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Formalism of non-relativistic (NR) EFT
Match high-energy operators to NR EFT
Connect DM model to the nuclear energy scale
Complementarity between DD & colliders

Outlook & Discussions
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siee230  Dark Matter in the Universe

Compelling macroscopic evidence of Dark Matter

DM Exists !

80% of the matter
in the Universe 1s DARK

— Stable Galaxy scale Cluster scale Cosmological scale

— Non-relativistic

— Weakly interacting

BUT—

-~ The DM microphysics 1s unknown

THE ORY: Hidden sector theories, Supersymmetry, Technicolor, etc...
DM CANDIDATE: axions, asymmetric DM, WIMP, primordial Black Holes, ctc...

DM DENSITY: cuspy DM density profiles (e.g. NFW) or cored profiles (e.g. IsoT)
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Experimental strategies to identify the DM microphysics

Colliders Direct Detection Indirect Detection

SM SM

SM
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Onstram the parameter space
Find several anomalies
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Experimental strategies to identify the DM microphysics

Direct Detection

SM

i TeV

SM

12018 2019 2020 2021 2022 >
LHC Run 2 LHC Run 3 CTA
XENONIT Next generation direct detection exps. XENONNT
AMS-02
Approaching now the |'TeV scale| | A new era has begun
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° Elastic Scattering:
DM -+ T(A, Z)rest — DM + T(A, Z)recoil

>\ Inelastic Scattering:
DM _|_ T(A7 Z)rest — DM/ _I_ T(A7 Z)recoil

S DM collisions are very rare
RAYS (less then 0.01 cpd/kg/keV)

i ):1::;26 ]
l ////,,“4”//// D

t DETECTOR

M| the detectors must work deeply underground

<]

they must use active shields and very clean materials

v| they must discriminate multiple scattering
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Tln VElOClt . N o o o o ° °
y 0~ Y =D Collisions: Non Relativistic regime
1 dmpnmm 1 V2 V2
Er = —mpyv? DM : 1 L \/1 : cosé’
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DM Kkinetic kinematic threshold scattering

energy factor velocity Kinematics angle



PAOLO PANCI

siee430  P1rect Detection: overview

Tln VelOCIt ' N o o o o ° °
y 0~ Y == Collisions: Non Relativistic regime
1 Ampym 1 V2 V7
Er = —mpyv? T : 1 t2 1 : 0086’
2 (mpwm + mg)? 2 22} /
\
DM Kinetic kinematic threshold scattering
energy factor velocity Kinematics angle

RATE OF NUCLEAR RECOIL

dR ,0@ Vesc . . . d O
= Ny L2 [ @) a1 o (1)
total number Locﬁl DM DM velocity Difi};rential

distribution

of targets . .
number density Cross section
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Direct detection: Uncertainties

dRT po_ [ 3 L\ do
— Ny / 4313 1 for(|71)
dER T DM Vmin (ER) / dER
! , \
Local DM 3%:{:116)11?:1:3 Differential

number density

Uncertainties from

Astrophysics

Uncertainties from
Particle Physics

Uncertainties from |
Experimental side [

Cross section

1.e. local DM energy density

& geometry of the halo

1.€. nature of the DM interaction
& nuclear response functions

1.e. background & detection

: efficiency close to lower threshold
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d RT ,0@ Vesc do'
L 31— — —
5 =T d”|] |9 fom(|9])
R MDM Jvmin (ER) V R
! , \
Local DM gﬁrviﬁl"fig Differential
number den51ty 15 u Cross section

Uncertainties from [JiR | 1.e. nature of the DM interaction
Particle Physics v & nuclear response functions
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sieiso  Non-relativistic (NR) EFT

Deeply NR DM-nucleus scattering

do 1 1 1
dEr 321 m2\,my v?

M|’

DM-nucleon ME:
Galileian combination of NR d.o.f. (¢, V|, SN, SDM)

ot =11y,
Ot =iTsy-(gxv), O =s, sy,
O =iTys, - (g xv), O = (s, q)(sn - q) ,
MN — ZCiV(A,mDM) O?R ot =Tysy v O3 = Insy v,
p %/_/\\/-/\ Oy =is, (syxq), O =iTysn - q
NR coefficients NR ﬁﬁR =1InNSy"q, ﬁFzR =v (8¢ X 8N) ,
(details of the UV) operators ﬁi\;R _ i(sx . ’UL)<SN . q) | ﬁﬂR - z'(sX . q)(SN , 'vL) |
ﬁi\?{ = [sy " (g X v)|(sy - q) ﬁi\(]sR = (sy- v (s v)

N = ils, - (g x vH)](sy - vb)




“aesn Non-relativistic (NR) EFT
Deeply NR DM-nucleus scattering

do 1 1 1
dEr 321 m2\,my v?

2
M|

DM-nucleon ME:
Galileian combination of NR d.o.f. (¢, V|, SN, SDM)

Experiments consider:
Spin independent
My =D & mov) 07 ONR — 7, 7

NR coefficients NR
(details of the UV) operators Spln dep endent

NR __ - —
04 — SDM * SN
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The nucleus is not point-like:

m /
‘MT|2 T Z Z CNCN F(NN )(qvvJ_78N78DM)

1,) N,N'=p,n v
NUCLEAR RESPONSES
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M|’

10°
10%
10°

Non-relativistic (NR) EFT

The nucleus is not point-like:

mTZ 26

1,7 N,N'=p,n
see e.g. JCAP 1302 (2013) 004
_ Fluorlne _
;?27 _ount Ot = IDMIN

Nuclear responses

102

— (p>p)

N,N’
F(,j )(Q7UJ_7 SN, SDM)

—  —_—_—_—_—_—m
NUCLEAR RESPONSES

Iodine

Nuclear responses
[S—
| S
9)
A 1 -

0.0 0.2 0.4 0.6 0.8 1
Exchanged momentum g (GeV)

—— Total --- (n,n)
— (p-p (p>n)
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# of Events: in terms of model independent form factor

id
)\ mDM 0.¢ E E )\ mDM j ()\ mDM) 'FN N,(mDM)
1,7 N,N'=p,n v _/_/

PARTICLE PHYSICS MODEL INDEPENDENT

ME sensitives to Galileian combinations of NR d.o.f.

Going bevond the usual pictures (i.c. SI & SD interactions)
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Dimension-6 four fermion interactions
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slide 8/30 The standard interactions
SPIN INDEPENDENT SPIN DEPENDENT

Dimension-6 four fermion interactions
AST XVux NN ASp XV Vs X Nyt s N

DM-nucleon ME M 2,0 = (XN |L|X'N") 20

4)\SImDMmNIDMIN —16)\SDmDMmN SDM SN
N N’ N— — N——
N O N OY"
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slide 8/30 The standard interactions
SPIN INDEPENDENT SPIN DEPENDENT

Dimension-6 four fermion interactions
AST XVux NN ASp XV Vs X Nyt s N

DM-nucleon ME M 2 .o = (XN |L] X' N") 2 ¢

N N - -
4)‘SIWlDI\/ITnl\f IpvmIn —16)\SDmDMmN SDM * SN
— —_— —— — —

N NR N NR
THE RATE coherent SI form
factor factor Halo function
Ao B B th ol — Qsirha)”
N pPo M 798I SI( R) ( R) WILl Ogqp = -
me 2”?(7' J2N\GN 2 (B E Hh oV — 3(>‘]S\[D:u><N)2
(JT)ospFsp (Er)H(ER) with ogp =

N N N @

Nuclear SD form Halo function
spin factor factor
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n independent: Status

1037 TSP : o
I o\ e ' ' M
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10~ g L L A L S S S A 10~ gy LI A S S AL B A

' DM-neutron |- ' DM-proton |

(U
|

('S

—J

j:

S

Qe 107

%bR

§ 10—39

5

:

a, 107

2

B 10—41

10—42|||1(|)1 ! ! ||||||1(|)2 I I ||||||103 10—42|||1(|)1 ! ! ||||||1(|)2 ! I ||||||103
WIMP mass [GeV/c?] WIMP mass [GeV/c?]
XENONIT, arXiv: 1902.03234

SENSITIVITIES:

unpaired neutrons in the outer nuclear shell (e.g. xenon): large DM-n SD
unpaired protons in the outer nuclear shell (e.g. fluorine): large DM-p SD



PAOLO PANCI
slide 12/30

II PART

Match high-energy operators to NR EFT
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Produce bounds
2 | on the energy scale
— / | of such operators

Effective operators
for DM 1nteractions
with g and g

| Matching onto
INR EFT

J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T. M. P. Tait and H. -B. Yu, PRD 82 (2010) 116010, arXiv:1008.1783
P. J. Fox, R. Harnik, J. Kopp and Y. Tsai, PRD 84 (2011) 014028, arXiv:1103.0240

K. Cheung, P. -Y. Tseng, Y. -L. S. Tsai and T. -C. Yuan, JCAP 1205 (2012) 001, arXiv:1201.3402

J.-M. Zheng, Z.-H. Yu, J.-W. Shao, X.-J. Bi, Z. Li and H.-H. Zhang, NPB 854 (2012) 350, arXiv:1012.2022

Z.-H. Yu, J.-M. Zheng, X.-J. Bi, Z. L1, D.-X. Yao and H.-H. Zhang, NPB 860 (2012) 115, arXiv:1112.6052

and ...
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]  0f=xxdq, 05 = Xiv°x 44,
DIRACDM| , ', o
I 3= XX 4y q, Xty X qvy g,
— — q - 5 —
DIM-6 operators: IARRUERERTE O = XV"7"X Qg
Constructed with neutral [ERSEEIEHY CTY/KYBCL 0 = xv*v°x Q_”Y/ﬂ5qa

DM & SM quarks

04 =xo"x qowq, Ol =Xi0"'¥’X g,
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slide 14/30 H1 gh- energy Op crators

T ol=ww, 04
DIRACDM| _, o
I 3= XX 4y g, 4
Oq
DIM-6 operators: 0
Constructed with neutral O3
DM & SM quarks O4
10
g Qs _

DIM-7 operators: [IREaipPedChmCr I,

SM gauge invariant N
couple DM with gluons ({)g — 8_; %% GZuéZu 7 9

Xi7°X 4q
Yy x qiv°q,
XY X Vg s

= X7"7°X TVu7’q
Xio" X GOy,

P a
127
a

Qs _ . 5 =~
— G, G
. XY XY

Xiv’xGL,Ge,

a

a
pv
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QMRANA | 01 =xx 0. 0% =X X 01

)l

| 0 =xxqir’q, 0% = xiv’x 7i7°q,
O = XV"7°X q1ud
OF = X7"7"X TVuy’q

010 — Wuﬂb

aS —
DIM-7 operators: 0f = > X ir*X Gl Gl
SM gauge invariant

couple DM with gluons - 07 = g—s X 7°X G, GZV ;
70

DIM-6 operators:

Constructed with neutral
DM & SM quarks
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slide 14/30 H1 gh- energy Op crators

1 0f =xx a4, 0f = xiv°x qq,
|

|

| 0 =xxqir’q, 0% = xiv’x 7i7°q,

O = XV"7°X q1ud
OF = X7"7"X TVuy’q

Of = X 1742 Ao

DIM-6 operators:

Constructed with neutral
DM & SM quarks

g _ % g__ % _. 5
DIM-7 operators: [RSEairwipeqCiC PRI Rl T wib L AU ACHCHE
SM gauge invariant N N
couple DM with gluons 0F = 8_; XX GZVGZW 99 — 8_; i GZVGZV7

LAGRANGIAN at the g & g level

10 4
q J; 2
NI\ 9409 Z g g c;, dim. of |mass|
og/ﬂeff—>4>46kok_|_ Ck(()ka —3
k=1

1 c; dim. of [mass]
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STEPI: RN I\ | DM-nucleon L

operators to the i Eé\é _ Z c{f O}J{V
nucleon level T e A k

"



PAOLO PANCI

side 1530 V[ain steps to NR cross section
DM-nucleus collisions: deeply NR regime

STEP I: dressthe gand ¢ | EEE————— DM-nucleon L
operators to the i Eév _ NN
nucleon level T ——m ! zk: .
SINNQUER 1) 5ute DM-nucleon [ ‘ NR DM-nucleon ME
ME & reduce it to NR | o Z N ({e@a}s mx)(gi.\m
operators S e -

e — —
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DM-nucleus collisions: deeply NR regime

STEP I:

dress the g and g

operators to the
nucleon level

STEP II: compute DM-nucleon § i ———— N

ME & reduce it to NR §ICONRT PSS _)O-
operators " 4

STEP I11: correct the

DM-nucleon ME with
the nuclear response [§

DM-nucleon L

NR DM-nucleon ME
Y o ({eg} my)ON"

e — "

DM Nucleus XS

dER z z CN N’FNN

1,7 N,N'=p,n

———
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DM-nucleus collisions: deeply NR regime

o see e.g. J.R. Ellis, K. A. Olive, C. Savage,
STEP I: dress the q and g PRD 77 (2008) 065026, [arXiv: 0801.3656]
H.-Y. Cheng, C.-W. Chiang.
operators to the JHEP 07 (2012) 009, [arXiv: 1202.1292]
IIU,CIGOH leVel F. Bishara, J. Brod, B. Grinstein, J. Zupan
JHEP 1711 (2017) 059, [arXiv: 1707.06998]
STEP 11: compute DM-nucleon
1 see e.g. M. Cirelli, E. Del Nobile, P. Panci,
ME & reduce lt tO NR JCAP 1310 (2013) 019, [arXiv: 1307.5955]
OperatOI'S F. Bishara, J. Brod, B. Grinstein, J. Zupan
[arXiv: 1708.02678]
STEP III:

correct the

DM-nucleon ME with
the IlLIClear reSpOIlSC A. L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers, Y. Xu,

JCAP 1302 (2013) 004, [arXiv: 1203.3542]
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slide 16/30 NR structure

Contact SI

different coefficients
due to quark/gluon currents

Contact SD

different coefficients
due to quark/gluon currents

Longitudinal SD
highly suppressed




PAOLO PANCI

slide 16/30
S-§ c? xx qq
Y-y ca XX Vg
Qs — a 1Y
S-GG e ci xx G}, Gl
AV-AV X" x avuy’q
T-T co X' x 4o,q
PS-PS i xv°xav’q
~ Qs — 0 a YUV

PS—GG ECZ X7 XG/LVGZ

The other 7 parity

violating Operators

NR structure

Matching onto
3/ NR EFT

Contact SI

different coefficients
due to quark/gluon currents

dressing into nucleons

Contact SD

different coefficients
due to quark/gluon currents

dressing into nucleons

Longitudinal SD

highly suppressed

q*/(mFms3)

SI & SD interaction
suppressed by

(a°/(my ), v°)
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= The simplest method:

assume the 1dealized case in which only one operator 1s active at a time

Scalar operators
0 = xx qq, 0d = xiv’x qq,
04 = xx §iv°q, 01 = xiv’x §iv°q,

Vector operators
0F = XV'X qVu4 0§ = XV"7°X @Vu4
07 = X7"X @174 OF = X1"7"X Tuy’a.
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Flavour-uni. couplings
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Interested in the limits from all possible
non-relativistic DM-nucleus elastic collisions?

Tools for model-independent bounds in direct dark matter searches

Data and Results from 1307.5955 [hep-ph], JCAP 10 (2013) 019.

If you use the data provided on this site, please cite:
M Cirelli, E Del Nobile, P.Panci,
"Tools for model-independent bounds in direct dark matter searches'",
arXiv 1307.5955, JCAP 10 (2013) 019.

This is Release 3.0 (April 2014). Log of changes at the bottom of this page.

See also: Direct detection bounds for simplified models with a vector mediator can be derived using the tools on this website in combination with the runDM code, available here.

Test Statistic functions:

The TS.m file provides the tables of TS for the benchmark case (see the paper for the definition), for the six experiments that we consider (XENON100, CDMS-Ge, COUPP, PICASSO, LUX, SuperCDMS).

Rescaling functions:

The Y.m file provides the rescaling functions Yij(N’N ) and Yijh(N’N ) (see the paper for the definition).

Sample file:

The Sample.nb notebook shows how to load and use the above numerical products, and gives some examples.
e i —— ———mmmmemeswTT
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sie2030 - [ .1mitations of the naive matching

= [n UV Models several HE operators are generated
with Wilson coefficients related in a non-trivial way

M | EFT for DM interactions with SM particles

C(d) ( Mmed) coup.llng at the
mediator mass

Renormalization Group
Evolution (RGE)

ENERGY SCALE

» LARGE energy scale separation o,

t coupling at the
§ nuclear energy scale ,

(XN L () |Nx)

iy = 1 Gevl— et ()
I DD
EXPERIMENTS
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[II PART

Connect DM model to the nuclear energy scale

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

DM-nucleus collisions RGE Effects

~ only sensitive to light degrees of ~ change the size of the Wilson
freedom (light quarks & gluons) coefficient of the HE operators
o particularly sensitive to the © generate operator mixing

of the HE operators at low energy
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slide 22/30 Why 1s RGE Relevant?

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

Suppressed interactions

Mined
between DM & the SM

- — RGE Effects
< { .
O change the size of the Wilson
E; coefficient of the HE operators
= ©  generate operator mixing
Z at low energy

L,N —aovl. Unsuppressed interactions
—— of DM with light d.o.f.
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SIMPLIFIED MODEL

L= Lsv~+ Lom+ Ly + Jpy Vi + Jéu Vi

Frandsen, Kahlhoefer, Preston, Sarkar, K. Schmidt-Hoberg, JHEP07 (2012), arXiv:1204.3839
Buchmueller, Dolan, McCabe, JHEPO1 (2014), arXiv:1308.6799

Alves, Profumo, Queiroz, JHEP0O4 (2014), arXiv:1312.5281

Arcadi, Mambrini, Tytgat, Zaldivar, JHEPO3 (2014), arXiv:1401.0221
Lebedev, Mambrini, PLB734 (2014), arXiv:1403.4837
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SIMPLIFIED MODEL

L=Lsm+ Lom+ Lv + Joy Vi + Jou Vi

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

N \({9Mgb|2 — mi |¢\2 scalar DM
o Ky X (1@ —my) x fermion DM

o — 1 Dirac
X | 1/2 Majorana
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SIMPLIFIED MODEL

L=Lsu+ Lom+ Ly + Jon Vi + Jou Vi

Kinetic term for the spin 1 massive mediator

1 1
Ly = =7VVu + §m%/V“VM

We do not consider mass and Kinetic mixing
with the Z boson since they depend
on the details of the UV theory
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SIMPLIFIED MODEL

CZLSM—FLDM—Fﬁv—FJSMVM—FJgMVM

Mediator coupled with spin 1 DM currents

c¢ o7 O u¢ scalar DM

JE = <
bM LKy (CXV XVEX + cya y7“75x) fermion DM

V DM
DM
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SIMPLIFIED MODEL

EZLSM+£DM+£V—|-JSMVH—|-J§LMVM

Mediator coupled with spin 1 currents of SM fermions

3
T = [cfj) aiyah, + o) ugytuly + ) digy diy + ) Ty + ¢ eyel
1=1

15 independent SU(2) x U(1) gauge \' fsm
invariant couplings to SM fermions f
SM
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DM-nucleus collisions: deeply NR regime

DM Nucleus XS

'. Matching onto N )
INR EFT dER NI
 F— 1,7 N,N'=p,n

3 STEPS EFT for DM
to get the interactions with

quarks and gluons

———



PAOLO PANCI

sie2430 Main steps to NR cross section
DM-nucleus collisions: deeply NR regime

STEP I: > = N X EFT
integrate-out ; DM contact
the mediator fom fom R / .\_ Interactions
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DM-nucleus collisions: deeply NR regime

STEP I:

integrate-out
the mediator

STEP II:

connecting
energy scale

Main steps to NR cross section

EFT

coupling at the
mediator mass

™, |= size couplings changed
” |=» New interactions are

NG EFT
DM contact

/  .\_ Interactions

NUCLEAR SCALE

generated (mixing)
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sie2430 Main steps to NR cross section
DM-nucleus collisions: deeply NR regime

STEP I:
integrate-out straightforward for vector mediator M

the mediator

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

F. Bishara, J. Brod, B. Grinstein, J. Zupan, [arXiv:1809.03506]
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RGE 1nduces currents with light quarks

o A

-

Approximate
solution

ENERGY SCALE

,U,Nﬁ]. GeV

DD
EXPERIMENTS
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RGE 1nduces currents with light quarks

— |4 coupled to vector Approximate
p currents of SM fermions solution
Important if V

is not coupled to light quarks
(e.g. leptons or heavy quarks)

Otherwise 1% corrections

ENERGY SCALE

2

RGE only induces vector Apr o E
current of light quarks Y 7 16m2

DD ™ ' —
EXPERIMENTS

,U,Nﬁ]. GeV

In(my /pn)
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RGE 1nduces currents with light quarks

= V coupled to axial-vector Approximate
med [ . N
currents of SM fermions solution
Phenomenologically

very important
(operator mixing)

Dominated by heavy SM
fermions (prop to Yukawa)

ENERGY SCALE

RGE induces vector & axial A

current of light quarks Acy.a > 1672 In(myv /pn)
DD ™~ ' —
EXPERIMENTS

,U,Nﬁ]. GeV
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3
. . 1 < : . — .
Mediator coupled FU with — o 2 [uw“uz + i dz}
vector currents of quarks my; —

RGE driven by loops of electromagnetic currents (no mixing)

106 LI 1 1 lllllll 1 1 rmrriri 106 LI 1 1 lllllll 1 1 LI L
F Flavor universal: Quarks only 3 - Flavor universal: Quarks only 3
XX S A - XV YXSvuf -
> 105 | - > 105 | .
) - - ) - -
—~ ~
§ LUx 2014 §
s 10°F - s 10°F =
S 2 a S - .
~ ~
o @)
+ +
ks =
D 3 D 3
102 1 1 lllllll llllll 1 11 1 111 102 1 1 lllllll llllll 1 11 1 111
10 102 103 104 10 102 103 104

Dark Matter mass m, [GeV] Dark Matter mass m, [GeV]
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Mediator coupled FU with 1
axial currents of quarks my =1

RGE driven by Yukawa couplings alter the rate (mixing)

106 LILILI I 1 1 LI I 1 1 rmrriri
= Flavor universal: Quarks only :
oL XX f ]
= S
0h) n -
S 10tk .
S : E
S
> i j
3 10°E -
& = 3
~
_8 - -
S 10% —
g
Q
= L i
10g" T T -l LUX 2014 E
1 I 1 1 L1 1 111 I 1 1 L1 1 111 I 1 1 L1 111
10 102 103 104

Dark Matter mass m, [GeV]
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Some Results: Quark Axial

Mediator coupled FU with
axial currents of quarks

RGE driven by Yukawa couplings alter the rate (mixing)

109
10°

10* &

10% &

Mediator mass my [GeV]

10 -

10° z

llll I I IIIIIII I I rrrri
Flavor universal: Quarks only :

XY xS’ f ]

e B .
-
0 —
—_—

o
—_—
=
—_—

Dark Matter mass m, [GeV]
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Mediator coupled FU with

Some Results: Quark Axial

axial currents of quarks

RGE driven by Yukawa couplings alter the rate (mixing)

106

103

10% &

Mediator mass my [GeV]

10 -

1 1 1

— T —

e B .

LI
Flavor universa

-
0 —
—_—

-
—_—
=
—_—

II 1 LI
1: Quarks only 3
XY xS’ f ]

10

102

103

Dark Matter mass m, [GeV]

104

Mediator mass my [GeV]

].06 LIL II 1 1 rmrriri II 1 1 1 riri

- Flavor universal: Quarks only

- XY x vy’ f -
10° E
10% E
10° E

7 o \“*~~L£Df2014 ]
102 1 1 lllllll 1 1 lllllll 1 1 1 1111
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Dark Matter mass m, [GeV]



PAOLO PANCI
slide 27/30

Some Results: Quark Axial

Mediator coupled FU with
axial currents of quarks

RGE driven by Yukawa couplings alter the rate (mixing)

106

10% &

Mediator mass my [GeV]

10 -

1 1 1

10° z

llll I I IIIIIII I I rrrri
Flavor universal: Quarks only :

XY xS’ f ]

e B .
-
0 —
—_—

o
—_—
=
—_—

10

102 103 104

Dark Matter mass m, [GeV]

Mediator mass my [GeV]
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10°

104
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IIII 1 1 lllllll 1 1 LI
Flavor universal: Quarks only

XY xFrCf A
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Interested in the RGE of the 15 gauge invariant
couplings from high energy to low energy ?

Exhaustive study for other cases in JHEP 1608 (2016) 111, [arXiv: 1605.04917]

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

With runDMC, It's Tricky. With runDM, it's not.

runDM is a tool for calculating the running of the couplings of Dark Matter (DM) to the Standard Model (SM) in
simplified models with vector mediators. By specifying the mass of the mediator and the couplings of the mediator to
SM fields at high energy, the code can be used to calculate the couplings at low energy, taking into account the
mixing of all dimension-6 operators. The code can also be used to extract the operator coefficients relevant for direct
detection, namely low energy couplings to up, down and strange quarks and to protons and neutrons. Further details
about the physics behind the code can be found in Appendix B of arXiv:1605.04917.

At present, the code is written in two languages: Mathematica and Python. If you are interested in an implementation
in another language, please get in touch and we'll do what we can to add it. But if you want it in Fortran, you better be
ready to offer something in return. Installation instructions and documentation for the code can be found in
doc/runDM—-manual.pdf . We also provide a number of example files:

e For the Python code, we provide an example script as well as Jupyter Notebook. A static version of the notebook
can be viewed here.

e For the Mathematica code, we provide an example notebook. We also provide an example of how to interface
with the NRopsDD code for obtaining limits on general models.

If you make use of runDM in your own work, please cite it as:

F. D’Eramo, B. J. Kavanagh & P. Panci (2016). runDM (Version X.X) [Computer software]. Available at
https://github.com/bradkav/runDM/
e e — e —
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w2950 DD vs LHC (Axial-Axial)

using simplified DM model is possible to map the LHC
constraints on the /" mass onto the (m, , o) plane

10—37§ T T 1 TTT1 T T\ TTTTT T T T T TIIT I T ||||||E. 10_37§ T T T 11 ||| T |\||||||| T T ||||||| T ||||||E-
10—38;— — 10—38;— —
§ 107 3 { B ot E
Gl : - ~ s \ :
g 40: : é 40: \\ :
S —40 [ — —40 [ —
5 107 | ] B 107 .
2‘ - \ ] = - \ ]
A B \ . e - \ i
— 1074 \ = < 1074 \ =
2 - \ = 0 S \ 3
S [ ) ] © N \ .
i -7 T - ATLAS monojet _ _ _ -’ .
10_42 = P —= 10_42 = =TT =
E ~ T ATLAS monojet 9q=0.25,g, =10 3 E -7 9q = 0.25,g9, = 1.0 3
B Axial Vector Mediator A i Axial Vector Mediator _
10—43 Lol Lol ronl L1 111911 10—43 Lol L1 vl L1 vl L1 1111

1 10 102 103 104 1 10 102 103 104

Dark Matter mass m, [GeV] Dark Matter mass m, [GeV]
X X

See e.g. XENONIT [arXiv: 1902.03234]; LUX [arXiv: 1602.03489]; PICO-2L [arX1v: 1601.03729];
ATLAS [arXiv: 1604.01306], etc.....
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DD vs LHC (Axial-Axial)

using simplified DM model is possible to map the LHC
constraints on the /" mass onto the (m, , o) plane

10_37E III 1 1 IIIIIII 1 r rrrri 10_37 1 LWL III 1 LI UBLILLLAL
- [ l lj r"| 3 E \ \6
107 g /- RGE effects: 2
-/ o
T factor 2 in the XS
S 107 - -
C: 1 3
o I g
*E —40 S —40
= =
- —41 | e —41
~ 10 = . Q 10 ==
S E ATLAS monojet 0
S (with running) ©
1072 ~—_----"""""" 2 1072y _—---"77 7T =
- ~ ATLAS monojet gq': 0.25, gy : 1.0 E ATLAS monojet gq': 0.25, gy : 1.0 .
B Axial Vector Mediator _ (with running) Axial Vector Mediator |
10_43 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 L1 1 1111 10_43 IIIII 1 1 IIIIIII 1 1 IIIIIII 1 L1 1 1111
1 10 102 103 10 10 102 103 10*

Dark Matter mass m, [GeV] Dark Matter mass m, [GeV]

See e.g. XENONIT [arXiv: 1902.03234]; LUX [arXiv: 1602.03489]; PICO-2L [arX1v: 1601.03729];
ATLAS [arXiv: 1604.01306], etc.....
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Conclusions
Formalism of NR EFT

allows to derive bounds on any DM-nucleus elastic collision

Match high-energy operators to NR EFT

Derives limits on the energy scale of new physics w/o running

Connect DM model to the nuclear energy scale

You can hide but you have to run!!
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Typical Dimension-6 Interactions

ON = vx NN, (‘)N:_i75x]\_fN,
03" = xx Niv°N, 0y =xiv°x Nin°N,
05 = x7"x NvuN, 08 =x7"7°x Nv.N,

07 = xX1"x NN, 08 = x7"9°x Nyuy° N,

O0) = x oy No,N, ON = xiotyx No,N,

NR structure of the fermion bilinear

u(p') s

_ 2m
a0 u) = (5 e 5)
_ 2P . %

a(p )y u(p) ~ P

—1q+2P x5 4me s

-

(
(

u<p’>a“”u<p>~< 0 P Xk>
(

—4ms
4m§i6ijqu — 2Pi8j + 2Pj81 ’

S
*Z

—
~——

7

S

Galileian Invariant Operators

Ot =1,
O3 =iy (TxT), O =35 -5v,
Ot =i5 - (xvY), 05" =G PEN-D
R ONF =35, -7 |
Ot =15 - (Syxq), O =isn-7q,
R =i5, -7, ONF = ¢+ - (5, x 5y)
Match to NR operators
1) =(08) = dmymyO7™,
<Oé\]> — _4mNOll\IlR7
<OE]5V> — 4mX011\IOR7
(03) = 408",
(06 ) = 8my (+mn0g " + 05 ™)
(OF) = 8my (—m, OFF + O05R) |
1
= —§<Oé\7> = —16m, myOyY,
(010) = 8 (my O — ma 0Lyt — 4m,myOTyY)
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Higgs-like couplings

q __
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