Federico Leo Redi | Ecole polytechnique fédérale de Lausanne | 1

Federico Leo Redi (EPFL)
YETI2020 - Durham

Searching for Dark Photons with LHCDb



https://lphe-web.epfl.ch

Federico Leo Redi | Ecole polytechnique fédérale de Lausanne | 2

INntroduction

Naturalness does not seem
to be a guiding principle of Energy scale
Nature

There are some anomalies
in flavour physics which (if
true) seem again to point out
that our theory prejudice was
wrong

Explored

LHC, FCC

We should therefore not Unexplored

forget that we have a 2D
oroblem (Mass VS Coupling)

Interaction strength
Energy frontier:

Low coupling = Long Lived Intensity frontier:
Flavour physics, lepton flavour violation,
electric dipole moment, hidden sector
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L andscape today

The Intensity frontier is a broad and diverse, yet connected, set of science opportunities

ight Dark Matter (LDM)

Portals to Hidden Sector (HS) (the photon, Higgs, and neutrino portals)
Axion Like Particles (ALP)

Heavy Neutral Leptons (HNL) (extension of SM)

In this talk, | will concentrate on Hidden Sector particles, specifically Dark Photons at LHCD.

Landscape: LHC results in brief:

Parameter space for popular BSM models is decreasing rapidly, but only < 5% of the
complete HL-LHC data set has been delivered so far

NP discovery still may happen!
LHCDb reported intriguing hints for the violation of lepton flavour universality
In b—cpuv / b—ctv, and in b—se+e- / b—=sy+u— decays

Clear evidence of BSM physics if substantiated with further studies (possibly by BELLE 1)
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Exploring the dark sector

IN the dark sector: L = LSM =+ Lmediator +LHS

Hidden Sector decay rates into SM final states is suppressed
Sranching ratios of O(10-10)

ong-lived objects

nteract very weakly with matter

=xperimental challenge is background suppression
Full reconstruction and PID are essential to minimise model dependence
Two strategies of searching for mediators at accelerators:
Not decaying in the detector
Missing energy technique
Scattering technique: electron or nuclei scattered by DM...
Decaying in the detector
Reconstruction of decay vertex
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Exploring the dark sector / 2

Decaying in the detector
Reconstruction of decay vertex
Not decaying in the detector

Missing enerqgy technique
Scattering technique: electron or nuclei scattered by DM... g

—
Production of HS particle p-beam

Decay to SM particles

\
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Exploring the dark sector / 3

Decaying in the detector
Reconstruction of decay vertex

Not decaying in the detector
Missing energy technique

Scattering technique: electron or nuclei scattered by DM

><]

><]

e Or nuclel scattered
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p-beam or e-beam

Production of HS particle
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Decaying dark sector candidates / 1

100

Experimental requirements:
Particle beam with maximal intensity
Search for HS particles in Heavy Flavour decays

Charm (and beauty) cross-sections strongly dependent on
the beam energy. _

(1, M) [ub]

10

ce
pN

o

RPN R
o(pp—ssbar X)/c(pp—X) ~ 0.15 ¥e ]
o(pp—ccbar X)/o(pp—X) ~ 2.0 x 103

o(pp—bbbar X)/o(pp—X) ~ 1.6 x 107

HS produced in charm and beauty decays have significant pr

Detector must be placed close to the target to maximise geometrical acceptance.
Effective (and “short”) muon shield is the key element to reduce muon-induced backgrounds

L ong decay volume and large geometrical acceptance of the spectrometer are essential to
maximise aetection efficiency...
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Decaying dark sector candidates / 2

Detector must be placed close to the target to maximise geometrical acceptance.
—ffective (and “short”) muon shield is the key element to reduce muon-induced backgrounds

Long decay volume and large geometrical acceptance of the spectrometer are essential to
maximise detection efficiency

p-beam

Target L-shield HS vacuum vessel Spectrometer
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SHIP Beam Dump Facility at SPS / CERN  arXivi1504.04855

Numbers:
>1018 D,
>1070 T,
>1020y
for 2x1020 pot (in 5 years)

"Zero background’ experiment
-leavy target

Muon shield

Surrounding Veto detectors
Timing and PID detectors, etc.

Multipurpose layout: near and far
detector (new)

arXiv:1504.04956

. Spec rometer
Particle ID

~ 150 m long

Search for decaying
HS particles.

Decay vertex in the
decay volume

Mo-W target/
hadron absorber

v

Search for HS (scattering on atoms) and v physics. Specific
event topology in emulsion. Background reducible to a
manageable level
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The LHCb detector / 1

* LHCDb is a dedicated
flavour experiment Iin
the forward region at -

the LHC (1.9<n<4.9) (~1°-15°)

 Precise vertex reconstruction < 10 pm vertex
resolution In transverse plane.
' VELO

o Lifetime resolution of ~ 0.2 ps for T = 100 ps. w
\Tracking

 Muons clearly identified and triggered: ~ 90% p= efficiency.

* (Great mass resolution: typically 7-20 MeV. Calorimeter

 Low pr trigger means low masses accessible. Ex: pty > 1.8 GeV. Muon system
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The LHCb detector / 1bis

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

'_ _‘
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vertex reconstruction

%j +| e Tagged mixe.d
The LHCDb detector / 2 S A > Tagged umived
~ VR NG — Fit mixed
% | ¢ ? 5,2’ g Fit unmixed
 Capable of soft trigger: 2 ol P\ghys.
S LHCb " o
* |In hardware: ptu > 1.8 GeV [ oy = 40 ps ° o
and for electrons and hadrons: T
A v decav tfime [n<l
pr >3-4 Ge mass resolution
| S | j Sy 3
. Rga\ tlmg ana\ys!s S possm\e = % LHCb :
with off-line quality alignment =16t =
S 1 4F —
Turbo st v k i _E
interesting part of the event 0 ¢E E
04— .- E
LHCb, JINST 10 (2015) P06013 () 2F- =
O' I I ' T I I I ' T B T e

12 | Federico Leo Redi | Ecole polytechnique fédérale de Lausanne
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ower luminosity (and low pile-up)
~1/8 of ATLAS/CMS in Run 1
~1/20 of ATLAS/CMS in Run 2

Real-time reconstruction for all charged
oarticles with pT > 0.5 GeV

—Real-time calibration & alignment

Full real-time reconstruction for all particles
avallable to select events

We go from 1 TB/s (post zero suppression)
to 0.7 GB/s (mix of full + partial events)

LHCb will move to a trigger-less readout
system for LHC Run 3 (2021-2023), and

Drocess
5 TB/s In real time on the CPU farm

Present trigger

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Et/Pr sighatures

450 kHz 400 kHz 150 kHz

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

> <> >

12.5 kHz (0.6 GB/s) to storage

Upgraded trigger

30 MHz inelastic event rate
(full rate event building)

Buffer events to disk, perform online
detector calibration and alignment

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

<> I b
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The state of the art

5 arX1v:1910.06926

10 | | | 1T 111 | | | | | IE

W -

CMS|TT

1 0_3 BaBar =

1()_4 {1/ ) 7 A _E

Self-interacting DM Prompt” in LHCb —

hys.Rept. 730 (2018) 1 B

107 =
1()—6 | L1 111 | l l l L1 111 | l l l L1

1072 107! ] 10
m(A") [ GeV]
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Visible dark photons Courtesy of Mike Williams

Dark Sectors 2016: Community Report [1608.08632]

10—5 E 1 1 r rrrij 1 1 1 1 rrriij 1 1 1 1 I 1 11 M 1 1 1 1 I 1 11 I 1 1 1 1 I 1 é
' A
10-6 NA48/2 A 1/ A BaBar ]
| E774 KLOE E
: )WW\MWM\ :
A IBUImp hunts, visible 107k \ o7 o7 A \
or invisible 70 s Alny o
. _ E1 + - /
B: Displaced vertex 107" B eter - Ay 5
searches, short decay € | j
lengths 107k beam dumps :
C: Displaced vertex o-10L G omaun o
searches, long decay : :
i Dark Sectors 2016:
Iengths 10-11E Community Report _
- [1608.08632] =1 pS :
i Charm, Nu-Cal, E137, LSND
10—12 L1 1 11l ] ] L1 1 1111 ] L1 1 1111 ] ] L1 1 1111 ] ] I B

0.005 0.01 0.0 005 O.1 OI.2 0.5 1 2 S 10 20 50
na [GeV]
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Searching for Dark Photons / 1 Phys. Rev. Lett. 120, 061801 (2018)

Search for dark photons decaying into a pair of muons

Used 5.5 fb-1 of Run 2 LHCb data (13 TeV)

Kinetic mixing of the dark photon (A’) with off-shell photon
(y*) by a factor €:

SM

A’ inherits the production mode mechanisms from y-

meson decays oM Drell-Yan T
A’ — pty- can be normalised to y+ = ytu-
No use of MC — no systematics from MC — fully n (A, 2] = 2 'nZZ[TA’)]' Flm(A)] X [m(A"), 7(A')
data-driven analysis LA

Separate y+ signal from background and measure its fraction | off-shell photorj phase_spac/eﬁ A’ Jv* eff ratio,

e=1 for prompt
Prompt-like search (up to 70 GeV/c2) — displaced search K

(214-350 MeV/c?)

Need to separate

A’ is long-lived only if the mixing factor is really small from background
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Phys. Rev. Lett. 120, 061801 (2018)
new arXiv:1910.06926

Suppressing
misidentified (non-
muon) backgrounds
and reducing the event
Size enough to record
the prompt-dimuon
sample

Accomplished these by
moving to real-time
calibration in Run 2

Hardware trigger is still
there, and only ~10%
efficient at low pl

Triggeroutput

prompt-like sample

LHCDb w/P

g 10°F  s=13TevV bes) R pr (1) > 1GeV, p() > 20 GeV
\g 105 & - T
S 0% i N - ™ f
~—_ g

[
-
(OV)

Candidates
3,

10° 10* 10°

Fi,"al, A,I Sample m(pp) [MeV ]

N0’ —— ] —

N .

= LHCb 1= isolation prompt-like sample

2 Vs=13TeV | & applied pr(p) > 1GeV, p(p) > 20 GeV

210 -' N prompt ut

% 10 ey

? e BN A+ hig _i‘

O £ 2

= 102 ' Mj \%

% | Wﬁ. -
I I I I L |

chg 10° 10* 10°

m(pp”) [MeV]
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| Phys. Rev. Lett. 120, 061801 (2018)
Searching for Dark Photons / 3 new arXiv:1910 06926

(" _ )
prompt " p~ — from data at m(J/y) and m(2)
B o0 — from min|y2p| template fit
L- hh + hug — from same-sign utu* (corrected)
(ug is a muon from a heavy-flavour decay)
R — e < ——— _
s o T LHCb 1 < | T LHCb § S 200 —+—LHCb :
8 20000~ I — g 100 e B 8 1505 .
% % 10003 m(A ,) =5 GeV_f % g | m(A ’) =50 GeVE
S 10000} & E 1 S % l L E
[ 500 - = = —
- - 5 -
_ _ S —
: R S— R e e——
0 0 0.5 ] s 2 0 0.5 ] 5 2 =
min[y2 (u)] min[y7,(u)] B
N 07 v v %
10 - —— - ———————73 =
— : : = I . '35
= o isolation | prompt-like sample o
_|_3L applied pr(p) > 1GeV,p(p) > 20 GeV é
3 10° ! | j o %
\é/ prompt j" p =
o 10* B on0
> — R
n 10
> -
4CJG .“f l'nl:
- 10° . o
= W’q -
g 1 1 1 1 1 1 1 I
S 10° 10" 107

m(A") [MeV]
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Searching for Dark Photons / 3 arxiv:[1803.07466]
) 1 — 1 T r r 1 T 1T T T 7
. L . < FLHCDb =
Background dominated by material interactions for = 10 ) —
displaced searches at LHCb g 107F [ o
o T 103 H
Precise knowledge of the location of the material in the LHCb ) It « Data
. _ 10 T
VELO is essential to reduce the background in searches for . — y conversion
long-lived exotic particles 10_6 — 7(A')=1ps
. . . . 107F —1(A")=10ps
LHCb data calibration process can align active sensor o bt
elements, an alternative approach is required to fully map log [material p-value]
the VELO material - _
g 20 A L] | . | — 10°
5 ~ maing. = 107
Z o —
_IOE_ , 'r-;rim\ E
= TR Ji = 10
_203_ ] | —f .
~500 0o 50 000 !
z [mm|
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Search for Dark Photons / Prompt / 1 arXiv:1910.06926

O(107-1011) x €2 dark photons are expected
Peak hunt is performed on top of large combinatorial background

QCD resonances are vetoed

w0 B —=
~— —
", 1010 B = 1solation LHCb _

T = lied =
) = PP Vs = 13 TeV =
é 10° == =
< 5 — =
< — _

10° = —

10’ =

m(A") | GeV |
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Search for Dark Photons / Prompt / 2 2017 JINST 12 P09034

A search for unknown particles using a scan of an invariant mass spectrum

If background-only probability density function (PDF) has enough complexity then signal-strength
estimator S will likely be unbiased but increasing the background-model complexity
increases the variance on S, which degrades the sensitivity of the search

f underlying PDFs are not well known, simulation studies are not possible
Use a data-driven method to choose how much complexity is required in the background model

Transform the fit interval onto [-1, 1] centred on the test mass and choose an appropriate wide
model, I.e. choose a wide model that is capable of describing the data well enough in the absence
of a signal contribution to provide an unbiased S and a valid Cl and p-value

Model selection is then performed using the Akaike Information Criterion-based approach,
where all odd modes are included in every model considered and all even modes are arbitrated on
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Search for Dark Photons / Prompt / 3 arXiv:1910.06926

Factor 5 better sensitivity than 2016 for lower masses

Factor 2 better sensitivity than 2016 for higher masses

W
10~ ;

107 | ‘ =
Al W'! il ?
10” M LHCb [JLHCb =
prompt-like A’ search [ |LHCD (2016 data) =
BaBar+KLOE+CMS —

1078 - . . L

1 10

m(A") | GeV |
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Search for Dark Photons / Displaced

Looser requirements on muon transverse momentum

Background mainly from material interaction
ohoton conversions

Isolation decision tree from BYs—p+u- search

Suppress events with additional number of tracks, i.e. U
from b-hadron decays

Fit In bins of mass and lifetime — use consistency of decay «,
topology X2

—xtract p-values and confidence intervals from the fit 107

No significant excess found small parameter space region

excluded 107}

First limit ever not from beam dump

107

arXiv:1910.06926

! I ! ! ! ! I ! ! ! !
250 300 350

m(A') [MeV]
90% CL upper limit on n4 [m(A"),¢%] / n[m(A"), €Y
T T T T T T T =
N . .
250 300 350

m(A') [MeV]

S /Y L BE U ON 4 0 \NO =

i

A'—p+tu- vield

S

90% CL upper I.
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Search for Dark Photons / Results arXiv:1910.06926

The Run 2 dimuon

results are consistent 1072

with (better than) ! W

(ﬁ) redicltiorgj? ;Or E ror:n D! 3 ! HW Nm“l““mHIWNMIIM n
ong-lived) dark photons 10~ I BaBay | L- _

E——

We implemented huge
improvements in the
2017 triggers for low
masses, so plan quick
turn around for Run 3
dimuon search (solid line)

107

Electrons are the next
thing in these type of 107° > x Y B
searches at LHCDb 10 10 1 10

m(A") | GeV |
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Invisible A' decays [Stolen from M. Williams [PA2018]

If ma is greater than
2xmpm, then A" will 10~
predominantly decay
into DM final states

plot based on llten, Soreq, MW, Xue [1801.04847]

107

Well defined thermal-relic
targets: the DM
annihilation cross section
depends on the strength
of the kinetic mixing

Belle Il and alaLDMX JREE
will expand and cover
most thermal-relic target
space and strongly 107°
interacting massive
particle mixing space

107
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Visible A' decays [Stolen from M. Williams IPA2018]

If ma is smaller than
2xmowm, then A" will . 10~
predominantly decay
into SM final states

-3 i
10 e | O(TeV scale)

Target in € is well defined
out thermal-relic targets

Unknown: DM is 1074
secluded for visible A

=xploit LHCD trigger less Py
readout system in Run 3 R
with great T resolution

Majority of mixing space 1070
covered In the next 5
years
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Searching in the Y mass region / 1 arxiv:[1805.09820

Other light spin-0 particles in which LHCb can do Expected sensitivity

' . 102 L L L L L L L L

well are light bosons from pp; only Run 1 7; *LHPH LHCb Preliminary v = 7,8 TeV

Spin-0 boson, ®, using Run 1 prompt &= p+u- S 0T e

decays, have been searched for a | — I

= 1005— ’ | ¢ E

Use dimuon final states: § : ~ ) f

= <n<3 1

Access to different mass window w.r.t yy or TT ﬁlgozEH

searches in 411 experiments Lo P, DDA

S 10 — T R

Done in bins of kinematics ([pTn)) to maximise 5 ¢ ————— 7 Bl =9 =150%:

sensitivity ook X

< :

Precise modelling of Y(nS) tails to extend search = I 3<n <45

range asS much as pOSS|b|e 10 15 20 29 30 39 40 p4?Gev]5O

Mass independent efficiency (uBDT)
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arXiv:[1805.09820)]

Search for dimuon resonance in myy, from 5.5 to 15 GeV (also between Y(nS) peaks)

No signal: limits on 0*BR set on (pseudo)scalars as proposed by Haisch & Kamenik
1601.05110]
First limits in 8.7-11.5 GeV region - elsewhere competitive with CMS
/>'\ 5 IL:HI:CIb | I ”I | | | | I—I FiJIE P]:I)F | ) . 20 i I | | | | | | I | | | I | | | .I .I ]
s 10°F [ | E— T(nS) ] ﬁ " LHCDb T(18) 95% CL upper limits ]
= [£=3.0fb L — L - a0y Median expected _
: -——-- DBackground g: Vs = 8TeV T(25) 689 tod
& Vs =T7,8TeV | B g9 — 6 (50 pb) B 1(35) e
~ - T 15 95% expected
§ a T Data A —— Observed |
% % R I I PP CMS expected 4
= 104} = T —— CMS observed y
O L 10 = —
4 ]
g -
S 1
103 — l l | ] | | -] :
« 3 - e -
E O : T ". ] A ‘v ' O i | l l l | l l l l l l | l l l | l |
B S T S S R § 8 10 12 14
6 8 10 12 14 m(gb) [GGV]


https://lphe-web.epfl.ch

Federico Leo Redi | Ecole polytechnique fédérale de Lausanne | 29

Future / 1 [Stolen from Martino Borsato slides from LLP Ghent 2019]

More Z7¢~ from Run 2

® Non-minimal A’ search (no data-driven normalisation) H
a ad,

@ No muon tracks isolation (e.¢. dark showers) = =777 A

A.Pierceg et al. PRD97 (2018) no.9, 095033 VI/I/"‘ 14

Non-minimal
@ Dimuon with associated b-jet (e.g. CMS excess?)
CMS: THEP 11 (2018) 161
@ Non-standard topology (e.g. non-pointing uu) o v
A

@ Four-muons searches (e.g. dark Higgs) emmeezl a
® Inclusive dielectron search (below 2 m,) Non-pointing

With b-jet

Dark showers
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Future / 2

The LHCDb upgrades

VELO tracking efficiency

Current Upgrade-la Upgrade-Ib Upgrade-II T T TR

L/(cm2s71) 4 x 10% 2 x 1033 2 x 1033 2 x 103 & " . upgrade i T
[L 8fb~! 23fb ! so0fb ! 300 fb~} é T curreniﬂﬂmw"’. 3

NG 7,8, 13 TeV 14 TeV 14 TeV 14 TeV oL . g8

" ~1 ~5 ~5 ~ 50 - W&
0.9F o

CERN-LHCC-2018-026 I
@ Upgrade Ia LHCDb detector: : LHCb simulation
P B!

0. PR SR TR T N S T P I T R T
—%OO -100 0 100 200
Origin z [mm]

e Upgraded VELO with pixels and live readout
» Lower fake rate and faster pattern recognition

» Less material interaction (factor 3 better)

w

Té\ LHCb Trigger —
» Better IP resolution (factor 2 better at pr~0.5 GeV) S25 man <
LHCB-TDR-013 < A ‘I’\((I) D'Hj
. . o -
o Upgraded Trigger all in software S % px S
» Reading out full detector in real time (~30 MHz) %1'5_ =
- " o
» Lower pr thresholds, displaced vertices at first level il /
» Turbo stream with offline-quality calibration o
LHCB-TDR-016 oLl | | | locosliciiliseilisaaly

1 15 2 25 3 35 4 45 5
Luminosity ( X 10° )
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Future / 3

Dark Photons below 2m,,

[Ilten, Thaler, Williams, Xue PRD 92 no.11, 115017 (2015)

1 - bo
@ Can cover region below 2m,, using (9= 2>

charm decays D*0— DVA’(ee)

@ Requires upgraded trigger to select
etficiently soft final state

@ Get 300x10° D*0 — D0y per fb-1

J

LHCb: resonant,’

“

® Can use D) mass constraint to correct
bremsstrahlung losses

@ At these p electrons emit light in RICH
while pions don’t — excellent PID

,ullllu,,,l“, pre—mOdlﬂe

post-module *

~
||||

@ Both displaced and prompt searches

10—11- | | |

20 40 60 8 100 120 140
1M A/ [MGV]


https://lphe-web.epfl.ch

Faser / 1

Il
A

Huge forward 11 rate (~ 1019) in FAS
acceptance

Large suppression (€2) iIn 1t = A" X but
substantial rates of A' in acceptance

Multi-TeV LLP produced at ATLAS IP;
480 m to FASER, including 100 m of concrete

Decay within 1.5 m decay volume to charged
particle pair, e.g. ete-

Oppositely charged tracks separated by
spectrometer B field

Silicon strip tracker (from ATLAS) to measure
charged track trajectory

=M calorimeter (from LHCb) to measure energy,
evs. ulD

CERN-LHCC-2018-030

100.00 mm Tracking stations
3 planes of silicon strip
detector per station

>

Scintillator/Pb Veto
to veto incoming charged
particles and protons

Trigger/preshower
scintillator station

Electromagnetic
0.6 Tesla permanent Trigger/timing calorimeter

dipole magnets scintillator station (Lead/scintillator)
with 20 cm aperture

/7

particles from IP1
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Faser / 2

FASER probes new parameter space with just 1 flo—1 starting in 2021
FASER 2 larger volume (R =1 m, L =5 m) and HL-LHC Lumi
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Conclusions

HCb has an extensive program of searches even beyond flavour physics
Searches for dimuon resonances in very broad parameter space (this talk)
Searches for on-shell new physics from heavy flavour decays
Searches for long-lived particles with low mass and short lifetime

Sright future ahead:

6 fb-1 In Run 2 (with larger cross-sections) expect huge improvement in Run 3
- Alot of potential in the upgraded trigger (also 5x luminosity)

2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032

LHCb 40 MHz LHCb Upgrade| L =2e34;

Upgrade LHCb Consolidation L = 2e33; 50 fb- Phase |l 300 fb-
Phase | (oroposed) (oroposed)
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Exclusion plots for displaced region
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Figure 15: Exclusion limits at 90% confidence level from the displaced search. The top plot
shows the upper limits on the reconstructed yields. The middle plot shows the ratio of the upper
limit on the yield to the expected yield for each signal hypothesis. Values less than one are
excluded (roughly cyan to blue are excluded). The bottom plot shows the excluded regions.
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