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Intensity Frontier at Fermilab: 120 GeV Beam

World’s highest intensity high energy proton beam:
“beam dump mode” @E-1067

- 50,000 fb"! (in 1 year of parasitic run)

- LHC-II: 300 fb-' (~2025), achieved 25fb-! in Run-I

- B-factory@KEK: 50,000 fb-' (~2023)
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- Capture most beam in beam dump mode: p+Fe collisions! 120 GeV

- Parasitic run mode possible with other experiments, E906/E1039
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Letter of Intent for a Direct Search for Dark Photon and Dark Higgs

Particles with the SeaQuest Spectrometer in Beam Dump Mode
Co-Spokespersons: Ming X. Liu (LANL) and Paul E. Reimer (ANL) LO I Su b m |tted tO Fe m | | d b PAC

May 20, 2015

M. S. Daugherity, L. D. Isenhower, R. S. Towell, T. S. Watson H . . .
Abilewe Christian University, Abilene, T 79699 A joint experimental and theoretical collaboration

Collaboration:

J. Arrington, D. Geesaman, K. Hafidi, R. ]. Holt, P. E. Reimer, B. G. Tice (most E906/E1039 + new members, ~60)
Argonne National Laboratory, Argonne, IL60439
J. Huang
Brookhaven National Laboratory, Upton, NY 11973
Y.Zhang
Caltech, Pasadena, CA 91125 "
S Eimmay P i Phase-I: (parasitic runs)
University of Colornda, Boulder, CO 50309 1. Addition of a new displaced dimuon trigger to tag
C. Brown, D. Christian, J.-Y. Wu .
Fermi National Accelerator Laboratory, Batavia IL 60510 long-lived downstream decayed dark photons
B. Dannowitz, M. Diefenthaler, B. Kerns, N. Makins, R. E. McClellan, ].-C. Peng, dark Hi
University of Illinois, Urbana, IL 61081 (dark Higgs).
. WACChmeS-Y.Weng 2. Parasitic data taking with E1039 in 2017-2019;
Institute of Physics, Academia Sinica, Taiwan . .
S. Sawada e Ashort dedicated run (up to ~1 month) if

KEK, Tsukuba, Ibaraki 305-0801, Japan
S. Gardner ,W. Korsch needed.
University of Kentucky, Lexington, KY 40506 3. POT1 .44)(1018
T. Bhattacharya, M. Brooks, V. Cirigliano, C. da Silva, M. Graesser, R. Gupta, X.
Kang, A. Klein, D. Kleinjan, K. Liu, M. Liu, M. McCumber, P. McGaughey, M. S
Ivan Vitev, R. G. Van de Water, H. van Hecke, H. Xing

Los Alamos National Laboratory, Los Alamos, NM 87545 Phase'l I . (U pg ra dE)
E. Beise, Y.-C. Chen . .
University of Maryland, College Park, MD 20742 1. Dedicated runs later with EMCal/HCal upgrades,
C. Aidala, W. Lorenzon, R. Raymond, J. G. Rubin e+/' and h+/' capa bilities.
University of Michigan, Ann Arbor, MI 48109-1040
K. P. Adhikari, ]. A. Dunne, D. Dutta, L. El Fassi 2. Cover the full parameter phase space allowed by

Mississippi State University, Mississippi State, MS 39762 . .
T.Badman, E. Long, K. Slifer, R. Zielinski bea m energy a nd IU mi nOSIty

University of New Hampshire, Durham, NH 03824 3. POT:>>1.4x 1018

D. Fields . 9
University of New Mexico, Albuquerque, NM 87131 Phase-Il request will be presented to PAC at a later time.
S. Pate, V. Papavassiliou, X.R. Wang
New Mexico State University, Las Cruses, NM 88003
10/5/16 S-S Ko, (. Wang Ming Liu, DI2016 3
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Nigel S, Lockyer

3% Fermilab e A HEART-FULL ENDORSEMENT
FROM FERMILAB DIRECTOR AND PAC
— JULY 15, 2015!

Ming Liu NEW EXPERIMENT! E-1067

Los Alamos National Laboratory
P. O. Box 1663
Los Alamos, NM 87545

Dear Ming,

Thank you very much for your presentation: “P-1067 LOI: Direct Search for Dark Photon and Dark Higgs” at .
the June meeting of the Fermilab Physics Advisory Committee (PAC). The Committee explicitly LA NL LDRD sup p Ort'
mentioned its appreciation of the carefully prepared presentations for this meeting. FY 1 6 1 7 1 8

Future initiatives were an important topic at the meeting. Excerpts on your LOI from the PAC report are

attached. As you can see, the committee “... recognizes the exciting opportunity brought by P1067 to - 51 M to I m p l emen t
search dxrecth for a dark phoron and Zarl’ Mggs m ﬁTgF-energ) pro?on L'nuc?eus CoMSTo TS

g fTon requests / /

approv or inclusion of the new elements in the delector needed to make a dark sector tngger and the trlgger DA Q upgra de
approval of parasitic data collection during E-1039 running. The committee “... believes that P-1067

ogZers exciting physics prospects and recommends the Laboratory to gram these modest an d th eor y de V€/ 0] p men t
requests,” The PAC also suggests “A prapasal for a dedicated experiment, oy i parasifie
experiment with electron and hadron calorimeters, should be based on the results obtained with
this first phase.”

I accept the PAC recommendations, and wish you good luck in implementing a dark sector trigger. Goals :

Sincerely, Trigger installed, 2017

///fﬂ Physics run, 2017-18

A Preliminary results 2018!

Director of Fermilab

cc: D. Bortoletto S, Geer J. Lykken
G. Bock P. McBride T. Meyer
P, Reimer D. Geesaman A. Stone 4

J. Shank



Outline

Physics of dark sectors
— Mass: MeV ~ GeV
Detector upgrade

— Displaced dimuon trigger
— DAQ improvement

New opportunity

— EMCal from PHENIX, available this fall
— Electron/hadron ID

Schedules



Dark Photons and Dark Higgs Productions
in p+Fe/BeamDump at Fermilab

Photon portal: “vector” Higgs portal: “scalar”
S « = holH'H
Lo = ZFW FE Loix = no|H'H
q d % ¢ =pv/my?
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Dark Photon Detection in Dilepton Decay Channel

q e
1. Drell-Yan like >M;m M€M<
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2. 7%, ... decay o : L (owm)
A < MiniBooNE
Beam-dump

[ (DM)

P I+
3. Bremsstrahlung SR %{
A |- ~ Fixed target w/
electron beams
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Detector Upgrades and Expected Signals

. Dark photon trigger upgrade

1. Add a fine-granularity scintillating strip based trigger/tracking to tag -2 5% Displaced dimuon AMM = 2.5%
dimuons from the same decay Z-vertex L -2 /0
2. A new trigger for events with displaced down-stream dimuons . - 6.0% Promtdmcn A =6.0%

. Unique signals

1. Displaced dimuon decay vertex for long-lived particles i
2. Invariant mass peak in dimuon mass spectrum
3. Mostly from beam dump (target ~10% A,.) i

. Beam time

| | i L
0.1 0.2 0.3 0.4 0.5

1. Run parasitically with E906/E1039 (2017-2019) P ey e
2. Possible dedicated runs later with upgrade (e*/~, h*/") AM/M
Dimuon mass resolution
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A New High-Granularity Displayed Dimuon Vertex Trigger

High rejection power, low rate, << 1 kHz(current E906 DAQ, limit)

Y-Plane (non-bending) Trigger:

- A quadrant panel: 80cm x 80cm (100cmx100cm @ST-2)
- ST1:1cm x 1cm x 80 cm scintillating strips, SiPM readout
- ST2:2cm x 2 cm x 100 cm strips

- Straight line projection, 0, ~30cm

- Displaced z-vertex, mostly low mass < 3GeV

A Dimuon Z-vertex (cm)

Stl

St2

Y-channels per quadrant:
- 1x V1495

- 80(St1) + 50(St2) + 8x2 (St4-Y1,2) = 146
- 96+64 = 160 inputs possible
(2NIM=RFCLK+ComSTOP)

ST1

Coincident Z-vtx
window matched@L2

Z1=9m
10/5/16

Z1=12m
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Trigger Detector Optimization

Single Muon Z-Vertex Resolutions

Forward: 1cm
Backward: 2cm
Sigma_Z ~ 30cm

Forward: 1cm
Backward: 1cm

- J_ Forward: 1cm

012 | | Backward: 1cm
01—

C Forward: 1cm
0.08— | Backward: 2cm
0.06—] Forward: 2cm

Cr Backward: 2cm
0.04—H

- A E906
0.02—

% 50 100 150 200 250
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Low Mass Prompt Dimuon Trigger Rate Study

- Current E906 setup 10°

- Proposed 2-layer trigger
upgrade (10x improvement)

- Additional Y-trigger after ST-3
absorber, and also using
existing E906 X-Plane trigger
(additional ~2x improvement)

—+— Default E906 trigger detector
+ Plus proposed detector
—+— Plus additional layer of Y trigger

- Current E906 DAQ 1kHz, can
be improved to ~10+kHz with
small cost

Raw Dimuon Trigger Rate

- 20+kHz possible for next run
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

reprograming trigger
(. pros g lrige 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
firmware etC-) Trigger Efficiency (M < 4 GeV)

Parasitic mode: use up to “10% Expected (Prompt) Low mass dimuon trigger performance
DAQ bandwidth

10/5/16 Ming Liu, DI2016 11



Trigger/DAQ Upgrade

=

In good progress, to be installed by 2016 st

- Extruded scintillators + WLSF
- SiPM readout, frames
- Improve DAQ rate, x20+ expected




Search Mode (1): Long-lived Dark Photons

-2 .
1 0 #ap anile .._g_;ZbQ_stralni"s._‘

Reconstructed dimuons with
downstream Z-vertex:

3m < Z-vertex < bm
- Very low trigger rate, << 1kHz T :"""% DarkLight
- Almost SM background free E T, 2**"% APEX Full
- Dimuon mass peak w . tBelle
- = BaBar

- 5x10%2 ppp ( current E906) 1075 KLOE
- 200 days 1
1.4 x 108 POT (recorded) Lo~ 5———

€4 X Ma
- 4 events contours (2-sigma) 100
2-sigma (95%) exclusion plots
Excellent coverage of 107/ 0 1
uncharted region! m, (GeV)

10/5/16 Ming Liu, DI2016 13



Search Mode (2): “Prompt” Dark Photons vs Drell-Yan
Bump hunt at Z-vertx < 3m

Events / 50 MeV

—
L

—
<

_L
<

10°

i

10/5/16

0.5

resonance region Dark photon
signal

Drell-Yan Background

2 2.5

Expected Drell-Yan like signal and backgrounds:

dU L1729
tps A+ X) =0 olny)ilz
o dup T TP ) 0 ; q(I( il 2)331-|-$2
My = /e X My OA/:M?aemE? :n K s $ :—xpﬂ/xQFMmi//s
Excluded phi : Ncmi/ | 1 2 | 2 2

sig = S/+/(S + B)

Sig ~ €% X \/pr x M /oDet

Work in progress:
- optimization ...,
- understand BG ...

Ming Liu, DI2016 14
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Phase-| Expectation: Dark Photons
(parasitic run w/ E906/1039)

Signals considered:
- Drell-Yan like

- Eta decays

- Bremsstralung

Covers a wide range of unexplored
parameter phase space

e Displaced dimuons
- Minimal SM background

* Prompt dimuons
- Excellent coverage over BELLE-II
projection
- Possible dedicated runs later to fully
restore mass < 3GeV (Phase-ll)

* Phase-Il with upgrades
Access below 200MeV with di-electrons
(add EMCal)

10/5/16

1072

4
« *

HPS .. et
10-4E T !
# i, iDarkLight
w " Y APEX Full
-5 P :: Belle I
10 Ll-"--I---"nnn... - X
. BaBar
no’ KLOE
10
10_7 I I T

107"
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Dark Higgs

.Zh I, arXiv: _
g %% [:mix — ,Ugb’HTH‘ Y. Zhang et al, arXiv:1502.06983
u-

¢ 3999999 ﬂ:u v/mh2 4

H

1 2 2 e
dr OésGFm¢ | arX|v.1312.49‘92
a+—>+X:/_9:m2xs— L —— ; [ 3
ptp=o+X)= | —a(@)g (m5/(ws)) 5ep N
e*e
Phase_l: 10_17 I ‘Y 44 ,- E
High-mass: p*p and hadrons = E ectrgnIID HH
Advantage of using hadron beams 2102 § upgrade: o
with muon probes over electrons & i ) —ee
Phase-lII: 1073 g % A
Low-mass: e*e;, <200MeV possible A :
. . —4 Y i ! \ !
High-mass: hadrons, (5x) 10 100 ol TS 103
mg [MeV]
10/5/16
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Projected Dark

Higgs Sensitivity

POT:1.4x10'® (Phase-I)

Dimuons with downstream
displaced decay vertices
107!

Limited sensitivity to “prompt”
large mixing case due to small
cross-section

Dark Higgs or dark photons? < 107

— Dimuon kinematic and angular
distributions

1074
Phase-Il
. . . . 10—5 L
— Dedicated high luminosity
runs optimized for low mass
acceptance, mass<3GeV 10-6

10—2,

Y. Zhang (2015)

i B ML
L

B* >K* +inv B'SKT' T (I=e,p)

SeaQuest

0.1 03 1 3 10
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E-1067 Future Upgrade: Phase-ll

2020 ~ 2025+
FMAG & BEAM ABSORBER
DUMP KMAG WALL
: STATION 1 STATION2 STATION 3 STATION 4
120 GeV
PROTO
BEAM ¢
AT |
— > @ Il - .
<€ 25m >
8’1:9 ~ 62 X \/NDY X M/O'J?/Iet'
Add tracking detectors Add EMCal, PID
close to “target” to et ht/- -

improve mass resolution

10/5/16 Ming Liu, DI2016 18
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EMCal from PHENIX/RHIC

2 EMCal sectors are available from PHENIX
experiment at RHIC, ~end of 2016

— One sector:

2m x 4m, 18 (3x6)super modules

Super module = 36 modules; Module = 4 towers
36 x 4 x 18 = 2592 channels
Could gang 2x2 (or 3x3) into one ADC/TDC readout

g &(‘l«)/ su( (we)
f = '5\01‘:\ (L’L, ﬂ\(‘
S teds i g

— A3y (u;/

Ming Liu, DI2016

- dE/E = 8.1%/sqrt(E) + 2.1%
-dT < 200 ps
- Excellent e/pi separation

19



Phase-Il: Displaced Low Mass Dark Photons
with EMCal upgrades

Projection: POT 1.4 x 1018

Detector upgrades 107°g

— EMCal: e - -y
el - ot 0D
— Recycle from other 107° b AT T BT s A

experiments, PHENIX/RHIC etc

-
.
e
......
. -
oooooooooooooooooooo

D :...:DarkLight
DAQ upgrade 107, e 23* APEX Full
— 100+ kHz - """t Belle Il
:....HPS
Timeline of dedicated runs 10°° 5{‘22
— 2020+
Detector configuration 10°°
— Access low mass region with
optimized Fmag settting
1077 1 —
10 1
m,. (GeV)

10/5/16 Ming Liu, DI2016 20



Summary and Outlook

Jop View (Bend Plane)

St-4 muon ID

Phase-I :
— Great discovery potential! k
— A new vertex trigger & DAQ++
— Early parasitic data taking

KMag st.2 tracking St-3 tracking

2017-2019+ gl ,
— POT 1.4 x10* or more )
Phase-ll A,
— Possible detector upgrade later, add * B -~ fnn | v o semreh ]

S SeaQuest

electron and hadron capability
— A new dedicated dark matter

program at Intensity Frontier! o s, s
mg (GeV)
G Phase | (parasitic runs) [ Phase- I >
: . : - - g >
2015 2016 2017 2018 2019 2020+

10/5/16 Ming Liu, DI2016 21
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EMCal Upgrade: More Opportunities

2 sectors (4x4 m? coverage) PHENIX EMCal will be ™
available after this summer almost for free (not 10

including shipping and instrumentation)

With EMCal installed, we will be able to access:
- dark photon from m° decay
- dark p decays to Tt

- enhanced dark higgs sensitivity

Two different scenarios of including EMCal have 10
been studied via MC, and it poses little impact to
our primary physics goal .

10

107

Potential bonus of better background rejection on

trigger level (studies underway). i -

10°

107

104 Bl

A |

LI |

] ] -
n—yp, p'onT -
S.Gardner, R. Holt etal
arXiv: 1509:00050

PO S ST W S S S S Tt
400 500 600



Comparison with SHiP Proposal

120 GeV@FNAL: 2017 -2019 400 GeV@SPS: 2025 -2030
1.4x10*8 POT or more, future dedicated runs 4x102° POT
10-2§n Julchrs Nts 1 T - T~ /7
Cl : ~ : ___________ -
. : = T
10°2 MUAY . 1071 B*>K*+invi-- BYSK*TT (I=e.p)
........... L t.,..‘\{‘. N :
107 R, o Daruignt
w 10° BT
Dsaaarm \\
0 08 . RN SeaQuest
1077 SPS
10_8 L1 ool | L1 J.::;'l ““““ ] L1 : : ; “‘-
10- ] 10 0.1 03 1 3 10
m, (GeV) my (GeV)
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Dark Photon Decay Modes

“Minimal” Decay:

* Dark photon is the lightest in the

dark sector;

- SM final state particles only

Proper decay length: L, ~ O(1m)

1
€2 X m A’

Lo ~

“General” Decay:
* Decay into other dark particles,
dominant channel if allowed

1. Dark -> Dark

2. Dark ->SM particles

10/5/16

_ 2 2m?2 4m>
/ _ ~EMmar o f f
TA'" = f+f)=C 3 efaem<1—|— ?4/) 1-— 7

D. Curtin, et al, arXiv: 1312.4992

0'8:" Electron ID
' required!

Branching Ratios

02}

00 [ L 1 1 — 1 L]
0.0 0.2 04 0.6 0.8 1.0
m A (GeV)
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Two Possible Configurations and Their Impacts

Top View (Bend Plane)

KMag | st2 tracking

St-1 tracking

{ Beam Target

aF X(m)

2F l(m)

St-3 tracking

pamen | TWwo configurations:

Option I: use EMCal to
replace the absorber
‘ ‘ Option II: insert EMCal between H3

' | 1. and absorber (will need to slightly
adjust station-3 position)

Test MC samples (for each scenario):

e 500k single Tt/p/e tracks with 5 GeV <
P <115 GeV

e 1M high mass (M > 4 GeV) target DY
pairs

e 2E10 inclusive pp collisions (see, MC
simulation talk by David K.)

Potential impacts on our primary
physics goal:

Muon identification power

Acceptance? (MC shows no impact)
Occupancy in station-4 and thus our raw
trigger rate

Data volume and DAQ deadtime?



MU/ T separation: case | vs. case 2 vs. original

Orignal

I wsurvival chance

0000000000000000000

nnnnnnnnnnnnnnnnnnnnnnn

.
................

|||||||||||||||||||||||

|||||||||||||||||||||||

e For p survival chance (or p-ID efficiency), all 3 cases are

very close to 100%

e For 1t survival change (or 1t contamination):
- original design is around 0.5%
- case 1 is around 10%

- case 2 is around 0.1%

U identification favors case 2




Displaced Dark Photon Trigger

DAQ/Data stream

LVDS cable 2x16ch bundle available
DAQ Trigger
TS

Q2 (LVL1)
RV Y (12 inputs total)
(vtxZ matching) (1-free bit
Q3 (LVL1) DP Trigger available)
1-bit
m 4 x 16-bit from 4 V1495 boards

V1495 (2 x 32LVDS cables)

Q1: 80(STY’) + 50 (ST2’) + 2x8(ST4-Y1/2) = 146, FANOUT ST4 Hodo (or EMCal Cluster)

10/5/16 Ming Liu, DI2016 28



