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What | want you to take from this talk

1. Familiarity with the Large
Hadron Collider beauty
(LHCDb) experiment

2. Awareness of the results and
ongoing work at LHCb

A )

LHCb Collaboration,
Journal of Instrumentation 19 2024
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What | want you to take from this talk

1. Familiarity with the Large
Hadron Collider beauty
(LHCDb) experiment

2. Awareness of the results and
ongoing work at LHCb

3. Desireto solve a shared
problem in particle physics
and cosmology

LHCb Collaboration,
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The problem

* Excluded region oftenonly to a
lower bound of coupling strength

The problem

* Excluded region often only to an
upper bound of coupling strength
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Presentation Outline
* The LHCb Experiment

* Dark sector portal framework

* Results
* Direct dark sector searches
* Indirect rare decay measurements
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The Large Hadron Collider beauty
Experiment
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The Large Hadron Collider beauty Experiment

* One of four “grand”
experiments on the
Large Hadron
Collider

: FA‘_[I’CE 3

* Specialises in:
e b-hadrons

* Charge-parity (CP)
asymmetry

LHC 27 &kt
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The Large Hadron Collider beauty Experiment

* One of four “grand”
experiments on the
Large Hadron
Collider

MR s = S e QeSS aops zkm S
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* Specialises in:
e b-hadrons

* Charge-parity (CP)
asymmetry
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ALICE
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|— | === LHCb acceptance

6 1 GPD acceptance

LHCb MC
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The LHCDb Design

* LHCDb is a forward-
tracking detector at
the Large Hadron
Collider

* Angular acceptance
optimised for b and ¢
physics

LHCDb Collaboration,

Journal of Instrumentation 19 2024
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LHCb Upgrade |

 Between Run 2 and Run 3, LHCDb
underwent an upgrade
* Able to collect data 5-times faster
* Fully software-based trigger

* Exciting prospects for new and
near-future results

40
Run 3 - 27.89/fb ch
35
| m— 2025(13.6 TeV): 11.81/1b
| — 2024 (13.6 TeV): 9.56/fb
30 2023 (13.6 TeV): 0.37/fb

2022 (13.6 TeV): 0.82/fb

2026 (13.6 TeV): 5.33/fb

Run 2 -5.90/fb

25
| m— 2018 (13 TeV): 2.19/fb
| m— 2017 (13 TeV): 1.71/fb
20 2016 (13 TeV): 1.67/fb
e 2015 (13 TeV): 0.33/fb

Run1-3.23/fb
15
2012 (8 TeV): 2.08/fb

| — 2011 (7 TeV): 1.11/fb
10: — 2010 (7 TeV): 0.04/fb -
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Dark Sector Portal Framework
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The Standard Model (SM)

three generations of matter

(fermions)
. . | Il 1l
* The SM Lagrangian contains all
renormalizable operators of the known == W |« € |«
f| e l.d S up charm top
* However, it is necessarily incomplete: .@ @ | @
° SM neutrino mass down strange bottom
[ ) Ba ryo ge ne S i S iIZ1'.511 Melic? f:{lﬁ.ﬂﬁ Melic? j.??EIQEI Galic?
* Dark matter » (& « W |- &
o |nﬂ.ati0n electron muon tau

. |- & |- G
* Many Beyond Standard Model (BSM) coimne J| nevtano J| newtino
extensions to address these faults

Standard Model of Elementary Particles

interactions / force carriers
(bosons)
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PPC1931/08/2026 Spencer Collaviti

18



o=

The 4 Dark Sector (Portal) Mediators

* Dark sector portal models are a particularly simple category of
extensions:
d Introduce a new, sterile field (the “mediator”)
 Consider renormalizable (ALP: lowest dimensional) couplings to the SM
d Modelis done

Lorentz transformation Typical name Typical Lagrangian notation
Scalar Dark Higgs boson (US+AysS*)H'H
Spinor Heavy neutral lepton yNL HN
Vector Dark photon ~ 5 cosOn FLVB v
Pseudoscalar Axion-like particle Ji‘; F, FH, }‘3 Gi uv G“ Y 1;7y”y51,1/

PPC19 31/08/2026 Spencer Collaviti 19



Benefits of Dark Sector Portal Models

Three Generations
of Matter (Fermions) spin %2

s Common benchmark of . SRR

experimental sensitivity ~ny e Pt | g
e . . name- up charm top gluon
* Dark sector mediators appear —aa— o
. < |-V -3 - (o
in more complex BSM models: :hd s &b | A
o Phenomenologically 10 ke' ~GeV ~GeV ;91.zsev0 126 GeV
] C ] oV ov 0 /91 0 0
approximate simple mediators :/Nl ;/NZ /N3 ,o% H
(e,g, neutrino Minimal Standard o [ES | [ | Lé/s:..u;ev spin 0
Model, YMSM) e M BT | i
* Constraints can be reinterpreted
(e.g. Hidden Valley models) Bonivento et al.,
arXiv:1310.1762 2013
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107! g

Mass Regimes of
Searches
- Mediators can be produced Ny
from several sources giving >
ri S e to S eve ra l' d iffe re nt S --- Thermal initial conditions
S ea rC h regi m eS : 107 1()—l VanlShlni):nltlal Condll(t)'lons 102 103 104
. 2 M [GeV]
Kaon (<03 GeV/c ) Drewes, Georis and Klaric, u (ut)
° PRL 128 2022

B meson (1.6 - 6 GeV/c?)
W and Z boson (4-91 GeV/c?)

W and Z mediated (>91
GeV/c?)
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1071

Mass Regimes of
Searches

10~7

* Mediators can be produced 10
from several sources giving
rise to several different
search regimes:

* Kaon (<03 GGV/CZ) Drewes, Georis and Klaric, - (u")
° PRL 128 2022

B meson (1.6 - 6 GeV/c?)

W and Z boson (4-91 GeV/c?)

W and Z mediated (>91
GeV/c?)

--- Thermal initial conditions
— Vanishing initial conditions
11 s ; . .
10! 10° 10* 102 10 10
M [GeV]
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Mass Regimes of
Searches

10~7

* Mediators can be produced 10
from several sources giving
rise to several different
search regimes:

* Kaon (<0.3 GeV/c?)

rewes, Georis and Klaric, -~ (ut)
PRL 128 2022

B meson (1.6 - 6 GeV/c?)
W and Z boson (4-91 GeV/c?)

W and Z mediated (>91
GeV/c?)
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Results: Direct dark sector searches
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Results

1. Dark Higgs

_:-Ill___:-ll‘

AN AN -

~.0.0.0,0.0.00.0.0.0.0.040.0.0,0,0,0.0.0.0.0.0.0.0. (
B L S L O N S N L S N R 0 0 0 0 0 0 0 7//

PO
.0000000.0..

SSSRK

POOOOOOOOOOOOOOC)
LSOOI 000000000, 0.0. 0.0,

1
S c
- 2
= -y @
.Y [[ f
W..m =
— | -
> 0 & AR ©
Fe,oo S 3 —
ml + + %
.W..c_H S 3 )
eBm ..\—,\_, =
= = N >
TS0 O o
S0C° T2 + TS
N 350 OXx~x £ ©
w50 ¢ S5
N T
w;nl oo t mnw m
cQgg WTUW oo
<25 © A £
[ ] [ ) [ ] [ )

Cosmological constraints
m, [GeV/c?)

2

1
1

2x10™"

0D
O
=
oL
T O
=%
O
X &
O
>0
5 ®©
Y
—_
O C
Z O
O
5.9
o T
[ )

LHCDb Collaboration 2017, Phys. Rev. D 95

26

Spencer Collaviti

PPC1931/08/2026


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.071101

1. Dark Higgs: Prospects 3.

* Run 1 and 2 analyses

used long tracks
z < 0.5 m, but also:

< 2.0m, and

T tracks
25m<z<80m

° |deaisto use T tracks to
search for mediators
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1. Dark Higgs: Prospects

* Run 1 and 2 analyses
used long tracks
z < 0.5 m, but also:

2.0 m, and

T tracks
25m<z<80m

° |deaisto use T tracks to
search for mediators

B | fringe magnetic field
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1. Dark Higgs: Prospects 3.

* Run 1 and 2 analyses
used long tracks R -
z < 0.5m, but also: 7 T
° 05 m l,./ ..... UT =
2.0 m, and el ol &
e Ttracks
2.5m<z<80m i
° |deaisto use T tracks to
search for mediators . e
B | fringe magnetic field

reduced physics background
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v LHCh Fit
= 350 40001 6 fb ! Background
:300 ++
. . ~ 250 3000
1. Dark Higgs: Prospects :”
E 150 . 2000
100 + IIS),:E};ground |+.
. 1000
* The usage of Ttracks at LHCb is 5600 5500 G000 S0 50
m(J/YA) [MeV/c?] m(J/HKL) [MeV/c?]
a new concept
. LHCDb Collaboration,
* Proof-of-concept in Run 2 data European Physics Journal C 85(7) 2025
for SM decays: 3 sof — TT Lo Simutaon
c A5 (/P> )0 - prr) §uusf o
* B > (/> ptp ) (K - ntn) i '5
. 7.55- -
* Never used in: L _;
« An analysis 25
* In BSM searches DO - =5,
» Without long tracks eme
LHCDb Collaboration,

LHCb-FIGURE-2025-001

PPC1931/08/2026 Spencer Collaviti
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1. Dark Higgs: Prospects ]

* Analysis strategy: Fully

reconstruct T-track dark Higgs ‘f’g 107 = |

* Targetmodes: B, ;4 » K™y
* Data: Run 3 (and onwards)
* Interpretation: Scalar portal

-3
@ 10 .
-5
10” ||
10°E ||
-7
K :
10 = NG Y \ .
10—8 A62 Runl+RJR =N | D LHCbD LL, 25 fb"'(solid)
W LHCb LL, 300 fb"'(dashe
-9 N .IJ:’ oo .
10 N : { LHCb TT,25 fb! (solid)
10—10 - N /\LHCIJ TT,300 fb™ (dash
—
-11 BBN (T > 1 sec) ’*‘5;? - I
10 P.ﬁ;;; 2
—_ e Pot r

10712 \“'LHCb Simulatior
10—13 r v a3l 1 1 b ool 1 L L1l 1

10 1 10 ,
mg (GeV/c?)
Alimena et al. 2025, arXiv:2510.05257v2
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Dirac-like HNL
tﬂ_lo_?’:"'l UL B B BLELELLIE || UGN B B
Z F _
E:L ELHCb5.04fb‘

2. Heavy Neutral Leptons: Results .

_ (BEBC) Phys. Lett. B 160

(1985) 207-211 1
. -==== (CMS) JHEP 07 (2022) 081

-5 (CMS) Phys. Rev. D 110 -

* Analysis strategy: Partially reconstruct long o N L W

“"~=z=- Expected CL,—Median

(and downstream) HNLs | = o

—— Observed CL, "~

* Target modes: T T VTR R R T
¢ Bu,d,s,c — .u_(N — .u+7T_)[X]
e Data: Run 2

* Interpretation: Fermionic portal / non- _
degenerate vMSM

Majorana-like HNL

10_3:'"I""I""I""I""I""I """" ]
F LHCb 5.04 fb~! ]

(BEBC) Phys. Leit. B 160

" (1985) 207211 1
== (CMS) JHEP 07 (2022) 081
(CMS) Phys. Rev. D 110 ]

* Order of magnitude increase in sensitivity i IO o

— Expected CL;—Median

over past LHCb results 5

— Competitive region for first time el e ]

2.0 2.5 3.0 3.5 4.0 4.5 5.0 55
my [GeV]
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2. Heavy Neutral Leptons: Prospects

* Analysis strategy: Full or partially % 0.01 LHCD Simutation 10 o MR

reconstruct T-track HNLs

* Target modes: 10

° Bu,d,s,c - u~N[X]
*N->p'n~, N> utu v,
N - pu u~v,

=)
©

10~

Number of Selected Events

[
T

1072
* Data: Run 3
* Interpretation: Fermionic portal / s 1072
non-degenerate vMSM o GV
Alimena et al. 2025,
arXiv:2510.05257v2
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10° &

3. Dark Photons: Results - MMM'W _, | | i

promptlike A’ search LHCb (2016 data)

BABAR+KLOE+CMS

» Analysis strategy: Fully reconstruct | ) (o]
long track .dark pho’Fo.ns directly S0 G wppes it on (), )/ ).
produced in pp collisions a: - =
N —8
* Target modes: I :
o A’ +,,— w107 6
A -ty N
* Data: Run 2 ;
. 01" 2
* Interpretation: Vector portal 1 1
250 300 350 °

m(A') [MeV]

LHCb Collaboration 2020, PRL 124
[See also: LHCb Collaboration 2020, JHEP 156 (2020)]
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3. Dark Photons: Prospects

* Analysis strategy: Fully
reconstruct long track dark

x103

g
=

Candidates / (2 MeV/c?)
N

photons directly and indirectly

produced in pp collisions

* Target modes:

« pp > A', D“’k+ — DA’
c A" > utu=, A" > ete (¥

e Data: Run 3

* Interpretation: Vector portal

N I T T T T

- LHCDb Preliminar A — Toulfit -
[ 2024, 7 tb! | " DiToDferer 7]
L V5 =13.6TeV : === Di*=Dfa(—ete )

: Combinatorial

1.0
0.5F .
0.0_- —'I-zl:',-l-Lllll]\lllllll|.~:
50 100 150 200 250
m(K*K-m*ete”) —m(K*K-x*) [MeV/c?]
x103
— LI DL B | |
R [ LHCb Simulation SM D! *Dtete- ]
; 2 0 | 2024 ——=' Bare measurement _
> 2
= i
=15
'; B
Q i
S10H
S g
5
005
0.0L

Me+e- [MeV/c?]

LHCb Collaboration,
LHCb-FIGURE-2025-022
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4. Axion-like particles: Results

* Analysis strategy: Reconstruct _ .
. © ; | >

prompt ALP to diphoton = 100f TR Emdeae 368

&

* Target modes:

opp—)a—)yy 01
« PBPb > yy > a - yy

| LHCDb ATLAS

j | Preliminary
 Data: Run 2 107 =0 15 A I
. my [GeV] mg [GeV]
* Interpretation: Universally- pp: LHCDb Collaboration 2025, py,py,. | Heh-PAPER-2026-029
LAn2507.14 (Preliminary)

coupling ALP (pp), photophillic
ALP (PbPb)
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4. Axion-like particles: Prospects

vvvvvvvvvvvvvvvvv

I

: ' ‘il
* Analysis strategy: Reconstruct 3 ! e
. 1 QTe
prompt ALP to diphoton | e
* Target modes: e B [ =
= 03 BT >
*Pp—a-—=Yyy IR a1 8
= < B x,PsS|CN‘S?? : §
* Data: Run 2, onwards 011 %y |8 A3 g
. . B L 10
. _ | e R LEP Z—-vya(jj)
* Interpretation: Universally 03 | B [8 N
coupling ALP ChEy” o)
102 ‘ c1=c;=¢3=10
7H|5HH10H|‘15||‘ 20
mg, [GeV]
Cid Vidal et al. 2019, JHEP 113 (2019)
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The ldea

Standard
Model

e Search for rare (but observed) SM
decays, e.g.:

b st ]

* High-mass dark sector mediators
can appear as effective higher-
dimension operators

e Can study:
* Lepton Flavour Universality
* Angular observables
* Branching ratio measurements

PPC1931/08/2026 Spencer Collaviti 39



Lepton-Flavour Universality

M 1 1 {fT 1T T 1]
E - QM 1r Cb 9 fb '3
- Analysis strategy: Study ratio of T 11 P
muonic and electronic coupling in & High g2 (This Letter) 1 | ; ]
b — sl™l™ normalised by resonant L2p 1F E
/1 L1 1k | =
* Target modes: L B % _________ I E
e RO —>K*O(—> K+T[_),u+,u_ S -
« BO 5 K*%(> Kt )ete” o 1F E
» Data: Run 1 + Run 2 05 1F E
* Result: No tension with SM 0.7 1F E
prediction; approximately flavour S N R R 5 S R B R
universal BSM contributions (if 0 2 4 6 14 16 18
any) ¢* [GeV? /']

LHCb Collaboration 2026, PRL 137
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Angular Observables

* Analysis strategy: Study CP- «

0.5

.........

0 T

B [ SM from FLAVIO (BSZ:2015)
B8 SM from EOS (GRvDV:2022) |

asymmetries and CP-averaged RIS
angular observables D ST
¢ [GeV¥ Al
* Target modes: 1 TR IR
[ SM from ABCDMN:2024

e B 5 K*9(> K*tn )utu~ 0

B SM from EOS (GRvDV:2022)

e Data: Run 1+ Run 2

0.5 _
- i —= -
I s F g —
- | |
= UE
I @'I" LHCb 8.4 fb! |
i [T SM from FLAVIO (BSZ:2015) |
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Take-aways

1. The LHCb experimentis an LHC experiment specialising in b-
hadrons and their decay products

2. We have arich physics program covering direct and indirect dark
sector searches

3. Thereis a high degree of complementarity between collider
particle physics and astrophysics; We are stronger together
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