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Dark matter direct detection experiments

Dark matter o
o~ 220km/s\

recoil
E~ O(10keV)
L = FNXOXONN +anx0,x’No, N
NX"X NX OagX iVOq
N=p,n  Spin-independent Spin-dependent
(SI) interaction (SD) interaction

Elastic scattering cross section with nucleus (m;.nucleus mass,
n,. # of proton and neutron)
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The Sl cross section is enhanced for large atomic number nucleus:



Latest results by XENONI1T
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Future of dark matter direct detection

« XENONNT (2019~), LZ(2020~) : ~20 ton*year
 Darwin (2020+):~200 ton*year
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Shumann’s talk (Taup2015)



Beyond tree level

The DM couplings with SM fields have been already constrained if it
is induced at tree level.

Example) Singlet fermion DM coupled with Higgs boson
Lint — _fXXXh

The coupling is not gauge inv, and it is induced by Singlet-doublet
Higgs mixing. The Sl scattering cross section is evaluated as

o = 2 x 107*cm? x f%

Thus, fx< 5x 1073 for Mpy =~ 30GeV from XENONAT.

Future experiments may have sensitivities to models where DM are
coupled with SM at loop level.



Il. Direct detection of dark matter with mediators
at loops

II-I. Wino dark matter (n, n.Nagata, . ishiwata , 2015)
II-1l. Peudo scalar mediated singlet fermion dark

matter (r.Abe, M. Fujiwara, JH, in preparation)

lI-11l. Dirac fermion dark matter ¢, n.Nagata, R.Nagai, 2018)



Wino dark matter
direct detection

JH, N.Nagata, K. Ishiwata
(2015)



What is wino?

Standard particles SUSY particles

Higgsino

Quarks . Leplons . Force particles Sauarks Q Sleptons 0 SUSY force
particles

* Superpartner of SU(2), gauge bosons in SUSY SM.
e SU(2), triplet and U(1), neutral fermion.
* Neutral component of Winos is a candidate of WIMP DM.



Higgs mass in High-scale SUSY
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: — AR (Ibe, Matsumoto, Yanagida (12))
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For tanf~2-5, 125 GeV Higgs mass is well-explained in High-scale

SUSY (~0(10%3) TeV). This is consistent with various problems in
SUSY SM (flavor, CP, gravitino, proton decay...)
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Mass spectrum in High-scale SUSY

Scalar Particles Gravitino Higgsinos
O @ @ M=1023Tev

(Loop suppressed Higgsinos can be light
in anomaly mediation) (additional symmetries)

Thermal relic (2.7-3TeV)

J. Hisano, S. Matsumoto, M. Nagai, O. Saito, M. Senami (2006).



Tree-level contribution to Sl interaction of wino

Higgsino-Wino mixing induces to tree-level coupling with Higgs
boson, though it is suppressed by m,/u (i:Higgsino mass). In the
case, loop contributions are dominant.

q : light quarks (u,d,s)
(): heavy quarks (c,b,t)



Effective Sl interaction at parton level

Effective Sl interactions of Majorana fermion \" at parton level up
to D=7:
L= ) C505+ ) (CF, 0%, + Cf,0k,)
i=q,G i=q,G

* Scalar operators:

A WIMP mass
Oq ‘ G _ 0, 0va apv M
@ X qq OS — X GW/G Mg quark mass

* Twist-2 operators:
. 1 A 1 =0/ v\ . 0mi
O, = \_[\ 050k~ ”,\0(’)" Or, = W\ (10%)(i0”)x O,
Twist-2 operators for quarks and gluon:

]‘— ]‘ — a -a 1 a apo
O, = 54 (D Y + Dy, — §gwlD>q C’)ffy = GGy — —JWC' GoP
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Nuclear matrix elements

 Scalar operators :
\qql\ —me(N) (fr (N) : mass fraction)

apy 'lag (N)
““”C# Ny =mn s N, =3) 1= (1= m Z

(From trace anomaly)

1. Mass fractions f}iv) come from Lattice QCD outputs.

Proton Neutron
P0.019(5) | £ 0.013(3)
P0.027(6) | £ 0.040(9)
P 0.009(22) | £ 0.009(22)

2. Matrix elements in our operator definition are O(my) . This
imply that we have to evaluate one-loop higher diagrams for
gluon than those for quarks

3. Quark operator and gluon operator are RG-inv at least

at O(ay).
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Nuclear matrix elements

 Twist-2 operators:
) DuPy 1 _
(N)|OLIN(p)) = mw (P55 = 70 ) (42 1) + 7™ (2 )

my 4
pupy 1
(NIOGIN()) = = (757 = Jom ) o™ (2510

The 29 moments of parton-distribution functions (PDFs)
1 1
¢ (2; ) :/ dv v M (x.p) 9™ (2ip) :/O dr x g™ (z, )
0

1. The 2" moments of PDFs at = Mz comes from CTEQ PDFs.

g(2)  0.464(2)

u(2) 0.223(3) | @(2) 0.036(2)
d(2) 0.118(3) |d(2) 0.037(3)
s(2)  0.0258(4) | 5(2) 0.0258(4)
¢(2) 0.0187(2) | &2) 0.0187(2)
b(2) 0.0117(1) | b(2) 0.0117(1)

2. Matrix elements in our operator definition are O(my) . 18



Strategy to evaluate S| coupling of nucleon

Evaluate the Wilson coefficients at iy =~ m, with Nf=5 active
quarks by integrating out heavy particles.

-

Evolve the the Wilson coefficients down to the scale at which the
nucleon matrix elements are evaluated.

-

[Express the Sl coupling with nucleon. ]

Scalar operators and twist-2 operators are not mixed with each
other in RG flow so that we can evaluate those contributions to
the SI coupling with nucleon separately.



Loop-level contribution to Sl interaction @ LO of a,

Quark scalar op. Quark scalar/twist-2 op.
q | q q a q
0 > > >
| q :light quarks (u,d,s)
- | - -
W;\M/% W W ()): heavy quarks (c,b,t)
' XX X X

%V&

These contributions are not suppressed by power of of wino mass.
When Higgsino mass is much heavier than wino one, loop-level
contribution dominates over tree-level one. gH, Matsumoto, Nojiri, saito) 7



Sl cross section of wino with nucleon at NLO of a,

1076 ‘
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103

_ (JH, N.Nagata, K. Ishiwata,2015)
Wino mass [GeV]

In a heavy wino mass limit, o% = 2.3 102 9% x 107%" cm? (first error:
higher order, second one: input)

Thermal wino DM (M~3TeV) has larger cross section than neutrino
BG.



Electroweakly-interacting dark matter

Neutral fermions with only weak interactions are DM candidates.
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: Higgsino - - - - 1
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Peudo scalar mediated dark matter

direct detection

T. Abe, M. Fujiwara, JH
(in preparation)



Pseudo scalar mediated coupling

Tree-level scattering is spin-dependent, and suppressed by
momentum transfer. The cross section is too small to be observed.

Y (Escudero et al, 2016)
X\/

i a XV5XqV5q9 = (Sx - @)(5N * q)

The loop diagrams can dominate over the tree-level diagrams since
they can induce spin-independent scattering. (Arcadiet al, 2017)

X X

Q. a.




Pseudo Scalar Mediator DM Model

Pesude scalar (ag)+Two-Higgs doublets (H1/2) + Majorana fermion (X)
V(Ipek, Mckeen, Neslon, 1214)

g _
LD+ Z?XCL()X’YBX — (VTHDM + V;Lo T Vi)ort> ’

where
Viort =k(iaoH] Hy 4+ h.c.) + cialHI Hy + calHIH,
Vienpy =m2 H] Hy +m32H)Hy — ms <HIH2 + h.c.)
>\ A

As
+ 2 |(H{H)? +h.c.},

Z(HTH)? +

1 Ag
Vi, :§m20ag + Toaé

CP symmetry and softly broken Z, symmetry are imposed.



Loop-level contribution to Sl interaction

q : light quarks (u,d,s)
Q: heavy quarks (c,b,t)

In previous work,
 Gluon contribution at two-loop level are not correctly evaluated.

 Three point vertices (h-a-a) are not included.

e Operator decomposing is not complete, though numerically small.

1 1 _
5‘]7’(8//71/ —+ auf)/u)q — OZV =+ ngwmqqq



S| cross section is sadly suppressed

m;=100 GeV, my=600 GeV, 6=0.1, tg=40, c1=c2=0 (Type-Il)

1046 | XENON1T | Previous
| / work
E 108 * our
= - work
n
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200 400 600 8001000
my [GeV] ( Abe, Fujiwara, JH, 2018)

Here, coupling constant for + ig—xag)_(”YSX is scaled so that the thermal
relic abundance is consistent wit%w observed DM density.



Still we have a chance in future.
mz=70 GeV, my=600 GeV, 6=0.1, tg=10, ¢1=0 (Type-I)

—C2=0 ﬂ_

1046

200 400 600 8001000
m, [GeV] ( Abe, Fujiwara, JH, 2018)

Viort =k(iagH] Hy + h.c.) + cialH H,



Dirac fermion dark matter
direct detection

JH, N. Nagata, R. Nagai
(2018)



Dirac fermion dark matter

If Dirac fermion has one-zero hypercharge, Y, Sl cross section with
neutron is about Y? times 103°cm?. The mass must be larger than
~10°TeV if they are DM.

If the Dirac fermion is gauge singlet and coupled with SM particles at
loop level, it is still a viable DM candidate as will be shown.

The thermal relic abundance is suppressed by s-wave annihilation so
that the DM mass is favored to be heaver . (Good for null results @
LHC)

The stability comes from global U(1),. The asymmetric dark matter is
one of the motivation for the Dirac fermion DM.



S| cross section

Effective coupling of Dirac fermion DM:
1) Contact interactions,

Loan = [FXVXNN + f§OXANN
2) EM interactions,

~ UV 2 — UV - v
£eff—7 _OXJXO-M XF v 56%)(0’“ ,75XF,UJV + OZ{X/YMX(? F,UJ/

The differential Sl cross section with nuclei ( Er :recoil energy)

doyr ) Z%* (1 1 Z*e?
= FI(F Ci)? o4
dE e R)[ Air \Ep Em™(u rel) (Chr) +47rvrel ER( B)
2
mr (p) (p) vy vy ( (n) | OU)
A —eC] — C
+27T re] (S +fV € R me M) ( ) f f ]

Here, ER™(vi,) = 2mimrvy,/(m, +mr)® IS mMaximum recoil energy for
fixed relative velocity (Urel) MDM or EDM contribution may be

dominant, and accidental cancel with various terms does not occurs.
(Banks et al, 10)



* Global U(1), is
introduced.

 Mediators have the
same gauge gquantum
numbers as in those in
SM so that they can
transit to SM fields.

 Mediator fermions are
U(1), neutral while
scalars are charged.

Models

DM

Model 1

Model 2

Field Spin SU(3)¢ SU((2), U(l)y U(l)p
& 1/2 1 1 0 +1
ne  1/2 1 1 0 —1
o 1/2 3 2 < 0
ng  1/2 3 2 —3 0
Q 0 3 2 5 +1
& 1/2 3 1 —2 0
Na  1/2 3 1 2 0
u 0 3 1 —2 —1
& 1/2 3 1 5 0
g 1/2 3 1 — 0
d 0 3 1 5 —1
&L 1/2 1 2 —3 0
o 1/2 1 2 5 0
L 0 1 2 —- +1
& 1/2 1 1 1 0
ne  1/2 1 1 -1 0
€ 0 1 1 1 -1




Interactions

e DM-mediator interactions

cxff = aq ffoQ* T bQ UXUQQ + ag fxna:i + by ngaa* + ag fxﬁgg-k b; nxf(jJ
+ar & &L + by pynr L + ag &mee + b€ + hec. .

 Mediator-Higgs interactions

~

EYukawa — /{ﬁgﬁeaﬂ(gQ)a(H)ﬁ _ /{f&nﬁ(nQ)a(H>Oé
— 1g€i(€0)a(HN)™ — Kima(ng)® (H)q
— ke&e(E0)a(HN® — kine(np)® (H)q + hec.

~ ~ ~

Lii = —Agtieas(Q)o(H) g — Agd(Q)o(HN™ — Age(L)o(HN* + hec. .

Loware = — Y _ M| fPIHP? = NoQ'mQH 7, H — N, L7, LH 7, H + . ..
f

Coupling constants a and b are complex, and relative phases
contribute to DM EDM.



Diagrams for Sl scattering




Differential cross section (*31Xe)
(JH, N. Nagata, R. Nagai)
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Er =30 keV, v, = 232 km/s, Z = 54, A = 131, and my ~ 122 GeV (for 131Xe)
G= b =1, N, =X, =0, \y = rf = i = 0.5,
o = pr = 800 GeV, ug = 750 GeV, ug = pe = 700 GeV, while mg = my = 1.2M

Mg = LIM, g = m, = M, and A7 = 2M




Constraints on MDM and EDM of Dirac fermion DM
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(JH, N. Nagata, R. Nagai)
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(M/m, )1

XENONI1T constraint (CP conserving)

(JH, N. Nagata, R. Nagai)

Model 1 Model 2
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Dirac fermion dark matter is still viable, though it can be severely
tested at XENONNT.



(M/m, )1

XENONIT constraint (CP violating)

(JH, N. Nagata, R. Nagai)
Model 1 (m, = 3 TeV) Model 2 (m, =2 TeV)

(M/my)-1
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Summary of this talk

Dark matter is a window to BSM. Improvements of direct detection
experiments using noble liquid are quite impressive now. Future
experiments are sensitive to models in which DM is coupled with
SM fields at loop level. We discussed about such three models,

 Wino dark matter
* Peudo scalar mediated (singlet fermion) dark matter

 Dirac fermion dark matter



