PR AN NY NIRRT T

In the midway of this our Standa
j I found me in a gloomy wood, astray.

-\ : '.. = ‘ .- K 5 ."'_._‘ L \ G - : o »‘ ! '- . < N : : ._..:. SR
. }1"‘,' Lo\ :m‘ WAt g S itets R 8 N .\.4 “_\'\' v

ELost in ' D on Wob

Searches for Light Hidden Gauge Bosons [ RRY Frascati, Italy
at Colliders and Fixed Target Experiments ¢ ‘

: . 18 November 2015
J ~ -y " ~: _- ~ . o ‘:? . . -._...‘,', " N ". 194 ‘,'4 r: :' : .-. .‘ ',‘"_' - ok \._"‘;. ¥ \ A'.f.:-' -‘.y-.

k.-
£ MO P

\ RS ¥ R 5.\.*?"

eacham
= The Ohio State University

N TRIRY
> 2 -

'l




Outline

Light hidden gauge bosons at colliders and fixed target experiments

Existence

Tension

Dark photon redemption

Explosion of experimental activity

The search

The future
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Dark matter exists

James Beacham (Ohio State) Challenges in the Dark Sector — Frascati, Italy — 18 Nov. 2015


http://arxiv.org/abs/astro-ph/0608407

Gravitationally interacting dark matter exists

Observed
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NGC 4414

Does it only interact gravitationally?

If so, abandon all hope.
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Does dark matter interact non-gravitationally?

Simple thermal-origin argument suggests weak-scale interactions.
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For ~100 GeV DM mass, weak-scale mediators provide reasonable
annihilation rate and range of DM-scattering rates

==> the WIMP scenario.
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The WIMP scenario in tension

SuperCDMS Soudan COMS-lite
uperCOMS Soudan Low Threshold
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Beyond the WIMP scenario

Expanding our horizons

What about low-mass or light dark matter in the vicinity of the weak scale?
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Direct detection experiments are limited in this range.

Perhaps dark matter is charged under a new force.
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New forces

Forces that we care about at colliders

1) Electromagnetism 2) Strong

But is that it?
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How could we have missed new forces?

hidden
sector

G

6 vV
5 FH by
q,!

Only a few allowed ways:
1) Neutrino portal — heavy neutral leptons

2) Higgs portal — exotic decays of h125

3) Vector portal — kinetic mixing of SM and hidden gauge groups

—> New forces = new hidden gauge bosons

James Beacham (Ohio State) Challenges in the Dark Sector — Frascati, Italy — 18 Nov. 2015
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How could we have missed new forces?

One way: The gauge bosons associated to these forces are super massive.

~125 ~172
Mass
Proton Top [Gev/e?)
© ’ quark
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How could we have missed new forces?

Another way: The gauge bosons have a very small mass...

Strength of .
interaction S
with regular g
matter 5
&
/)]
/)]

Mass ©

...and couple very slightly to Standard Model particles.
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A new (old), low-ish mass hidden gauge boson

. 4 )
U(1) extension of the Standard Model Dark photon
Old-school idea A
e Holdom, Phys.Lett. B166 (1986) 196 Heavy photon
e Galison, Phys.Lett. B136 (1984); Manohar 7 otk
e L ater revisitation/developments: Fayet, Pospelov, et al. Hidden photon
Kinetic mixing U-boson
eagrangian contains a term € v etc.
. J
AL = -—F"FF’
1%
2 Lo 2
n Note: o' /a = €

€y = €cos Ow

WA’
N e=g'/e

e~ 107% - 1077
m A’ MGV — GGV

’Y*f\/\/\/\ A’
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Existing constraints
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Existing constraints

107*
107>
10 ( Now )
1077
N, What
1078 happened?
107° Two
realizations
10’10 and one
reminder.
1 0-11 , 1 : AN e
1073 1072 107" 1
mpa [GeV]
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Explosion of interest in dark photons at colliders

1) The realization that a dark photon in this range could explain a lot of things.

DM A Al
A sub-GeV mass for the A” could \NVVV\’< _
. . Cosmic ray excesses ? E
explain dark matter anomalies... M€+ L B/l D
DM I

Nucleus Nucleus

DM DM*

Dark matter charged under a new U(1)'

magnetic dipole - _ (i) =
moment = @ om/ °

can be measured \ spin

very accurately ...and the anomalous magnetic
moment of the muon

Y gs # 2

(1K arXiv:0906.0580

James Beacham (Ohio State) Challenges in the Dark Sector — Frascati, Italy — 18 Nov. 2015

17


http://arxiv.org/abs/arXiv:0906.0580

Dark photons could be our
window into dark matter
NN
-
Ordinary
Matter
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Explosion of interest in dark photons at colliders

2) The realization that we can handily search for a dark photon in this range

at existing fixed target facilities

1072 107!

: Jefferson Lab, Newport News, VA

1073

APEX

1()‘6 proposal
2 =,
N 10

10—8 .

1077

10-10 137
1072 107"
my (GeV)

PO VY e
a7

arXiv:0906.0580
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http://arxiv.org/abs/0906.0580

Explosion of interest in dark photons at colliders
3) The reminder that we've already been effectively looking for dark photons

in this range at beam dump experiments

10-1 L | lllllll | I | lllllll L} lllllll 1 lllllll LR
e SM PM

f ete >yt

!
APEXAl
S
2
15
L®;
y-Cal |
CHARM
1077 E NOMAD =
&PS_:_f@_l _____ E137
‘TTT..“'J 1 llllllll 1 111nu| 1 1111111[ L1
1072 10! 1 10 102
m, [GeV]

Example: arXiv:1209.6083
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http://arxiv.org/abs/1209.6083

Dark photons from legacy beam dump experiments

# Fermi National Accelerator Laboratory

FERMILAB-Pub-88/44
[VPI-THEP 8872

Search for Neutral Metastable Penetrating Particles
Produced in the SLAC Beam Dump-

(SLAC Experiment E-137)

J. D. Bjorken
Fermi Nationad Acceleratcr Laboratory
P.O. Box 500, Batavia, Iinois 60510

S. Ecklund and W. R. Nelson
Stanford Linear Accelerator Center
Stanford, California 9430¢

Example: arXiv:1406.2698
2014 recasting of SLAC E137,
from 1980-82, for invisible
dark photon decays

o
e ‘/e

(b)

There are several classes of conjectured low-mass, neutral

particles with little coupling to matter which are of special interest

as objects of such an experimental search. Among candidate objects

are neutral neutrino-like leptons, the photinos of super-symmetric

theories, and axions. However, it must be kept in mind that the

most relevant object in such a speculative search experiment as this

may well be “none of the above”. For example, the predecesaorl of

James Beacham (Ohio State) Challenges in the Dark Sector — Frascati, Italy — 18 Nov. 2015 21


http://arxiv.org/abs/1406.2698

Dark photons from legacy beam dump experiments

95 -
- Hill Example: arXiv:1406.2698
: 2014 recasting of SLAC E137,
%0 from 1980-82, for invisible
£ dark photon decays
§ "
;
= |
8()
Target Detectori
T T T T
Distance (m)
e X
= R —
Flectron § Electromagnetic
Beam  Target Dirt Detector
X \ shower counter
A ;
e~ X X X
-»>- > > > >
Production E,y Scattering % A
Al e N N e
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http://arxiv.org/abs/1406.2698

Dark photons from legacy beam dump experiments

Example: arXiv:1406.2698
< V. .
10-1 'mf‘ ﬁ?‘ §1MeV, € P'r'eferr'ed byi a” *20 2014 recasting of SLAC E137,

. ' from 1980-82, for invisible
my=50MeV ) dark photon decays

1072
1073

1074

Fix € to the smallest
possible value that can

explain the (g-2),

10°8 . A1+APEX+BaBar+HADES Some parameter space
A — visible +KLOE+NA48/2+PHENIX survives!
10—9 N Lafuu.J ol e e
1073 1072 107" 1
my [GeV]
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http://arxiv.org/abs/1406.2698

Fixed target experiments

Searching for a dark photon in fixed target experiments is simple
1) Find a nearly-continuous low-to-medium energy electron beam
2) Shoot it at a chunk of metal with a high-Z nucleus

3) Collect the outgoing e+e- pair with a detector apparatus featuring extremely good

momentum resolution, angular resolution, particle ID and pion rejection

4) Look for a tiny excess on top of a smooth background histogram of me.e-

This sounds like Jefferson Lab’s Hall A.

James Beacham (Ohio State) Challenges in the Dark Sector — Frascati, Italy — 18 Nov. 2015 24



APEX: Dark photon search in fixed target
experiment at Jefferson Lab

1071

1072

1

3 w..I-

"

: Jefferson Lab, Newport News, VA

1073

1076
=] -7
S 10

11073

APEX
proposal

1078
107
10—10

137
1072 107! 1
my (GCV)

Bjorken, Essig, Schuster, Toro, 2
Woijtsekhowski, et al. proposed
a fixed target experiment to be
conducted at Thomas Jefferson
National Accelerator Facility, in pEasssis
Virginia; test run for experiment S5 st . g ey ) ¥
in June/July 2010 : . N : e

eFull run: o/a > 107"
ma = 65 to 525 MeV
e Test run: o /o > 107°

ma =178 to 250 MeV

James Beacham (Ohio State) Challenges in the Dark Sector — Frascati, Italy — 18 Nov. 2015
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Experimental signature

a4 I
e Produced via high energy e beam incident on fixed high-Z (Ta) target
Signal e Decays to eTe™ pair with opening angle ~ m//Ej
A/
-
g ' Dipole septum magnets allow for Septum
. " detection of eTe” produced at
Beam N
) . small angles e
) )
' @ ~ 50 — W target
N Y 0
4 )
APEX Test Run Data, ~770K events
,y* &:s -
o + ;
_ ~ o ;
e . %35001—\\~ M{/"MW
> - s -~ 9
w - ~ g, .
, 3000f H./“ “aos
z = -
2500 J
- ‘$
QED 2000 ({ "
= s
backgrounds |, 1500 /
e R - - ! l"ﬂy Ya
- n.....1m:__ .’ —_“’ \$
Il R R -
- -
Y ) 500;—/. \Q,
Z g o’xllllllllll"!lllllllIIIIIIIN
180 190 200 210 220 230 240 250
\ / m,. , (MeVv/c’)

Direct production of A”at JLab

Electron, P = EO/2

HRS~left

HRS~-nght

Positron, P = E0/2

( Looking for a small, narrow bump on top of a smooth histogram of QED processes; excellent mass resolution required )

James Beacham (Ohio State)
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Jefferson Lab’s Hall A experimental apparatus

APEX test run:
Beam current up to 150pA
Target: Ta foil, 22 mg/cm?
HRS Central momenta: 1.13 GeV
Momentum acc: + 4.5%
Electron beam energy: 2.26 GeV
Solid angle acceptance:

Left HRS: 2.8 msr

Right HRS: 2.9 msr

Target
Center

e — _’ .

Top view

James Beacham (Ohio State)

Target <
Center e
Central Trajectory
AN
NN L |
Fant
‘ N
= ~ a0
= Septum &7 Q2
v . . <
S 0.8 m -
e 20.76 m
- e
\

1stVDC
Plane

Dipole

Detector
Hut

10.37 m

J. Huang
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Bump hunt / resonance search

Final invariant mass spectrum QED radiative trident / Bethe-Heitler events

APEX Test Run Data, ~770K events
Bump hunt for small, narrow resonance

% 4000
£ ssof A
S Iy W\y Test run mass resolution: o~ 0.85 - 1.11 MeV
= 3000 J \}V
£ 2500E o ”&”
o -
T = ,»" %, S N(Me+e— | mar,0) + B-Polynomial(mg+.-, a;)
2000 ¢ " P(me+e- | mar,0,8,B,a;) =
- A # S —|— B
= { fs
1500 / \
E ] “\ Probability model 52
ol ' YT L(S, B,d;)
soof/ ™, and profile A(S) = A
o D N likelihood ratio L(S B d)
180 190 200 210 220 23\ 240 250 y »
m,. , (MeV/c?)
&C-; 9000 &J 6500—_
> —— Signal + Bkgd >t —— Signal + Bkgd
: : & o Bigd only = ol Bkgd only
Scan n I ng WI n dOW 8 E """ 7th order polynomial e - T 7th order polynomial (zoom)
E 70001 —— Signal E L
c r [ =
(raster scan) 8 § ol |
approach, with £ :
sidebands symmetric 3 | -
around mass _F T |
hypotheSlS 2000 Test mass: e
oo my = 224.5 MeV i
o_lIII|IIII|IIII|IIII|LJ4I’|"'I"1~I-L_I|IIII|IIII|IIII|IIII 3500_—|-||||||||||||||||||||||||||||||||||||||
209.5 2125 2155 218.5 221.5 2245 227.5 230.5 233.5 236.5 239.5 221.5 2221 222.7 223.3 223.9 224.5 2251 225.7 226.3 226.9 227.5
m,..- [MeV/c?] m,..- [MeV/c?]
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Upper limit on S —» upper limit on coupling

do(A") _ ( 3me? ) mar Sem "

do(7*) ONega) om B

(See APEX proposal)

Normalize all backgrounds to v* background

o'/o

e Ratio f of radiative-only cross section to full trident
cross section determined via Monte Carlo to vary P
linearly from 0.21 to 0.25 across APEX mass range 10

ﬁ/ - Smax/mA/ v 2Neffa 10-7
a)  \f-AB/Am 3

100

200 300 400
T

500

T T TTTS

I 1 llllll]

1 ] ] ]
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1 ] L I LI

\
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Test

1 | 1
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Plan for full run

Full run at JLab will take data for ~34 days at Settings A B |C D
. Beam energy (GeV) 2.2 4.4 1.1 3.3
several energy and spectrometer settings Central angle 50°  50° | 5.0° 5.0°
Effective angles 4555 4555|4555 4555
R : PR - Target T/ X, (ratio®) 4% 8% | 0.69% (1:3) 8%
Possible modlflcathns to original run. plan cou!d Beoun cutrest (ad) o o po %
take advantage of higher beam energies and wider |  Central momentum (Gev) 1095 2189 | 0.545 1.634
. . Singles (negative polarity)
angles (Wlth adJustmgnt of septum magnets) to e (MHz) 4 o 58 9%
access higher ma region n~ (MHz) 0.1 17 | 0.03 0.9
Singles (positive polarity)
7+ [p] (kHz) 90 1700 | 30 900
et (kHz) 27 5 23 17
Trigger/DAQ
Trigger” (kHz) 3.0 3.1 3.15 3.3

Coincidence Backgrounds:

Trident: e~ Z — e e*eZ (Hz) | 500 110 330 370
e*e” from real v conversion (Hz) | 30 16 4 45
Accidentals © (Hz) 55 30 70 40

Cover a larger mass range using
""""""""""" a 50-cm long multifoil target

schematic overhead view I5pm W
— -«

0o a8

beam

S
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Test run results and full run status

Test run results in PRL

eprl.aps.org/abstract/PRL/v107/i19/e191804
°arXiv:1108.2750

APEX is approved; 12 GeV JLab
program currently in full swing

e APEX equipment fully funded

e Experiment will be ready to
run in Spring 2016

James Beacham (Ohio State)

JLAB-PHY-11-0306 / SLAC-PLE- 14491
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tinguisk between tiree componests of the QED tridiest back-
pound radiarive wideses Fig. | (D), BetheMeltler wridenns
Fig. 1 (c), and their mterference diagrams (not shown). The
A sigeal 3nd madianive tridest fully differestial crom sections
are simply related [2], and the satio [ of the raliathve-caly
crons section to the full ridest croms sextion can be reliably
svwersoad i WMoves Carlie 1 varios linsarhs feen 0171 11 0C
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http://prl.aps.org/abstract/PRL/v107/i19/e191804
http://arxiv.org/abs/1108.2750

Plan for full run

107 :
i | ( APEX Test Run Results )
107 ([
-6 d i
107 s CFuII Run Projected Sensitivity)
i .---9 -
-7 7521
~ 10 APEX @
w :
1078 ; - R
| . Full run statistics of e"e™ pairs
107° 1 will be ~200x larger than test
10_10 1 orun, allowing sensitivity to
y o /o =€* 1-2 orders of
10502° 102 10" 1 magnitude below current limits

JLab 12 GeV program underway
e APEX is the back-up experiment for Spring 2016 (more likely Fall 2017/Spring 2018)
e New SciFi optics calibration method and septum magnets
e Data acquisition rate improvements (up to 5 kHz) and high-rate VDC updates
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A1: Spectrometer setup at MAMI

MAMI at Mainz

Similar approach and reach to APEX

Phenomenal built-in momentum resolution

wins the day

PRL 112, 221802 (2014)
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7300

Dark Photon Mass m,. (MeV/c?)
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.221802

HPS in JLab Hall

Designed to be sensitive to both prompt and displaced decays — unique reach

-4
e 1 0 E T 7o e ]
_ - KLOE :
Large coupling search . i |
- . -5 ) BaBar
) }< 10 = I
40um e Proposal to JLab : 420 . | ]
(vertical) /' 1 0—6 [N AL i
\ ___________ ” ] ¢
Small coupling search ' 1 0_7 - | M/u3e 5 -
Nw E \\ APEX
dipole magnet muon detector (future upgrade) ',// N

Thin (0.25% x,) target electromagnetic
Si (mcker
calorimeter

\\' \ L )

1078 E141 ‘-\\‘/ \f\ :

boam - S :

\ : \ HPS j

beam % 1 0_9 = \\ ] E

i \x\\ / _
-10 \
o ~100cm 10 3 d:‘%{;\ 3
\ - Orsay/E137/CHARM/U70 N | 1
| § \
Track ng .erhﬂl.g :gg_:}r Particle ID _11 : L : . | l\_T\ o
measurement 1 0 1 0_3 1 0_2 1 0_1 1
ma [GeV]

Engineering run earlier this year
Targeting APS 2016 for publication of engineering run data

Full-run sometime in 2016
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https://confluence.slac.stanford.edu/download/attachments/86676777/hps_2014.pdf?version=1&modificationDate=1368227154000&api=v2

NA48/2 Recasting arXiv:1504.00607

Muon velo sylem
' Hadron calorimeter 2 KLOE

Uquid krypton calorimeter £

Hodoscope
Drift chamber 4
Antl counter 7

Hellum tank
Driit chamber 3

Magnet
Drift chamber 2 1 0-5

Antl counter 6

Ran in 2003-4 at the CERN SPS

K+ K- beams NA48/2
107

llll 1 | lllllll |

- . 2
Data revisited this year 10 10mA’ (MeV/c?)

Effectively kills the (g-2), band for dark photon to visible!
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http://arxiv.org/abs/1504.00607

High-intensity collider experiments: BaBar

High-intensity, low-to-medium energy collider experiments have excellent dark photon reach

Ramm e e R R ReR T TT T T T T

KLOE 2013

PRL 113, 201801 (2014)

Run 7748?

A L lllllll L A lllllll A A lllllll

i mec.nmp 7H-4ff7 711493423/ wﬂm 703R - - 10" 1 10
Date Takcn Sat Dec 22 21:42 §8.707985000 2007 PST m, (GeV)

HER: 8600 (.>eV LER: 3. 113 GeV
\\ /

B-factories have huge datasets (BaBar: 514/fb, Belle: >1000/fb)
==> |deally suited for high-statistics resonance searches
BaBar:

ete” —>yyd, yYd—> ptuorete

ete” —> Y-+invisible
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http://arxiv.org/abs/1504.00607

High-intensity collider experiments: Belle

102 102
o |
W
104 10\, Belle 11 50 fb” _
‘ 500 b
E774 Dark Uy
(\ N.v | i 5ab’
50 ab' | - S0t
E141\
10-4_llll| 1 | lllllll | lllllll 1 1 1 1L 1111 10-4 llll|2 1 1 lllllll1 1 1 lllllll | | lllllll
102 10" 1 10 10 10 1 10
m,, (GeV) m, (GeV)

Belle conducted dark photon searches in a large
number of leptonic and hadronic decays and

multiplicities with similar reach to BaBar

Things get very interesting with Belle Il
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Dark photons with KLOE@DA®NE

ete collider designed (appropriately) to study
the ®, so Vs = 1.0195 GeV
ete —> iy
ete" —>ete’y
ete" —>nete

==> Possible sources of dark photons
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Dark photons with KLOE@DA®NE

. 7 - —r—— e S —— 1“_4 ] '
N -
: Y
10-* (9 —2)u 50
o (g "2)“ﬂ:20
favdred :
10-% I\l,:_)l',. (eTe7y) :
preliminary BaBar )
(9=2). ar)G!:1:tQG.‘g98¢]
.
E774 i
0-7 B}
l E141 .

1 10 100 1000
my (MeV)

Big Drift chamber

Stereo wires and carbon-fiber structure, opr < 0.4% PT (B > 45°)

Hermetic sampling calorimeter

Loose trigger conditions (high acceptance across a broad physics program)
Excellent integrated luminosity in 2002 and 2004-2005 runs

Upgrades

An excellent venue for dark photon searches

arXiv-1509.00740 Hadronic dark photon decay searches proposed
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http://arxiv.org/abs/1509.00740

Dark photons with WASA@COSY

WASA designed for m° leptonic decay 10
Pellet line
Solenod : Tracking Detectors
-
(&
" 5
Y -5
> > 10
-
-
I . w
' Thin Plastic Scmt-lle;tors
EM Calorimeter : . Range Hodoscope a7 7 il

WASA-at-COSY setup with pp — pp (7% — ete™7) T . A R S R

WASA detector designed to study rare pion decays
Moved from Uppsala to Jilich
Excellent repurposing of existing experimental equipment to put an exclusion

right in the (g-2), sweet spot

arXiv:1304.0671
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The LHC
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The LHC
At the LHC we're not just slight, intriguing diphoton excesses at 750 GeV.

> 10‘ DL B S e S S e S e S e e L
8 % ATLAS Preliminary
__ CMS_Preliminary __26M"(13TeV) 2 * Data
< S0~ k=02 % - —— Background-only fit
~ --- Expected limit ]
S N W
j P f:eg 0 (s =13 TeV, 3.2 fb"
40 = o
T 1 —— Observed limit R
g r — = Ggg—7Y (LO) 10 +
© 30‘_— \ -
E \ 1 H
i 200 \
@ = \\ ° 10'1’_'...!...;...1 4 | NP P s
LI S 1sE | E
» 10 \\ % 10 + 3
; N g F u : +£ ; L 4e 3
L ' L 1 1 | .-1 T — '8 07 | | T YMH—* =
0 2 3 3 3 = 50 |e¢ + =
5x10 10 2x10°  3x10 = o } 3
mg (GeV) s T E |l
S -5 E

200 400 600 800 1000 1200 1400 1600
: : (GeV]
arXiv pheno myy = 750 GeV papers, cumulative, o

after our seminar @ CERN on Tues. 15 Dec. 2015 .
Run 2 is a playground of

fascinating signatures,

approaches and final states,

including dark photons.
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Dark photons at the LHC

-2
10 1 8:L50' llllll '-‘“A'HA'DE'S'I"}EJ_OE 1 1 ' llrlll
g A favoured. A1 | BaBx
10 ° .-==""ET774 *
" .- APEX
N E141 90% CL
-g—a) 10 B BR 40%
QD Orsay M BR 20%
£ 10° mon
. L u70 WER 5%
The LHC is now gettinginon  ®
: © ;
the dark photon action... a 10°
O
...via lepton-jets. - .
a lepton-jets < 107 A
X LSND
T
o 10
[T
£ 107
N
107° ATLAS
20.3 fo'! ls=8 TeV
10-11 -3 | 1 111111[2 1 1 111111[1 1 L1 3l
10 10 10 1

m, [GeV]
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Dark photons at the LHC
Highly collimated groupings of leptons: lepton-jets; distinct LHC signature

Low-mass dark photons can be produced via cascade decays of

heavier states

Low-mass
—> large boost

—> collimated decay products

Leptonic decays prominent over wide (low) mass range

1.00}-
l 0.70¢t
[ 050} e*e
[ P
l ~Z 0.30}

m Hadrons

l 0.20¢

0.15¢
[

0.10¢

Vd l =

] 0.10 0.15020 0.30 050 0.70 1.00 150200 3.00

va Mass [GeV]
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http://arxiv.org/abs/1002.2952

Prompt and displaced lepton-jets at the LHC

Highly collimated groupings of leptons: lepton-jets; distinct LHC signature

e Standard muon ID benefits from
isolation; here need dedicated clustering

algorithm with a cone of AR

Model-independent search for
lepton-jet objects, with a few
benchmark signal interpretations

Weak interaction ==> non-negligible dark photon lifetime

Dark/hidden sector
coupled to SM 4 N

Higgs and leptons Y4 Y "
via very light dark M/W®\/\AAN< a

sector particles €
Kinetic mixing portal
z o Y
[
] N
[
[
f
Three separate types of lepton-jet l
definitions considered Y [ Higgs/SUSY cascade
: : decay with MET
Cosmic backgrounds important [ 7
o /
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Prompt and displaced lepton-jets at the LHC

ATLAS: [HEP11(2014)088
arXiv:1511.05542

CMS: arXiv:1506.00424

CMS dark photon interpretation of

ATLAS lepton-jets H —> aa —> 4y

102 102 | 20.7 fb™! (8 TeV)
-3 [ .
7 W10
$F 210 ﬂcms 95% CL
o) ©10 " 5
€107 E | (95% CL)
S 4~ 5]
g 107 <10
-7 (@)}
:§ 10 .510'6
€ 108 E _NE T e
= o 010" ATLAS (90% CL) e
2 10" o |
4 101 >z 10‘8 st Pp—h—n N, —YpypNpNp
10-11 ool I N T u|20.3 f?1 (1§1=18:r1e1\1/l ;__J, B(h—’YDYD+X) = 0'1 — 40%
107 1072 107" 1 1050 0.5 1.0 1.5 2.0
m, [GeV] mass of y, [GeV]

Parameter space getting squeezed
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http://link.springer.com/article/10.1007%2FJHEP11%282014%29088
http://arxiv.org/abs/1511.05542
http://arxiv.org/abs/1506.00424

Parameter space getting squeezed — for visible decays

107

107

107°

107" B N Muse /T N

A -8 i Recent results

10 disfavor A —> SM
solution to

1 0_9 muon g-2

(also beam dump
reinterpretation)

107"

A’ —> invisible a
stronger possibility

10—11 | . AN
1072 1072 107" 1

mp [GeV]
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Parameter space getting squeezed — for visible decays

-1
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3 ;j’ ar . “~’\ l,:‘-. |
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y V \/ @ ........................ :
1074 _ """""""""" Recent results
Red: pp~Zp->tt : disfavor A —> SM
Blue: h>2Zp->4¢ . solution to
Solid: LHCS, 20/fb -
s Dashed: LHC14, 3000/fb muon g-2
10 Dotted: 100 TeV, 3000/fb E (also beam dump
EWPT w/ Central Values @ ILC/GigaZ: ) rei nterpretation)
as currently measured (purple dotted) -
assuming xay = 0 (green dotted)
-6 LJ | 1 lllllll 1 1 lllllll 1 1 lllllll 1
1073 1072 10~ 1 10" 102 108 A’ —> invisible a
stronger possibility
mz, [GeV]
>
arXiv:1412.0018 Extend our thinking to higher masses

James Beacham (Ohio State) Challenges in the Dark Sector — Frascati, Italy — 18 Nov. 2015 50


http://arxiv.org/abs/1412.0018

Higher mass hidden gauge bosons: H — Z(¢yZq—> 4|

h ——— — = = h
> B -
(q\] C ]
2 = E H- 22 - 4 .
c 6 Czz— 4l —
q>') - @3 Z+jets, tt ]
L 5 :_ ® ® —&— Data 2012 _:
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K 8 ZD
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¢

Z74: Look for
excesses in mjs4
spectrum
(where mis is
closest to my)

/

Z4Z4: keep events with a
unique quadruplet where
the mass difference
between the 2 dilepton
system |mi2-mss| is
minimal; then apply a Z-
veto and a J/P and Y veto

Entries / 5 GeV

Significance

95% CL Upper Bound on u,

350 —

ATLAS (8 TeV): arXiv:1505.07645

Dedicated search in ATLAS
Higgs-to-four-leptons events

- ATLAS
= Vs=8TeV, 20.3 1"
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Final state : 4e+4u+2e|2u
—@— Data 2012

[ lzzr>a

B H->zz+->a

[ ww,wz

[+

[ zbb, Z+jets
I (z+) quarkonium
%444 Total background

N .
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4

20,
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4
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= NER K
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http://arxiv.org/abs/1505.07645

Invisible dark photon decays

1072 S

|
T E787,E949
s et T

T
R
.

arXiv:1309.5084

B A

vy

X

10_3 BaBar
W
1074
10-5-_ TN B BN
0.001 0.01 0.1 1
may [GCV]

James Beacham (Ohio State)

A

e+ A'(*)
X

Excellent prospects at Belle 2

Monophoton trigger essential

Others:
NA62, Project X
[ORKA canceled!]
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http://arxiv.org/abs/1309.5084

On the horizon: Dark photons at LHCb Run 3

arXiv:1509.06765

10~
Hidden gauge boson from
107° charm meson decays
1076 DPDY
10~7 Rate in LHCb ~ 700 kHz
R —> ~5 trillion events in LHC
107 Run 3
-9
. Closes (some of) the gap
1071 between APEX/HPS resonance
011 | o search and vertexing searches
10~* 10~ 10
my: [GeV]
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104}

10-°

10-6 b

1078}

10-°F_

1077}

On the horizon: New beam dumps

Detector

Optional
Shielding

BDX E > 2 GeV, 3 evi.

BDX E > 500 MeV, 3 evt.

20

50

100 200

James Beacham (Ohio State)

500

1000

Example: BDX

Probe higher myq

arXiv:1406.3028

Detected energy deposit is low, so the detector

concept is shockingly simply,

but the background estimate is difficult.

Proposed to take p

Currently worki

Pair produce a dark matter beam with enough

recoil energy to show up in a scintillator cube

lace at JLab, but SLAC also a
possibility

ng on prototype detector,

simulation, full JLab proposal

Others: “Missing momentum” [arXiv:1411.1404]
Mini-BooNE
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On the horizon: New reaches for ATLAS/CMS

1 LHC14, 300/fb, L < 1m LHC14, 3000/fb, L < 1m
107

-1
r 7 10
'q,
10725 % > ey | L 1072
10-3 | Seaa st ‘ 1073

107 107
107° 107°
w w

107} \ 107

1 0-7 L - ' | : Countours of 1 0-7 L ' 5 Countours of

10.3 - - Logq[Br(h-2ZpZp)] 1 0-8 : Log[Br(h=2Z525)]

10°° 107°

10-10 E 1YY BT IR T BN 10-10 = T PEPT T PN
102 102 0.1 1 10 102 10° 10 102 0.1 1 10 10% 10°

mz, [GeV] mz, [GeV]

Higgs mixing with displaced decays
arXiv:1412.0018
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The future: FCC

100 TeV, 3000/fb, L < 1m 100 TeV, 3000/fb, L < 10m

10" 107"

1072 1072

1073 1073

1074 1074

107° 107°

w w

107° 107}
7. -7

10 Countours of 10 Countours of

10-8 N Log,o[Br(h—>Zp2Zp)) 1 0-8 Log,,[Br(h-2ZpZp)]

10 10°F

10-10 L_H ..... L NPT PP PRI BT B 10-10 T " o | PET B
10° 102 0.1 1 10 102 10° 10° 1072 0.1 1 10 102 10°

mz, [GeV] mz, [GeV]

Higgs mixing with displaced decays
arXiv:1412.0018
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Impossibilities: h125 as a photon source

h —> yy% myg < mn/2

Experiment Nh125
ILC at 1 TeV 104>/ year
TLEP 10° / year
Muon collider 10% / year

" S000/ 1o

Photon linear .
. 60 x e+e- collider
CO| | | d er V.Telnov, Photon2015

BR(h—>YY) ~2e-3 —> X years at a photon collider?
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http://indico.inp.nsk.su/event/1/session/2/contribution/66/material/slides/1.pdf

Impossibilities: Z —> 3y as a photon source

7 —> Y(d)y(d)y(d)
~
q
~
Z
q
Y
Recent ATLAS result: World’s best limit on SM Z to three photons
One of many results in an inclusive three photon search for new phenomena arXiv: 1509.0505 |

Obs. (exp.) 95% CL upper limit on BR(Z—>3Y)
)2 (2.0)e-6
(almost 5 times better than LEP)

O(SM prediction: 5e-1 OJ
\

If you have a source of 10'> Zs, let me know.
Peta-Z @ FILC?
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New ideas
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What else?

PADME!

’4 ' ‘T T
RN .
_ 10" R i
175¢cm 10° 2 PADME
vacsumcamser | SPECTHOVETER I
Y S 7
€ Target ':\5 10
S |
=3
- BTF Beam 550 MeV e* 10% = A
........ 3
for beam dump...
am dume. PADME 00} | |
15¢m 55 cm o 100 cm © 20em 10 10! !
my; (GeV)

Figure 3: Schematic of the Positron Annihilation into Dark Matter Experiment (PADME).

Sensitive to both visible and invisible decays, € ~ 1-107° in the

mass range 2.5 < My < 22.5 MeV.
arXiv:1501.01867

Approved and financed!
Talk to Mauro.
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Stepping from the dark photon wood into the light
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Backups
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Hall A High Resolution Spectrometers (HRSs)

Lead Glass Calorimeter

RON 2 segmented layers
Timing (to ID NOON of lead glass blocks
coincident eTe™ pairs) Offline PID )

Online PID and
triggering

E. Jensen
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APEX: Determining mass resolution

Two parallel VDCs provide accurate e/ v
reconstruction of full 3D track of ‘
particle as it enters the HRS

150}~

e APEX: Electron singles rate from 0.7 to

5.8 MHz Argon-CO2 Da13mem o_
o . mixture g
e Rates are higher than ever used in Hall J
. . ' cathoce I 1 L 1 . 1
A -- 5 MHz (75 kHz/wire, 368 wires) = W e T
@ Algorithm scans for 'V' shaped clusters in time S. Riordan
Optics calibration Mass resolution depends on angular and
Septum . momentum resolution
Entrance e A mapping from measured coord. .
at VDC to 3-momentum at target e HRS momentum resolution excellent, 104

e Sieve slit method negligible

o, e Angular resolution and multiple scattering in
- target dominate

Beam
mrad Optics Tracking | MS in target
o(horiz) 0.11 ~0.4 0.37
o o(vert) 0.22 ~1.8 0.37

Sieve Plate Test run mass resolution: o ~ 0.85 - 1.11 MeV

(varies over mass range)

J. Huang
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APEX: Work in progress for full run

New septum magnets

Front.view MagnEt tOp View
' | 1 |

® Magnet parts produced

e Contractor, Buckley Systems, has
finished testing coils

® Magnet shipped to JLab for further
testing

® Sensitivity projections currently
being updated with new acceptance
and dedicated Monte Carlo

New optics method

e Scintillating fiber (SciFi) hodoscope
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