — CC

« Different distances from PV are considered (ny)

Candidates / (2 GeV/c?)
=

[W—
LILRRLL 1

. 0 0 -1
« Upper limits are seton 6(2g — H”) X B(H" — nyn 107 Bl
PP (88 ) ( vay) 0 20 40 60 80 ST 107 ;
' + 2 v1_8g -
e LHCb results are compared with ATLAS/CMS Dijet mass [GeV/c”] LT VY R
- Regions where B(H" — mymy) > 50% is excluded at 95% CL —~ 1 10 102 103
« LHCb could explore exotic Higgs decay processes 2 | ' — ATLAS 20.3 fb-! at 8 TeV Lifetime [ps]
] o 70k === LHCb 2.0 fb~! at 7-8 TeV _
(HY — SS) followed by a displaced decay of the scalar S " — CMS 18.5 b1 at 8 TeV 5 10 g
y R 300 fo! £ ol 1 & 0L LHCb m, =25Gevic®
| “F t: ’ 3 ‘ I—_ Minimum Higgs B S0 — oT E : :
1.8 ’ excluded at 95% CL E 10 g_ E
% 16 “on0 1 9
o, 050 % - :
s 14 W 250 % or i T 107! b =
. 7.50 % X :
1.2 1 = 19.00 % 201 N \g o2 b
1.0 - - - - | ol |1 = 1 10 102 103
]‘0_6 ]‘0_4 10_2 ]‘OO 10_6 10_4 10_2 100 ool v vl vl vl oy vyl ol Llfetlme [pS]
crs [m] cTs [m] 104 10-3 102 10! 10° 10! 102

my cr [m]
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