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The LHCb detector [JINST 3 (2008) S08005]
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The LHCb detector [IMP A30 (2015) 1530022]

CMS
. . . pixel . silicon strip
® fully instrumentedin2 <n<5 B it cobe
. ECAL Cherenkov

® excellent particle identification capabilities
. HCAL . muon

® good jet reconstruction:
e 10 to 20 % energy resolution for jets with py> 10 GeV/c
[JHEPO1 (2014) 033]
e b(c) tagging efficiency of 65% (25%) with 0.3% contamination
[JINST 10 (2015) P06013]

@ excellent vertex resolution (BY decay time resolution ~40fs): ® excellent mass resolution (0.5 % for J/y - uu, 2% for Z — uu)
%: o Tagged mixed § 2F o =
; s o Tagged unmixed E 1.8 LHCb _;
:w/ 4001 9y 9 — Fit mixed \S }2; E
% | g Fit unmixed ® 1:2§_ _%
o C ]
= i I E
5 200 0.8F 3

' 0.6F 3
04F =
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decay time [ps] m [MeV/c?]
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The LHCb detector

[IJMP A30 (2015) 1530022]

® Constant instantaneous luminosity (Run I: ~40 mb-'s1) and
low pile-up (~1.8in 2011 and ~2.1 in 2012).

® Very soft and versatile trigger system:
o At Hardware Level (LO):

o« 95 % efficiency for detached uu with Py over 1 GeV/c.

o« ECAL (HCAL) triggers at 3.5 (2.5) GeV for electrons
(hadrons).
o At Software level (HLT):
» Topological triggers on detached vertices.

o Run-ll onward particle ID and jets in trigger.

® “Software Trigger Only” upgrade (2021):

e Read-out detector in real time.

« Can trigger on detached vertices and particle ID at first level.

Present trigger

40 MHz bunch crossing rate 30 MHz inelastic event rate
(full rate event building)

v > I

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

450 kHz 400 kHz 150 kHz

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online

detector calibration and alignment

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

o O T

Upgraded trigger

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

-
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

o OO

2-5 GB/s to storage
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Long-lived particles in LHCb

How long-lived?

® Decay length < 50 cm — Tracks within VELO:
e in reality more like 20 cm (~ 700 ps)

e VELO envelope at ~ 5 mm from beam

= < 5 mm mainly heavy-flavour background

= > 5 mm mainly material interaction background | I I L
PV 5m 10m

o a detailed material veto map is used ~__—Ssiliconstrips

10°

® Decay length < 200 cm — Tracks up the to TT:
e worse vertex and momentum resolution

(m(mr) resolution two times larger without VELO) 10°

(signed) » [mm]

« not available in trigger (under study) -10 10

II|IIII|IIII|I1II|IIII|I
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Long-lived particles in LHCb

® Coverage complementarity to ATLAS and CMS:

» forward acceptance and soft trigger > masses down to few GeV/MeV for jets/leptons,

» excellent vertexing capabilities = lifetimes down to 1 ps.

® LHCb capabilities for direct searches:

e search for LLP produced in the pp collision,

e search for LLP produced in B and D decays:
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Massive LLPs decaying tou+ jets [EPJC (2017) 77:224]

10°[ [HCL, — Daa 7Tev
. : : : : S T LV38 10ps
@ Signature: single displaced vertex with several tracks and a high p; muon <+ 10°L 5 bb sim. b
S :
® Model: mSUGRA-inspired RPV neutralino decaying into a muon and two quarks S 102: J;HJ; o
D) 3 ]
E S N i T
[ 10 | S
1L L
. 1 1.5 2 2.5
@ Study uses 3 fb! of data collected by LHCb at E.,, = 7 and 8 TeV Muon isolation
LLP =[20-200] GeV/c? and lifetime=[5-100 THCL © DawsTev
® mass=| ] GeV/c? and lifetime=|[ lps 10 LHCb ~ Fiatlriotale E
_ - T TNl L e background
@® Major background from bb events: s o signal i

e rejected with a tight selection + MLP classifier

p—
<
d

@® Muon isolation = very discriminant (top plot)

T LI

@® Number of candidates extracted from fit to LLP mass (bottom plot)

Entries/(1.5 GeV/c?)
AL

<—— m(y)=38GeV/c
20 40 60 80
LLP mass [GeV/c?]
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[EPJC (2017) 77:224]

Massive LLPs decaying to u + jets

No excess found, interpretation in various production modes: X A
{ - o
For example LLP pair production from H%(125) >% N g <~ 1
% ugn X jz
— 10 F LHCb
ﬁ_‘ /5 =8 TeV Different colnstlralinltls Iolrllll’j’(H 0| — I)Z(l)lf(?)l Ell’? .9|5% C.L vslntlh ﬁullll.} dataI at LHCb
,§ I BH - 1) > 10% % 80— B >50%excl. ]
8 |k \ 3 o B> 25% excl.
2 Hog 70 |- LHCD preliminary 5 10% excl.
e = B 5> 5% excl.
o TLLP = O DS 60 |- .
10- 1 N 1 1
20 40 60 ol |
LLP mass [GeV/cT]
— 10 F LHCb 40 N
i- Vs =8 TeV
8 N HO > 7°79) > 10% / o N
3]
2 1F 20 | |
2
e 10 b1l L1l bl !
O mLLp = 100 ps 10—+ 102 102 101
o' R [LHCb-TALK-2017-346] Xi o7 [m]
20 40 60
LLP mass  [GeV/cT] Stringent limits: B(H® — #2#Y) > 10% rejected down to 30 GeV/c? (T = 5 ps)
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Massive LLPs decaying to u + jets

Recast into sterile neutrinos scenario [arXiv:1706.05990, S. Antusch et al.]:

103
104

107°

16]°

10_6§

107

1078

--- Belle

-- LHCb prompt
—— DELPHI

-- LHCb dvrun 2

—==- LHCb dvrun 5

[l LHCb dv run 1

-

~ o
~
~
~
~~
—~—
—~— -
~--~ ”
~~-v’

Could we get best world-limit (5 — 10 GeV/c?) with the same kind of search ?

Dedicated search with Run Il in preparation.
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Massive LLPs decaying to jet pairs @D rcconman

. : : : : Efficiency to have 4 jetsinthe \ . .
@ Signature: single displaced vertex with two b-jets !

LHCb acceptance is only few %

@® Model: Hidden Valley pions from H°(125) decay HO

@ Study uses 2 fb! of data collected by LHCb at E, = 7 and 8 TeV

@® LLP mass=[25-50] GeV/c? and lifetime=[2-500]ps

@® Analysis procedure:

o T [RRRRARRRRN RRRRARRRR IR e, [RARRRRERE RRRRERER E

trigger on displaced vertices 2 10% F . E

© TS P ' 3 LHCb LHCb °
(D 10 E —§ _§

e reconstruct the displaced vertex and find two associated jets, < ;2 [ 0.4 <Ry < 1.0mm 3 5.0mm < K, 3
8 10? Vs =8TeV j Vs =8TeV :

< E E =

e quality cuts on jets — dijets should points back to candidate 2 : ]
vertex, § 1 - §

e exclusion of material interactions and displaced vertices from 107 HL L 2 S D, B - 107 Bl AT AW i, E
0 40 60 80 0 20 40 60 80

heavy flavour. ..
Dijet mass [GeV/c?] Dijet mass [GeV/c?]

@ Fit the di-jet invariant mass in 6 bins of the radial vertex position R,
(0.4 —50 mm)

Background model: material + heavy-flavour + SM dijets
Expected signal(35 GeV/c?, 10 ps) for B(HO - nyny) =1
Fitted signal model (35 GeV/c?, 10 ps)
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Massive LLPs decaying to jet pairs @D rcconman

@® No excess found!

E ! ! ' roT ' ' ! ! trd ! ! ! R
F o m, =25GeV/c? 8 m, =50GeV/c? ]
@ Limits at 95% C.L. as a function of my, lifetime for [« m, =35GeV/c®  x m, =35GeV/e’, 1, — cC LHCb |

~
>
K
>
E
: T 2L° m, =43GeV/c? m, =35GeV/c?, m, — ss
different masses. \ o 107F "= :
an C
N~ L
S\
~

+

@® Also looking for my = c¢¢ and my;, = s but only for m(my,)
=35 GeV/c*

[E—
()
T T

2 F
1 I
@® IfB(H® - mymy) >30%, m(my,) = 50 GeV/c? rejected Eb% 1k
for 5 < 7(my,) < 50 ps. B ?
@ Plan to analyse LHCb Run Il and go to lower m;; masses: 1071k | ; : E
- new dedicated trigger lines for displaced jets are on ; ]
development, ,
W0 e e

— development of a jet substructure tools to study multi-

Lifetime [ps
jets at lower masses. [ps]
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Dark phOtOﬂ [arXiv:1710.02867]

@® Search for dark photons decaying into a pair of muons

@® Dark sector scenario involving a massive dark photon A”:
e mixing of the dark photon with off-shell photon y* by a factor €
( €2 can be as small as 1014)
e dark photon mass can be low
e dark photon inherits production mechanisms from SM photon —_ I
® A" - uputyp~ canbenormalisedtoy* —» utu~

phase space

‘_l_\ , ) /
Flm(A")] e [m(A), 7(4)]

SM

A’ [m(A’),z—:z] _ 2 n,[m(A")]

o 2Am |
‘_7_, l_'_l L .
*/A’ efficiency ratio,
expected dark photon off-shell photon 14 ¢ = 1 for prompt
@® data-driven analysis Drell-Yan put meson decays ~ OM

@ Study uses 1.6 fb! of data collected by LHCb at E.,, =13 TeV :
e Prompt-like search ( 2m, < m(uu) < 70 GeV/c?)
o Displaced-like search ( 214 < m(uu) < 350 MeV/c?), A’ is
long-lived when € is small
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Dark photon: prompt-like search [arXiv:1710.02867]

® Know they* - utu~ yieldin order to getthe A’ » u*u~ expected yield using the normalization equation (previous slide):

~ ' ) ' ': : T T T

F 106 LHCb = isolation | prompt-like sample

+1 Vs =13TeV ¢ f';i applied | pr(p) > 1GeV,p(p) > 20 GeV
S5 a E I | A .

\g; 10 At . prompt 4t i

< 10° o ,

~ ' B h+ hpg &

< 10° . J"/

= N

S 10° 10* 10°

m(putp”) [MeV]
® Getthe observed A’ - u*pu~ yield from fits of u*u™ invariant mass. No significant excess found

3 90% CL exclusion regions on [m(A’), £?]
10

N(U
First limits above dark
photon masses of 10

GeV/c2.

Regions where upper limit on 107
Al AN E
nops[m(A")] is less than
nA [m(A"), £2] are excluded at '

90% C.L.

0—5

Competitive limits below

107° )
0.5 GeV/c? as well.

- LHCb prompt-like

- BaBar

KLOE E

1077

m(A") [GeV |
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Dark photon: displaced-like search [arXiv:1710.02867]

@® Backgrounds:
e photon conversions to u* 1~ at the VELO region —> suppressed using material veto map
e b-hadron decays

. 0 . . . suppressed by an isolation decision tree
e low mass tail of K¢ —» ™™, ™ misidentified as u

@® Determination of the A" — u *u~ expected yield:
o getthe prompty* — u* ,u yield in the fiducial region of the displaced search

e get the efficiency ratio Ey

® Determination of the observed A" - u*u~ yield from fits of m(u* ™) (in bins of mass and lifetimes)

AI
. €y 90% CL upper limit on nobs/nex
o 10 e e 107 =10
W 3 “W LHCb -long—hved excluded -
- 9 g
- 1 o ® No significant excess found; small
| parameter space region excluded
107! 6 o
— s o Firstlimit ever not from beam
min[x%] cut 4 dump experiment!
107 3
2 e First limit for non prompt
1 production.
-10 -3 )
10 250 300 350 1Y 250 300 350 0
m(A’) [MeV] m(A") [MeV]
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Dark photon: future [arXiv:1710.02867]

@® Continue to contributes — more sensitivity coming with more Run-Il data.
@® Extend searches model-independently — i.e light NMSSM Higgs via ggF [PRD 93 (2016) 055047, U. Haisch, et al.]

@® Prospected search for Run Ill: [PRL 116 (2016) 251803, P. llten et al.] [PRD 92 (2015) 115017, P. liten et al.]

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

~ 107
W A
107
10-6 ‘
“ m oy m.mw .I W] - EE
S i/\. 3
Charm mesons decay*: 10 i 3 Drell-Yan:
e 15fb? 107° 3 e 15fb?
« 50 fbl 107 3 ¢ 50fb?
* 500 fb'l 1010 / [ vuch a * 500 fb?

- Previous Experiments

1072 107! 1 10

10—11
10—12

m(A") [GeV |

* Dark photons from charm mesons decays will be searched for in LHCb in di-electron final state.
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Conclusions: today

@ LHCb has collected 3.0 fb! during the full Run |.
@ LHCb has collected 3.7 fb-! collected so far in Run 11 (2015 — November 2017).

@® Current long-lived particle searches results:
e Neutralinos (MSUGRA RPV, from SM-like Higgs decay),
e Hidden Valley ry from SM-like Higgs decay, «<——— shown today
e Dark photon from Drell-Yan,
e Hidden-sector bosons (inflatons) from B decays,
e Charged Massive Stable Particles (SUSY mGMSB),
e Majorana neutrinos in B decays.
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Conclusions: future

@ Expect to collect more than 5.0 fb! during the full Run II.

@® A lot of potential in Run Ill: new triggers and 5 x instantaneous luminosity.
@® Plan to extend the LLPs programme to complementary regions w.r.t other experiments.

@® Prospects and new ideas:
e HV my, at lower masses, lower lifetimes, using confining HV models (arXiv:1708.05389)
e Extend dark photon searches model-independently, inclusive searches,
e Majorana neutrinos in B decays, u = c transitions,
e Majorana neutrinos in W decays (already ongoing),
e electrons in final states, sensitive to lower masses (no sensitivity anywhere else at LHC),
e fractional particles, monopoles, quirks (sensitivity studies needed).

@® We are open to new ideas for new signatures and techniques, don’t hesitate!
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Dark photon: prompt-like search

Backup
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Massive LLPs decaying tou+ jets [EPJC (2017) 77:224]

No excess found, interpretation in various models:

10 £ 10 ¢

TLLP — 50 Ps
mg = 1300 GeV/¢?

TLLP = O PS
mg = 1300 GeV/c?

 RPV mSUGRA from pythia6:
M, = [40-200] GeV/c? = m, = [38-198] GeV/c?
M, =2 TeV/c?, m -= 2 TeV/c, mq~= 1.3 TeV/c

L /5 =8 TeV L /s =8 TeV

Cross-section [pb]
Cross-section [pb]

9
TrLp = [5'100] ps 4 1
10 LHCb 10 LHCD
0 5I0 l(l)() 130 %OO 0 5I0 l(I)O 15IO %OO
 Simplified MSSM topologies: LLP mass  [GeV/c’] LLP mass  [GeV/c7]
s X </ X )2
// X // ~ //
-’ J q I
- - : -
N 0\ e g
N \ _ q \\
X ugn X X
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Massive LLPs decaying tou+ jets [EPJC (2017) 77:224]

No excess found, interpretation in various models:

T =10 ps

10 F 10 b
PA S ) =
X — =
. = ()
- o =
et 5 lf 5 LE
. 2 ; 2 :
~_. & | PA g | PB
-1 -1 ti~n
X 9o pHeh Vs =8 Tev ~ 10 LHCh v =8 Tev
20 40 60 80 100 20 40 60 80 '2100
LLP mass [GeV/c?] LLP mass [GeV/cT]
10 F 10
e 3 | smmmm_ | ) o
/ = mrLLp =20 GeV/C2 C) = X
2 S S i
’ = 1 F + 1 F e
W B e g— G
0 \\ A [ cln [ e _ —_
\\ % : 2 % : ” \\
52 z _ PC 60 GeV/c Z [ PD q \)2
-1 -1
< 10 - LHCDb s =8 TeV < 10 - LHCD /s =8 TeV
40 60 80 100 120 140 10 20 30 20 50 60
Higgs-like boson mass [GeV/c?] LLP mass [GeV/cz]
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Massive LLPs decaying to jet pairs [arXiv:1705.07332]

Comparison with results from ATLAS and CMS (recast), where B(H® —» mymy) > 50 % is excluded at 95% C.L:

80 I IIIIIII| | IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| | IIIIIII|

% — CMS 185 fb ' at 8 TeV

E ol — LHCb2.0fb'at7-8TeV _
I

g

— ATLAS 20.3 fb' at 8 TeV
50—

30

| (Plot by M. Borsato)

20—

10

cvvvnl vl oy vyl vl il
1074 1073 1072 1071 10° 10! 102
my cr [m]

® CMS: 18.5 fb [PRD 91 (2015) 012007], recast [PRD 92 (2015) 073008]
@® ATLAS: 20.3 fb [PRD 92 (2015) 012010], [PLB 743 (2015) 15-34]

@® Disclaimer: new CMS results at 13 TeV not included in the recast [CMS-PAS-EXO-16-003]
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Dark photon: prompt-like search

@® determine the y* — utu~ rate from fits of min[y% (u¥)] *:

m(utu~) = 0.5 GeV/c?

m(utu~) =5 GeV/c?

m(utu~) =50 GeV/c?

[LHCB-PAPER-2017-038]

< T 3 <t T ] < F ]
S B LHCb { < L LHCb { S 200 —+—LHCb " prompt ]
£ 20000 L 1 g 1O —— 1 & . F W, ]
g ] 5 C S 150F 3
':2 é E - —t—  Wih+hy, ]
S 10000f L 4 O S '™ . E

- ] S0f =

| ; _ prompt 4"~ — from data at m/y) and m)
] 2F = =1} E =} '. N E . . .
g et i e SR [ _é ] B _é_ S - HQHQ — from simulation (validated)

0 05 1 1.5 2 0.5 1 1.5 2 0 0.5 1 1.5 2 . .

1 minfy ()] 1 min[yc, ()] 1 minfy ()] B hh+ hug — from same-sign dimuons (corrected)
10 T T

L ! ! ' ! ' L |
prompt-like sample
pr(p) > 1GeV, p(p) > 20 GeV

= isolation
4 applied

5
N prompt iy
10* & o0 o »
Bl 14+ hg Xip(u™): difference in y;r(PV) when the PV is

reconstructed with and without the muon track

Candidates / a[m(u*p™)]/ 2

10*

10°

m(ptp”) [MeV]
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[PRL 115 (2015) 161802]

Hidden-sector bosons in B - K& y(utu™) [PRD 95 (2017) 071101 (R}

@® Search for hidden-sector boson y — u*u~ inb — s penguin decays:

’ +
e Axial-vector portal (¥ as axion) [LNP 741 (2008) 3] :
e Scalar (Higgs) portal (y as inflaton) [JHEP 05 (2010) 10] ; X,*' i
e BY% > K%y [PRL 115 (2015) 161802]: (; Viy Vis 2)
« K** > K*m™ vertex leads to a better () resolution and less background
B/B'< > K*/ K+
e B* - K*y [PRD 95 (2017) 071101 (R)]: 4/ . d/u
= B* - K%y hasa larger branching fraction \ /
@® Study done on 3 fb! of data collected by LHCb at E;,, = 7 and 8 TeV
® puu candidates are allowed to be prompt or detached, upto - —s N WEOTD)
1000 ps (~ 30 cm) ﬁ = —— Prompt =
= » = liﬁgbl —— Displaced B_> K*,U/ f -
@® Search for a narrow in peak in m(uu): g 15 =
e B mass constrain = mass resolution 2-9 MeV/c? 2 oF =
e excluding QCD resonances 5 -
5
. . L0, 0 Im 01 0 I'II1.|| l o il 1
200 1000 2000 3000 4000

m(u*u”) [MeV]
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Charged Massive Stable Particles

EPJC 75 (2015) 595

® Charged Massive Stable Particles Drell-Yan produced
e stable = can pass through the u-stations o stau pans
@ Model considered:
v, Z°

* SUSY stau can be NLSP in mGMSB

e long-lived with m>100 GeV /2
S Dimopoulos et al [NPB488(1997)39]
GF Giudice and R Rattazzi [Phys.Rep. 332(2011)419]

) CMSP can leave a signature as:

O

g as lowas 0.8

* Smaller energy loss dE/dx - Ve 00
o C
. . = 0.14
* Longer Time of Flight 5 | LHCb =
_ Q%12 simulation 1%
» Absence of Cherenkov signal = oaf eo;
. T 0.08F — 124 GeV/c? -
® Several experiments searched for them §aoe;— """ 309 GeV/c {02
= 0.04f ; =
* LEP, Tevatron, HERA, ATLAS/CMS g L0uf - effciency 105
™ [
° . saasntpl "% ¢ ' PR S T L P
c %.6 0.7 0.8 0.9 1 0
B

(shamelessly stolen from Martino’s talk at previous LLP workshop)

(Shamelessly stolen from Carlos Vazquez Sierra)



Charged Massive Stable Particles

EPJC 75 (2015) 595
RICH information

40 ¢
® Select pair of muon-like tracks in % E LHCb
WaFr |,
mass range [120, 300] GeV/c el = Bakground
2> 3 * Data8TeV
@ Train Neural Network to combine %’2
RICH information with dE/dx from Sl
VELO and calorimeters 5 ¢
- 7|5 100
@ Limit is not competitive with D0 L R ——
" : - 8 TeV
(low mass) and ATLAS (high mass) s | T HCh
@ Proof of concept for future searches! § TE
@ Possibly move to single CMSP %10-1 .
; o o
signature and/or to lower masses ) SPS?
o -
10.2__ 8 TeV
3 .I....l....l....l.?:re.v

100. - 150 200 250 300 350
CMSP mass (GeV/c)

(shamelessly stolen from Martino's talk at previous LLP workshop)
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Majorana neutrinos in B—mau 1"

Phys Rev Lett 112 131802 (2014)

' Lepton number violating B—7tu 1" can
proceed via on-shell Majorana neutrinos

) Look for B mass peak, then extract limit
as a function of m,y

@)

) Limit set on N(7tu) lifetimes up to 1000 ps

@ Constraints on mixing angle V , 106E T T s | 200 ps
.. . LHCb e 10 — 500
* Recently revisited s lmp:s 1005’; ‘
B.Shuve, ME Peskin, Phys.Rev. D94 (2016) no.11, 113007 E 107 & o ! 1 o / .
g (I
@ Searches in other B/ D channels foreseen & o
@ Can also search using W—jet p'u’

1000 2000 3000 4000 5000
Neutrino mass [MeV]

(shamelessly stolen from Martino’s talk at previous LLP workshop)

@ “Revision of the LHCb Limit on Majorana Neutrinos” [arXiv:1607.04258]

(Shamelessly stolen from Carlos Vazquez Sierra) 27



