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Dark Side: Overview

Precise measurements on CMB, BBN, LSS, etc...

Planck reveals an almost perfect Universe

Qtot:QA+QM+Q721 Qv = Qp + Qpu

DARK Sector: $, + Sy = 0950




DM Open Questions

There are compelling and strong evidence of non-baryonic
Matter in the Universe: from Galactic to Cosmo scale

The DM microphysics is still unknown

Bl DM candidate: axions, WIMP, wimpzillas, primordial BH, etc...
Bl Underlying theory: supersymmetry, technicolor, mirror DM, etc...
Bl DM density profile: cuspy profile (NFW, Einasto), cored profile (isothermal)




Dark Matter Detection

Common strategies to identify the DM microphysics nature

production at collider

<
DM SM direct detection

DAMA/lera CoGeNT, CRESST.... (Edelweiss, LUX, XENONIT, SuperCDMS....)
. -
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’y from DM in the Galaxy

Fermi, radio telescopes....

from DM in the Galaxy
PAMELA, Fermi, HESS, AMS-02, balloons....




Dark Matter Detion

Common strategies to identify the DM microphysics nature

direct detection
DAMA/lem CoGeNT CRESST.... (Edelwezss LUX, XENONIT, SuperCDMS....)
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from DM in the Galaxy




Direct detection: Overview

Direct searches aim at detecting the nuclear recoil possibly induced by:

- elastic scattering:
X + N(A, Z)rest — X + N(A, Z)recoil

- inelastic scattering:
X + N(A, Z)rest — X/ + N(A, Z)recoil




Direct detection: Overview

Direct searches aim at detecting the nuclear recoil possibly induced by:

- elastic scattering:
X + N(A, Z)rest — X + N(A, Z)recoil

- inelastic scattering:
X + N(A, Z)rest — X/ + N(A, Z)recoil

DM signals are very rare events (less then one cpd/kg/keV)

Experimental priorities

m the detectors must work deeply underground in order to reduce
the background of cosmic rays

m the detectors must use active shields and very clean materials
against the residual radioactivity in the tunnel (v, o and neutrons)

the detectors must discriminate multiple scattering (DM particles
do not scatter twice in the detector)




Direct detection: Overview

the DM-nucleus collision

occurs 1n non relativistic

elastic
# 0 1nelastic

26
Hx N

© ° ’
\/ \ scatter angle \

DM kinetic energy threshold velocity

Kinematics factor




Direct detection: Overview

DM local velocity g the DM-nucleus colhslon

—4/1— v‘; Cos. v =0 elastic
( 2 \[/ ’ U = /.2 # 0 inelastic
\/ \ scatter angle \4

DM kinetic energy threshold velocity

Kinematics factor

Main observable 1n Direct Detection

Theoretical differential rate of nuclear recoil

Vesc d
[ i@
’Umin(ER) / d%R

total number  local DM DM velocity differential
of targets density distribution Cross section




Theoretical differential rate of nuclear recoil

Vesc d
[ @
vmin(ER) / ng

total number  local DM DM velocity differential
of targets density distribution Cross section




Direct detection: Uncertainties

Main observable in Direct Detection

Theoretical differential rate of nuclear recoil

Vesc d
Ve [T el £
mX ’Umin(ER) / ng

total number  local DM DM velocity differential
of targets density distribution Cross section

. | 1.e. local DM energy density and from
| the geometry of the halo




Direct detection: Uncertainties

Main observable in Direct Detection

Theoretical differential rate of nuclear recoil

Vesc d
Ve [T el £
mX Umin(ER) / ng

total number  local DM DM velocity differential
of targets density distribution Cross section

. | 1.€. local DM energy density and from
| the geometry of the halo

1.e. nature of the DM interactions &
nuclear response functions




Direct detection: Uncertainties

Main observable 1in Direct Detection

Theoretical differential rate of nuclear recoil

Vesc d
Ve [T el £
mX ’Umin(ER) / ng
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of targets density distribution Cross section

. | 1.e. local DM energy density and from
| the geometry of the halo

1.e. nature of the DM interactions &
nuclear response functions

. | i.e. background & detection efficiency
| close to lower threshold




Direct detection: Uncertainties

Main observable 1in Direct Detection

Theoretical differential rate of nuclear recoil

Vesc d
Ve [T el £
’rer Umin (ER) / ng

total number  local DM DM velocity differential
of targets density distribution Cross section

1.e. nature of the DM interactions &
nuclear response functions

1.e. background & detection efficiency

cloce to lower threchaold

Exp. side




DM Velocity Distribution

“Violent relaxation” lead to fast mixing of the DM phase-space elements

DM particles are frozen in high entropy configuration: ~ Maxwell-Boltzmann-like

“Statistical Mechanics of Violent Relaxation in Stellar System”, Mon.Not.Roy.Astrom.Soc. (1966) 136, 101




DM Velocity Distribution

“Violent relaxation” lead to fast mixing of the DM phase-space elements

DM particles are frozen in high entropy configuration: ~ Maxwell-Boltzmann-like

“Statistical Mechanics of Violent Relaxation in Stellar System”, Mon.Not.Roy.Astrom.Soc. (1966) 136, 101
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Maxwell-Boltzmann

N\

PAREN
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Numerical Simulations

Maxwell-Boltzmann-like [
configuration confirmed: i

. There are deviations due to the DM
assembly history of the Milky Way

O The geometry of the halo is not exactly
spherical; tends to a triaxial configuration

300
v [km s7]

“Phase Space Structure in the Local DM Distribution”, Mon.Not.Roy.Astrom.Soc. (2009) 395, 797




DM Velocity Distribution

The velocity distribution (VD) in the Earth frame fg is related to
the VD 1n the Galactic frame /.., through a Galileian transformation

2

U U U, U s k ex _v_2 UV < Vesc
f@ (v7 t) — fgal ('U —I_ U@ —I_ /U@ (t)) fgal (’U) — { p ( UO)
0 V > Vesc

velocity distribution in




DM Velocity Distribution

The velocity distribution (VD) in the Earth frame fg is related to
the VD 1n the Galactic frame /.., through a Galileian transformation

2

f@ (177 t) — fgal (?7—|— ”(7@ + U@(t)) fgal (r[)’) = { k exp (_z_g) U < Vesc

. . . . . O (% > vesc
velocity distribution in L

The Earth 1s moving around the Sun and the Sun around the GC

Fanit] 88 - vg [6 cosw(i — ta) + & sinw(t — )]
v s

drift velocity time dependent Earth’s velocity
of the Sun projected in the GP

Uo >~ (0,220,0) 4 (10, 13,7) km/s
vg ~ 29.8 km /s

t1 ~ 21%° March December

w = 27 /year

& ~ (0.9931,0.1170, —0.0103)
&, ~ (—0.0670,0.4927, —0.8676)




Difterential Cross Section

do Matrix Element (ME) for the
dER (v, Br) = 327 m2 SMmp v - DM-nucleus scattering




Difterential Cross Section

do (v, ) = - Matrix Element (ME) fqr the

dER 327 m2 SMmpr v? DM-nucleus scattering

1L c = the framework of relativistic qguantum field theory i1s not appropriate

Non relativistic (NR) operators framework

NR d.o.f. for elastic scattering

v : DM-nucleon relative velocity
exchanged momentum
~ : nucleon spin (N = (p,n))
Sy : DM spin
DM-nucleon Matrix Element

The ME must be Galileian invariant:

12
My = Zcff\y,mx).
i=1

NR coefficients: depend on the details of
the underlying relativistic theory




Difterential Cross Section

do 1 1 1 .
(v, ER) = - Matrix Element (ME) for the
dER 32m m2my v? DM-nucleus scattering

C— the framework of relativistic qguantum field theory i1s not appropriate

Non relativistic (NR) operators framework

NR d.o.f. for elastic scattering Galileian Invariant combination of d.o.f.

v : DM-nucleon relative velocity OTR =1,

Ci exchanged @omentum O3 =idn - (Fx0T), O =5, -5y,
s~ : nucleon spin (N = (p, n))

Sy : DM spin

O = 5y - ot O5" =&y -7,

. ' NR o /o NR o o

DM-nucleon Matrix Element O =5, -Gy xq), OB =igy 7,
The ME must be Galileian invariant: O =i3, -7, O =T+ - (5, x 5v)

Exp. collaborations consider only 2 of them

Oll\IR — 1 : “Spin-independent”

12
Myl =D (A my)
i=1

/

NR coefficients: depend on the details of
the underlying relativistic theory

—

4 = 8y SN :“Spin-dependent”




NR Nuclear Resposes

LlCGllS 1S IlO pom—le

2 mN N’ (N,N) 2
, Mpr|” = Z Z S B i,j (Ua q )
There are different Nuclear Responses i,j=1 N,N'=p,n /
for any pairs of nucleons & pairs of NR  pairs of Nuclear responses

any pairs of NR Operators operators nucleons of the target nuclel




NR Nuclear Resposes

Nucleus 1s not point-like 5 M3 N N N TN
| Mul™ = Z PR - (O
There are different Nuclear Responses i i=1 N.N'=p.n /

for any.palrs of nucleons & pairs of NR pairs of Nuclear responses
any pairs of NR Operators operators nucleons of the target nuclei

Nuclear responses for some common target nuclei in Direct Searches

Fluorine i Contact interaction (q << A)

-’

ONR—@
R _
0" =
OI;IR:§N-17L,
NR_ oz MR o o
O :st-(sNXq"), Op =18y,

7/ O =i - (5, x 3y) .

Nuclear responses
Nuclear responses

0.4 0.6
Exchanged momentum g (GeV)

“The Effective Field Theory of Dark Matter Direct Detection”, JCAP 1302 (2013) 004




Formalism of NR Operators

Particle physics part
Number of events

NP A my) =X Y o

i.j=1 N,N'=p,n

“Tools for model-independent bounds in direct DM searches”, JCAP 1310 (2013) 019

P. Panci, “New Directions in Direct DM Searches”, Adv.High Energy Phys. 2014 (2014) 681312

Bottom line: the DM-nucleon Matrix Element i1s sensitive to few
combinations of NR d.o.f.




Formalism of NR Operators

Particle physics part
Number of events

NP A my) =X Y o

i.j=1 N,N'=p,n

“Tools for model-independent bounds in direct DM searches”, JCAP 1310 (2013) 019

P. Panci, “New Directions in Direct DM Searches”, Adv.High Energy Phys. 2014 (2014) 681312

Bottom line: the DM-nucleon Matrix Element i1s sensitive to few
combinations of NR d.o.f.

Towards a model independent analysis in Direct Detection

Number of events expressed in terms of model independent nuclear responses

the usual SI and SD pictures and study non-conventional models




Particle physics part

Number of events

NP (A my) =Xy >

SI DM-nucleus collision SD DM-nucleus collision




Formalism of NR Operators

Particle physics part
Number of events

NP A my) =X Y o

SI DM-nucleus collision SD DM-nucleus collision

[,]S\; = )\]S\; XYY x ]\_WHN LJSVD = )\]SVD Y0 e % ]\77“75]\7




Particle physics part

Number of events

NP A my) =X Y o




Formalism of NR Operators

Particle physics part

Number of events

NP A my) =X Y o

i,j=1 N,N'=p,n

Total DM-n SI XS Total DM-n SD XS




orld Wide DM Searches
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World Wide DM Searches

' between EM
and nuclear recoil signals

between EM
and nuclear recoil signals




Model independent signal

- DM exists: annual modulation is expected
- DAMA & CoGeNT infer DM from the
annual modulation effect

Saguttarius &re

Seasonal variation of the rate spectrum

December

Nuclear Recoil Energy




Model independent signal

- DM exists: annual modulation is expected
- DAMA & CoGeNT infer DM from the
annual modulation effect

MODULATION:

Seasonal variation of the rate spectrum

December

DM Signal

Background

Dec Dec Dec

Nuclear Recoil Energy

DAMA & CoGeNT are looking at the small annual
modulation of the sum of the DM signal and the background




DAMA: Results

A clear annual modulation over the course of many vears is present !/

24 keV Fitted with: 5, cos(t/7 + ¢)

DANMANaT (0,29 tonxyr) <~ DAMATIBRA (053 tonxyr >

(target mass = 873 kg) (target mass = 2328 kyg)
v ot T ke energy bin

Sm = 0.0223 + 0.0027 cpd/kg/keV

Residuals (cpd/kgkeV)

Time (day)

with significance 8.3 ¢ CL

2-5 keV

DAMA/NaI (0.29 tonxyr) — —> < DAMA/LIBRA (053 tonxyry>
(target mass = 873 kg) (target mass = 2328 kg)

Sm = 0.0178 & 0.0020 cpd /kg/keV

:.-.
-
~
]
sb
]
-
B
w
=
=
:E
w
-
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Time (day) with significance 8.9 ¢ CL
2-6 ke V

DANMANaT (0.29 tonxyr) > <~DAMATLIBRA 1053 tonxyr > >
(target mass = 873 kg) (target mass = 2328 kg) — e energ mn

1 O I S = 0.0131 %+ 0.0016 cpd/ke/keV
TR S G © (I e

Residuals (cpd/kgke¥)

with significance 8.2 ¢ CL

Time (day)

“First results from the DAMA/LIBRA experiments”, Eur.Phys.J. C56 (2008) 333




DAMA: Results

Spectral features of the DAMA signal in the low-energy bin

Spectrum of the modulated signal Spectrum of the total rate

D

bnal Wlnd(?W

Hate (opd K 2 ke )

0 12 14 16 18 20 . ;
Energy (keV) Energy (keV)

“First results from the DAMA/LIBRA experiments”, Eur.Phys.J. C56 (2008) 333

Bottom line: the modulation i1s only visible at low energy (from 2 to 6 keVee




DAMA: Results

Spectral features of the DAMA signal in the low-energy bin

Spectrum of the modulated signal Spectrum of the total rate

2= =

D

bnal Wlnd<’»w

Hate (opd K 2 ke )
e =

[ o]

0 12 14 16 18 20 . ;
Energy (keV) Energy (keV)

—

“First results from the DAMA/LIBRA experiments”, Eur.Phys.J. C56 (2008) 333

Bottom line: the modulation i1s only visible at low energy (from 2 to 6 keVee

“omparison wi atasets
E$ one has to compare the theoretical modulated signal with the experimental one

-+ # in the energy bins of interest, without exceed the total rate




Xenon-based DM experiments

- Nuclear Recoil: Siiq >> Sgas

the density of ionization is very high, mostly of the ionized electrons
promptly recombine, without drift in the gas phase, producing in the
liquid the majority of the signal

- Electron Recoil: Siiq < Sgas

the density of ionization is very poor, the ionized electrons can drift in
the gas phase producing there a scintillation signal

Sensitive
volume




Xenon experiments: Results

. S1 [PE]
- Nuclear Recoil: Sliq > Sgas 15 20 25 30

the density of ionization is very high, mostly of the ionized electrons
promptly recombine, without drift in the gas phase, producing in the
liquid the majority of the signal

L ]
L]
L]
ods

- Electron Recoil: Siiq < Sgas

the density of ionization is very poor, the ionized electrons can drift in
the gas phase producing there a scintillation signal

TTT [T T[T T [TTT[1
....
—-
L)

= —— e ——
e

b

Signal Region

D

10

log (S2 /S1)-ER mean

Il/l/lllllllllll

- ' bkg = 1 Evént

7I/|II\.I~'I~I\J_1JJ; IIIIIIII’IIIIlEIIIIlI\II|III|I|IIII
5 10 15 20 25 30 35 40 45 50

Energy [keVnr]

Phys.Rev.Lett. 109 (2012) 18130

Sensitive
volume

log , 0(S2b/S1 ) X,y,Z corrected

. bkg=0.6Event -

20 30 40
S1 x,y,z corrected (phe)

LUX results; arXiv: 1310.8214




SI Interaction: Current Status

WIMP-nucleon cross section [cm?]
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SD Interaction: Current Status

L [
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Bottom line:




Relativistic Effective Operators

A standard approach used to address this ISsue IS:

Produce bounds
on the energy scale
of such operators

Effective operators for
DM interactions with
quarks and gluons

f Matching onto
§ NR Interactions

J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T. M. P. Tait and H. -B. Yu, PRD 82 (2010) 116010, arXiv:1008.1783




Relativistic Effective Operators

Effective operators for
DM interactions with
quarks and gluons

02 = xv"X §Vuq
02 = xv"x avu°q

{ Matching onto
i NR Interactions

0d = xiv°x qq,

0f = Xiv"x §i7°q,
O = X" "X qVuq
0d = Xv"v°x TV’

Of = xo"'x qouwaq, 01y = xi0"" VX Gouwq,

Produce bounds
on the energy scale
of such operators

Dimension 6 operators one

can construct with neutral
DM & SM quarks

. Dirac DM |




Relativistic Effective Operators

Effective operators for| = Produce bounds
DM interactions with | § Matching onto ) on the energy scale
i NR Interactions y 8Y
quarks and gluons SR of such operators

R — : T

= \x 49 0 = viv’x qq, Dimension 6 operators one
=YY §i7°q, 07 = vir®y §ivq, can construct with neutral

_ _ _ _ DM & SM quarks
= XY"X @V 5 Of = XY"v°x Gy, 9

T=XY"X T’ a 0 = ¥v"v°x 7v.7°q,
=xo"'x qouwq, 01y = xi0"" VX Gouwq,

Gauge Invariant
Dimension 7 operators that
couple chi with gluons

GCL

pv




Relativistic Effective Operators

Effective operators for| §— & Produce bounds

. . . f Matching onto
DM interactions with | { \(p Tnteractions on the energy scale

quarks and gluons sy ( of such operators

———

0% = xiv’x qq, Dimension 6 operators one
= viv°x 7iv°q. can construct with neutral
DM & SM quarks

= X7*“v°X V.9

o HAB i B R
XTT X Sy ds ﬂ Majorana DM |

MV75X q0uvq ,

Gauge Invariant
Dimension 7 operators that
couple chi with gluons




Relativistic Effective Operators

Produce bounds
on the energy scale
of such operators

Effective operators for
DM interactions with
quarks and gluons

¥ Matching onto
i NR Interactions

= \x 49 0 = xviv°x qq, Dimension 6 operators one
= vx 7i7°q, 09 = viv®x qiv°q, can construct with neutral

_ _ _ _ DM & SM quarks
= YY"X V.9 5 Of = XY"v°x Gy, 9

= YY"x @0 q 0f = X7"v°x ¢v.7°q,
= xo"'x q0uq, OC{Q — >_<i0“”75x q0uvq ,

_ Qg .
0f = — XX GGl 0 = —= xiv’x G, G Gauge Invariant

g 127 Y2 . .
Dimension 7 operators that

0 = g—; iy’ x G%,GS, couple chi with gluons

¢l and cf are real dimension ful coefficients

ci dim. of [mass

c; dim. of [mass




Main Steps to NR XS

DM particles interact with the nucleus in deeply NR regime
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STEP I:

dress the quark and
gluon currents to the
nucleon level

L at the nucleon-level
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Main Steps to NR XS

DM particles interact with the nucleus in deeply NR regime

STEP I:

STEP 11:

dress the quark and
gluon currents to the
nucleon level

L at the nucleon-level
N = (p,n)

N N AN
Eeﬂ-’_E:CkOk
k

I

compute the
DM-nucleon ME &

reduce it to NR Op.

I

DM-nucleon ME
> e ({cgg tmy)ON R




Main Steps to NR XS

DM particles interact with the nucleus in deeply NR regime

STEP I:

STEP 11:

STEP III:

dress the quark and
gluon currents to the
nucleon level

L at the nucleon-level

N N AN
Eeﬂ-’_E:CkOk
k

o —— S

compute the
DM-nucleon ME &

reduce it to NR Op.

o ——— R

DM-nucleon ME
> e ({cgg tmy)ON R

R

correct the
DM-nucleon ME with
the nuclear response

R

DM-nucleus XS

d . /
Y ﬁ“Z > Cgvciji(,;V’N)

i, N,N'=p,n

R




Main Steps to NR XS

DM particles interact with the nucleus in deeply NR regime

STEP I' see e.g. J.R. Ellis, K. A. Olive, C. Savage,
’ dress the quark and PRD 77 (2008) 065026, [arXiv: 0801.3656] '
J.R. Ellis, A. Ferstl, K.A. Olive,
gluon currents to the PLB 481 (2000) 304, [hep-ph/0001005]
nucleon level H.-Y. Cheng, C.-W. Chiang.
JHEP 07 (2012) 009, [arXiv: 1202.1292]

STEP 11:

compute the |
DM-nucleon ME &
reduce 1t to NR Op see e.g. M. Cirelli, E. Del Nobile, P. Panci,

JCAP 1310 (2013) 019, [arXiv: 1307.5955]

T — S

STEP III:

correct the '
DM-nucleon ME with
the IIUClear I'eSpOnSG A. L. Fitzpatrick, W. Haxton, E.Katz, N. Lubbers, Y. Xu,

JCAP 1302 (2013) 004, [arXiv: 1203.3542]

T — ———




Non-Relativistic Structure




Non-Relativistic Structure

Trigger SI contact
. | Interaction with different
# | coefficient due quark/gluon
' currents dressing into N

,J Matching onto
¢ NR Interactions

Mny] o 1
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Non-Relativistic Structure

Trigger SI contact
interaction with different
coefficient due quark/gluon
currents dressing into N

,‘ Matching onto
¢ NR Interactions

My o 1

— S ——

Trigger SD contact
interaction with different
coefficient due quark/gluon
currents dressing into N

./ Matching onto
§ NR Interactions

‘MN’ OC§X'§N




Non-Relativistic Structure

Trigger SI contact
interaction with different
coefficient due quark/gluon
currents dressing into N

§ Matching onto

# NR Interactions Myl oc 1

—

Trigger SD contact
interaction with different
coefficient due quark/gluon
currents dressing into N

§ Matching onto

. ./\/l N| X Sy S N
¢ NR Interactions | | o5

| — —

Trigger longitudinal
SD interaction

suppressed by ¢*/(m3m?)

.l Matching onto
§ NR Interactions

Myl o< (3 -GN D) 3

R — —




Non-Relativistic Structure

§ Matching onto

# NR Interactions Myl oc 1

Trigger SI contact
interaction with different
coefficient due quark/gluon
currents dressing into N

T

./ Matching onto
§ NR Interactions

‘MN| OC§X'§N

Trigger SD contact
interaction with different
coefficient due quark/gluon
currents dressing into N

e — — -

,‘ Matching onto
¢ NR Interactions

N N o \ Trigger longitudinal

f Matching onto Myl o (3 -GN -7 3 SD interaction

g NR Interactions ; 7 5 o

| suppressed by ¢ /(m me)
Trigger SD or SI

R —

interactions suppressed
by (¢°/(miy, ), v°)

T




Non-Relativistic Structure

. Trigger SI contact
DD Experiments are: interaction with different
maximally sensitive to SI coefficient due quark/gluon

Interactions currents dressing into N

| —

. Trigger SD contact
DD Experiments are: interaction with different

setnsnnt/e to 1SD 1;1teractlops cllflt/}}e coefficient due quark/gluon
arget nucleus has unpaire currents dressing into N

T —

DD Experiments are: Trigger longitgdinal
poorly sensitive since the SD interaction
XS is very suppressed suppressed by ¢* / (m?\,mi)
DD Experiments are: Trigger SD or SI
not very sensitive since the interactions suppressed
XS is suppressed by (¢*/(m% ), v°)

R — —

| —




Draw Bounds (simple method)

simple method to derive bounds on the energy scale of the operators 1s to
sume the idealized case in which only one operator is generated at a time

Scalar operators

04 = xx qq, 0d = xiv’x qq,
04 = xx 7iv°q, 04 = xiv°x 7iv°q,

Vector operators
03 = X7"X §Vuq 0d = XY*v°Xx Vg,
0 = Xv"x §7.7°q 0f = XV v°x §v,.7°q,
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Direct Detection Tools

Direct detection of DM particles:

We provide tools for deriving bounds for DM-nucleus elastic collisions in 2a model independent wa

“Tools for model independent bounds in Direct DM Searches”, JCAP 1103 (2011) 051

The tools are provided in numerical form in this webpage: more than 100 papers used our tools !!

ools for model-independent bounds in direct dark matter searches

Nala awd Resalts from 1307 5955 [ hep-ph |, JUAP 10 (2003 U1Y.

If yore e ahe dovsar prewovvieded on this sue, please e
M. Civelli, E Dei Nabile. PFandi,
"Toens for el endependend bownds i divect dark maiier scarches ',
arXav 1207 5055, JCAP j02013) 019,

This is Heleuse 3.0 (Aoril 2014). Loz of cranges af the boiten of this page.

See abso: et dedection doumds for simplFed medels with £ vecror medisdor can be demved wsing (e oals om Ris wehsine in commnation with the res M code, availanke here.
. - .
Test Statistic functions:

‘The TS.n file provides the tables of TS for the Denchmark case (see the paper for the definition). for the six exper-ment: that we consicer (XENON100, CDMS-Ge, COUPFE, PICASSO, LUX, SuperCDMS).

Rescaling functions:

The Y. file provides the rescaling functions Yii(\‘ N7 and Y.j"N VY (see the praar for the definition)

Sample file:

The Sample ab notebook shows Eow to load and use the above numerical products, and gives some examples.




[L.imitations of rel. EFT




[L.imitations of rel. EFT

V|{UV Complete Models: predict different high-energy operators enter together
with the Wilson coefficients that are related in a non-trivial way




[imitations of rel. EFT

|{UV Complete Models: predict different high-energy operators enter together
with the Wilson coefficients that are related in a non-trivial way

coupling at the
mediator mass

Renormalization Group
Evolution (RGE)

Energy scale
Many orders of magnitude g

§ coupling at the p 3 <XN|£é\£f(NN)|NX>

§ nuclear energy scale pun = 1 GeV #




Running in Direct Detection

You can hide but you have to run: Direct detection with vector mediator
F. D’Eramo, B. J. Kavanagh, PP, JHEP 1608 (2016) 111, [arXiv:1605.04917]

! EFT for DM interactions with SM particles

(d)
Lom +X (1@ —my) x+> Y ]\23_4 O

coupling at the
mediator mass

Renormalization Group
Evolution (RGE)

Energy scale
¥ Many orders of magnitude § "'7"’:{;

§ coupling at the ) }<XN | Lok (1) [N x)

nuclear energy scale pn =~ 1 GeV




You can hide but you have to run: Direct detection with vector mediator
F. D’Eramo, B. J. Kavanagh, PP, JHEP 1608 (2016) 111, [arXiv:1605.04917]

Should we worry about loop corrections
1n a pre-discovery era?




Why 1s RGE Relevant?

You can hide but you have to run: Direct detection with vector mediator
F. D’Eramo, B. J. Kavanagh, PP, JHEP 1608 (2016) 111, [arXiv:1605.04917]

in a pre-discovery era’?

DM-nucleus collisions:

- change the size - only sensitive to light degrees
of the effective couplings of freedom (light quarks and gluons)

- can generate operator
mixing at low energy

- scattering cross sections particularly
sensitive to the Lorentz structure of
the high-energy effective operators




Why 1s RGE Relevant?

(You can hide but you have to run: Direct detection with vector mediator

F. D’Eramo, B. J. Kavanagh, PP, JHEP 1608 (2016) 111, [arXiv:1605.04917]

Suppressed interactions

_ change the size - between DM and SM

of the effective couplings

Renormalization Group
Evolution (RGE)

- can generate operator
mixing at low energy

. Unsuppressed interactions of
| DM with light d.o.f.




Vector mediator

SIMPLIFIED MODEL
L=Lsu+ Lom+ Lv + Joy Vi + T Vi

Frandsen, Kahlhoefer, Preston, Sarkar, K. Schmidt-Hoberg, JHEPO7 (2012), arX1v:1204.3839
Buchmueller, Dolan, McCabe, JHEPO1 (2014), arX1v:1308.6799
Powerful tool to Alves, Profumo, Queiroz, JHEP04 (2014), arXiv:1312.5281
Stlldy LHC Arcadi, Mambrini, Tytgat, Zaldivar, JHEPO3 (2014), arXiv:1401.0221
ph enomenolo gy Lebedev, Mambrini, PLB734 (2014), arXiv:1403.4837
Buchmueller, Dolan, Malik, McCabe, JHEPO1 (2015), arXiv:1407.8257

and complementary , — :
Harris, Khoze, Spannowsky, Williams, PRD91 (2015), arXiv:1411.0535

Alves, Berlin, Profumo, Queiroz, PRD92 (2015), arXiv:1501.03490
Jacques, Nordstrom, JHEPO06 (2015), arXiv:1502.05721
Chala, Kahlhoefer, McCullough, Nardini, Schmidt-Hoberg, JHEPO7 (2015), arXiv:1503.05916

among DM searches




Vector mediator

SIMPLIFIED MODEL
,C:LSM—l—L:DM—l—[:V—FJgMVM—I—JgMVM

Kinetic term for both scalar (complex)
and fermion DM (Dirac & Majorana)

o |(9H¢\2 —m ok scalar DM
DM Ky X (z@ — mx) X fermion DM

. — 1 Dirac
X1 1/2 Majorana




Vector mediator

SIMPLIFIED MODEL

L=Lsy+ Lom + Ly + Jon Vi + T Vi

Kinetic term for the spin 1 massive mediator

1 1
1 2
We do not consider mass and Kinetic
mixing with the Z boson since they depend
on the detail of the UV theory

Ly =




Vector mediator

SIMPLIFIED MODEL
L= Lsm+ Lom + Ly + Ipy Vi + i Vi

mediator coupled with spin 1 DM currents

<=
- { co 7 0 ¢ scalar DM
DM

Ky (cXV XTHX + ea XYHYP X) fermion DM




Vector mediator

SIMPLIFIED MODEL
L= Lsy+ Loy + Ly + Jpy Vi + Jéu Vi

mediator coupled with spin 1 currents of SM fermions

3
Tou =2 [ D qiyqy, + e ugyuly + cf) digytdiy + of) Tty + e efyten
1=1

15 independent SU(2) x U(1) gauge
invariant couplings to SM fermions




Main Steps to NR XS

DM particles interact with the nucleus in deeply NR regime

STEP III:

DM-nucleus
ME

EFT for DM

interactions with
quarks and gluons

R

Matching onto
¢ NR Interactions

% do

dER

DM-nucleus XS
CODED DA el

., N,N'=p,n




Main Steps to NR XS

DM particles interact with the nucleus in deeply NR regime

STEP I:

integrate-out
the mediator

fsm

DM

DM DM

EFT:
DM contact
Interactions

fsm fsm




Main Steps to NR XS

DM particles interact with the nucleus in deeply NR regime

STEP I:

integrate-out
the mediator

STEP II:

connecting
energy scale

fsm

DM

DM DM

EFT:
DM contact
Interactions

fsm fsm

R

EFT:

couplings at the

mediator mass

Nuclear scale:

- size couplings changed
- new interactions are

T —

—

generated (mixing)

o ———— R




Main Steps to NR XS

DM particles interact with the nucleus in deeply NR regime

STEPI: ‘
integrate-out straightforward for vector mediator M

the mediator

STEP II:

complete one loop RGE analysis |
COﬂneCtmz;:’ for Spin 1 mediator can be found in
cnergy scalc F. D’Eramo, M. Procura, JHEP 1504 (2015), [arXiv:1411.3342]




RG Eftects

approximate
solution




RG Eftects

V coupled to vector approximate
currents of SM fermions solution

RGE induces vector
current of light quarks




RG Eftects

V coupled to axial approximate
currents of SM fermions solution

RGE 1nduces vector &
axial currents of light quarks




Some Results: Quark Vector

mediator with FU couplings the 1

V current of quarks LErT = — m%/‘ JDM

I IIIIIIII I IIIIIIII I LS

Flavor universal: Quarks only 3
XVX S -

I IIIIIIII I IIIIIIII I T T TTTH

Flavor universal: Quarks only 3
XV YX S -

1
h
N
S
<,
D
ol
D
QL

> ecte >
q.) v
S S
~ =
S L : g
& &
< <
g g
- —
3 8
8 8
e e
o o
= =

2

102 1 1 IIIIIII 1 1 IIIIIII 1 1 L1 1 111 1 1 IIIIIII 1 1 IIIIIII 1 1 L1 1 111
10 107 10° 10* 10 10° 10
Dark Matter mass m, [GeV] Dark Matter mass m, [GeV]

—_
-




Some Results: Quark Axial

mediator with FU couplings the
AV current of quarks
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Some Results: Quark Axial

mediator with FU couplings the
AV current of quarks

I IIIIIIII I IIIIIIII I L=

Flavor universal: Quarks only E
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Some Results: Quark Axial

mediator with FU couplings the
AV current of quarks

I IIIIIIII I IIIIIIII I L=

Flavor universal: Quarks only E
XX S0 T
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Some Results: Quark Axial

mediator with FU couplings the
AV current of quarks

I IIIIIIII I IIIIIIII I L=

Flavor universal: Quarks only E

VXS T
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Flavor universal: Quarks only 3
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runDM: general RGE

Interested in the General RGE of the 15 gauge invariant couplings from high
energy to low energy ?

runDM https://github.com/bradkav/runDM/

wWith runDAIC, It's Tricky. With runDM, it's not.

runbDM s & 100l Tor caloulating the running of the couolings of Da 'k Matter (DM) to the Standard Mcdel ISM) N
simplifiad modesls with vector madiators. 2y soecifying the mass of the mediator and ke couplings of the meadiator to
SM fields at h'gh energy, the cod= can be used tc calculate the couplings at low energy, taking into account the
nixing ot all dimensian-6 opoerators. The code can also bo usad ta exiract the aperator cacfficicnts relovant for direct
detection, namely ow energy cougings to up, dowr and strange quarks and to prcetons and neutrons. ~urther details
about the pkysics cehind the code car be found in Apperdix B of arXiv:16CS.C4317.

At oresent, the ccde is written in two languages: Mathematica and Python. I you ara intarestac in an implemantation
n arcther language, pleasa ge: In tcuch and we'll do wnat we car to add t. But if you want it in Fortran, you better ke
ready to offer sometk ng in return. Installotion instructions ond documentotion for the code can be found in

coc/ runbM manual.paf - We also pravice a number of example files:

* Sor tne Python code, we provice an example script as wel as Jupyter Notebook. A static version of the notecbook

can be vieawad here.

* For the Mathematica cede, we provide an examp o nctebook. We also provide on examge!ec of how to interface

with the NRopsDD coca Tor abtaining lmits on genaral model|s.
f vou make usc of runDM n your own work, pleasc cite it os:

F. D’Eramo, B. J. Kavaragh & P. Panci (Z018). runDM (Version X.X) [Computar software]. Ave |able at

itps://g thub.com/fbradkav,/ rTun DM/
. . . |F. D’Eramo, B. J. Kavanagh, P. Panci,
Exhaustive study for other cases in: || 50s (2016 111, [arXiv: 1605.04917)




DD vs LHC (Axial-Axial)

lementary with Direct searches
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: : . . . LUX, [arXiv: 1602.03489]
using simplified DM model is possible to map the LHC PICO2L. [arXiv: 1601.03729]

constraints on the V mass onto the (o, m, ) plane ATLAS, [arXiv: 1604.01306]




DD vs LHC (Axial-Axial)

RGE effects:
factor 2 in the XS
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using simplified DM model is possible to map the LHC 2% [arXivi 1602.03469]

: PICO-2L, [arXiv: 1601.03729]
constraints on the V mass onto the (o, m, ) plane ATLAS, [arXiv: 1604.01306]




Review of the formalism of NR interactions

the rate can be parametrized in terms of nuclear response functions




Review of the formalism of NR interactions

the rate can be parametrized in terms of nuclear response functions

Bounds on the energy scale of eff. operators w/o RGE
match high-energy operators down to the NR limits




Direct Detection: Conclusions

Review of the formalism of NR interactions

the rate can be parametrized in terms of nuclear response functions

Bounds on the energy scale of eff. operators w/o RGE
match high-energy operators down to the NR limits
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suppressed ops. give unsuppressed interactions The RGE is important to explore complementarity




Back up shdes



NR Matching

Tvypical Dimension-6 Interactions Galileian Invariant Operators

_ — NR
OY = xx NN, 0y =xiv’x NN, 07" =1,
0 =xx Ni’N,  0F =xiy"x Nir’N, Ot =idy - (7x7), O =35 -3y,
_ _ ON =5 - (Gx ), OB = (5 )5y

N — N — 5 5 ) 6 Nq),
05 = x7v"x Ny, IV, 05 = X7v"7v"x NN, @NR::3;{# cWRzzﬂX6¢
ON = vyl Ny, PN, ON = 59495 Nvy,A°N | W W e

17\7 >_<fyu>5 :YM’}/ if >_<f)/ ’,ZVX5 fY'L_L’y O9NR:ZSX (NX@, Oll\IOR:ZSN q,
O =xo"Xx NowN, Oy =Xio"y'x NowN, B oNk_;z 7 01" =7 - (5 x 5)

NR dependences of the fermion bilinear

k

0 i§— 2P x §
2 Y

—Z(j—i— ng 4m€ijks

S
=

—4ms
4ms 1 Eijkqk — QPZ'Sj + ZPjSi 7

“Tools for model-independent bounds in direct DM searches”, JCAP 1310 (2013) 019




Draw Bounds (S & PS)
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Relativistic interaction

Relativistic Lasrangian at the quark level Particle Content:

: DM fermion with mass mpm

<

'C'int —

|
.
Q
@
|
)
ot
kﬁ
=

9
\/§ : SM fermion with mass m s

a : pseudo-scalar mediator with mass M

Couplings at the quark level

gDM - DM coupling with the mediator ] .
“isoscalar” coupling:
ggf : SM fermion coupling with the mediator g — gn

/ \ see e.g. arXiv:1401.3739
| flavor-universal: \¢*  higgs-like: i .

=1l < T § for pseudo-scalar
' current this is

independent on proportional to the ,
the fermion type fermion mass : not a natural choice




Computing the XS

Relativistic Lasrangsian at the quark leve Particle Content:

X : DM fermion with mass mpn

J : SM fermion with mass m

a : pseudo-scalar mediator with mass M

In DD, the DM particles interact with the entire nucleus in deeply NR regime:

M W W M W M W W W M M M M M M M M M M M M M M W M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M W M M M M M M M W M M M W M W W W W mEmmEmm

. Bl Dress up the quark-operators to the nucleon level

Bl Write down the DM-nucleon effective Lagrangian

4 in order to infer the NR operator and its coefficient

- Bl Account for the composite structure of the nucleus with the nuclear responses

-----------------------------------------------------------------------------------------------------------------------




DM-nucleon Lagrangian

Effective Lagrangian for contact interaction ' DM-nucleon effective couplings l
L q Z gN X" XN’Y5N gN = Z [ Z g/ ]A(N)
N=p,n q=u,d,s Mq q'=u,
Eneroy Scale of the effective Lagrangian ‘ Quark spin content of the nucleons |
_ . (p) _ A(n) _
combination of the free parameters of the d T Te T

model (mediator mass and couplings) H.-Y. Cheng and C.-W. Chiang, JHEP 1207 (2012) 009




DM-nucleon Lagrangian

Effective Lagrangian for contact interaction Vatural” Isospin Violation

Z gn X7 x Nv° N, 9p/gn = —16.4 : flavor-universal couplings

1
eff—zga

N=p,n 9p/gn = —4.1 : higgs-like couplings

Scale of the effective Lagrangian

large isospin violation going from
&
the quark level to the nucleon one

ANJ = ma/\/99DM :

combination of the free parameters of the

model (medlator mass and couphngs) Gross, Treiman, Wilczek, Phys. Rev. D19 2188, (1979)

Important consequences in DD

the pseudo-scalar interaction measures a certain component of the spin
content of the nucleus carried by the nucleons.

a large ¢,/ g, will favor nuclides with a nuclides with unpaired neutron

¥ large spin due to their unpaired proton will be largely disfavored
(e.g. DAMA employs sodium & iodine) E (e.g. XENONI100 and LUX employ xenon)




Longitudinal SD interaction

DAMA Flavor-Universal | DAMA Higgs-like DAMA Isoscalar
- XENON100 | - - XENON100 —4.1 1 - XENON100 9dp = dn

LUX LUX LUX

CouPP _ COuPP - COouPP
- Picasso ] -1|| - - Picasso | ---  Picasso
- SIMPLE | | - - SIMPLE P ; - - SIMPLE
- KIMS | - - o N - KIMS

I /

“Not so Coy DM explains DAMA (and the GC excess)”, Phys.Rev.Lett. 114 (2015) 011301

Bottom line: the large enhancement of the DM-p coupling with respect
to the DM-n coupling suppresses the LUX and XENON100 bounds




End



