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Outline

LHCb experiment
Dark sector: dark photon, dark scalar, ALP, sterile neutrino, LLP

Rare and forbidden K, D, B decays: LFV, LNV, BNV, FCNC, LFUV

Summary



LHCb Experiment
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LHCDb pp collision data taking

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2024
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Portals to the dark sector

Four portals: new particles  [arXiv: 2209.04761]
O Dark photons

O Higgs portal scalars

O Sterile neutrinos

O Axion-like-particles coupling to
photons, fermions, gluons

dark quarks?
dark forces?

dark

higgs?

dark leptons?




Dark physics at LHCDb

Soft trigger and forward acceptance — light mass and low lifetime
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Dark photons: A - l["[,(_ PRL 124 (2020) 041801

Searches for prompt-like (z~0) and long-lived (t ~ 0(1) ps) dark photons using Run 2 data
Kinetic mixing of the dark photon A’ with off-shell photon y*, with coupling a’ = £2agy

Normalize A" » u*u~toy* -» utu~
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Dark photons: A" - u*tu~

PRL 124 (2020) 041801

- Prompt search in large range: 2m(u) < m(uu) < m(Z)
- Displaced search in sensitive region 214 < m(uu) < 350 MeV

1072

107

107

1073

10°°

U |L

| llllllll

11 Illllll

10
m(A") [GeV ]

arXiv:2203.07408

Future prospect
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Search for low mass X —» u*u~  HEP10(2020) 156

O Probe additional dark-sector particles, dropping the assumption of kinetic mixing with y*

Inclusive prompt i Displaced pointing e
- No isolation ,u
requirements
"

- Non-zero width

considered H

Prompt + b jet Displaced non-pointing

- Non-zero width

considered




Candidates / a[m(u*p™)]/2
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Model-independent limits: X -» utu~

Prompt search
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Displaced search
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sin (6x)

0.1
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Model-dependent limits: X —» u*u~

O Limits on X-H mixing angle in
two-Higgs doublet models with a
complex singlet X (2ZHDM+S),
from prompt search results

qq > X > ff

LHCh

2HDM type 1V, tan f = 0.5
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JHEP 10 (2020) 156

O Limits on y-Zyy Kinetic mixing
strength in Hidden-Valley scenario
with a heavy HV boson Zyy, from
displaced search results

qq = Zuy = quvquv = No©nv + Ny ay
wpy = ff

3
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Higgs-like particles in B decays PRD 95 (2017) 071101

d Search for long-lived scalar decay y —» u*u~ in b —» s decays using Run 1 data
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Higgs-like particles in B decays

J. Phys. G 47 (2020) 010501

PRD 95 (2017) 071101

CHARM
S—oe e, Wy
K = x + invisible
SN1987a

(based on E949 data)

s
=

e

KRRRIRRKRRRIRKKS

Ieseseteteetetetetere

RIRIIIERRIERS
BRRIRRIXRHKRNKS
BRI
R RRIRIIEREIIRI]
Nesetetesetetetetotesetotetoteteteteotes
R IR

o
e 3
(o) wooooooonou

—omeleteretesed
ERRAXRRRRNS
et

wo»o»o\‘\\

BBN (t> 1 sec)

Cosmological constraints

1

m, [GeV/c?]

2x10™"

10

mg (GeV)

107

13

J— w
ﬂ==_____ _._=._____ _._._._._____ __._._._:__ i .
oo [ =
A — . 21 E
L ] -— 4
[}
m. S E ._.\.W —
ol =] \ 2] =
0 llllll 4
&t | E
2 / .
VA ||||| 3
< |
)
v === T
g :
ST . T
T -
= —
S » 5
g g >
=t = e =
° = w
—_ — |
L o~ = =
=] =1 i
Zr 48 ]
— )uurm
- *
wE g8 -~
= % A
= t 1
(@) ~
| = ]
= o
L 5 — o
s
- L0 O e
SNG)
- T = _]
=2 A
i . |
©
L A 4
e

Future prospect



Higgs-like particle to neutral LLP pair

EPJC 76 (2016) 664

O Limits on cross section of a Higgs-like boson decaying to two long-lived particles
(neutralinos), each decaying into 3 quarks, using Run 1 data

Pair of displaced high-multiplicity vertices

X
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Future prospect of ALP search

O Search for short-lived axion-like-particle decays: a - r(y,n),a - yy

- k = -
Searched for in B » Ka Produced in gg fusion
Craik, Ilten, Johnson, Williams [arXiv:2203.07048v1] JHEP 01 (2019) 113
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Search for pair of long-lived particles

EPJC 75 (2015) 595

O Limits on cross section of pair of charged massive stable particles using ring imaging

Cherenkov detectors

Separation of LLPs and muons
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Search for Majorana neutrinos

O Limits on BFs of B and D decays to final states with a same-sign muon pair mediated by a
Majorana neutrino, using Run 1 data

BB -»rntu u)<4x107°@ 90% CL
PRL 122 (2015) 131802

Upper limit

B(B~ > D°mtu ™) < 1.6 X 107 @ 95% CL
PRD 85 (2012) 112004

B(D;y »mtu nu")<1.2x1077 @ 90% CL
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Search for Kg > utu PRL 125 (2020) 231801

Q Limit on BF of K — pu*p~ using Run 2 data
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Search for K.(S)‘/L — ﬂ+ﬂ_ﬂ+ﬂ_ PRD 108 (2023) L031102

0 Limits on BFs of Ky,, - p*p~p*p~ using Run 2 data
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Observation of X - p[,l+[,l_ LHCb-CONF-2024-002

d 279 + 19 signals observed in Run 2 data, no u*u~ structure around 214.3 MeV
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Search for D® - utu~ PRL 131 (2023) 041804

Q Limit on BF of D° - u*u~ with D** - D%°r*, using Run 2 data
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25 rare and forbidden Df;, decays

JHEP 06 (2021) 044

Q Limits for FCNC, LFV and LNV decays between 1.4 x 1073 and 6.4 x 107°, using
2016 data
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Search for D*® - u*u~ EPJC 83 (2023) 666

Q Limit using Run 2 data, with B~ - D*%zr~ as source of D*°

B(D* - utp~) <2.6 x 1078 @ 90% CL

SM prediction highly suppressed due to large strong decay width
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Search for AF - pu*u~ decay ArXiv:2407.11474

Q Limit form(u*tu~) <508 MeV or m(u*tu~) > 1060 MeV, using Run 2 data

Short distance SM Long distance SM
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B (()S) - pU” PRD 108 (2023) 012021

O Limits on BFs using Run 2 data
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B? - K*%u*e* and B? - pute™

O Limits on BFs using Run 2 data

Candidates / ( 25 MeV/c?)
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B(B® - K*%t*u~) < 1.0 x 107> @ 90% CL
B(B® - K*%tu*) <82 x 107 @ 90% CL

—
Do

i
l

T
; N LHCb ]
g 10 :— 6 fb~! (Run 2) _:
o :_ e Data _:
= 81 | T Fit i
~ X 28 B v QIR R
~ (Y — 0 0 3n —
%) - we BY > KU T o i
o) = —— 3 i -
= = / O B B Background -
S 4F . -
- p—
=
=
3~
O

- " —
- o~ -
K
- N “»' -
.
2+ RS —
'. ® '.
B Q PR -
- K \ - -
v' o
- Sy, .
0 M PN RO TR TP 0 Y. LA AR WLITTI TP W0 e T W

1 gl
3000 4000 5000 6000 7000
m,,,. [MeV/c?]

JHEP 06 (2023) 143

O First limits on BF using Run 2 data, with T~ » -t~ (°)v,
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B! - ¢pttu* arXiv: 2405.13103

d Limit on BF using Run 2 data, with T~ - -t~ (r%)v,

B(B? » ¢pt¥ut) < 1.0 x 107> @ 90% CL
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BT - K*tTu~ using B, decays JHEP 06 (2020) 129

O Limits on BF using Run 2 data, with inclusive T reconstruction

B(B* > K*ttu™) <3.9%x 1075 @ 90% CL

.
Belle result / — K*
B(B* —» K*1+u™) < 0.59 x 10~5 @ 90% CL w» - = o

35 —— Data LHCb
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More LFV results

B(BT > K*tu~e™) <7.0x107° @ 90% CL, PRL 123 (2019) 241802
B(BT » K*tute™) < 6.4x107° @ 90% CL, PRL 123 (2019) 241802

B(B® - u*t%) < 1.4x107° @ 95% CL,
B(B2 » u*tt) < 4.2%x 107> @ 95% CL,

B(B® > e*ut) < 1.0x 107° @ 95% CL,
B(D® - etput) < 4.6 x 1078 @ 90% CL,

PRL 123 (2019) 211801
PRL 123 (2019) 211801

JHEP 03 (2018) 078
PLB 754 (2016) 167

Bt~ > u utu")<39x107°> @ 90% CL, JHEP 02 (2015) 121
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UL at the 90% CL

Summary of LFV In B decays

pp vs e*e” enviroments

o When 7 replaces e or u, BHEB looses > 0(103) sensitivity;

& !
Experimental status of b — s [ I’ searches B-factories pay ~ 0(102)
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» Very rare in the SM, sensitive to NP

« FCNC and helicity suppression

BSM(BY - utu~) = (3.66 + 0.14) x 107°
BSM(B® - p*p~) = (1.03 £ 0.05) x 10710
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> BY - utu~ observed by LHCb and CMS in 2015
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Candidates / ( 27.5 MeV/c?)

PRL 128 (2022) 04801
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b- su™u" BFs

O Data below SM predictions in low g? regions
O Hadronic uncertainties difficult to estimate (FFs, nonlocal contributions)

BY > KTu*u~  JHEP 06(2014)133 BY — ¢putu~ PRL127 (2021) 151801
_ Em[.CSR Lattlce +Ddta x 1078
5 T ] 'C [ o "+ LHCh 9™
% B'—> K'utu ".1; 14E  LHCD LHCh 31"
6] . 12/ SM (LCSR+Lattice)
g LHCb E Q"" o _L‘ | SM (LCSR)
< ] :'g, E SM (Lattice)
i g v2S) E
= ++ 3 -
N@ < I '_i::
3 ! E
% 1 | 1 :@: 1
10 152 20 \ 2 ' BT
q* [GeV7/c?] ¢? [GeV¥c)
BY — K0t~ 0 0,+
Hu JHEP 04(2017)142 A) = A ﬂ u JHEP 06(2015)115
FO.IEX]O , . . 16 r T T
> LHCb i L dB i
8 ] o 3z 107 Gev 2
5‘ 0.1 . Lo}
" ]
@_ b 0.8}
3 o '}
0.05 —+ —_] 0.4
] 02
On I—I—l -

1'0 1'5 o v 10 I,

2
7 [GeV/e?] [GeV7]



O Broadly consistent with SM, with
exception of P’z in low g* region:
PRL 125 (2020) 011802

~30 effect
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R(K®™)

Q Test of lepton flavour universality in b - sl*l™ (1 = e, u) decays
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CP violation: the big picture

1 CKM theory has passed very stringent tests and seems to work well ...
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Summary

O LHCDb is a general-purpose detector with a very broad physics program covering
» Precision measurements of CP violation to test CKM unitarity

» Indirect search for new physics effects in rare and forbidden decays
» Direct search for new particle both from pp collisions and from B decays

0 Many topics not covered: EDM/MDM, CPT violation, strong CPV, R(D™), photon
polarizationin b — sy, ...

O Looking forward to exciting results from LHCb Run 3, 4, ...

Run 1 Run 2 Run 3 Run 4 Run5 Runé6
— 16—
) - - o ) T ® 88 ne 350.:-—'
T 4 4 4 4 4 =
- 300 =
o C
] 12_ 3
1S - —— actual / 250w
r 10:— — w— expected _/ g
2z E /- F2oE
4 - =
2 sE / 150 5
E 45 / 100§
— — (=]
- [ ] [ N ]
& 2: _‘_—_—-') o
Ottty Ty L L 0
2010 2015 2020 2025 2030 2035 2040

Year 39



Hidden Valley

Slide from Matthew Strassle

Energ

hep-ph/0604261

A Conceptual Diagram

hep-ph/0605193
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