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DM -—nucleon cross—section

WIMP in Direct Detection

Limits on Dark Matter from Direct Detection
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Thermal Dark Matter

* Why thermal dark matter? initial condition
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Plan

 MeV - GeV dark matter in the early universe
Not-Forbidden Dark Matter (NFDM)
dark photon + dark matter model

[J. Cline, H. Liu,T. Slatyer, WX arXiv: 1702.07716]

e dark photons at LHCb

meson decay
[P llten, J. Thaler, M. Williams, WX arXiv : 1509.0676, PRD]

iInclusive di-muon
[P llten, Y. Soreq, J. Thaler, M. Williams, WX arXiv : 1603.08926, PRL]

e conclusion



One of the Simplest Models
vector portal dark matter

 U(1)’ dark photon can kinetically mix with photon

Standard Model matter fields, dark matter
Higgs & & dark force
g,W,Z, y
€ UV
§FWF

* effective Lagrangian ( dark matter + dark photon )

L=x0D—my)x + %mi, A AT +eeA Th,



Vector Portal Dark Matter
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Challenges for MeV-GeV Dark Matter

thermal cross section <ov> ~ 3 x1026 cm3/s
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Vector Portal Dark Matter
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Forbidden Dark Matter
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Not Forbidden Dark Matter
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Why 327 Not-Forbidden DM

In the early universe, dark matter density is pretty high

Boltzmann distribution

no = (MT)>? exp(-x) , nao = (maT)>?

exp(-r x)

x ¥ — A A is forbidden (x = mX/T L r = mA/mX)

Rate (2 = 2) ~ n,? / n, <o v>
~exp [- (2r -1) x] <o v>

Rate (3 = 2) ~n, 2 <6 v®> ~exp ( -2x ) <o v?>

X

rz 1.5
Rate (3 = 2) = Rate (2 - 2)
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Constraints and Signatures
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NFDM parameter space

* observed thermal relic
1073
10~
107>

1075,

~

1077
1078,

1079,

1072

BT T}
my (GeV)

10—10_ L
1073



Dark Photon Constraints

* predictive dark photon mass
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CMB Constraints

* pretty strong constraints.
set limits on many MeV- GeV dark matter models

1073
1074
107°

1070

rium with SM

10_85—
- SN Cooling
10_95—
10—10_ ol o] Lo
1073 1072 107" 1 10’



Direct Detection Constraints

e LUX, PandaX, CDMSIlite ~ 10 GeV
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Future Direct Detection

e superCDMS
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Cusp/Core Problem
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When we search for dark matter,
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Why LHCb

no pile-up ( Run 1 and 2 )

good vertexing :VELO detector (10 um)

good invariant mass resolution (O(MeV))

triggerless readout ( Run 3)

o —
p 6 *“s

mm | et
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Orsay, U70 * Large Branching ratio 38%
* clean decay modes
* MeV decay width

Charm, Nu-Cal, E137, LSND
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10710 Orsay, U70
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Charm, Nu-Cal, E137, LSND

Orsay, U70

BaBar

\WWUW

e why this region is hard?

production rate Is low
boost Is smaller
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Charm, Nu-Cal, E137, LSND

Orsay, U70

BaBar

\WWUW

e why this region is hard?

production rate Is low
boost Is smaller

e Can we find other mesons

decaying to dark photon?
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iNclusive dimuon search

* dark photon mix with photon and also vector mesons

* Background from EM process

‘Ll+
p ——> Y ——
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Data driven method

e ratio ( form factor are cancelled )
4

do_pp—>XA’—>X,u+,u_ o 64 m,u,u
o 2 2 \2 2 2
* per mass bin
S AT m%, 3T ma €’
BEM 8 FA’O'm“M 8 Umuu OEM )

Oe¢+e— —hadrons

number of leptons with
mass below ma

Octe——putpu—

* the continuous dimuon spectrum that LHC have is the
background
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Candidates

Measured Di-muon Spectrum
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Future Dark Photon Search

LHCb pu prompt
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Possible improvement
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Conclusion

MeV - GeV dark matter is our future target

NOT-forbidden dark matter
3—2 process cannot be neglected for ma ~ my

dark photon searches in the future
DO* > DY + y and inclusive search

the (di-muon) data-drive method can be applied to
other experiments

31
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Background and Signal Rate

 amplitude generating dark photon
iMx oy =ice(Y | Tl | Xe(k),
* amplitude generating off-shell photon

. . _Z v _ v
IMx Lyt :Z€2<Y|J]§LM‘X> (/ﬁ fZQ)zu(kl)V U(kz)

e ratio ( form factor are cancelled )

dopp—s x A= X+ p- _ 4 My

2
dO_pp—>X’y*—>X,u+,u_ (m,u,u o mA’) + FA’r'nA’
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Prompt Search

e “"good” Background
proportional to EM currents
Mesons, FSR/DY

e "bad” Background
* Beith-Helitler, subdominant, small photon PDF
Y wr
+ mis-identified pions ( fake rate ~ 107):
B - two pions are misidentified

B"™ - one pion is misidentified and one real muon
subtract them in a data-driven way ( same-sign dimuon )
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selections:

+ 2<n(u)<5

- p(u)>10GeV
+ pr(u2)>0.5GeV
- pr(A)>1.0GeV

- U isolation: |
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Displaced Search Background

* pre-module : semi-leptonic heavy meson decays
o —>cpuzsX,c—=usyY
104 events per + 2 0 inv mass bin

e post-module : Ta » Tog
mostly material interactions.
25 events per mass bin
(rescaled from Ks = y* y- search)
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Why LHCb 2)

* Run 3 triggerless readout:
removing the first-level hardware trigger
realtime calibration

no hardware limited
only disk space limitation

triggerless readout opens new possibilities for particle
physics search in Run3

we should test it right now!
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Relic Density
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Simplitied Example 1
A Prompt decay
NA = NAD (I = )
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One Boltzmann Equation

* sethna=napo (€large)
two Boltzmann equations are reduced to one

dn 1
X . 2 3 2
Jt +3Hn, = _Z<UU >xx>‘<—>xA’ (nx - nx,onx)
2
n
2 2 X
+<UU>A’A’—>>2>< (”A/,o —Nar 0 3 )
nx,O

* the stronger process matters
when the weaker process rate ~ Hubble, ny = Nyo

When the stronger process rate ~ Hubble , ny deviates from n_o

X
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r (= maimy) = 1.5 (Simplified)

e dominant process is 2—2
this process is forbidden

<6 v> (xx = AA) = <6 v> n,qz/nx2 « exp[-(2r-2)x¢] a2 /my>2

freeze-out happens at x¢=m/T;

20~ 7
* Relic density o
Q h? «1/<c vs(xy = AA)
§><1.6
S e Qe —
E 1.4 \\\ \\\\\ |
Qh?*=012 ~_
1.2 TNl
— — = NaA=Nap Ho=001 WMa=1
W a=01 @ a=10
1.0
1073 1072 107" 1 10’

4 m, (GeV)



r (= maimy) = 1.5 (Simplified)

e dominant processis3 — 2

(3> 2) n = <6 v%> nX3 ,

r-dependence <o v2s> « a3/m> (r-2)7/2

2.0 Ty
* Relic density % Lo L |
/ /7
QN2 «1 /<o vy2s1/2 18,/ ) s
/ /
| /
\ /
> - N ! —
g 1.6 . :
= NFDM ~ N A
E \\ \\\
214 RN I
Qh*=012 "~ ~_
12 Ts~o -
—— - M=No MWa=001 WMa=1
o a=0.1 o a =10
10— T Ll R
1073 102 10~ 1 10°
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Two Coupled Boltzmann Equations

e Boltzmann equations

dn 1 T A 2
2 3 2 A n
+3Hn = ——(ov —_ovar | NS —nZ an H{o) arar v | M2, — 02, 2
dt 4< >XXX X X X,07X ,n/A’,O < >A Al —xx A’ A0 ni )
dnA/ 1 n A n?
2 3 2 A 2 2 X
—— +3Hny = —<0?J >XX>Z—>XA’ Ny — Ny oMx —<UU>A’A’—>>‘<X Nar —Maro—5
dt 8 ’ NA 0 Tx,0

* Na=nNao and ny = Nyo

e the second strongest process matters
when the 3rd strongest process rate ~ Hubble, n, = nyo
when the 2nd strongest process rate ~ Hubble |, n, deviates from nyg
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Thermal Relic Contours ,. - =/

m, (GeV)
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Coupled Boltzmann Equations

dark matter

dn
& L 3Hn =
g ToHn

dark photon A’

dTLA/

1
L 3Hn 4 = —(ov? . o n3 —n? n.,———
Tt | A ] < >XXX—>XA ( X xX,0"“X nas o




Short vs Long Freeze-out

r=1.5 rz1.5

(3> 2) = <6 v%> n_? (2> 2) = <6 v> na?/n

X X

Na = Nao r\2/r\Xo2 « exp[-(r-2)x] n?

m, = 0.07 GeV, a =1, malmy, =1.3 1 my=0.07GeV,a=1, my/my=1.9

107°
< c
]l ' . e 1
Yo RetieDensity \\ !
-10_ X E
T Yx,O 7
L. 00" YA',O é
10—15 il E

48



I I ‘ I I I \ | I I || I

m, = 0.07 GeV, a = 1
\

| I llll”ll
P

I LLILLI
—

:: /

1 llllllll | llllllll | llllllll | lllllIlI | lllllllI

‘au
S
-
s
-
-~
a
e
-
e

T IIIHHI I IHHHI I llllllll T IIIIHW T

= - b — -
- Ry (352) — — Ry(XXxXx->A'X) -
e Ry(2-2) = = Ry (A'A'> X X)

r-l...l..-. 3H 1 —l- - YIX 1 1 1 | I 1

10 100
X = njxfT

1078

10—10

Y} = nX/s



