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Dark matter puzzle

* Dark Matter (DM) is one of the most compelling reason for New Physics (NP) searches

DISTRIBUTION OF DARK MATTER IN NGC 3198 »

NGC 3198

1 It exists...
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CMB fluctuations

The Cosmic Microwave Background as seen by Planck and WMAP
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Gravitational lensing

" Xerays (h'o't gas)®

...how to search for it?

1) Detect the energy of

nuclear(electron) recoil

3) DM weakly couples to SM particles

and it can be produced in SM-particles

annihilation at accelerators

Direct Method,

| 2) Detect the flux of visible particles

produced by DM annihilation and decay

Collider Method

Mass disribution®,
(gravitational lenging) *

— This presentation will focus on DM searches at colliders
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Light dark sectors

* Possible non-WIMP scenario: light dark sector weakly coupled to
SM through a light mediator X

~ Vector portal — Dark Photons (A’), Z' bosons
~ Pseudo-scalar portal — Axion Like Particles (ALPs)
— Scalar portal — Dark Higgsstrahlung/Scalars

— Neutrino portal — Sterile Neutrinos

L.Zani, Dark sector searches in flavor experiments - FPCP2021
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Light dark sectors (II)

* Possible non-WIMP scenario: light dark sector weakly coupled to =+ w - @

SM through a light mediator X
— Vector portal — Dark Photons (A’), Z’ bosons
~ Pseudo-scalar portal — Axion Like Particles (ALPs)

— Scalar portal — Dark Higgsstrahlung/Scalars

- Self-interacting dark matter (darkonium)

- Displaced vertex searches (long lived particles)

Disclaimer: non exhaustive talk, biased
overview on some recent results...
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Experiments at B-factories

* Clean environment and hermetic detectors — efficient reconstruction of neutrals (T n), recoiling

system and missing energy final*states Dark Sector  Observtion of tim
searches reversal violation
. 1800 I I — 1 R R ER \ /
A= = E Nobel prize to KM / -
ee — T(4S) [10'58 Gev] - BB = 1600 Decisive confirmation of CKM picture Ben ,. g=
% 1400 Observation of direct : o] ‘]
8 L CP violation in B —p*p- T ]
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200 :_ w . Measurements of mixing-induced _:
- CP violation in B = @Ks, N'Ks, ...
0 = - | | | 1 | 1 | | =
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BaBar: PEP-Il e"e” collider, SLAC, USA, 1999-2008 Year

Belle: KEKB e+e- collider, KEK, Tsukuba, Japan, 1999-2010

at the KEKB collider at the PEP Il collider
(KEK, Japan) (SLAC, California)
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Experiments at B-factories

* Clean environment and hermetic detectors — efficient reconstruction of neutrals (T n), recoiling

system and missing energy final*states DarkSector  Observation of time
searches reversal violation 2 d t .
n neration:
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£ [ B = KON Evi i .
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200 :_ > . Measurements of mixing-induced _:
r CP violation in B = @Ks, N'Ks, ... 7
0 = - | | ] 1 | | | | =
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 I I >
BaBar: PEP-Il e*e” collider, SLAC, USA, 1999-2008 Year 2018 2019 - ...

Belle: KEKB e+e- collider, KEK, Tsukuba, Japan, 1999-2010

at the KEKB collider  at the PEP Il collider * nano-beam scheme* (vertical beam size 50nm at IP) Sy
(KEK, Japan) (SLAC, California) * 30 x KEKB peak luminosity: L = 6 - 10*°> cm? s™ Belle 11
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Belle Il data taking

* collected 0.5 fb1 during the pilot run April-July 2018 (first collisions on April 26t)

* Since March 2019 collected > 170 fb-t and hit the 2.9x1034 cm-2s-1 instantaneous luminosity!

Belle Il Online luminosity ; Exp: 7-18 - All runs
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Interplay with flavor experiments at LHC

* LHCb is a single-arm forward spectrometer at LHC collider covering the region 2 < n < 5:

— excellent vertex and momentum resolutions LHCb Integrated Recorded Luminasity in pp, 2010-2018
2 2 E: - 2018 (6.5 TeV): 2.19 /b "018 2012
— soft triggers and online-analysis capability T T e Wi 28

2015 (6.5 TeV): 0.33 /fb

1.8 §_ . 2012 (4:0 Te‘u’);2:08 b ‘4016 / 2017

Int. J.MUd.Phys. A 30, 1530022 (2015) ¢ BmpoTaem y
...................................... 1.6 g_ 2010 (3.5 Tev);oim ifh r'
I” p— S/ arA
1E
08k Jf%{f’—_’( Shutdown?2 in progress
- - >

I e m
o=l | v YIS
§= L/

B E L et S

T : Qpar May w o sep T Nov
Month of year

Integrated Recorded Luminosity (1/fb)

. pixel . silicon strip . ECAL Cherenkowv

B oirooove I moar [l meon B-Factories Vs LHCb in a nutshell:

* LHCb has larger background (pp collision), no hermetic detector
* Cross-section Oy, (/s = 13 TeV)= 284 pub > 0,, (/s = 10.58 GeV) = 1.11 nb

* All b-hadron species produced, excellent performance on di-muon final states and heavy b-hadrons
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Overview of dark sector searches

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30M;
P | | | | | | | l . . 1 .
Il | 1 | 1 1 1 | f ¥ v § 7Y ]
> B-factories can access the
QCD Axion
mass range naturall
< Ultralight Dark Matter >4 Blackﬁoles & y
e By Rvion m favored by light dark
Post-Inflationary Axion sectors
arXiv: 1707.04591 - LHCb can probe higher
mass regions and wider
phase space for Long
€ <> . .
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear an , Accelerators Microlensing leed Part|C|eS, HeaVy

rP 1 < ¢+ ¥ 1 1 1 . . |
T TT T T T Tt

zeV aeV feV peV neV peV meV eV keV MeV_ TeV PeV 30Mg
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Muonic dark forces: Lu—LT model

— New gauge boson Z' coupling only to the 2™ and 3™ generation of L=) 06g0Z
. 14
leptons (L“-LT ):

B.Shuve and I.Yavin (2014) Phys. Rev. D 89, 113004.
- May explain the (g—2)uanoma|y and anomalies observed in Altmannshofer et al JHEP 1612 (2016) 106.
- - -1 T—,

rare B decays, B— K*upu, RK(*) e W, =
— May solve the light DM puzzle (sterile neutrinos, Dirac light

fermions)

* Search for the process:

ete— UWUZ ,Z2'— I, v, X ;

* Existing limits on the Z' coupling (g') came from searches for visible decays Z'— U -
(BaBar PRD 94, 011102 (2016), CMS arXiv:1808.03684) and neutrino-nucleus 10°
scattering processes (neutrino trident production, CCFR experiment at Fermilab)

* NEW: search for Z' — invisible, Belle Il first physics result, PRL 124 (2020) 141801
107}

Limits (90% C.L.)
on Z’ coupling 3

10" 1 10
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Search for Z' to invisible

PRL 124 (2020) 141801

* Search for a peak in the mass spectrum of the recoil against Branching ratios:
a Mt pair in events where nothing else is detected. M, < 2M, — I'N(Z — inv.) =1

* Only 276 pb-! of 2018 pilot run data usable due to trigger 2M, <M, <2M — T'(Z’ — inv.) ~ 1/2
conditions. Invisible signature My >2M, = L7 = inv.)~ 1/3

investigated for the first If light DM is accessible, BR(Z'— DM)~1

1

1 |
Belle Il 2018 « Data time:
0 F Im 276 pb™’
5 1= 3
[ : 107"
W 10 7 ee— wu(y)
E SEeteo TT(Y) ) g
g 1L %e'e'—) efe W ™ 10~
o ——— .
1 — B L. L. obs) 50% CL UL
10 —j—'—iﬁ__ Nl : 1072 Belle Il 2018 L-L. . BF(Z— invi=l (obs.) 90% CL UL _|
g \ N \ \ \ JM.' _ 278 b_1 — L.-L; expected UL
i “NERYRE = P «==Ly-L, . BR(Z— inv}=1 expected UL
2 L
10— §||||||| | 10—4 Lo o s e vy b vy by o by gy 1y gyl ]
0 1 2 0 1 2 3 4 5 6 7 8
. - - 2
Recoil mass [GeV/c’] First Belle Il physics paper MedaEs
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Belle I

Counts

10% E

10 E

107 §

p {0 e

~ L

Search for Z' to invisible

PRL 124 (2020) 141801

Branching ratios:

Short term projections including several improvements:
- much higher integrated luminosity (already on tape);

- analysis improvements (better muonlD, MVA selection);

- new triggers w.r.t. 2018 pilot run.

10°

Belle Il Simulation [ eeuu

scaled to [Ldt = 50 fb™! 59
103 R

104 L

102 -

10!
100

104

Events / (0.2 GeV/c?)

1072

1073

0 2 4 6 8
Recoil mass [GeV/c?]

10

107?

o 1072

1073

104

i Belle Il Simulation Expected 90% CL; UL - Median

=== [Ldt =9fb! —— [Ldt=50fb!
_rLdt = 50 fb~! (more inclusive trigger)

I Belle Il PRL124, 141801, J.Ldt = 0.276 fb~1

0 1 2 3 4 5 6 7 8 9

Mz [GeV/c?]

Starting to probe the (g - 2),. band already with 50 fb!

L.Zani, Dark sector searches in flavor experiments - FPCP2021
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Dark tauonic force

PRL 125, 181801 (2020)

L=—¢ ), it

EI:e'J;"!".‘.."-

* New light dark scalar with mass-proportional coupling to leptons, could explain the g-2

muon anomaly (only weakly constrained by previous searches®)

* Look for a narrow resonance in dilepton spectrum in ete-—T+T- I+l- events

arXiv:1606.04943

~ reconstruct 4 tracks + missing energy due to neutrinos

—m, < 2m, search separately for lifetimes cT, = 0, 1, 10, 100 mm — ee possibly

displaced (above dimuon threshold, only prompt decays)

-y LR SRS RS AT RS RS RS 10?
E WI;’ Jhy o Data 4 E — Radiative emission may be
— C " = 3 Wl =l
= I } e %;:.:g% ] 10 E enhanced due to larger tau masses
- 103 ta 3T E E
3 I IS 3 1k 4 Total BaBar data set at T(2S), T(3S),
15 : 3 T(4S) and their vicinities: 514 fb™

1075 3 10

ad 1 10k — No significant excess, set 90% CL

W : — BABAR 6 _90% CL upper limits on leptophilic scalar
o & B ox @ m B a B maloa s oo caal
my, (GEV) 10 10"

1 m (GeV)w coupling §
¢I..

* Phys. Rev. D 94,011102 (2016) L.Zani, Dark sector searches in flavor experiments - FPCP2021 13
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Axion Like Particles (ALPs)

* Axion Like Particles are pseudo-scalars nookzl0). R 1aTTo020 |

coupling mainly to bosons, with non-

renormalizable coupling constants [g., ]

~1/M
Y y
* Explored photon coupling g, in ALP-
strahlung processes — Belle |l
2, ALP-strahlun
(photon fusion: sensitivity under study) (& g A
Belle I
_ Ueny Fopw 1
— more on ALPs prospects at LHCb £S5 4 all, F*
in the backup
* Exploit Flavor Changing Neutral sl = _ Yav QW Ve m
o nr
Current (FCNC) and rare meson decays 4 |
to investigate g, coupling — BABAR B sy S 100/ 105 Z:;tf;::::z:g \\%
preliminary 106 ‘ , . ‘
0.1 0.5 1 5 10
m, [GeV]
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Belle I

* Select fully neutral events consisting of 3 isolated photons with a total invariant

mass consistent with center of mass energy

ALPs: a — Yy at Belle I

* Search strategy optimized to maximize ALP sensitivity

* Transition point for signal yield extraction at equal sensitivity, for m, = 6.85 GeV

Candidates / (1 GeV?/c?)

Diphoton invariant mass (low m_)

700

B
o

Belle Il (2018)
[ [Ldt = 445 pb~!
(b)

w

=

——
Candidates / (0.04 GeV?/c*)
N

0.4 0.6 0.8
M2, [GeV?/c?]

0 20 40 60 80 100
M‘EY [GeV?/c?]

2.5
0.04
§0.03
20F &
— @ 0.02
% 2
ik &
E 0.0g5
o
— 10}
S
S
05}
Recoil invariant mass (high m )

=
o
o

300

200

100

Candidates / (1 GeV?/c?)

PRL 125 (2020) 161806

Diphoton
— Recoil

0.4 0.6 0.8 1.0 o "
m, [GeV/c?] -

| Data
| Belle I1 (2018) m ete- rr°y(y)
JLdt = 445 pb~? HEm ete- —ete(y)
Em efe” —yyly)
(a) # MC st t uncertalnty

40 60 80
Mrzecoil [GeV2/C4]
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Data set: 445 pb!
from 2018 pilot run
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ALPs: a — YY results

HooH e
N R O

L

95% CL upper limit on ole *e~ — ya) [pb]
e o o ©
N e (o)) oo o

e
o

PRL 125 (2020) 161806

Binned extended max likelihood fits in sliding ranges, with half mass resolution as step, between 0.2

and 9.7 GeV — no excess found (highest local significance of 2.80)

0 - . - . - - -
Set 90% CL upper limits on the signal cross section, translated in g,,, limits Gy %QED : m2\3
=0 s
B Expected UL +20 Belle 11 (2018) =
| mmm Expected UL 10 Jrdt = 445 pb™? 102 < ]
—— Observed UL 4 — With only
.2 | ---- Expected UL S
xpected U T'T' 5 Belle 1l ]./].OOOOth of
[e%
= A= target final
O =
— ©| data set
<
(8]
S 10
| electron beam dumps ga\tZ =0
-5 L Ll . L " N | L PR
m, [GeV/c?] 1070 102 10+ 10° 10?

m, [GeV/c?]
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ALPs in meson decays &n

<

. ) e
— signature searched for the first time!
* FCNC processes perfect testbed to search for low mass ALP emitted by a W boson

b u/c/t 5
* B — KYY is extremely rare in the SM and hence uniquely sensitive to very small E Loasuirre. T
) . lzaguirre, T.
ALP-W coupling g,,, Lin, B. Shuve. .
* Search for the process B* — K*a, a — YY by looking at narrow peaks in the PRL 118 (2017) Al
diphoton invariant mass ~Loa

2 Select events with a good kaon candidate + two photons kinematically constrained to come

from the beam spot and use B-meson kinematic variables (mgs, AE) to reject continuum

-3
2T~ 1/mj3g?,,: allow displaced vertex signature, set long-lived particle constraints -,-ﬁ' L
>
S 0 8
[b] 104 = ﬂ- + )
3 BABAR e Data [] e'e’—qg .~
9] - — .
~ u preliminary @ e'e—B'B ete BB Data set: 424/fb at %104 =
= i . o)) E
2 70 T(4S), ~240M B*B pairs -
810 S
g i 10°E Y
—Improve limits on g, F %,
107 : s K — BABAR 90% CL
coupling by two orders of - BB relisiinaey
. ‘6 1 Ll 1 I 1 L 1 L L Ll 1 I L L 1
magnitude for m, < 5 GeV o 10" ]
] . : . ** Limits from kaons decays are extracted from existing ma (GeV)
00 05 1 15 2 25 3 35 4 45 measurements presented in: Phys.Rev.Lett. 118 (2017) 11, 111802

m,, (GeV) L.Zani, Dark sector searches in flavor experiments - FPCP2021 17
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Dark photons

* A possible U(1) extension of the SM include a new massive vector gauge boson A’ coupling to the SM photon
through the kinetic mixing with strength € — the dark photon

) . . . 3 100 _' LS (S ST S [ S N T (LT A (N IR AR SRV | '_
* At ete colliders investigate the ISR production ete —+ y A’ = C cos(6* )| < 0.933 1

> E Y g O

> e . %

o / w bb r c =

Batell et al. (2009). = T

arXiv:0903.0363 = ;

ga

= =

\\ I*x o D gg

% <O 93

Belle II S G

2 .0

* m,>2m, A’ decays 100% invisibly into DM particle (single photon search)
* m,< 2m, — A’ decays visibly to SM particle (leptons)

— Data-driven search for prompt and displaced A’ decays to muon pairs at LHCDb, ﬁﬁCb
normalized to off-shell production y* — uu

L.Zani, Dark sector searches in flavor experiments - FPCP2021 18



Belle I

* Select events with nothing but a single high energetic ISR photon. Look for a

o
(]
bump in the reconstructed photon energy E = (s — m?,)/2/s —; | 103;
= 1
* Background: QED processes ete- —YY(Y) (low mass region) and radiative __ 4 10;‘;
. . . > c
Bhabha ete — e*e y(Y) (high mass region) + cosmics o =
R I
o]
S 101 &
W 2} Q
- — only one photon in the detector c
R T LPIY, G | |.<
off requires a dedicated single photon _ . n
_2__. | .+ cuoa . . . ¢ . N trigger . | Belle H' simulation | §
T ] — at Belle was not available, at BaBar 50 5 %00? 150 o
3 | ilable only on ~10% dat. = M
gw - _E ES EVEIEIIE BT G o data QB% Belle Il Simulation Preliminary
E E PRL 119, 131804 (2017) EN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B N =
- . . : : I
2L = 1 Optimize analysis separately in the Low Mass region, MX2 < 36 ,
5 = 1 ]
i - ' GeV*, and High Mass region, 24 < M *< 69 GeV*, with two_
- - |
107" 'z » different BDT— results based on 53 fb data '
|

60
ﬁ{ﬁe\"’) BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B
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= Invisible dark photon sensitivity at Belle I

Belle I https:/larxiv.org/pdf/2104.10280.pdf

e 1 In barrel ECL, Belle Il has no _2
y " : 10
y _ projective cracks in c]) w.r.t. BaBar:
— more hermetic

— more efficient w

\\ 10°° :

\ \ = _ = - - - -. ——————————————

L/

> No ECL cracks pointing to the interaction 107

N
\
390 |

R\250

region and possibility to compensate for
ECL photon detection gap with KLM

- Better hermeticity (smaller boost By=0.28, 107 N B,

2 1
larger acceptance) 10 10 1m (GeVI) 10
A-

~ Improved hardware trigger lines

L.Zani, Dark sector searches in flavor experiments - FPCP2021 20



Y] Visible dark photons at LHCh

* Search for A'— WM +ld- by looking for peaks

in di-muon invariant mass up to m,=70

GeV

* Extract n,[m(A")] with binned extended
max likelihood fits in step of G[m( +H-)]/2

ngy[m(A')]

A / 21 2
nex[m(A )?5 ] =€ 2Am

off-shell photon
phase-space

Removed QCD resonances

PRL 124 (2020) 041801

Flm(A)] e [m(A), 7(A")]

A’ [y* eff ratio,
=T iR Exclude at 90% CL 107

regions where

No[M(A")] < ne[m(A’)]

10—10

L.Zani, Dark sector searches in flavor experiments - FPCP2021
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I, 10 = isolation VE=13TeV o
_':L e applied prompt pTuT ]
k= Bl org

"i 10° I e+ Tipegy

% 10°

=

o )

0 1 10

miptp) [GéV]

90% CL upper limit on nA[m(4'),e?] [ nd[m(4"),<?

]

O = N W R h N =] 0D =

L | L L L h L L L L
250 300 350
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A'— UM results

PRL 124 (2020) 041801

* Most stringent limits on € for 214 < m,< 740 MeV and 10.6 < m, < 30 GeV for prompt decays
and 214 < m,< 350 for long-lived A’

107~

g__
75!
1

10—3 ! 4 MJ

107
~prompt in LHCb

' . LHCb

First displaced exclusion not
from beam dump experiments

107

il I;Illlll l IIIIIII| 1 IIIIIII|

III 1 1 IIIIIII

1072 107! 1

1076

0
m(A") [ GeV ]
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JHEP 10 (2020) 156

* Drop kinetic mixing assumption with y* and probe more dark sectors in di-muon resonances

Candidates / a[m(u* )]/ 2

Candidates / o[m(ptp™))/ 2

2016-2018 data set: 5.1 b’

10° o LHCH T3 e Explore 2m, < m(X) < 60 GeV with non
S - X o optps .. .
:24 il e 15 negligible width (up to 20 GeV)
3
10° * Interpret results as 90% CL upper limits on X-
10° . r
- Higgs mixing angle 6,
1 U
m(ptp) [GeV L
=
P LHCh
7 (Run 1)
10° 0.1
LHCb
LHCb
10% displaced dimuon candidates 2HDM type IV, tan § = 0.5
0.01
10

i HHM Iy |

0.5

m(X)[GeV]

i

3
m(ptpT) [GeV]
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#v) [pb]

DX B — e*

~0-0

1

olgq —

* Many SM extension includes new massive particles with
lifetimes >> Tgy : long-lived particles (LLP)

* Signal signature: muon and electron oppositely

charged with good-quality displaced vertex within the

VELO tracker ( d > 15-0p)

Search for LLP — euv

Eur. Phys. J. C81 (2021) 261

LLP
g LLP q [+
W:I:
ST
g LLP q' LLP
LLP ¢

* Compute the LLP mass (m,p) as the corrected mass:

Meore = /m(ep)? + plep)? sin® 0 + p(ep) sin

—

o
E

— .
LHCb

f 90% CL upper limits
with CLs technique

(@) Teep = 10 ps

P IR

10

20

30

40 ‘ 50
mypp [GeV/e?]

— e*p*y) [pb]

) % B

1

=00

I

olgq —

1

0.1

0.01

Investigated 3 production mechanisms, direct pair

production q?]—) LLPs has the highest efficiency

E LHCb

# 0b ¢ &
o
1

- myrp = 7.0 GeV/c? -43= mpp = 12.1 GeV/c? ]
= mpp = 8.7 GeV/c? == mpp =298 GeV/c® 1
= mrp = 10.8 GeV/c? -0= mrrp = 50 GeV/c*

(b)

1
DT T
[} L N
% b b

10

TLLp [ps]

* Main background due to bb candidates, rejected by
applying a BDT selection

* No significant signal found in the searched range
{ 7<mp< 50 GeV, 2 <T,,p<50 ps}
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Yy Phys. Rev. A 1: 1577 (1970)

PRL 116.15 (2016): 151801
AI

* Sufficiently light dark photons A’ could result in an attractive force
between dark fermions (¥) and the formation of bound states XX
(darkonium, ;)

* Search 514 fbt for the reaction: ete— — YT, Tp — A'A'A", A’

subsequently decays to leptons or pions pairs {
o]
£ pt
. 1(]2’ c"_‘)\_: Z e
=~ 3.0 Q
> Select six track events, apply 9-/2 . Ready for =3
L i PRL h10! E.
PID and combine in similar 3 sF
A’ masses to form T 2.0 submission! S
09
> Look also for displaced vertex 1.5 10 ’%;
signature (for my< 0.2 GeV, 10 ®
cTo= 0.1, 1, 10 mm) — 10 102 — mr,=3GeV
0.5 ] — i
'5% my,= 9 GeV
B e T o B de o5 B T gn g 10755 102 10~ 10° i} 10°
D 15 25 35 45 5.5 6.5 7.5 85 O g mu (GeV)

mry, (GeV)
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* Dark photon (A") mass can be generated via a spontaneous symmetry breaking(*) mechanism, by adding a
dark Higgs boson (h') : dark Higgsstrahlung process, ete- — A'x— h” A’

Belle Il expected sensitivity on €%op

Belle Il Simulation Expected 90% CL UL
& 5F [ cdt=9f"? Preliminary
- systematics
% aF estimate
=
hl m 3F
o xeap ©
€ 2f
* Belle Il can probe the invisible h' decay (m,- < m, ) Bl 5 Bal
with A" decaying to a muon pair currently constrained o '
0 L
only by KLOE®**): . . , . . .
0 2 4 6 8 10
— Constrain virgin phase space region and probe non- Dimuon mass [GeV/c?1

trivial €20, couplings

* Batell, Pospelov, Ritz, Phys. Rev. D 79, 115008 (2009), ** Babusci et al. (2015), Phys.Lett. B 747 pg. 365-372, 0370-2693
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Conclusions

ﬁiﬁ' ch A= uu PRL 124 (2020) 041801
X— Jp JHEP 10 (2020) 156

LLP — epv, EPJ C81 (2021) 261

* Very active and wide-ranging program of searches

for dark sectors at flavor experiments

* B-factories and LHCb can provide complementary
competitive limits on several models

Z' _ inv PRL 124 (2020) 141801
a - yy PRL 125 (2020) 161806

* Increased luminosity, upgraded detectors and better

analysis strategies will improve existing limits and

provide soon new results

. more to come: invisible dark photon, darkonium, dark-Higgsstrahlung, LLPs,

Heavy Neutral Lepton searches ... The Belle Il Physics book

LHCb prospects on ALPs searches

L.Zani, Dark sector searches in flavor experiments - FPCP2021 27


https://academic.oup.com/ptep/article/2019/12/123C01/5685006
https://arxiv.org/pdf/1810.09452.pdf

LUMINOSTY

Thanks for your attention.

<l
=S

7
s (©
{uf‘%

/
()

d
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Dark matter candidates

* DM is an unsolved puzzle — Unknown origin and nature! - Modified Newtonian Gravity.
- Non—particle candidates: MACHO
Thermal DM Non—p al V\dd st M HOs
zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg
‘IIIIIIII..I..I..I..I..IﬂI i ]
ST T T e T R - Particle candidates
Pa—
QCD Axion WIMPs
€ Ultralight Dark Matter >€ Hidden Sector Dark Matter Rd Blackﬁoles * NeUtrlnos x hOt' relatIVIStlc Candldates
Pre-Inflationary Axion - Hidden Thermal Relics / WIMPless DM=;
i . . * QCD Axions constrained by stellar cooling processes
Post-Inflationary Axion . Asymmetric DM | . i . .
E — — and supernovae dynamics, disfavoring thermal production
>
S'M""‘f”’E“S * Sterile Neutrinos \/observed DM abundance \/neutrino
Beryllium-8
Non-thermal =, Non-thermal Masses
ORS00 SR * Weakly Interacting Massive Particles (WlMPS)‘/ﬂatCh

. i : i i | i i » i H . . . .

Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing Supersymmetrlc Cand|dates (neutralan, WIMP mlraC/e)
A

zeV aeV feV peV neV upeV meV e eV MeV GeV TeV 30M xnu” results from direct searches

100 TeV

Light Dark Matter WIMP
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Light dark matter scenarios

* No evidences for WIMP favor light DM hypotheses
* Possibility of light dark sectors motivates the search for a DM mediator (@):

Measured from cosmological observations

X SM (V) N& —» Experimentally
TELLC
constrained by current
Op (p Osm y
- = = = searches

SM my, < since g < O(1)

¢ < ov >
May be too small to be consistent with _
the mass of any known SM mediator |
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Dark matter production at accelerators

* Fixed-target experiment e Colliders
>
Electron beam dump Mono-X searches: detect a
e~ Dirt well-reconstructed SM object
W- X (ISR photon, jets..) + missing .,
Dump Detector Visi X
energy isible decay X
mono-Jet/photon/W/z e
M""-:'-*i-: i 1 g xlmy) 4 q Al S g, |7 nene H'ggs, ko mA’ >me QE y
: o Y e Ay
= AT
V, A(Memed) s,P __§:P 5 ' e
il itoy) 8 e X3 " T; 7 @ X ',// \
> Proton beam dump (DM at neutrino facilities)  monottbb, 4 monoV , [T § 1 g x {
:ZC % N L] EL
o - x Jowe tonf Invisible s
DM x N —— x f,'+ [
’.TI'O ’r" ———dl\r~< & ® g x 4AX S‘yg:]m'<‘: decay I/
’ A T 3 Vo V] t-channel mono-jet/dijet ’}" -L A.!
o .DM o o | Cs— t ‘ r?r' ‘?(
Via meson production Direct production ¥ G 5 . &
3 ® t ¥ ® £ g © t
mono-t / \
et e
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Dark matter searches at fixed-target

* Electron beam dump

>

— Suitable to investigate vector portals for mediator

masses 2m_ < m, <GeV

— Larger luminosity

— Scattering cross section enhanced by nuclear charge

coherence

— Compact special-purpose detectors (dual-arms
spectrometer @JLAB, MAMI, forward vertexing
spectrometer OHPS)

* Proton beam dump: exploiting neutrino facilities

Pé’z:;n Target Absorber Dirt Detector
P = uty, Vy — Ve
—_— #

| 10 m -100 km {

— Exploit existing neutrino facilities

— Look for neutral pion conversions to photons that may

kinetically mix with the dark photon

— Signal signature: dilepton resonances, long-lived particle,

missing energy
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Neutrino trident production

* Neutrino trident production with a Z" boson

- CCFR

i 0.1 &
5 0.01+
N 1073

o001 o1l 1 10 100 10

m, (GeV)
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Cross section in e"e collision at 10.58 GeV

Physics process Cross section [nb] Selection Criteria Reference
7(4S) 1.110 =+ 0.008 . B
wit(7y) 1.61 - KKMC
dd(~) 0.40 - KKMC
s3(7) 0.38 - KKMC
ce(y) 1.30 - KKMC
ete () 300 £ 3 (MC stat.) 10° < 6 < 170°, BABAYAGA.NLO
E* > 0.15GeV
ete (v) 74.4 pe > 0.5GeV/e and e in -
ECL
Yy(y) 4.99 + 0.05 (MC stat.) 10° < 63 < 170°, BABAYAGA.NLO
EZ > 0.15GeV
() 3.30 E, > 0.5GeV in ECL -
ptp= () 1.148 - KKMC
pru () 0.831 pu > 0.5GeV/ecin CDC -
() 0.242 pu > 0.5GeV in CDC, -
> 1+ (E,>0.5GeV) in ECL
rr=(7) 0.919 - KKMC
vir(y) 0.25 x: 10~ - KKMC
ete—ete 39.7 + 0.1 (MC stat.) Wi > 0.5GeV/c? AAFH
eteutu 18.9+ 0.1 (MC stat.) W > 0.5GeV/c? AAFH

The Belle Il Physics
Book [arXiv:1808.10567]

* Low multiplicity event cross sections rapidly
diverge compared to hadronic ones

* Selections applied at MC generator level to
reduce the effective cross section

(acceptance, particle momentum selections)

* W, is the minimum invariant secondary

fermion pair mass
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SuperKEKB accelerator

* World highest luminosity, applying the large crossing

Belle I

angle (83 mrad) nano-beam scheme [arXiv:0709.0451].
KEKB SuperKEKB

“newbeampipe  SUPErKEKB

& bellows

1(A): ~1.6/1.2 —x92—P 1(A): ~3.6/2.6
B, (mm): ~ 5.9/5.97—17‘%ﬂ—> B", (mm): ~0.27/0.3 gu'f(uba, Japan

Add / modify RF systems
for higher beam current

beam beam-beam
Lorentz current parameter

factor " L /
N \J P :
* ; geometrical
L= 7: [l s G.\' I i‘:.\'i [" RL \"- reduction
. | / factors

Low emittance positrons
to inject

Damping ring #-—\-\.\___k i
b X

\ S

Low emittance gun

Positron source

New positron target /
capture section

Low emittance electrons

~ a to inject
beam aspect vertical beta-function
ratio at the IP at the IP

30x KEKB peak luminosity: L= 6-10* cm® s™

L.Zani, Dark sector searches in flavor experiments - FPCP2021
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Belle || detector

* The Belle Il detector has better resolution, PID and capability to cope with higher background

f— KL and muon detector (KLM):

Electromagnetic calorimeter (ECL) Resistive Plate Counters (RPC) (outer barrel)
CsI(TV crystals Scintillator + WLSF + MPPC (endcaps, inner barrel)

waveform sampling (energy, time, pulse-shape)

15 T superconducting

Magnet: ]

By=0.28 = 7 Gey,

Trigger:

Hardware: < 30 kHz
Software: < 10 kHz

Vertex detectors (VXD):
2 layer DEPFET pixel detectors (PXD, partially installed)
4 layer double-sided silicon strip detectors (SVD)

e+ (4 G@V)

Particle Identification (PID):

Time-Of-Propagation counter (TOP) (barrel)
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (F\WD)

Central drift chamber (CDC):

He(50%).CzHs (50%), small cells,
fast electronics

DEFPFET: depleted p-channel field-effect transistor
WLSF: wavelength-shifting fiber

Belle Il — x50 the data set of its predecessor!
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SuperKEKB Numbers

2017 /September/1

E
|
Number of bunches
Bunch Current
Circumference
Ex/ &
Coupling
BBy
Crossing angle
p
05
VC
(oF
Vs
Vi /Vy
Uo
Txy/ Ts

&x/Ey

Luminosity

LER

HER unit
4.000 7.007 CeV
3.6 2.6 A
2,500
1.44 1.04 mA
3,016.315 m
3.2(1.9)/8.64(2.8) 4.6(4.4)/12.9(1.5) nm/pm (:zero current
0.27 0.28 includes beam-beam
32/0.27 25/0.30 mm
83 mrad
3.20x10* 4.55x10#
7.92(7.53)x10-4 6.37(6.30)x10-# 0:zero current
9.4 15.0 MV
6(4.7) 5(4.9) mm 0:zero current
-0.0245 -0.0280
44.53/46.57 45.53/43.57
1.76 2.43 MeV
45.7/22.8 58.0/29.0 msec
0.0028/0.0881 0.0012/0.0807
8x103% cm-2s-1
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Belle Il Challenges

Reduced boost By-0.42@KEKB — By=0.28@SuperKEKB requires better vertex
resolution for the same B mixing performance

Much higher backgrounds require faster electronics and radiation hardness

Much higher event rates require new DAQ and multi-level trigger system
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Belle Il Performances in Phase 2: photon

Events /(0.02)

Pull

700

600

500

400

300

200

100

reconstruction

O'Ol..ll.lgl...l;..lul.l
008 0.10 0.12 0.14 0.16 0.18

After. just ONE DAY of datal taking!

S0 l—

[ Belle Il

- 2018 (Preliminary)

[ 0

LT — )V

- —+ Data

: o/
OM

:‘..Aufo,’.m -

e

it

Hfl.cn=~5pb"
t

¥ 4 E >0.15GeV
+

—

t
t
t

m,, (GeV/c?)

1.00 GeV < p(recoil) < 8.00 GeV o
— ‘ T T T ‘ T T T | P |
- e NO
- —+Data = S 15
E . iz Q
e T o £
= 3 —
= E Q
- Belle ll 2018 (Preliminary) 5 g 1.0
i L dt =250 pb”’ = —
2, fjue-ams = 2
C 1, =0.997£0.001 . 2
C = L
5 et e | -

0.6 0.8 1 1.2
E 1 ' \ T —
el e g W s
— 5 08 —— ' _1:.2

E(ECL) / p(recoil)

ete—Y X, ete—y ALPS — y(vy)
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Future of LHCb

Physics case for an LHCb Upgrade |l: Opportunities in flavour
physics, and beyond, in the HL-LHC era [CERN-LHCC-2018-027]

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031

SutemtLbch = —» Wosrecul- ¢ Sparaiel—» @ Challenging conditions — higher rate,

E"": ME pile-up, occupancy and fluence.
N 18 3 £
21 = £ @ Expect to collect 300 fb* by the end of
g ::: _ zoo-é Upgrade 1.
F 1:: s wf @ Detector sub-systems have to be able to
i 100 cope with such conditions.
3 50 @ In particular — trigger and tracking
:;5“0-- e L systems are crucial for exotic searches.

Year
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* Resonant e'e— n'n J/w (— U'W)

Entries /0.1 (GeV)

Search for a di-muon invariant mass peak in e"e— UTU MM events

Main sources of background:

Total BaBar data set at T(2S), T(3S),

QED combinatorial T(4S) and their vicinities: 514 fb™

S —— 107

: ] ©
5000 Correction I:] D:“'a e 9] 5
factor (ISR): ol : =
4000 (Jete - v« 3
| e'e —qq g=uds,c E
e o'e — PxUw) 3
2000 3 102
10000 -
0 - L L 1 1 1 PR
12[ { -
1T o« " Limits (90% C.L.
0.8 “emeernestemeene s troe?itt v it agrtertians ttin St 103} on Z’ coupling
0o 1 2 3 4 5 6 7 8 9 10
mg (GeV)
Di-muon reduced mass: mg = (m,,2—4m,2)!/2 10" 1 10
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/' to invisible: event selection

Two good tracks coming from the interaction point and satisfying an ECL-based muon identification

— dimuon candidate sterE < 0.4 GeV

* Tracks pointing to a fiducial ECL barrel region, 37° < 6, < 120°, and similarly the recoil momentum sterE/p < 0.4

* For MM events CDC trigger fired in data and mimic the trigger effect in the selection: 2-track 50 Smallgan
opening angle in the range [90°, 172°] M 7
— mc11: 4 Simulation scaled to 276 pb™

£ MCltr | x79% CDC trigger Efficiency
[ MC11: eepy

102 { =3 Mc11: nn
[ MC11: Total

* Clean the Rest Of Event (ROE):

— no ECL cluster (clusterE > 100 MeV)
5 within 15° cone with respect to the

10° 4
reconstructed recoil momentum (closest

photon veto)

Entries/125 MeV/c?

100 - — no reconstructed T° candidate (T veto)

— no energy deposited in the ROE > 400
MeV (extra energy veto)

P8
0 2 4 6 8 10
Recoil mass [GeV/c2] dark sector searches in flavor experiments - FPCP2021
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/' to invisible: event selection (LFV Z')

!rE/p < 04

* LFV Z' inherits the same selections, replacing a

muon with an electron usterE/p < 1.2

* For e events ECL trigger fired in data and

.. . . . 1 MC11: up . N 1
mimic the trigger effect in the selection: ECL | = mc11:rr  Simulation scaled to 276 pb
| &= mCll:eepn x96% ECL trigger Efficienc
cluster energy for electron track >1.5 GeV 102 { =3 MC11: eece &8 y
~ i3 MC1l:mm
U 4
. 0 & 1 1 MC11: ee
Same vetos (closest photon, T° , extra energy E | £ MC11: Tota
veto ) applied to clean the Rest Of Event (ROE) n 101 )
™~ ]
i 3
e H X E
5
4 10"
kY
P 1071 & - -y ; '
= 0 2 4 6 8
ete™ — et uT + missing energy Recoil mass [GeV/c?]
Galon et al. (2016), arXiy:1610.08060
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results

i 80
- Bellell 2018 -
1 J = een 2 . f  Bellen 2018
- | Ldr =276 pb” 4y : — I "
) Ldt =276
10 | ; t a 60:— B2 |
: L - ¥
o - ete— Wrpy) > B0 o |
= ere— TT(Y) £ | e (obs.) 90% CL UL | |
g 1 E oL e etepy L 40 F ! ::_
O - ‘o - «e=e-- g expected UL ! '-
1 30F ;
10 i : :
F Q0 20 F |
i I_S .
1072 | W
-I bt I I L I = _ il I 0 Ll L1 I Ll 11l I L b 1 1 I L 1 1 | L1 1 1l I Ll 1 1 I Ll 1 I L 1.1 I
g & 2 a8 % E 8 F o E #E 4 2 & 4 8§ B ¢ B
Recoil mass [GeV/c’] Recoil mass [GeV/c?]
FIG. 4. Recoil mass spectrum of the gi#:‘: sample. Simulated FIG. 5. 90% C.L. upper limits on efficiency times cross section
samples (histograms) are rescaled for luminosity, trigger (0.79), € X ale”e™ — e*uTinvisible]. The dashed line is the expected
and tracking (0.90) efficiencies. Histogram bin widths indicate ~ sensitivity.

the recoil mass windows.
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/' to invisible: background rejection

Background from QED processes that can mimic the final state of 2 muons 4+ missing mass
because of acceptance or undetected particles:

* ete — MM (Y)1 - affects the low mass range M, < 3 GeV, rejected by general selections

> Dominant contribution in the recoil mass range ~ 3-7 GeV — needs

* efe = TT (Y)v T— HVV dedicated suppression

* efe — Utdete - Affects high mass spectrum M __ > 7 GeV where sensitivity is also limited by

the decreasing production cross section

Selections optimization by maximizing the Punzi figure

of merit in each recoil mass bin.

WZ + /B), a=1.64 (90% CL) Binning scheme:

|. Contiguous bins have been defined interpolating
Number of surviving events and signal efficiencies the fitted O _to cover all the recoil mass spectrum

—

Computed for each recoil mass b|n Il. Punzi—optimized bin-widths = i20'W
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/' to invisible: T-suppression procedure

* Discriminant variables: > 7' is final state radiation from one muon leg,

- pT,max rec * pT,min rec transverse Component of recoil miSSing momentum in TT events iS due to
momentum along the direction of the neutrinos from both muons

maximum/minimum lepton momentum

. . - Background _ :
= P, dimuon candidate transverse momentum 30 i macayc Doneu 2018=5imulation
— 2.5F i
.; L y=mx+q
* Optimal selections found by simultaneously o oL 4
maximizing the Punzi FOM 5 1sf
£ :
—_ L
. -0 i Eik
* Interpolated as a function of M__ 5 1.0} o
* Achieved rejection factor (N, /N, 2t ) up 65F R o .
to 400; relative efficiencies ~40-70% 0.0} 1 —_—

L dmin [GeV/c]
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no L N
50 100 150 200

Belle 1l 2018 data

200

ECL®

TOP

s ¥ Belle Il detector, z (longitudinal plane) -

Belle 11 detectompxys(ffansverse plane)
A5
P

100 150 200
[y H||\
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ﬂ' Dark leptophilic scalar: event selection

* Only 4 tracks + missing energy/momentum due to T neutrinos

* Apply Lepton Identification and reconstruct @, candidates as two oppositely charged
leptons, kinematically fitted to the same vertex: }“’f
— Constrain to beam spot region for dimuon resonance (prompt only) -
~ Resulting momentum points back to Interaction Point for ete-

— allow for displaced vertex signatures

* Reject radiative dilepton + pair conversions contamination:
~ Visible mass lower than 9 GeV
= Angular isolation from nearby tracks for reconstructed ¢ candidate
~ Missing momentum of the event > 300 MeV

* Boosted Decision Tree optimized for best signal sensitivity as function of the @  mass

* Remaining peaking background from J/y and T(2S) contamination — corresponding mass not scanned in the signal search

* M’ — Yy, with y—e*e conversions observed for cT, = 1mm — broader feature than signal resonances, included in the scan

and model as background component
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* From the fitted signal yields compute the cross section for ete=—T+T-@,, @[ —LL-
(L=e,M) for different {lifetime, final state} as a function of the beam energy
N.s-ig
(Zthie. L) BF (¢ — £+€-)

Tth, 48

048 = Z

i=285,35,48
* Extract 90% CL Bayesian upper limits
— flat positive priors and Gaussian-distributed systematic uncertainty included by
marginalizing

— dominant systematic effect coming from data/MC comparison — assign 3.8% (4%)

systematic uncertainty in the dielectron (dimuon) signal efficiency
10%g

Limits on the leptophilic scalar
coupling as a function of the
searched mass are derived within
MadGraph5 (iterative procedure)

:lnnmd PRERTITT IR TTTTT M AR ISR

— BABAR o, 90% CL

10.3....| eeaa 2 aaaal P |
1072 10" 1

m, (GeV) "

e A -
- ¥ e'e 90% CL limit
f—']._‘. —er=0
---ET =1 mm
i --gT =10 mm
; --e1 = 100 mm
% 10
1
o arXiv:2005.01885
.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 022
m_ (GeV)
F E LI L T 1T T |E
= g ww ]
I& B T
+F :
o B B
1 i arXiv:2005.01885]
101 —90%CL limit |
R R e T o
m_ (GeV)
49
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B* — K*a: fit strategy and signal extraction

* Scan diphoton spectrum: 476 unbinned maximum likelihood fits for each mass hypothesis (excluding scan in the

vicinity of peaking background contamination from T0°, n, n')

* Fit windows vary from 30-700, with @ the signal resolution (8-14 MeV) — extracted from fits to signal simulations by
using double-side Crystal Ball function and interpolated for intermediate values

* Same selection and fit procedures as optimized for prompt ALPs applied to long-lived ALPs, for m, < 2.5 GeV

Prompt decaying ALPs Long-lived ALPs

s f : : . : 1 =107 S I = F B BELEEPEE SN

2 — ol F BaB v 1

gsm mg = 0.3 GeV- :Th : 90% CL limit i " C pfelﬁinary 90% CL limit ]

> i i - BABAR 1 @© 10'5 = —Ct, = 0 =

Sioe BABAR _| "u“':' i relimina 1T 3 --ct, =1 mm 3

P relimina o P £ o ~-cr,=10mm

%00 |l ot ] Fuﬁ— h

1 % [ 1 E =

P, - B . E =

’ . & 11 B 5

e 1 m & B :

@ EX VTSSO SO L T 107E G

é o W — l!-l? c ""10'75—
3% = B =

0.2 0.3 0.4 05 (GGGV] 0 L 1 PR R S é PR R S é PR :4|I PR S T 1 5 = ]

e 25

rnﬂ' i 17 m, (GeV) m, (GeV)

19

Highest global significance <10 after including trial factors Kinematic limit m, > mg -m
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= Dark photon to invisible: single photon trigger

Belle 11 Phase 3 (Design)

Trigger logic L1 rate at full luminosity
E>1GeV 4 kHz (barrel)
- (veto clusters above 300 MeV) 7 kHz (endcaps)
EendGey 5 kHz (barrel)
Bhabha & yy vetoes

500 o all ee - uuy events
{ 1 GeV cluster triggered
=400 Belle Il 2019 |
= JLdt=4.6 fb~?
< 300 ]

" E* [GeV]

L1 trigger efficiency

O
N

k-
(=)

ol
0

o
o

o
I

Belle I 2019
[Ldt=4.6 fo~!
1 GeV cluster trigger

...... R A T TR R R R N R R

O
o

0.5

10 15 20 25
E* [GeV]
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Dark photon to invisible: backgrounds

Discriminant variables: Belle I
- " i
Ecms VS- Polar angle of “single photon

! Belle I

r conducting col

Background MC, 40 fb!
after selection

LR s e @ AN |
ee—2y and 3y

ee—2y

Events / bi

1y in ECL90° gap RS
1y out of ECL acceptance 35 ks
il Belle Il
2.5} s cornchng o

80 100 120 140
05" (deg)

Signal signature: ' '
. i ee—3y
peak in E_,. (horizontal band) 1y in ECL BWD gap
1y out of ECL acceptance

ee—eey
both electrons
out of tracking acceptance
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Visible dark photons: leptonic decays

Look for a bump in the ete”

or wTw~ invariant mass over
a (large) QED background

Belle Il sensitivity is
obtained by scaling the
BaBar measurement:

- expected better

invariant mass resolution

; .
1072 10° 1 My (G ev)"o - expected better triggers

L.Zani, Dark sector searches in flavor experiments - FPCP2021 53



% The LHCb detector

Int.J.Mod.Phys. A 30, 1530022 (2015)

LHCb

..HJ_I

» Only LHC detector fully instrumented
in forward region

i Excellent vertex and momentum
resolution

» Lower luminosity (@ low pile-up)
3/fbin Run 1, 5.9/fb in Run 2

» Capable of soft triggers!

» ]rl ha‘rdware pT(ui) > 1 '8 Gev . pixel . silicon strip . ECAL Cherenkov
Whi]‘e pT(gi! hi) > 3 -4 Gev . drift tube . HCAL . muon
¢ Very flexible software trigger

) In LHC Run 2: vertex reconstruction mass resolution

e Real-time analysis with offline- z [ v Tageed mixed s F 3
. 3 = - o Tapged unmixed = 1-85— LHCb 3
quality alignment S oo by — Femined = Lo 3

% s = 14F 3

; . . g B o Fit unmixed o OE 3

¢ Keeping only interesting part of - 1.2 3
event (Turbo stream) | 2001 - g-g: m 3

([ o1 =45 ps oo

LHCb, JINST 10 (2015) P06013 0 i . : o ; e

0 1 2 3 ] 4 104 10

decay time [ps] m [MeV/c?]
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i

X— MM: signal searches

Table 1: Fiducial regions of the searches for prompt and displaced X — ™ p~ decays.

pr(p) > 0.5GeV
10< p(u) < 1000 GeV
All searches 2<n(pu)<4.5

Vor(pt)pr(p=) > 1GeV
5 < Ncharged(2 <N <4.5,p>5GeV) <100 (from same PV as X)

1= pT(X) < 50 GeV
Prompt X decay time < 0.1ps
X — ptp~ decays a(ptp~) > 1mrad
20 < pr(b-jet) < 100 GeV, 2.2 < n(b-jet) < 4.2 (X + b only)

2 < pr(X) < 10GeV
Displaced 2<n(X)<4.5
X —ptp decays a(ptp~) > 3mrad
12 < pp(X) < 30mm
X produced in pp collision (promptly produced X only)
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Search for LLP — el: efficiencies

* Selection efficiencies rely on simulations

myp [GeV/e?]

gs_. —— , , — , {?&'6—' —— r , ,
= r LHCb = r LHCb
20 [
85r 1 85F ]
o f e & [
§ = = S
— L =T ) \ — [
LA s e 41 sS4,
B e 0 £°F
S T ] F O
3k o Y
2f 1 2f
L e Tip = 2 ps .
1o T =5ps e — = Trp=50ps
. 1 L N " N 1 L " " " 1 " N n N 1 L " L 1 C 1 L 1 1 n " 1 n N " P
10 20 30 40 50 10 20 30 40 50

myp [GeV/c?]

Figure 5: Total detection efficiency for LLP produced through the DPP mechanism as a function
of mprp (central line) and its uncertainty (coloured band), obtained for different values of 7,p.
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Search for LLP — el: systematics

* Main systematic uncertainty comes from differences between simulation and data

Table 1: Contributions to the relative systematic uncertainties in %. The contributions are
grouped in three categories, the integrated luminosity, the detection efficiency and the signal
vield, separated by horizontal lines. The detection efficiency is affected by the parton luminosity
model and depends upon the production process, with a maximum uncertainty of 6.1% for the
gluon-gluon fusion process HIG.

Source Contribution [%]
Integrated luminosity 2.0
Reconstruction and selection 49-7.3
Particle identification 0.5-24
BDT 0.6-1.0
Simulation sample size 1.1-3.0
Parton luminosity 1.1-6.1
Efficiency interpolation 0.1-4.0
Signal fraction in the BDT bins 3.3-4.0
Signal model 0.7-8.1
Total 10.6-17.7
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Displaced vertex at LHCb

TT-tracker T-tracker

.....

PV Sm 10m
LHCb-DP-2018-002 VELO envelope
- / b -

L

= =

1
=

cIIIIIIII|III|IIII

|
=

ol

i " L Il " L L L L L " L
20 40
z[mm]

VELO modules

@

@credit to M.Borsato (Univ. of Heildeberg)

» Currently only within VELO
« Displacement <20 cm (but with boost)

@ Could extend to downstream tracks

« Displacement <200 cm

» Worse vertex and p resolution
(m(mtm) resolution 2X larger)

* Being optimised in the trigger

[LHCb-PUB-2017-005]

Backgrounds in VELO

@ Heavy Flavour displaced decays
e ©1(B)~1.5 ps, By~10 = few mm
@ Thin VELO envelope (RF foil)
¢ <5 mm: background mainly from
heavy-flavour background

» >5 mm: background mainly from
material interaction

58



Search for Heavy Neutral Lepton at LHCb

* Data set: 3/fb at 7-8 TeV center of mass energy https://arxiv.org/pdf/2011.05263.pdf

* Search for di-muon + jet in W decays, normalize to control
channel W—puv

. 2 N sig Ehorm m%\’ -
B(N = pjet) |Vun|" = ——— 1 - —=~ 1+
N, norm Es ig Ty,

* No excess found in the range 5 < my, < 50 GeV — set 95% CL

upper limits

300 l + lL‘ralta I

T S ) T L S R R S — -
= B LHCH + Data 1 = - ]
— o m W - ] — o m|m W= ] _3 _
>O 5 W Bh = pX -] % 250 W= X - [],6.>$1.q..‘.|...,|..‘.|u.|| ]2.>$1.O|.3|H|..H|.‘..|..|.|
U » W2 - & - W Z—up q & [ i C 1
= [ 3 Total pred. une 3 s B8 Total pred. une ] % - Expected CL LHCb z [ - Expected CL, LHCD ]
= 4F e Noptiet 4 2 — 200 e Noptjet 4 5 0.5 B Expected CL, 1o 1 = 10F mExpected CL %10 ]
s o (15 GeVfc?) 3 4 o (15 GeV/e?) 1 — I B Expected CL, £ 20 — [ B Expected CL, & 20 1
= - - - F . + - - )
= 3 same-sigi = = 150 — kox;  Opposite-sign = Ly I+ Measured CL, 1 .z + Measured CLg
= 3 = s ] 04 i . 8 o
= ] = . 3 = [ same-sign ] = [ opposite-sign
g 2 4 £ W0fp 4 7 I
@] ] @ r 1 = {1 = L
1 2 5 50 4 &= = .
b : u L . = . = 4 C
. o fEEE — 1 o B = : :
S S - 1 & 4 o ] 2r
m 0 e m 0 2 ¥
T @ 1 T 2 : ] [ ]
o S | RS LTI S T o R A T R T [ N S SN I 0 vl TR (TPEDETIN ST |
Ez 0 20 40 60 80 E 0 20 40 60 30 10 20 30 40 50 10 20 30 40 50
- m(pnjet) [GeV/e?] m(pnjet) [GeV/e?] My [GeV/c?] My [GeV/c?]
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ALPs prospects at LHCb

T T T T T T T T T T T T T T T T T

* Search for ALPs with masses within 2 - 20 GeV [ W
3t 3 .
as pseudo-Nambu-Goldstone-Boson counterpart e oy ey 20907
_ _ LHCb yy 300 -1~ vy ®'°
of new massive particles (My, above LHC reach) 1L S
: LHCb yy 8 fb~! " QCD axion quality A=6 107
* Explore couplings to gluons and photons [ - . o
> 03} >
(dedicated 80/pb diphoton data collected with & S
: - 2
the low mass B,.— VY trigger, ref. here) 01f o
* Gluon coupling dominates on the photon [
0.03}
coupling, but much more difficult to separate
from SM background 1022

m, [GeV]
arxXiv:1810.09452v?2
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