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Introduction

e Goal: model independent description of direct detection experimental results

e Consider:

non-relativistic DM X
scattering processes P1
small momentum exchanges, i.e.p; —p, =g < m,

heavy mediators

arbitrary spin

e E.g. DM bound states, composite DM
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Existing approaches

R R =
EFT for relativistic DM: SZX = 2 ¢l = -
a.d

a—a- azAd—4

o 0% (in)(Gq), (7' 0)(@r,4q) , ... uptodim 7 forspin 0, 1/2, 1

e EFT above EW scale - relate to indirect exp., LHC Bishara et al. JCAP 02 (2017) 009]

e No hlgher spins [Goodman et al, Phys. Rev. D 82 (2010) 116010]
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Existing approaches

R R =
EFT for relativistic DM: SZX = 2 ¢l = -
a.d

a—a- azAd—4

o 0% (in)(Gq), (7' 0)(@r,4q) , ... uptodim 7 forspin 0, 1/2, 1

e EFT above EW scale - relate to indirect exp., LHC Bishara et al. JCAP 02 (2017) 009]

e No hlgher spins [Goodman et al, Phys. Rev. D 82 (2010) 116010]

EFT for non-relativistic DM interacting with non-relativistic nucleons: &£\, = 2 clN(qz)@f.V
i,N
° @é\’: L1y,S, Sy, ..., forany spin

[Fitzpatrick et al, JCAP 02 (2013) 004]

e Requires g < m, [Jenkins, Manohar, Phys. Lett. B 255 (1991) 558-562]
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Existing approaches

R R =
EFT for relativistic DM: EZX = 2 ¢l = -
a.d

a—a- azAd—4

o 0% (in)(Gq), (7' 0)(@r,4q) , ... uptodim 7 forspin 0, 1/2, 1

e EFT above EW scale - relate to indirect exp., LHC Bishara et al. JCAP 02 (2017) 009]

e No hlgher spins [Goodman et al, Phys. Rev. D 82 (2010) 116010]

EFT for non-relativistic DM interacting with non-relativistic nucleons: &£\, = 2 clN(qz)@f.V
i,N
° @é\’: L1y,S, Sy, ..., forany spin

[Fitzpatrick et al, JCAP 02 (2013) 004]

e Requires g < m, [Jenkins, Manohar, Phys. Lett. B 255 (1991) 558-562]

=> Combine the best of both: HDMEFT - NR DM for any spin with Lorentz symmetry and couplings
to SM fields
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Heavy DM EFT - Little Group

e Little group is a subgroup of Lorentz transformations that is isomorphic to SO(3) group of rotations
and leaves time-like vector v invariant [Heinonen et al, Phys. Rev. D 86 (2012) 094020]

e Lorentz trans. encoded in generators #* which can be split into rotations J* and boosts K%
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Heavy DM EFT - Little Group

e Little group is a subgroup of Lorentz transformations that is isomorphic to SO(3) group of rotations
and leaves time-like vector v invariant [Heinonen et al, Phys. Rev. D 86 (2012) 094020]

e Lorentz trans. encoded in generators #* which can be split into rotations J* and boosts K%

e Build Lorentz inv. HDMEFT by

embedding DM fields into little group rep. and defining trans. under Lorentz group

requiring rotational invariance: R/v* = v¥ (sufficient for LO in 1/m,)

74
requiring inv. under small boosts: y(x) — exp(i - f))((x’) = e 741 + @(l/m)?)))(v(x’),
where 7 = — g/M => RPI relates operators of different dimensions
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Heavy DM EFT - Little Group

Little group is a subgroup of Lorentz transformations that is isomorphic to SO(3) group of rotations
and leaves time-like vector v invariant. [Heinonen et al, Phys. Rev. D 86 (2012) 094020]

Lorentz trans. encoded in generators % which can be split into rotations J* and boosts K.
Build Lorentz inv. HDMEFT by
e embedding DM fields into little group rep. and defining trans. under Lorentz group

e requiring rotational invariance: Rjv” = v/ (sufficient for LO in 1/m,)

o requmng inv. under small boosts: y(x) — exp(iy - K))((x) = e 741 + @(l/mz)))(v(x)
where 7 = — g/M => RPI relates operators of different dimensions

Choose v such that p? =1, e.g. v/ =(1, O)

Define spin operator: S,=— = JPyY, e.g. spin-1/2: S, =152

2 papy
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Constructing the HDMEFT basis

Waq e Write down the possible operators
Cint — Z PC(Ld) P P

P = (4 S¢%) (Frimsf)

e Operators: SM fields, DM fields, §¥, v¥ and derivatives

e (v-...)longitudinal and ..., perpendicular components fpg} _ (Xli(sl -§¢)Xv)(f¢75f)

e EOM and Bianchi identities remove higher order terms
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Constructing the HDMEFT basis

Waq e Write down the possible operators
Cint — Z PC(Ld) P P

P = (4 S¢%) (Frimsf)

Operators: SM fields, DM fields, $¥, v/ and derivatives

(v-...) longitudinal and ... | perpendicular components p(7 _ (xFi(SL - 8 L)x) (f#rsS)

EOM and Bianchi identities remove higher order terms

Find RPI relations by performing a Lorentz boost %(g) = A(v — g/M, v) that shifts v*

B(q) g | iq -0 e,uz/panuS_Lquaji 4 H i 1 Fo(ay . -
Xv—ge {1 | 2m§ Zmi }X’U"’C)(l/mx) DJ_—>D_]_ qu (’U D)+O(Q)
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Reparametrization invariance

(d)
Lint = Z Ya p(d) Operators Lorentz boost
d—4 "~ a ]
ad X P:)(,?f) = (X} S1*xv) (FyLuvsf) g P?E?f) ,g: (O S x0) (f¥s£)

X

All RPI's up to O(g)

Dim 5 up to O(1/m;)
Dim 6 up to O(1/m,)
Dim 7 up to @(l/m)?)

Pg} = (x0i(SL - 8.1)x0) (f¥Ysf) — Phay — 20,(x} S x0) (F5.f)

Each arrow corresponds to Lorentz boost, i.e.

1

Yy — eiq-azxv n O(l/mi) DY — DY quﬂ(v . D) + O(¢%)
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Reparametrization invariance

(d)
Lint = Z Ya p(d) Operators Lorentz boost
d—4 "~ a ]
ad X P:)(,?f) = (X} S1*xv) (FyLuvsf) g P?E?f) ,g: (O S x0) (f¥s£)

X

All RPI's up to O(g)

Dim 5 up to O(1/m;)
Dim 6 up to O(1/m,)
Dim 7 up to @(l/m)?)

Pg} = (x0i(SL - 8.1)x0) (f¥7sf) — Phay — 20,(x}, S x0) (FH5.f)

1
RPI relation => wg,))f = —§w:(£c)

Each arrow corresponds to Lorentz boost, i.e.

1

Yy — eiq-azxv n O(l/mi) DY — DY quﬂ(v . D) + O(¢%)

SANDRA KVEDARAITE, HEAVY DARK MATTER EFT FOR ANY SPIN, 13/06/2024

12



HDMEFT basis

The basis is organised as follows
e Minimal basis up to dim 7 consisting of operators with linearly independent Wilson coefficients
e Operators related via RPI

e Operators removed by the RPI

Note

 The final presentation will depend on the matching onto the nucleon theory
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HDMEFT basis

Minimal basis with linearly independent WC's

e Dimension 5

e ~

(5) _
Pry = 167r2(

XI;SL‘LX'U)(U'F)M ;

5) _ _€
Poy = 167r2(

SLX )(v- F)u

e Dimension 6

PO = (xxo) (FHS),
,P?(»?) — ( vSJ_ X’U)(f’YJ_,u’Y5f)

€

Py = (Xbxw) (Fps ),
Pi? = (S x0) (Frinf).

€

~

PIy = 153000 S x0) (- F)uy Py = 501,04, S x0) (v F),
: v % x(J 1)
Notation: ny-H = Yu — ’UM¢ Sﬁ‘_ — SJ{_'uSJ_} JX(]X T )g#

3

j, > 172
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HDMEFT basis -dim 7

Fermions, photons and similar for gluons

Operators that do not vanish for j, > 0.

P = ms(xdxo) (F),
P = (dxo) (i - D)),

Operators that do not vanish for j,, > 1/2.

P = my(x}Sx0) (F(v - o) ins ),
P = 010 Xo)eppot” (F1LF),
Pé}’? = 01,048 %) (F#s ),
11f = (xb S x0) (F#5iDLLf),
1(3} = (bS8 xw) (frLui(v - D)5 ),
Pfs} = (X}S1*Xw) €uvpov” (FY*iDT f),

Operators that do not vanish for j, > 1.

,sz‘ - ( S Xv)(f’)'_l_,uzD_LVf)
PO = 01,04 5™ x0) (Frinf),

P2(f) = mf(Xva)(f’&%f)
P = (xbxo) (Fi(v - D)vs ),

P = ms (S x) (F(v - 0)uf),
ch) = A (XE S xw) oo (FYI 5 £),
Plor = 0Lu(cb S x0) (FEF),

P = (b Stxo) (FHiDLLS),

P = (S xe) (Froui(v- D)),

7 .y PR
731(6)f = (XI)SJ-“XU)GMVPUU (f¥’v5iDT f),

P = (xS x0) (FruiDLs ),
P = 9140 S x0) (Frus ).

wp _ olnar ot SIxUx +1) =1 00 o)
S0 =81818) — 5 Q{WSL
Operators that do not vanish for j, > 0.
aem aem
Py = (xvxv)FiuuF H Py = ym —== (xhxw) B
7 aem
P = “2 (xhxo) (- F) (v- F)
Operators that do not vanish for j, > 1/2.
Gem U
Py = 2 (S x0) (v F)” Fl,
Py = ——5 01 (xhSxw) (v- F) P§) = ——02 (xS x) (v-F)
5 16 2 Ko 6y 1672 v v Ko
Operators that do not vanish for j, > 1.
Olem aem -
PE) = S0 S x0) (0 Fu(v-F)yy - PG = Z22 (xS x0) (v F)u(v-F),
7 Olem foud
P = 2 (xS x) (0 F)u(v- F)s,

Operators that do not vanish for j, > 3/2.

PD, = 500010 S %) (0-F), P, =

81,01 ,(x}, S g ke Xv)(V-F) .

162
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HDMEFT basis - RPI

For the Lorentz invariant basis one also needs to include operators related via reparametrization

invariance

Dimension-six

6) € By N 6) € p,
P37 — W(XLSJ_“ Z('th)Fuva P47 — W(XI}SJ—MZB_LXU)FMV.
Dimension-seven operators for fermions
Py = (i85 x0) (Friuf), Phr = (x}id"x0) (Friusf),
P = (i(SL-B)x0) (FHsf)s PEr = (bi(SL - B1)x0) (FB1),

’Pg} = (X3 8™ 10 LX) (frLuf),

Dimension-seven operators for F

7 e '“V o= — 7 6 .J_\V =

Pl(Q?y = 16n2 (X} 81,307 i0"xv) (v-F),, Pf3)7 = @(XlsluzaﬂaiLXv)(U'F)m
7 € ' I/I 4 7 é

P](.4’)y — 167T2 BJ—H(X’T) SJ_“ ZBJP_X’U)E_Vpa P](_5f)y — 167T2

BJ_N(XI) S\ ilg_]p_Xv)E_Vp-

RPI relations between Wilson Coefficients

6 1 6 1 ¢
wi(’w) - —§w§7) ) w‘(W) — —§w§7) )

m _1 @ JU+1) e (5) m _ 1 ()
Worr = 5%Wif = 7 {9 1612 eQfwyy Wazr = 5Way >

7 1 (6 7 1 (6)
wéB)f = —gwéf) ) w§4)f — T oW

m _ 1 e (5)
Wasf = T 4 16m2 QWi »

7 L 5 7 1 5
off, = Lof?, off, = Luf?,

7 1, 6 7 1, 6
w§4?y — Z(wgfy) o 2’11)%,),)) ) ’w§527 — _Z('wéfy) + 2’(1)%,7)) y

Further operators removed by the RPI
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QM Basis and matching onto NR-nucleon EFT

1. Write the basis in the QM notation:

X]:;Xv — 1X’

XI)SJ_“X’U — (07 §X)7

(5)>6§,§ (5)\65*
e 16mw2 % P 167
P17 = L)) Pag = L(F*s1),
P(G) = =8 - (FAs1), P<6) -8, (F71).
6) , € . iqij mj 6) . € . i'ail i
Py — 62 Sy E, Ps,) — 62 Sy BY.

3. Obtain Wilson coefficients clN(qz) and compute
cross-sections - direct detection experiments.

NR-nucleon EFT:

2. Hadronization and matching onto

oY =11y,

= ()
Oév::ﬂ.XSN (UJ_X —q),

my

— (/
oy =3, (ful x —q) Iy,
mny

O =1, (Sy - 71),

Oé\’:gx-(ﬂxgj\;)

mn
o =~(5c- L),
03 =~(55) (8- 25
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Conclusions

EFT for heavy Dark Matter of arbitrary spin at LO in 1/m,,
Constraints on DM bound/composite states.

DM fields embedded in little group rep. - rotational inv.
Lorentz invariance is present through RPI relations.

Matching onto NR-nucleon EFT.
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