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The existence of DM

Does DM exist ? Two interpretations !

Constituents of today’s universe, Planck 2015, Xl
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The existence of DM

Does DM exist ? Two interpretations !

Constituents of today’s universe, Planck 2015, Xl
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Velocities of galaxies in the M33 cluster.
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The existence of DM

Does DM exist ? Two interpretations !

Constituents of today’s universe, Planck 2015, Xl

69.2 %
Dark Energ

4.9 %
Atoms

25.9 %
Dark Matter

Velocities of galaxies in the M33 cluster.
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To interpret the discrepancy of velocities,
mv—f = ma # G™. Two proposed ideas:
Fritz Zwicky proposed more invisible matter
- DM in 1930s;

proposed Modified &2

R

Newtonian Dynamics (MOND) in o]/ [
1980s, DM was not necessary. Qg
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DM direct detection: The existence of DM

“Judgment Day”: 2016

Observations of Bullet Cluster

@ Observations of two clusters passing
through each other after a collision.

@ Normal matter found from X-ray.
@ Total matter from Gravitational lensing.

@ Bullet results : TAJ, 648:L.109-113,
2006. Contrary to MOND prediction.

The data “adjudged”:

6"58Mm42° 36
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DM direct detection: “theoretical” stuff The existence of DM

Other evidence of the existence of DM

CMB simulation and observation

@ Left plot: Simulation of galaxies formation. DM has been added in the simulation;
without DM, galaxies can not be formed like that.

@ Right plot: temperature plot of CMB (Cosmic Microwave Background), Planck
2015 data. Temperature distribution — mass distribution — DM exists.

Commander NILC
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DM direct detect eoretical” stuff The existence of DM

Most of physicists in the filed believe DM exists, very few doesn’t

The debate of the existence of DM is still going on and on ...

Kavli Institute for

Theoretical Physics

lifor arbara

KITP Conference: Dark matter detection and detecta y: paradigm confirmation or shift?
(Apr 30 - May 4, 2018)
Coordinators: Laura Baudis, Mike Boylan-Kolchin, and Simona Murgia
Scientific Advisors: Graciela Gelmini, Julio Navarro, and Josh Simon

Conference Overview | talks | Podcastfll | Schedule | PDF Schedule | Program Overview

Monday, Apr 30, 2018

DM
The theory of dark matter, Chair: Graciela Gelmini (UCLA)
. 8:50am Mark Bowick (KITP) Welcome[Podcast][Aud][Cam]
g"e”"e‘” 9:00am Celine Boehm (Durham) Debate 1 (Theory)[Podcast][Aud][Cam]
T;‘i’g":,’e“el'(’age 9:30am Alex Kusenko (UCLA) Debate 1 (Theory)[Slides][Podcast][Aud][Cam]
Next Week 10:00am All Participants Discussion .
Talks Online 10:30am Morning Break
...newest
Podcasti]
-.-help? 11:00am Erik Verlinde (UvA) __ _ ___ | Emergent Gravity or Dark Matter{Podcast][Aud][Cam]
Conference > 11:30am Dan Hooper (U Chicago) In Defense of Dark Matter[Slides][Podcast][Aud][Cam]
Participants 12:00pm Lunch Break
tadav 2,

v vy N
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DM direct detection: “theoretical” stuff The strategies of DM detection

Understanding the nature of DM besides Gravitation

Strategies of DM searches with indirect detection: xx 22274, SM SM.

@ yx — v, from the Sun
To measure: higher energy v.
Experiments: SuperK, IceCube.

indirect detection Status: no signal, limit
" oaVv ~ 1078 cmis™!
X SM e\ e'e , ingalaxies

To measure: excess of et.

Experiments: AMS, Fermi-LAT,

PAMELA, DAMPE (Wukong).

Status: no signal. Hard to rule out

Pulsars (AMS02 take data until

2030).

® \x — 7, in Milky Way.

To measure: excess of ~.

Experiments: Fermi-LAT, H.E.S.S.
X SM Status: no convincing signal ...
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DM direct detection: “theoretical” stuff The strategies of DM detection

Understanding the nature of DM besides Gravitation

Strategies of DM searches

collider experiments

X

SM

SM

- SM SM annihilate X

To measure: “missing energy”.
Experiments: ATLAS, CMS.
Status: no signal.

limits: ~ (107*" — 107*)em?,
channels dependent.

To measure: other possible “hidden”
sectors, like dark photon etc.
Technology: beam hits on a fix target.
Experiments: SHiP
(https://ship.web.cern.ch/ship/),
LDMX (sub-GeV, arXiv: 1808.05219)
Status: construction or early stage of
proposal.
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DM direct detection: “theoretical” stuff The strategies of DM detection

Understanding the nature of DM besides Gravitation

Strategies of DM searches DM direct detection: scattering x from SM particles.

SM @ X+ SM L 4 S
Deep underground labs, block Bkgds from
cosmic rays.
To measure: WIMP-nucleon recaoils.
Experiments: ~ 50.
Status: lowest limits: ~ 4.0 x 10=% cm? at
~ 30GeV, XENON 1T using LXe.
Challenge: the capability of discriminating
ER (Bkg) / NR (Sig) events by separating
X SM these two bands.

>

direct detection

4

o

BROWN
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direct detecti heoretic: The strategies of DM detection

Understanding the nature of DM besides Gravitation

DM direct detection is faster than the Moore’s law since 2000.

Moore: Factor 10 every 6.5 years
Dark Matter Searches: Past, Present & Future

~ T T T T T .
00— o oo 58 1"
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DM direct detection: “theoretical” stuff The key features of DM direct detection
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@ The key features of DM direct detection
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DM direct detection: “theoretical” stuff The key features of DM direct detection

Event rate

Standard Spin Independent (S.1.) and EFT, (Kg day keV) ™"

Sl p2

dE . A 2 px oo fi(v)
0 &&= 2 x NrF5(E) x 2 v
dRsI — 2 (mp) TFs(E) 2my Jvpin v d
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DM direct detection: “theoretical” stuff The key features of DM direct detection

Event rate

Standard Spin Independent (S.1.) and EFT, (Kg day keV) ™"

(]

Sl a2

dE _ 7oA 2 Px_ [0 f1
dRsI — mfed(mp) X NTFS/(E) X 2my. JVmin dV
nSI A2
XP i H
) particle physics.

f’p , cross-section of WIMPs and a proton; A, atomic number of target nucleus;
Mrea(Mp) , reduced mass of WIMPs and a nucleon.
NrF3(E) , nuclear physics.
Nr, # of target nucleon per kg detector, F2,(E) , form factor.
so [ "Xy, astrophysics.
Pxis observed dark matter mass density, a factor of 2 uncertainty. m,, , mass of
dark matter. v, minimum speed of WIMPs could deposit detectable energy,
fi(v), local speed distribution of WIMPs.
With the latest Gaia data, arXiv: 1807.02519 addressed a discrepancy to the
Standard Halo Model. If it’s correct, the local WIMP speed would be slightly
smaller than typically expected. As a result, the event rate of DM direct detection

will be changed.
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DM direct detection: “theoretical” stuff The key features of DM direct detection

Backgrounds

Reducible Backgrounds

@ Backgrounds due to cosmic rays.
Solution: Deep underground; outer detector as a veto.

@ Radioactive materils.
Solution: selecting low radioactive material (and screening)

Reject Background events

@ ER background
Key solution: S2 / S1 band for LXe; PSD for LAr; none for TES readout detectors
like SuperCDMS.

@ NR backgrounds (neutrons)
Solution: veto, fiducial volume cut etc.

Model remained Backgrounds
@ Modeling background to know as precisely as possible.
@ Comparing background events with WIMPs search data.
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DM direct detection: “theoretical” stuff Characterize DM signals in direct detection: Sl / SD and EFT
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@ Characterize DM signals in direct detection: SI/ SD and EFT
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DM direct detection: “theoretical” stuff Characterize DM signals in direct detection: SI/ SD and EFT

Theoretical models: standard SI/ SD and EFT

@ Assuming heavy mediator, two main stream models: Sl / SD and Effective Field
@ Comparing to traditional SI/SD, EFT provides a more complete frame-work to

@ There are other possible models: light mediator, axion and axion-like-particles, ...

Theory (EFT).

characterize two Fermions’ elastic scattering.

Event rate, standard Spin Independent (SI) and EFT, (Kg day keV)~"

dE  _ N..Px A s F2,( oon(v)
dRs/_NT 2my mfed(mp) Oxp * f av

dE

, .
e = N2 m Os- [ bdv  [~naively~]

Os represents the nuclear response of a detector to WIMPs.
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DM direct detection: “theoretical” stuff Characterize DM signals in direct detection: SI/ SD and EFT

EFT successfully described a weak-interaction, beta decay in 1930s

The Fermi model of weak interaction is an EFT

@ In the experiments of nuclear beta decay, physicists observed the energy spectrum
of the electron is continuous. To interpret it, Pauli introduced the neutrino.

@ Fermi proposed the Lagrangian to describe the beta decay.

@ It has been widely considered as a “brilliantly successful” theory until 1960s the
weak interaction theory arose.

Phenomenological model based on four-point interactions (Fermi, 1932)

- 1-45 _ 1-45
Lrermi = —2V2G¢ [‘Ud T 27 ‘l’u] [‘Uu, w“TW ‘Us] +he. .

Ve
/ )
\

B. Fuks & M. Traubenberg d

@ Does this indicate we can understand DM only until 2040s ? Since 2040s - 2010s
~ =30 years = 1960s - 1930s = J
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DM direct detection: “theoretical” stuff Characterize DM signals in direct detection: SI/ SD and EFT

EFT successfully described a weak-interaction, beta decay in 1930s

The Fermi model of weak interaction is an EFT

@ In the experiments of nuclear beta decay, physicists observed the energy spectrum
of the electron is continuous. To interpret it, Pauli introduced the neutrino.

@ Fermi proposed the Lagrangian to describe the beta decay.

@ It has been widely considered as a “brilliantly successful” theory until 1960s the
weak interaction theory arose.

Solution: a gauge theory (Glashow, Salam, Weinberg, 60-70, [Nobel prize, 1979]).

Phenomenological model based on four-point interactions (Fermi, 1932). o X N
* Four fermion interactions can be seen as a s-channel diagram.

. 1—4° - 1—+° * Introduction of a new gauge boson WV,.
Lrermi = —2V2G¢ [wd L, [w == ‘Ue] +he.. ! gause hoson 1
2 2 * This boson couples to fermions with a strength g, .
v, )
/ S = Y W X
uw y: et 2 2

7 &; ~ &

B. Fuks & M. Traubenberg a * Prediction: gy ~ O(1) = m, ~ 100 GeV.  B.Fuks & M. Traubenberg

Eas

@ Does this indicate we can understand DM only until 2040s ? Since 2040s - 2010s
~ =30 years = 1960s - 1930s Z. J
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DM direct detection: “theoretical” stuff Characterize DM signals in direct detection: Sl / SD and EFT

@ The first paper listed all of the O; for F-F

01 =11y

= q
03 =iSy - [ L« rvi}
my

Oy = 5'\ - Sy (Standard Spin Dependent)

.y O
P ] Others <=> S.D.

Oy =iSy - —— :

TNy Andiv: 1308.6288
Oy = iS, - 4 AndV : 1008.1591
L my Andv : 12033542
[5:\: % r-l] AndV: 1503.03379
O =i[3, 7] [5\- : L}

my

O =8, -

interactions. (JHEP11(2006) 005).

The first paper applying “JHEP11(2006)
005” into DM, arXiv: 1308.6288.

@ Galilean-invariant (NR). Elastic scattering.

@ Four parameters:

DM velocity, V ~ 1073¢;

momentum transfer, ¢ ;

DM spin, gx;

nucleon spin; Sy.

Oy and Oq, tree level,

O, = standard S.I. ; O4 = standard S.D.
others Os, LO, NLO, N2LO, N3LO.

The Fermi interpretation on the weak
interaction in 1930s is one of the most
famous examples of EFT (previous slide.).
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Characterize DM signals in direct detection: SI/ SD and EFT
The key difference between EFT and standard Sl / SD (naively)

Whether or not considered the transferred momentum of a DM-detector scattering

@ Left picture: a long wavelength corresponds to a small momentum transferred
scattering; EFT and Standard SI/SD is the same for this kind of scattering.

@ Right picture: a short wavelength corresponds to big momentum transferred
scattering; standard SI/SD uses a form factor to characterize the “reduced” recoil
energy to the hit nuclei while ignore the interactions caused by the transferred
momentum; EFT fully characterizes all of possible interactions with operators.

L\ gettylmages
mtw *

p_l:\’ &{ ~\

20/88 Junhui LIAO junhui_liao@brown.edu EPC, IHEP, CAS Sep 26, 2018




DM direct detection: “theoretical” stuff Characterize DM signals in direct detection: SI/ SD and EFT

The key difference between EFT and standard Sl / SD

@ Left picture: the interactions between DM and detector by considering the
transferred momentum under EFT.

@ Right picture: as a result, by considering the “extra” interactions caused by EFT
operators, the recoil energy of EFT operators are higher than standard SI/SD.

TABLE 1. The upper energy threshold Emaz (in keVar) for
each of the effective field theory operators, such that an energy
window from 0 to Ema. captures either 50% or 90% of WIMP-
neutron recoil events for the given operator and WIMP mass.
The is what we thought we could probe Nicole Larson's EFT draff paper
But the is is easy to see, with the right target 50-GeV WIMP  500-GeV WIMP
Operator  EX%%  EX%:  EX%  ER%
(keVar) (keVar)  (keVi) (keVar)

ST 108 273 166  44.7
o 68 217 118 438
O3 26.4 49.1 148.1 344.4
SD 86 216 119 375
s 70 240 328 2996
e 162 386 655 3289
06 336 640 2673 4337
o7 50 162 252 279.9
Oy 68 222 145 648
0y 137 37.2 2767 4647
O1o 21.7 48.6 1126 3404
On 155 344 390 2799
O 174 381 348 1765
[ 282 532 545 2197
Ou 1.9 27.9 2409  400.0
W. Haxton O 343 501 2612 4337
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direct detecti heoretic: Characterize DM signals in direct detection: SI/ SD and EFT

The EFT interactions in the space of particle physics (relativistic)

J Ly Nonrelativistic reduction 60 PIT
1 FxNN N. Anard etc, arXiv: 1308.6288 ©, E/E
2 ixxNy’N i 0/0
3 ixy xNN O, 0/0
4 2 xNySN Sy -0 EE
5 Xy xNyuN 0 E/E
. o - . I—VF i O, ’Jl()
6 Fy xNioy &N S+ 2L x By +i5Y) - (L x Sy) R EE
M By M g (Zor-a)

7 2 x Ny N 28y T4 2SSy x ) —20; +2520, O/E
8 Xy aNioue Loy N 2058y 2880, 0/0
- __a _ gy O 05
o Rio" NN Ty 121 - 278 (i7 0:-06) e

=
10 Tioh Ly Nioyy 2N 4L 4(55@ - ;ﬁoﬁ) EE
1 Xioh it x NytySN "‘—‘”Og OE
12 iXio" By Nioue 2y N [i55 - ”"_“O,“ —4i o., —4 ~0.< 0/0
13 ' x NN N 205 + 20.; OE
14 2 A Niou i N i =472 0, O/E
15 Xy xNyHy N —40, EE
16 ixy"y xNioue by N St g 4m8 0y E/O
17 i7i0" 2y Sy Ny, N 20,55, 2520 0/0
18 iRi0" 2y y Nioa i N i S i — 4 G x Sw)) O 0/0
19 igio" Ly y Ny, y* N —di;L 5, -5y —428 0, E/O
20 igio" ey Nioy ey N 4550 Sy 43R0, E/E
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DM direct detection: “theoretical” stuff Characterize DM signals in direct detection: SI/ SD and EFT

MSSM Reparity NMsSM

violating

- . Supersymmetry

3
S)
N

an:'g:me @’ Extra Dimensions
\‘ Theories of soiencOt | e om

Sterile Neutrinos Warped Extra

T A Dark Matter % '

QCD Axions @ E
Axion-like Particles N . q
seertie=\ No Lack of Options... gp GwN
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DM direct detection: experimental stuff Brief review of the experiments in the field
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e DM direct detection: experimental stuff

@ Brief review of the experiments in the field
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Brief review of the experiments in the field
The progress of DM direct detection, by Sep 2017

@ CDMS-Si, CoGeNT and
107 i m1 DAMA/LIBRA claimed
107 ! PDG 2018 210" observations have been
Ng 10:: NEWSG B017) z 10:2 excluded.
=10 F'" 5 @ High mass (~ 10 - 1000
S0 =10* 2 2
IS 3 55 GeV/c®) searches :
~10 g 10 g DarkSide, DEAP, LUX,
§10‘“ g10° 3 PandaX, XENON and
s 1078 < __17\,\;»‘«-0“‘f_ﬂj‘j 107 § XMASS etc.
S0 \:>3=’-=*——— =5 10 2 LXe, S2 / S1 band for ER,
& SuperCDMS (2017) (% 1 oN10 E g NR
g0 =4 107 g :
=10 =) _é 10710 :‘.:, LAr TPC, PSD
=10 Post LHC - 1041§ @ Low mass (~1-10
1078 =3 02>  GeV/c?) : CDEX,
1079 _i 10_13"’ (Super)CDMS, CRESST,
E DAMIC, EDELWEISS
-50 L Ll L ol L Lol 14 ’ ’
05007 1 2 3 456 10 20 30 107 2x107 100 PICO and SIMPLE etc.
WIMP Mass [GeV] Heat and / or ionization. |
BROWN
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Low-mass (~ 1-10 GeVr‘c2) WIMPs direct detection, DAMIC DAMIC and CCD introduction

outline

© Low-mass (~ 1- 10 GeV/c?) WIMPs direct detection, DAMIC
@ DAMIC and CCD introduction
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- 10 GeV/c?) WIMPs direct detection, DAMIC DAMIC and CCD introduction

Dark Matter In CCDs (DAMIC) science

@ Left plot : Region Of Interest(ROI) : low mass WIMP (~ 1 - 10 GeV / ¢?),
complementary to high-mass noble liquid detectors.

@ Right plot : DAMIC collaboration (not the latest).

Two universities from the US, one National Laboratory and 6 institutions from abroad.

CDMS Lite
Centro Atomico Bariloche, Argentina

Fermi National Accelerator Laboratory, USA
SNOLAB, Canada

Universidad Federal Rio Janeiro, Brazil
Universidad Nacional de Asuncion, Paraguay

SuperCDMS-2014

Cresstll-2015 University of Chicago , USA
University of Michigan, USA
University of Zurich, Switzerland

DarksSide50-2014

Lux-2016
Neutrino background floor

WIMP-nucleon cross sectionfcm?]

WIMP Mass[GeV/c?]

v
BRKOUW N
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Low-mass (~ 1 - 10 GeV/c2) WIMPs direct detection, DAMIC DAMIC and CCD introduction

DAMIC CCDs

3-phase
CCD structure
Poly gale
e|eCT coherent elastic scattering
~<—Buried
== p channel
10 kn-cm)
hoto-
sensitive I z
volume
(200—1300 um)
/ ; g g 3 Bias
Transparent voltage
rear window
15 pm
100s of
m y
> € >
— o (0)
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Low-mass (~ 1-10 GeV«“CZ) WIMPs direct detection, DAMIC DAMIC and CCD introduction

CCD charge readout

@ Charge reading in controlled sequences. Deposited charge in each pixel can be
reconstructed offline.

3x3 pixels CCD %% state

LA L
Hs o
()

H 2 e e

2 0 .
+ H; w3
g, || g3 2
g s 2 e
g M el T el |
=
8 Hy gg’
5y, [ CieaH ) 3
H, H H H

P2 Ps

Hy
sens node —
i Py P, Ps
amplifier
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Low-mass (~ 1-10 GeV/cQ) WIMPs direct detection, DAMIC DAMIC and CCD introduction

signals measured by a DAMIC CCD

@ Image of a 2kx4k CCDs (Top view). A cell indicates (naively) a pixel.

, electrons and diffusion limited hits.

nuclear recoils will produce diffusion limited hits
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Low-mass (~ 1-10 GeV/cQ) WIMPs direct detection, DAMIC DAMIC and CCD introduction

signals measured by a DAMIC CCD

@ Image of a 2kx4k CCDs (Top view).

Detection of Particles _with CCD

S

/
/

, electrons and diffusion limited hits.
nuclear recoils will produce diffusion limited hits
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Low-mass (~ 1-10 Ger‘cQ) WIMPs direct detection, DAMIC DAMIC and CCD introduction

CCDs low noise = good for low mass WIMP hunting

@ Left plot : 1.8 e~ noise(RMS) = 50 noise = 40 eV.

@ Right plot: Red curve : event rates, 5 GeV WIMPs, Si detector, S.1..
pink curve : event rates, 35 GeV WIMPs, Si detector, S.I..
tEgr = , translate from 50 noise of CCDs, 40 eV.
blue broken line : Eg = 3.0 keV, CDMS Si detector.

o Entries 8428899 Event rates comparison of Sl, 5 and 35 GeV WIMP, o = 1.e-4pb
Constant 1.12e+05 s B
o g| & e S.l., 5GeV WIMP
-0 T E o !
o lean = ~
E Sigma 18 ® 16E
i N [S.1., 35GeV WIMP
oL g 1af |
E o 12F
[ £ F 3.0 keV,; CDMS-Si
102k 5 b
E o F
E 08F
ok 06 \
E 04F
1 0.2 Loy
Noise measured at SNOLAB. = i\ i
PR R SR M i | 102 10" P

10 5 0 5 Aoil energy(KeV)

10
charge [e]
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Low-mass (~ 1 - 10 GeV/c2) WIMPs direct detection, DAMIC DAMIC and CCD introduction

DAMIC-100 in Snolab

@ DAMIC-100 CCDs: high-resistivity, 675 um, 16 M Pix, 5.6 g per piece. Developed
by LBNL Microsystems Lab. 18 CCDs: 18 x 5.6g = 100.8g.

@ Commission since April, 2016 (data analysis now).
@ Snolab, world’s second-deepest underground lab, 6010 MWE shielding.

Si support

Kapton
signal cable |

signal cable

Polyethylene
Cu vacuum
vessel j I
7 N
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Low-mass (~ 1-10 GeVr‘c2) WIMPs direct detection, DAMIC Detector calibration

outline

© Low-mass (~ 1- 10 GeV/c?) WIMPs direct detection, DAMIC

@ Detector calibration
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Low-mass (~ 1-10 GeVr“cQ) WIMPs direct detection, DAMIC

DAMIC CCDs: energy response

CCD energy calibrations with variant X-rays

@ Left: energy response linearity: 300 eV - 30 keV.
@ Right: energy measured with fluorescence X-rays.

Fluorescence X-rays from H source

Counts per 10 eV

Reconstructed energy / keV

Al

junhui_liao@brown.edu

1.6 1.8 2
Energy / kev

DINU VV IN



Low-mass (~ 1-10 GeV/“c2) WIMPs direct detection, DAMIC Detector calibration

Quenching Factor (QF) measurement for Si at low Eg: QF = E; / E,

@ An incoming WIMP deposits energy,
E,, in the detector. Part of the E, can

be measured by a CCD, E;. @ Lindhard, a classic model for QF.

@ Can't find a WIMPs source to @ For silicon, QF for Eg > 4 keV,
calibrate our CCDs = measured.

@ Fast neutrons scatter a detector @ DAMIC has launched two tests on QF:
same as WIMPs = calibrate the 1. .
detector with fast neutrons. 2. ER:~ 0.6 KeV-2.0 KeV.

Gerbier et. al. ,PRD, V42, 9, 1990

@
g
7

Scattered WIMP

Incident WIMP /
\ S

Static Si o

&
5

@
&
\

. .
recoiled Si, Er® o *

electron-holes, Ej

Ratio of ionization Si/e(%)
8
O
&

S

(DN 0
J L L n L | L n q D
4+ 8 12 16 20 24 2 BROWN
Silicon recoil energy (keV)
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Low-mass (~ 1-10 GeV«“cZ) WIMPs direct detection, DAMIC Detector calibration

QF Beam Test (BT)

Left plot : schematic drawing; right plot : a picture of BT.

E; measured by the SDD directly.

With kinematics, one can figure out E; = Exg = f(At, 0).

Beam test at University of Notre Dame, IN, USA (Thanks.).

SDD (E;), neutron beam and scintillator bars (E,) were calibrated before BT.

‘ Scattered neutror:
Silicon target detector
Lithium target (detector) /(
proton I \ 0
—

—
neutron ~

p +’Li—n + "Be

i _

)
Enr=En m {A +5inf — cos Oy A2 — sin® ¢
m

(A+1) ’
Bp= s |l ————— e
2(At)2 cos0+ VA2 —sin? )

Scattering angle - At = neutron total Time-of-flight

Atomic mass

Neutron energy Proton beam : 2.3MeV/

Energy of Nuclear recoil ~Neutrons peaked at ~550KeV among [50,600]KeV

mme o

B
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Low-mass (~ 1 - 10 GeV/c2) WIMPs direct detection, DAMIC Detector calibration

Characterize Silicon Drift Detector (SDD) for E;

@ SDD calibration (for E;) with %® Fe in Fermilab.

SDD energy calibration
Energy histogram

” hist
2 AK Mn Ka Entries 8285888
£ Kavner
H e D. Amidei FWHM = 200 eV Mean 5.236
T Schwarz @5.9 KeV RMS 1.957
' Mn K&
10¢
Si escape
10° A
r
Ar
Al ka '€
102 ka
10
1
1 2 3 4 5 8 7 8 9 10
Pedestal = 200 eV keV
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Low-mass (~ 1-10 GeV/cz) WIMPs direct detection, DAMIC Detector calibration

Characterization on neutron beams (for E;)

@ Left plot : Geant4 simulation.

@ Right plot : Characterize neutron beam @ Notre Dame. Dots : data, histogram :
Geant4 simulation.

maf [Entries  25]
E reconstructed from the ToF of neutrons

M. Reyes
F. Izraelevitch

200 - ). Liao
J. Molina
G. Gutierrez

190 -

100 |-

50 -

350 KeV
o I 1 |
0 0.2 0.4 0.8 08

Meutron E, hit B1=B2 (unit : MeV)
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Low-mass (~ 1-10 GeV/“c2) WIMPs direct detection, DAMIC Detector calibration

Characterize a scintillator bar (for E/) in lab

@ Plastic scintillator, EJ-200, 2.5 x 2.5 x 25.0 cm®. Light output : 64 % Anthracene.
Wavelength of Max. emission : 425 nm =- fits PMTs well, ET9954B (retired from
CDF, Tevatron) .

Density of Hydrogen / Carbon = 1.1 = good for fast neutron detection.
Fast rise time (0.9 ns) + long optical attenuation = good for Time of Flight.

@ Left plot : charge calibration, Npre = 1.5 phe; fit : Gaussian @ Poisson.
Right plot : timing calibration, o of Ty — To = 2.0 ns; fit : Gaussian.

TDC1 - TDC2 {ADC1 > 60 && ADC < 120 && ADC2 > 110 && ADC2 < 185}

| [ Fe-55 data, PMT2501.9KV_Bar12 PMT37@1.9KV | ADC2 600 htemp
10 L
n Entries 2830
350 Entries 3040214 c
500—
Mean 70.12 C Mean -3.144
300 PMT25 trigged by PMT37 r
RMS 9.141 C RMS 2973
400—
250 Y_scale  3.158e+05 + 6.065¢+02 E Constant 595.4 +17.2
X_shift .43 £ 0. [
200 - 00432000 300 Mean  -3.725+0.041
150 E Sigma  1.841+0.042
N 200—
100 Gaus,w\dth’ ) 937 + 0.0015 E
s p_width 0.1255 + 0.0002 100~
o | Ll I Ll
60 70 80 EY 100 15 10 15
TDC1 - TDC2(ns)

ADC channels
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Low-mass (~ 1-10 GeV/‘cz) WIMPs direct detect

Detector calibration

Geant 4 simulation and data comparison

@ Right plot : Setup shown in Geant4
simulation.

@ Lower plot: Comparison of
(experimental) data and simulation.

@ E; measured by the SDD, E;
reconstructed from the ToF of
scattered neutrons.

v
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Low-mass (~ 1-10 Ger‘cQ) WIMPs direct detection, DAMIC Detector calibration

Measured QF

@ Results of the QF for Eg of [1.5, 20] keV. Discrepancy to the Lindhard model exists
for Eg ~1.5-5.0 keV.

@ For details: 2017 JINST 12 P06014.
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Low-mass (~ 1-10 GeVr‘c2) WIMPs direct detection, DAMIC Limits setting with S| and EFT for DAMIC

outline

© Low-mass (~ 1- 10 GeV/c?) WIMPs direct detection, DAMIC

@ Limits setting with Sl and EFT for DAMIC
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) WIMPs direct detection, DAMIC Limits setting with Sl and EFT for DAMIC

Events selection with ALL

@ Left plot : CCD noise
@ Right plot : CCD noise + signals
@ We used a log-likelihood distribution, ALL, to select signal candidates from noise.

ALL distribution for E < 0.25 keV,, and cdist < 1.75 ALL distribution for E < 0.25 keV,, and cdist < 1.75

—— blank exposures —— blank exposures
—— 30 ks exposures

signal (simulation)

we perform a fit to each

cluster and record the ALL accepted

events

| | L L L L | L
-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 o
ALL

/88 Junhui LIAO
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Low-mass (~ 1-10 GeVr“cQ) WIMPs direct detection, DAMIC

Limits setting with Sl and EFT for DAMIC

Surface events selection and detection efficiency

@ Left plot : Fiducial selection of signal events.
@ Right plot : detection efficiency.

Top of CCD
2
M -
CER]a #1x1 ©1x100 = Surface (sim)
t::. 1.6 .
E o n .
el PR deet s ettee
opy = o 4 - ha ot
r . L4 - * . *
1 e . . T, "
0.8l . .. . o
(s o . - . .
0.6 o . s s gee v =,
F . . ° . * e
0.4 |- . . . . o® "oa e
o LR LK) . beod N
o.zf.'. PR e .._“\:.?'_
o L I i " I i 1 L 4
1 3 4 5 6 7 8 9
Bottom of CéD £ Crev..

46/88

Junhui LIAO junhui_liao@brown.edu

s F S
0o S
E ¥
o.sz— g
o7E- £
SIS
06— @
E & 2015 data sample
05 =
E S 1x1 0.38 kg day

1x100 0.2 kg day

0.9 1

02 03 04 05 06 07 08
E/keV
IIIIIII
BROWN
EPC, IHEP, CAS Sep 26, 2018



Low-mass (~ 1 - 10 GeV/c2) WIMPs direct detection, DAMIC Limits setting with Sl and EFT for DAMIC

Upper limit, 90% C.L., 0.6 Kg*day, standard S.I.

PRD 94, 0282006 (2016), arXiv:1607.07410.

WIMP 90% exclusion limits

[
o

i CDMSLite (2015) 70 kg-d

[

SUPERCDMS (2014)

._.
S
L

CRESST (2015):
52 kg-d

CDMSII-Si(2013)

WIMP-nucleon cross-section / pb
SI
A

10 LUX (2015) Lo
10°° Lol [ [
1 10 ] [
WIMP Mass / GeV c™2 QY

BROWN
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Low-mass (~ 1-10 G ‘c2) WIMPs direct detection, DAMIC Limits setting with Sl and EFT for DAMIC

Low noise CCDs are suited for Effective Field Theory (EFT) analysis

@ Eventrates of all S.I. EFT O and Os, 5 GeV WIMPs, silicon detector.

@ Cyan vertical lines: 50 noise of DAMIC CCDs + Lindhard QF; Green: 50 noise of
DAMIC CCDs + DAMIC measured QF.

@ Other two S.I. Os: Og and O4; have similar features.

Event rate VS recoil energy in a Silocon detector, 5 GeV WIMP, O1 Event rate VS recoil energ'y ina Silocondetector, 5 GeV WIMP, O5
12 8.x10"12
0 \
6.x10"12
08
2 2
s ©
§ os § 4012
2 2
@ @
04
2.x10° 12
02
0.0 0
0 2 4 6 8 10 0

Recoil energy in a Silicon detector(keV)
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Low-mass (~ 1-10 Ger‘cQ) WIMPs direct detection, DAMIC Limits setting with Sl and EFT for DAMIC

90% C.L. upper limits, all EFT S.I. Os and standard S.I.

@ 0.6 kg*day data, QF measured by DAMIC.

@ 041 = i§X . mi,\, is the most sensitive operator.

Limits of EFT S.I. Os and the standard S.I., DAMIC 0.6 Kg*day, QF : DAMIC Measured

o 10%e
5 E —— EFT O1
5 10 L
3 E — EFT O8
& =
8 1073 7 — EFT O5
S =
105 = Standard S.I.
F EFT 011
107 =
107 -
1w
107 L /
100 | L
1 10 0?
WIMP mass(GeV)
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Low-mass (~ 10 GeV«“CZ) WIMPs direct detection, DAMIC Limits setting with Sl and EFT for DAMIC

90% C.L. upper limits of all EFT S.D. Os

@ 0.6 x 5% = 0.028 kg*day data of Si-29, QF measured by DAMIC.
O15 = — (§X ) [(§N X Vi) . mi,\,] is the most sensitive one.

. g
my

Limits of EFT S.D. Os, DAMIC 0.028 Kg*day, QF : DAMIC measured

Ng o = EFT 03
H ——— EFT O4(= Standard S.D.)
5 2 e EFT 06
? EFT O7
810 —— EFT 09
© — EFT 010
107 EFT 012
10 EFT 013
—— EFT 014
10°% EFT 015
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| | |
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Low-mass (~ 1-10 GeV/“c2) WIMPs direct detection, DAMIC Summary for DAMIC

outline

© Low-mass (~ 1- 10 GeV/c?) WIMPs direct detection, DAMIC

@ Summary for DAMIC
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Low-mass (~ 1-10 GeVr“cQ) WIMPs direct detection, DAMIC Summary for DAMIC

Summary for DAMIC

@ DAMIC CCDs have very low noise which is good for low mass WIMIP hunting.
DAMIC has measured the quenching factor of silicon down to 100s keV recaoil
energy. A discrepancy comparing to the Lindhard model has been observed.
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Low-mass (~ 1-10 GeV/“c2) WIMPs direct detection, DAMIC Summary for DAMIC

Summary for DAMIC

@ DAMIC CCDs have very low noise which is good for low mass WIMIP hunting.
DAMIC has measured the quenching factor of silicon down to 100s keV recaoil
energy. A discrepancy comparing to the Lindhard model has been observed.

@ All EFT Os have been studied and analyzed with DAMIC ~ 0.6 kg*day data. No
signal has been observed. 90% C.L. upper limits with have been set.
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Low-mass (~ 1-10 GeV/“c2) WIMPs direct detection, DAMIC Summary for DAMIC

Summary for DAMIC

@ DAMIC CCDs have very low noise which is good for low mass WIMIP hunting.
DAMIC has measured the quenching factor of silicon down to 100s keV recaoil
energy. A discrepancy comparing to the Lindhard model has been observed.

@ All EFT Os have been studied and analyzed with DAMIC ~ 0.6 kg*day data. No
signal has been observed. 90% C.L. upper limits with have been set.

@ We find the most sensitive EFT operators of WIMP-nuclear interaction, 041 for S.I.
and Oq5 for S.D..
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Low-mass (~ 1-10 GeV/“c2) WIMPs direct detection, DAMIC Summary for DAMIC

Summary for DAMIC

@ DAMIC CCDs have very low noise which is good for low mass WIMIP hunting.
DAMIC has measured the quenching factor of silicon down to 100s keV recaoil
energy. A discrepancy comparing to the Lindhard model has been observed.

@ All EFT Os have been studied and analyzed with DAMIC ~ 0.6 kg*day data. No
signal has been observed. 90% C.L. upper limits with have been set.

@ We find the most sensitive EFT operators of WIMP-nuclear interaction, 041 for S.I.
and Oq5 for S.D..

@ Publication 1: WIMPs search, PRD 94, 0282006 (2016), arXiv:1607.07410 .
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Low-mass (~ 1-10 GeV/“c2) WIMPs direct detection, DAMIC Summary for DAMIC

Summary for DAMIC

@ DAMIC CCDs have very low noise which is good for low mass WIMIP hunting.

@ All EFT Os have been studied and analyzed with DAMIC ~ 0.6 kg*day data. No
@ We find the most sensitive EFT operators of WIMP-nuclear interaction, 041 for S.I.

@ Publication 1: WIMPs search, PRD 94, 0282006 (2016), arXiv:1607.07410 .
@ Publication 2 : QF calibration for Silicon, 2017 JINST 12 P06014.

DAMIC has measured the quenching factor of silicon down to 100s keV recaoil
energy. A discrepancy comparing to the Lindhard model has been observed.

signal has been observed. 90% C.L. upper limits with have been set.

and Oq5 for S.D..
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High-mass (~ 10 - 1000 GeV/c?) WIMPs direct detection, LZ LZ review

outline

0 High-mass (~ 10 - 1000 GeV/c?) WIMPs direct detection, LZ
@ LZ review
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High-mass (~ 10 - 1000 GeV@cZ} WIMPs direct detection, LZ review

LZ detector

@ LZ: LUX (US) + ZEPLIN (UK).

@ LUX: Large Underground Xenon experiment;
ZEPLIN: ZonEd Proportional scintillation in Liquid Noble gases

LUX-ZEPLIN (LZ) detector

7.0 T active LXe e =
5.6T fiducial : i

Instrumented

Xe skin detector Neutron

conduit

50 kV cathode
high voltage

17 tonnes
Gd-LS
Outer

Detector

Technical Design Report, arXiv:1703.09144. Lower PMT cable conduit 3
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High-mass (~ 10 - 1000 GeVchJ WIMPs direct detection, LZ LZ review

LZ Bkg

WIMP backgrounds summary
5.6 tonnes x 1000 days; ~1.5 to ~6.5 keV
ER NR
(cts) (cts)
Detector Components 9 0.07

Surface Contamination

Background Source

Laboratory and Cosmogenics

Xenon Contaminants 0

222Rn 681 0

220Rn 111 0

natKr (0.015 ppt g/g) 24 0

natAr (0.45 ppb g/ 0
136Xe 2vBR

Solar neutrinos (pp+7Be+13N) 255 0

Diffuse supernova neutrinos 0| 0.05

Atmospheric neutrinos 0 0.46

Total 1195 1.03

with 99.5% ER discrim., 50% NR eff. 5.97 0.51
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High-mass (~ 10 - 1000 GeV/c?) WIMPs direct detection, LZ LZ review

LZ projected sensitivity

1074

1074

10—46

10

SI WIMP-nucleon cross section [cm?]

0%

LZ sensitivity (1000 live days) — LUX (2017)

.
[T £lo expected PandaX-II (2017)

T T T T T T ‘ T T T T TT ‘
Projected limit (90% CL one-sided) ___ XENONIT (2017)

+20 expected

HHJ_IJ 1 HHUJJ L

pMSSM11
(MasterCode, 2017)
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LZ members

9

) WIMPs direct detec

LZ review

LZ collaboration

38 institutions; 250 scientists, engineers, and technicians

IBS-CUP (Korea)

LIP Coimbra (Portugal)

MEPhI (Russia)

Imperial College London (UK)

Royal Holloway University of London (UK)
STFC Rutherford Appleton Lab (UK)
University College London (UK)
University of Bristol (UK)

University of Edinburgh (UK)

10) University of Liverpool (UK)
11) University of Oxford (UK)

12) University of Sheffield (UK)

13) Black Hill State University (US)
14) Brandeis University (US)

88 Junhui LIAO

15) Brookhaven National Lab (US)

16) Brown University (US)

17) Fermi National Accelerator Lab (US)

18) Lawrence Berkeley National Lab (US)

19) Lawrence Livermore National Lab (US)

20) Northwestern University (US)

21) Pennsylvania State University (US)

22) SLAC National Accelerator Lab (US)

23) South Dakota School of Mines and
Technology (US)

24) South Dakota Science and Technology
Authority (US)

25) Texas A&M University (US)

26) University at Albany (US)

27) University of Alabama (US)

of California, Berkeley (US)
y of California, Davis (US)

30) Umverslly of California, Santa Barbara (US)
31) University of Maryland (US)

32) University of Massachusetts (US)

33) University of Michigan (US)

34) University of Rochester (US)

35) University of South Dakota (US)

36) University of Wisconsin — Madison (US)
37) Washington University in St. Louis (US)
38) Yale University (US)

25
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High-mass (~ 10 - 1000 GeV/c?) WIMPs direct detection, LZ LZ review

LZ timeline

. WIMP sensitivity paper,
Titanium paper, Feb 2018
CDR, Feb 2017 TDR, .

Sept 2015 & t March 2017
il

2015 \ 2016 2019 2020
} } f t
> Q - o (2] ® m o w
5 s C X I c z S 3
oz F g B RF 2
=00 S US cD-4 and
: TPC moves -
Us CD-2 UK projec underground, ~ operations
US CD-1 April 2016 97% Summer 2019 Start, April
March 201 us CD-3 complete ul 2020
arch 2015 Jan 2017 march 2018
= Collaboration meeting
v
BROWN
EPG, IHEP, CAS Sep 26,2018
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High-mass (~ 10 - 1000 GeV/c?) WIMPs direct detection, LZ Brown'’s contribution to LZ: PMTs assembly

outline

0 High-mass (~ 10 - 1000 GeV/c?) WIMPs direct detection, LZ

@ Brown’s contribution to LZ: PMTs assembly

59/88 Junhui LIAO junhui_liao@brown.edu EPC, IHEP, CAS Sep 26, 2018



High-mass (~ = ) WIMPs direct detection Brown'’s contribution to LZ: PMTs assembly

PMTs assembly at Brown

PMT dressing in Brown clean room (class 100)

Sector 1 PMT
Dressing

Dressing fully completed
within 3 hours, parts fit
together smoothly

Junhui LIAO junhui_liao@brown.edu EPC, IHEP, CAS Sep 26, 2018




High-mass (~ 10 - 1000 GeV/c?) WIMPs direct detection, LZ Brown'’s contribution to LZ: PMTs assembly

PMTs assembly at Brown

PMT assembly with a particle counter at the bottom of the PALACE, glass and PTFE
slides monitoring dusts deposition

PALACE

Glass slides and PTFE slides both set up near the
location of sector 1 during the whole exposure. -

PTFE witness plates (exposed for sector 1 and will
be shipped to SDSMT) and particle counters were
placed at the bottom of PALACE interior
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High-mass (~ 10 - 1000 GeV/c?) WIMPs direct detection, LZ Brown'’s contribution to LZ: PMTs assembly

PMTs assembled on the bottom array at Brown
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High-mass (~ 10 - 1000 GeV/c?) WIMPs direct detection, LZ LXe calibration with mono-energetic 300 keV neutrons

outline

0 High-mass (~ 10 - 1000 GeV/c?) WIMPs direct detection, LZ

@ LXe calibration with mono-energetic 300 keV neutrons
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High-mass (~ 10 - 1000 GeV/CZ) WIMPs direct detection, LZ LXe calibration with mono-energetic 300 keV neutrons

Lowest calibration energy on LXe: understanding  neutrino Bkg events

@ Deuterium-Deuterium (DD) generator generates (mono-E) 2.45 MeV neutrons
isotropically, some hit the reflector, then reflected to the bar1 in the water tank.

@ At a certain small angle, the E of reflected neutrons is tunable and mono-E. We
set it to 160 degree and get 300 keV neutrons.

@ Reflector material: in this simulation, EJ315 (CD); will change to LXe later.

Water tank

Junhui LIAO junhui_liao@brown.edu EPC, IHEP, CAS Sep 26, 2018



High-mass (~ 10 - 1000 GeVs’CZ) WIMPs direct detection, LZ LXe calibration with mono-energetic 300 keV neutrons

Preliminary simulation results

@ We see the neutrons have two peaks, being scattered from C and D, respectively.
Which demonstrates that we can use ToF to select interested 300 keV neutrons.

Barl_Timel_1stHit {Barl_N_of_Hits > 0 && Reflector_N_of_Hits > 0 && Barl_Time1_1stHit > 10 & Reflector_Time_1stHit > 1}

90— htemp

soF- Entries 1008
E Mean 154.8

70 Std Dev 78.8
E Integral 564

60—
E 1 Giga neutrons emitted isotropically

50—

40i C scattered neutrons : [95, 108] ns

30;* D scattered neutrons : [210, 240] ns

20—

10—

N 1L r’wun L ﬂnﬂﬂﬂ;ﬂmmmmmm
0 50 100 150 200 250 400

Barl_Tlmel_lstHlt (ns)

—
S

@ A not novel but useful technique has been developed during the simulation: o

run high-statistic simulation on HPC, visualizing an interested event Qg
on a local PC with a unique pair of seeds numbers. BROWN
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High-mass (~ 10 - 1000 GeV/c?) WIMPs direct detection, LZ LXe calibration with mono-energetic 300 keV neutrons

Visualized trajectories on a local PC

@ Left plot: The trajectory of an event having the Bar1_Time1_1stHit of 69 ns (< 95
ns), turns out to be “accidental coincidence”: the neutron and it produced
secondary particle(s) satisfy the cut condition.

@ Right plot: The trajectory of an event having the Bar1_Time1_1stHit of 166 ns,
slower than the population being scattered by C, faster than D, is double-scattering
on C.
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High-mass (~ 10 - 1000 GeVch) WIMPs direct detection, LZ LXe calibration with mono-energetic 300 keV neutrons

Visualized trajectories on a local PC

@ Left plot: The trajectory of an event having the Bar1_Time1_1stHit of 225 ns (210
< 225 < 240), is an expected event: a 2.45 MeV neutron hits on the reflector once
then being reflected to the Bar1 in the central place of the water tank.

@ Right plot: The trajectory of an event having the Bar1_Time1_1stHit of 249 ns (>
240), slower than the population being scattered by D once, that is because the
neutrons hits the water near the Bars first then being reflected to the Bar1.
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High-mass (~ 10 - 1000 GeVs’CZ) WIMPs direct detection, LZ LXe calibration with mono-energetic 300 keV neutrons

Tips for visualizing trajectories on a local PC

@ To run on a HPC: you should have an executable file to run your simulation there,
that means you don’t need / want to recompile your scripts.
(Working on a Brown HPC, we are able to submit 1000 jobs with ~ 1 minute.)

@ Seeds number can be only placed in particle generator; not Begin_of_event(), it's
too late there.

@ Be cautious to the possible repetitive events (that means N jobs = 1 job).

@ We used the “systime()” which is the UNIX time of a machine as the source of
seeds.

@ The scripts run on a HPC and a local PC must be exactly the same, including the
macro file(s).

@ A paper has been submitted to JINST: JINST_027P_0718 (under review).

BROWN
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Sub-10 ps ToF for CMS A little detour to the LHC

outline
@ 5ub-10 ps ToF for CMS T
@ A little detour to the LHC % g
BROWN
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Brief introduction on the LHC

Four main experiments of the LHC: ALICE, ATLAS, CMS, LHCb.

@ LHC, Large Hadron Collider. 70 meters underground, Switzerland France board, close to
Geneva. Length : 27 km.

The LHC is the energy highest ever built machine.
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Higgs is there !

CMS (5=7TeV,L=51f"Vs=8TeV,L=5.3fb"
— T
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v
@ The discovery of Higgs has been widely considered as the “biggest” moment 9] [
in physics after the discovery of W,Z Boson in 1980s. (] [
BROWN
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Sub-10 ps ToF for CMS GASTOF

outli

© Sub-10 ps ToF for CMS
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What is GASTOF, Why we need it

GASTOF is “GAS Time Of Flight”. It's a sub-10 ps time resolution gas Cherenkov
detector. It's one of the most important timing detectors for the FP420 and HPS
(upgrade projects of ALTAS and CMS), stands for Forward Physics 420 (meters) and
High Performance Spectrometer respectively.

Stainless steel UV enhanced mirror r

~ 16 cm
]

Incident proton
—_—

Iy

C4F10 filled

e~5cm—\{
)

Gas valve

B .
Cherenkov photons MCP-PMT ITwo GasToF detectors used for beam test

@ According to simulation, Cherenkov photons only contribute ~ 2 ps, DAQ contributes
~ 4 ps, so the time resolution of our detector system depends mainly on the one of
MCP-MPT under the context of 10 ps timing.
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Sub-10 ps ToF for CMS GASTOF

Cherenkov photons

@ Cherenkov photons will be produced if a charged particle goes through a media with a
velocity faster than the speed of light in this media. Just like a supersonic jet produces a
sonic boom.

@ GASTOF has been filled with 1.1 atm C4F, the refraction index is 1.0014. The beam
utilized in our beam test is 120 GeV Pion.

BRO
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]
I
ul
it
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Why we need GASTOF ? 1/2

Central exclusive channel [pXp]

The collision of p p results X (eTe~, Higgs etc) in a
central detector (CMS, for instance) while two pro-
tons remain intact(lost less than 2% of their longitu-
dinal momentum) flying back to back.

Central exclusive channel : signals and backgrounds

(b) ' (© 1-
[ ]

(@) (@)
.—!—. ¢ —o o SRR !——

! ! | I

@ (a) is a signal event, (b),(c) and (d) are background events.

—
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Why we need GASTOF ? 2/2

GASTOF is supposed to improve the ratio of S/N (1 order or more).

Produced P hit G1

-$\\

T CMs Incident proton

Incident proton \\\
—

Produced P hit G2

Two GASTOF detectors will be put 220 meters away from the IP of CMS (ATLAS), ~4-7 mm
away from beam center.

Imaging two "back-flying” protons arrived at two GasToFs with time variation AT =T, - Tg,
assuming the two protons come from the same interaction, then the Z-position of this
interaction could be obtained Zpp = 1/2*AT*c (c = the speed of light).

The uncertainty of Zpp, §Zpp = (¢/v/2)*T. 8T = 10 ps < §Zpp = 2.1mm. The Z-position of the
vertex related two protons, Z,erex, could be obtained from a central detector (§Zyerex = 50
nm).

Finally, we require a match between Zpp and Zyertex to exclude (many) backgrounds.

@ Better §T= better physics. 10 ps is the balance between physics benefit and current detector

reachable performance.

76/88
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Sub-10 ps ToF for CMS GASTOF study
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GASTOF charge measurement 1/2 - (MCP laser test)

S
\
|
4
H I
V1
| -
attenuate laser light Time(second)
MCP-PMT laser test setup Typical signal of Photek 210 MCP measured with laser
1 Photek 210 @ 5.0kv, Laser test
b ornan ssorse
s oo s o
Ha e amosoom Sumg = €7 % [Gauss((& = Tuist) * Tacater 0, 00)]
20l Gaus_width 0.3326:+0.0082 N -
b Sum,, = Zl ?;1" * [Gauss((x — Tahift) * Tocates My VNO1)]

Fit_function = ysee - (Sumg + Sum,,)

Charge fit function
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GASTOF charge measurement 2/2 - (MCP beam test)

Top view

120Gev pion, proton beam  GasToF_2

‘ GasToF 3

! 4 meter

beam test setup

R3809U-50

+ Wide Bandwidth, 20 MHzt0 6 GHz

Rise Time: 150 ps + Low Noise Figure, 3.3 dB Typ.
TTS (Transit Time Spread): 525 ps (FWHN)

ZX60-6013E+

b

beam test detectors and DAQ

Fitted number of photoelectrons.
2 4 5 8 10
T T T T T T

i

2 nd= 14331 118

2

Nphe =181 0028

Gaus_widih = 0.6283:- 00189

2

Arbitrary unit

4

Hamamatsu R3809U-50 @ 3.1kv

H

g g

B 3
Measured signal charge

Charge fit (Hamamatsu R3809U-50)

| Cosstorismice-s chamner

Froauency(GHz)

FFT analysis on typical signals of beam test
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Sub-10 ps ToF for CMS GASTOF study

GASTOF time analysis 1/7, a couple of useful techniques

Technique 1 : signal reconstruction

Ovginal signals before S nterpalation 25ps point

10°

Lt
99 988 -96.6 -96.4 -96.2
Time(socond)

. 1ps/point

L L L
994 992 99

| I
988 086 984 982
Time (second)

10°

Technique 2 : CFD(Constant Fraction Discriminator) algorithm

@ According to our analysis,

comparing to “leading-edge
timing + time walk correction”,
CFD algorithm can result better
time resolution and more events.
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Sub-10 ps ToF for CMS GASTOF study

GASTOF time analysis 2/7: method 1

Time resolution obtained by “method 1”.

450

400

350

300

81/88

Entries 4915
Mean 7.992e-09
RMS 2.012e-11
Constant 468.8 + 9.6

Mean  7.992e-09 + 2.454e-13

Sigma  1.406e-11 + 2.492e-13

Cut : N2 > 2.0phe, N3 > 1.5phe I

| T2, timing of channel 2, beam test I

T3, timing of channel 3, beam test |

n

Junhui LIAO junhui_liao@brown.edu

805 81 845 82 825 83
T2 - T3 (unit : second)

EPC, IHEP, CAS

@ Step 1 : Get the timing of

two detectors with the CFD
algorithm : T2 and T3.

@ Step 2 : Get the histogram of

“T2-T3".

@ Step 3 : Get the sigma of

above histogram with a
Gaussian fit.

@ From the left figure, the time

resolution is 14.1 = 0.25
ps(For two detectors)

@ Next slides will explain how

to figure out the time
resolution of two detectors

individually.
Sep 26, 2018




GASTOF time analysis 3/7 : method 2, motivation

The motivation of knowing individual time resolution
@ The time resolution of an individual detector is more interesting.
@ To do a crosscheck with the results of method 1 by an independent analysis method.

@ To reach a deeper understanding on the performance of GASTOF detectors.

The basic of method 2 : Poisson statistics
@ Inoursystem: o2 =o¢ /N2 + o /N3 (with same cut as method 1).

@ o is the time resolution of two detectors; o> and o3 are “the time resolution per
photoelectron” of each GASTOF separately ; N, and N3 are the average number of phe of
corresponding detectors.
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Sub-10 ps ToF for CMS GASTOF study

GASTOF time analysis 4/7 : method 2, figure out o2 VS 1/N,;

o2 vs 1/N2

o2 of T2 - T3 (unit : ps*2)
z 8
8 8

2,
3
3

2/ ndf 1.238/3
PO 48.79 +19.96
p1 488.9 +71.48

Cut : N2 > 2.0phe, N3 > 1.5phe
Channel 2, CERN beam test

cZvs 1/N3

260[ [ 22/ naf
[
240} [P

0.9163/3
112 +19.97
214.3 +50.19

N
N
S

o301 T2-T3 (unit : ps12)
g 8

Channel 3, CERN beam test
Cut : N2 > 2.0phe, N3 > 1.5phe

0.2 0.25 0.3 0.35 0.45 02 025 03 035 04 045 05 055 06
1/N2 (unit : 1/phe) 1/N3 (unit : 1/phe)
v
@ In the left plot, the slope of a linear fit, “p1”, represents the time resolution per phe of
GASTOF_2 : ~ 22ps (v/488.9).
@ In the right plot, the slope of a linear fit, “p1”, represents the time resolution per phe of
GASTOF_3: ~ 15ps (v/214.3).
v
BROWN
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GASTOF time analysis 5/7 : method 2, an example data point

1/Ns in the range of [0.31,0.39] o of T2 - T3 histogram with same cut
‘ Histogram of photoelectrons cut for channel3 : 0.31 < 1/N3 < 0.39 |
2 ‘ T2 - T3 histogram and its Gaussian fit after cut : 0.31 < 1/N3 < 0.39 I
20 Entries 911 160F Entries o18
18 Mean 0.3489
1 RMS  0.02264 1400 Mean 7.989-09
14 1200 RMS 2252e-11
.2 12 ° 100F Constant 166.1 8.2
310 g’ 8oL Mean  7.991e-09 + 5.443e-13
8 60 Sigma  1.331e-11+ 5.750e-13
6
A a0}
2 200
0 0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0 7.8 7.85 79 7.95 8 8.05 <10°
1/N3 (unit : 1/phe) T2 - T3 (unit : second)
v
@ As shown in the left plot, we select a charge interval of GASTOF3, get its mean value of
1/phe : 0.35. Using the cut of such a charge interval, we get a histogram of “T2-T3” g
then make a Gaussian fit to get ¢ = 13.31ps, as the right plot. [@fm]
@ “0.35” and 02 = 13.312 = 177 are the X and Y coordinates of the middle point of the
right plot of previous slide. BROWN
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GASTOF time analysis 6/7 : method 2, average N> and Ns.

Average phe G2 : N, = 3.6

240 Entries 4915
220 ; Mean 3.594
200~ RMS 1.355
180) ;
160 ;

Channel 2, CERN beam test |
Cut : N2 > 2.0phe; N3 > 1.5phe |

0 T R RS NS FRWEE 0t LY L N
3 4 5 6 7 8 9 10

N2 (unit : phe)

1

Average phe G3 : N3 = 3.2

220F Entries
200f Mean
180F RMS

4915
3.157

1.404

1601
140 Channel 3, CERN beam test |

‘ Cut : N2 > 2.0phe, N3 > 1.5phe I

1 2 3 4 5 6
N3 (unit : phe)
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Sub-10 ps ToF for CMS GASTOF study

GASTOF time analysis 7/7 : method 2, very well consistent with method
1.

@ Substitute the values obtained above, we get

oj _ /4889+715 214.3+502
B 3.2
This is consistent very well with the result we obtained by method 1 : 14.1 £ 0.25ps .

=14.24+0.89 ps.

@ Accordingly, we can get the time resolution of GASTOF_2 ,

o2 /488.9 +71.5
5 . .
=4/ =4/ —— =11.74+0.85
Och2 Ny 36 ps
o2 214.3 £50.2
3 / . .
=4/ = =4/ —————""—"=82+0.96
Och3 N 32 ps

And GASTOF_3,

BROWN
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Sub-10 ps ToF for CMS GASTOF study

Summary on GasToF

Summary

@ Very good understanding on charge and timing for GASTOF detector.

@ (Sub-)10 ps time resolution has been achieved: o ~ =8 and 12 ps .
Best time resolution among similar gas detectors ever since.

@ A relation of “o?/ Npne” has been figured out for both detectors.
@ Paper: NIM(A) 762 (2014) 77-84.

Outlook

@ Strategies to increase GASTOF’s time resolution.
(1) Increasing the number of photoelectrons.
(2) Increasing the rise time of signals.
After the application of above improvements, we’ve expected to get ~5 ps time
resolution(o).

@ The efficiency of GASTOF detectors should be studied further.

@ The life of MCP. For instance, using SiPM(Of course, one of the drawbacks is that
SiPM has a worse noise than MCP).
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Sub-10 ps ToF for CMS GASTOF study

Thanks

Junhui LIAO junhui_liao@brown.edu EPC, IHEP, CAS Sep 26, 2018



	DM direct detection: ``theoretical'' stuff
	The existence of DM
	The strategies of DM detection
	The key features of DM direct detection
	Characterize DM signals in direct detection: SI / SD and EFT

	DM direct detection: experimental stuff
	Brief review of the experiments in the field

	Low-mass ( 1 - 10 GeV/c2) WIMPs direct detection, DAMIC
	DAMIC and CCD introduction
	Detector calibration
	Limits setting with SI and EFT for DAMIC
	Summary for DAMIC 

	High-mass ( 10 - 1000 GeV/c2) WIMPs direct detection, LZ
	LZ review
	Brown's contribution to LZ: PMTs assembly
	LXe calibration with mono-energetic 300 keV neutrons

	Sub-10 ps ToF for CMS
	A little detour to the LHC
	GASTOF
	GASTOF study


