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Dark Photons

Holdom, Phys. Lett. B166, 1986

* Consider an additional U(1) hidden symmetry beyond the standard model.

* There will be kinetic mixing between the photon and the new gauge boson.

III

* General hypothesis to incorporate new physics in the SM: the A’ acts as a “portal” between

the SM and the new sector
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Mixing

* Photon mixing with A’ is equivalent to ordinary charged matter acquiring a milli-charge ge under the A’

A A
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New interaction term:

Dark Bremsstrahlung

1.00}-
* The parameters of the theoryare € and my 0.70}
_ 0.50} - e
e , . . o
A" will produce pairs : 220301 1 srons |
e >< 6 + e+e— 0.20}+ i
e . ! 0.15}
A’ LK, 0.10}
o H
TUm, ... 0.10 0.15020 0.30

, 0.50 0.70 1.00 1.502.00 3.00
A’ Mass [GeV]
Falkowski et al. JHEPOS (2010) 077 1002.2952

v
Jeff;Zon Lab MG16 - DM6, July 6 2021 - Annalisa D’Angelo — Dark Photon Search 3 AR
o

Y SEARCH

alh




Putting Dark Photon Search into Perspective

Venn Diagram
“DM Candidate
Landscape”

We are here

T.Tait from arXiv:1401.6085v| [hep-ex]
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Searching for Heavy Photons at Accelerators

If you can produce a photon you can produce a dark photon! (Paying for a small €)
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Mass Hierarchy and Hunting Strategies

DM

Search for mediators
decaying fo DM
"INVISIBLE DECAY”
Constrains/assumptions on

€2 - ma , my  do

Search for mediators decaying to SM
“"VISIBLE DECAY”
Searches constrain €2 vs ma’
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A’ Visible decay - Exclusion Plot in 2015

-4 | .
L I Flavor Factories Generally “bump hunts” searches

J fane R M D Searching for a needle in a haystack
.' are lvieson Decays e.g. searching a resonance in the invariant

mass spectrum of lepton pairs over a huge

Fixed target background of QED events
experiments.

ete™ — yA',A'—ete/n

L Precision Measurements «VM<I‘
E A’ 1+

A’ becomes long lived at small coupling
1

T . YeT X =

Elevation (m)

Beam dump experiments.

eg.l

my [GeV] : I =
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HPS experiment detecting A" decays

& (%)3 k(narrow)

e il N, e
+
Energy = F [
- Ex= Ebeam
e Ee_:mA; eA’ zO

edecay = mA’/ EA’

Need:

Nucleus e Small angle detection of e+ e-
* Very high luminosity

e Good invariant mass resolution
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HPS experiment at JLAB

recirculating arcs

add new hall

JLab completed the
energy upgrade from E=!.1GeV/Linac

6 to E“]ax =1 2 Gev M F c:.:{:l;,?‘“ 7:‘ ‘
; V‘"

Addare _ & o
HIGH =
{ = e ‘}"’ S new
= 7 ervomodules

Intensity o

I ai= 100 pA HallA,C - < 8

Il B (HPS: 200 - 400 nA)
beal

Frequency

~ DC beam, 2 ns bunch separation (| bunch ~ 10000 e°)

Spread out beam background over time for manageable occupancies
Quality

Tight beam spot in y helps tracking & vertexing
Very low halo = low background
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HPS experiment at JLAB

BUMP-HUNT

104

30k A’ at 80MeV
€23 x10-7

1600~ 40M bkg events

T (50-100MeV) “Large” signal,

huge QED background

toy MC for example only...
does not reflect reality

i i Detached Vertex R
g 10°F (after mass cut) 3 .
2 b 5004”at 80MeV Small signal,
S ok sxI0f L very little I:l)ackground
.= 10M bkg E
lo‘g events ! /YCT O( 2 2
10° } € mA/ 1010
= S
1oL [EPEPEPEPE PR | LA, L9 P, Target. 10-11‘- R 0 R S T
0 S 10 15 20 25 30 10 3 10 2 10 1 100
Reconstructed Vertex Position (z.mm) Al mass (GeV)
11 12 3 Region motivated by thermal relic targets
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HPS experlment at JLAB
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HPS detector

e Silicon Vertex Tracker (SVT) measures trajectories
of e+e- and reconstructs mass and vertex position

e+ Y / e-

/ SVT

e 2
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HPS detector

e Silicon Vertex Tracker (SVT) measures trajectories
of e+e- and reconstructs mass and vertex position
e Electromagnetic Calorimeter (Ecal) provides e+e- e+ Y / e-

pair trigger with precision timing

Target

SVT
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HPS detector

e Silicon Vertex Tracker (SVT) measures trajectories

Ecal
of e+e- and reconstructs mass and vertex position
e Electromagnetic Calorimeter (Ecal) provides e+e- e+ Y / e-
pair trigger with precision timing /
® Dipole magnet spreads e+e- pairs and provides /
curvature for momentum measurement and PID [ SVT
T . Electromagnetic
arge Calorimeter — - -
[ £Cal) ~ ?8¢g
: % — 3R
;k p— A "'::‘ "I] co— B Field
" L— Silicon Vertex Target
Tracker
~ 1N
(SVT)
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HPS Silicon Vertex Tracker

e Detector (vertical) acceptance down to +/- 15 mrad (which means L1 of SVT is
0.5 mm from beam axis!). Split into two top/bottom halves

6 layers of silicon microstrips (~0.7% radiation length per layer
Each layer has 2 sensors - axial/stereo strips for 3D hit position
L1-L3 vertically retractable from beam

L4-L6 are double wide for acceptance purposes

Linear shift motion system used to Hall B Pair Spectrometer
control the gap between SVT volumes vacumm chamber

L
Dy
,,,,,
O

Vacumm feed-throughs for
power, data and control *

' \
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HPS Silicon Vertex Tracker

Electromagnetic Calorimeter
Used for triggering and particle ID

~103 X, Tungsten Target
Thin target to reduce multiple
scattering

Linear Shift Motion System
Allows adjustment of deadzone
between SVT volumes

High intesity e beamk-) s

Courtesy of CEBAF @ JLab
e

-—
P
-

Vacuum Chambers
beam travels through vacuum
in order to avoid beam-gas

interactions

Silicon Vertex Tracker (SVT)
Split into two volumes to avoid intense
flux of scattered beam electrons. SVT + ECal DAQ capable of 50 kHz
Measures momentum and vertex

. Installed within the Hall B alcove at Jefferson Lab
precisely.

downstream of the CLAS12 detector
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HPS DATA TAKING

SVT Commissioning @ 1.5 mm | SVT @ 0.5 mm i
= / 2015 Engineering Run

2015 Engineering Run
| = 50 nA at 1.06 GeV

/_/—’ | 17 days (10 mC) of physics data

= Charge (mQ) Events (Millions)

May 2015

Integrated Current x Livetime (m(

g Ve 2016 Engineering Run

g Somm| V@0 mm 200 nA at 2.3 GeV

== > :

[ « | 5.4 days (92.5 mC) of physics data
x Unplanned CEBAF Down

% = )

4 JM—*"_’/ 2 etnginesangbun . 180 days of data taking
Tl bm” " 7 7 " heess” P 7 abproved bv JLab PAC!
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Beam Quality

X profile Rms =92 um . . . .
10 * HPS requires a very high quality beam, with very low halo.

ox ~ 30 -100 um - To spread heat load.

i oy~ 15 - 50 um - To help vertexting & tracking.
102§
ok * The beam also needs to be very stable over time.
= 51‘ ‘ 1 A Fast Shut-Down stops the beam in <10 ms, if halo counters register above
I - . .
% threshold counts.
[4]
910% Y profile RMS= 14 pum ] A_2H00.YPOS A_2H02.YPOS HPS_T*1.*10° HPS_SC*0.16*10°
e I
F MW’“MM w:‘[w MWWMvw-uqu Pty
1032— 0‘2 M—«“ ‘;.‘ ) e S s e e A
10
10.
EH\‘H\.HMHMI&‘ gk
-04 -02 0 02 04

= 1 1 1 1 1 1 1 1 I
1201:30:00  1202:0000 12023000  1203:0000  1203:3000 12040000  1204:30:00  1205:0000 12053000 12 06:00:00

2H02 Harp position (mm)
2016 Beam profile
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E- CAL performances

Full energy electrons used for calibration

Timing resolution ~ 340 ps Energy resolution ~ 4%
x10°
200 = clusterT 35000 — Entries 1019840
- Entries 4455718 r Mean 1016
180 Mean -0.0563 — » [ Txiav 3425|.'|3:
- - P
: RMS 0.9329 - Cg)r\bslam 3.457e+04 £ 5. 105e¢0?
160 — %2/ ndf 6311/25 o N oy 00
= Prob 0 25000 GEIE =4.1%
140 — Constant 1.947e+05 + 1.459e+02
— Mean -0.06887 = 0.00021 20000 =
120— Sigma 0.3406 = 0.0002 -
100/~ 15000 /
80— B
- 10000 /
60— - !
- - F
40 - 5000 | P
20— S DU B0 o o : T
- %.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
0_ | Tl Lo I M B T
-5 -4 -3 -2 -1 0 1 2 4

3 5
Cluster 1 time — Cluster 2 time (ns) By Holly Szumila-Vance Cluster Energy [GeV]
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Tracker performances

6OOr
* . Crides me
. o 50
WA
= N X Zhorw o
40— i
E +- u‘
el r: {( }1
zr.r.:— é‘ k‘
F 4 !‘\
u.'c»: & ’\‘
E o '
L [ 6 Ia I T : i

2.2 ns hit time resolution

Z Vix, Mass[0.0285, 0.0343],0.0314

slice_126

Entries 2975379
10°

E Mean 06737

RMS 4918

10° 2/ ndt 1.144e+04 /137

E Constant 1.222¢+05 + 9.078e+01

o Mean 0.6591:+ 0.0028

10° Sigma 4,838 +0.002
1%
10
1=

—5’0 -40 -30 20 -10 O 10 20 30 40 50

4 5 [
Track ime - Hit lime [rs]
——

_— o] op/p ~ 6.7%

Tracker has good timing
and momentum resolution.

Z Vitx, Mass[0.0230, 0.0267],0.0249

0
z Vertex [mm]

40000

ITITTTTT

30000

25000

20000

15000

10000

AN AR LR LR RRN AR

5000

Constant 4.24e+04 + 1.61e+02

i) TR EA U PO Ve rHT AT [,
0 0.2 0.4 0.6 0.8 1 1.2

Very good vertex resolution

for small angle tracks!

Track vertexes are well understood and

agree with MC.

unconstrained z vertex [mm]
J efferéon Lab
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QED Backgrounds

A’ Production Radiative trident Bethe Heitler
(time-like photon) * e’
e+ e+ )/
*
e e e+

Bethe-Feitler
a 1\

Radiative trident production is
indistinguishable from A’ production.

Bethe Heitler pair production has a different
kinematic signature, and can be suppressed.

‘IHII n.2? D4 0n.n
pie”) (GeV)

0N (50 ]

. HEAVY PHOTON
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Background: WAB

WAB Production +

Wide Angle Bremsstrahlung (VWAB) =
followed by a conversion of the photon

was an unexpected background in the
experiment. €

4
This is not in the standard MC codes, \

because of approximations.

s 25— ::\n:,:n«- in b sttor 3
Once added, data and MC
are in good agreement. o WaB
E in top
=
055
g IEEZ target
§ U-; é_ beame
§ oo 95 04 05 08 a7 M6 I8 i ai 12

\E'mrgy Surrll I:GGV}‘
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Selected track pairs

Selection cut: 0.8 Ppeam < Pes + Po-< 1.2Ppeam

Selects A’ signal over Bethe-Heitler background

Epearn = 1.05 GeV Epeam= 2.3 GeV
Positron vs. Electron momentum Positron vs. Electron momentum
counts counts
> F >
O © 22
& N Pbeam S Phe~m 180
n.° I~ ﬂ-o 2:_ - r - E - 1
- 1.857 - . - . 60
0.8 1.6]- o 140
- 145 i 120
0.6/ 1.2 y .. 100
- 1= £ : 80
0.4 0.8
B - 60
i 0.6
i Selection Cut ol 0.2~ Selection Cut ™. * 20
ol— N B S ) P E I IS IO I EPUY PPN I NP B 0
0 0.2 0.4 0.6 0.8 1 0.2 04 06 08 1 1.2 14 16 1.8 2 2.2
P, GeV P GeV
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Bump Hunting - Pair Mass Distribution

e*e” pair invariant mass distribution for 2015 run

106? .., - .
E ) e* e  invariant mass
- -, x10°
- £100f—
e ~. 1.05 GeV beam 5 I
s e I 1.05 GeV beam
> % 80/
3 | i
0 10%E L
& E 60—
o - -
o I~ -
o f -
310°E 40—
& r .. -
& | = :
B ‘“"o" 20—
10?2 M i
g f i
- 0_ ) L s . R
~ 0 0.02 0.04 0.06 0.08 0.1,
10 i M [Gev/c?]
=TT T N T S S T S On a linear scale, tiny fraction of the data to illustrate
0 002 004 006 008 01 012 0.14 , Hny

e*e Invariant Mass (GeV) relative mass coverage of different beam energies.
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Bump Hunting - Pair Mass Distribution

e*e” pair invariant mass distribution for 2015 run

10° == .."'m""u,"
105 GeV b Zooming in shows that even for the limited
105 », 10> GeVbeam run, the distribution is very smooth.
3 | |
(0] —_r
&)1043— g I~.
8 | 8T -
S B
210° § *.
c - ﬁ T -
Qo o T .,
w B e, -
2 —_ - i 104 F .‘0
10 § 0’** T o-..
10 | N1 L |
- i BN BN S B S S B SN SAT S B R T B RS A 0.07 0.08 0.09
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

e*e Invariant Mass (GeV)
e*e’ Invariant Mass (GeV)
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Bump Hunting — Resonance search

% Search for a resonance within a window in the mass range between |9 MeV and
81 MeV by scanning the e+e- invariant mass spectrum in 0.5 MeV step sizes.

#* Maximize the Poisson likelihood within the range using a composite model with
the signal described as a Gaussian and an exponential of a polynomial to model
the background.

% Use Likelihood ratio to quantify
significance of any excess i.e.
“bump”

100 e .

Search windows
K00

#* Determine the 20 signal upper
limit at each mass hypothesis by 6w
inverting the likelihood ratio,

taking into account the “look
elsewhere effect”.

100 e it

% Translate the signal upper limit in R g
to the Coupling_mass 200 = L .:
phase space.

)66 Tl
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20 upper limit on reach plot

-4
2015 and 2016 o
Engineering runs did not 10°5L
have enough data to set a
new limit. » Ay
10 _ E774
This was only
1.7 days (10 mC @ 1.06 GeV) 1077E
5.4 days (92.5 mC @ 2.3 GeV) ~N -
of data, out of a total of 180 wlO_g'_
PAC days for the experiment. ki
10_9;—
10_10 £ Orsay/E137/CHARM/U70
i &
T <*
10—11_ . A SRSl N
107 10°° 10+ 1
ma[GeV]

‘ 2
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2019 data — detached vertex search

HPS 2019 run data statistics

jons]

Events [Bill
\
\
Integrated Luminosity [pb~']

uuuuu hugos aug03 ee1s hopas hogs avgzs Sesos Ses-08
Date [2019]

* First data run for HPS in 2019 with Epeam = 4.55 GeV
» About 26 days of beam on target, 255 mC of charge.
* Integrated luminosity ~ 128 pb-!

» Upgraded detector to improve physics sensitivity:
* Improve trigger by adding a hodoscope
* Improve vertex resolution with added SVT layer
* Improve acceptance by moving SVT layers
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2019 data — projected reach

, 10 *e—e—

HPS Projected Reach ; T
with upgraded 1075k aaker
detector. : s Fovored o HCb _
10‘6 £ E774 '_a : i F

Summer 2019 Run :
2 PAC Weeks @ 4.55 GeV 10—72-

- HPS 2019

w -s:
10°% E141

1072

10° 100
E Orsay/E137/CHARM/U70)

~11 e .
1 1073 1072 10 1
ma[GeV]

HEAVY PHOTON
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2019 + 2021 data — projected reach
HPS Projected Reach 10_4? B TS Hes
with upgraded 105k |
detector. :

10‘6;—

1077}

N

o
1078}

\\ HPS 2019
107

10-1°i—

—11: o A
19703

ma[GeV]
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2019 + 2021 data — projected reach

19

All experiments with
projected reach at 90% 1073
exclusion limits.

10:°
Warnings:
* Not all systematics are generally taken 10_7
into account.
* Experiments often do not quite geth
what they hope for. 10781
* Combining these curves is not (quite) :
as simple as this plot. 9
* Models with only leptonic or hadronic 10
couplings evade many bounds.
* Above ~ 500 MeV in Ma this gets
really hard!

L0 103 1072 16 1

geﬂon Lab MG16 - DM6, July 6 2021 - Annalisa D’Angelo — Dark Photon Search



Conclusions

* HPS has already taken several runs.
» Engineering runs in 2015 and 2016 were successful
» Showed the concept work and were used to have the rest of beam-time approved

e 2015 bump-hunt results at 1.06 GeV have been published
PRD 98 (2018) n.9, 09101
e 2016 results on bump-hunt and vertex detection at 2.3 Gev will be published soon

e 2019 data at 4.55 GeV at analysis is in progress

» 2021 data taking at 3.7 GeV will start on August 23 (vertex electronics upgrade)

More data runs at 1.1 GeV and 2.3 GeV will improve the reach at lower A" masses.
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Thank you !
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