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Evidences for Dark Matter
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Vera C. Rubin and W. Kent Ford, Jr., “Rotation of the Andromeda Nebula from a Spectroscopic Survey of Emission Regions”, 1970.
D. Clowe et al., “A direct empirical proof of the existence of dark matter”, 2006. 2
D. Potter et al., “PKDGRAV3: Beyond Trillion Particle Cosmological Simulations for the Next Era of Galaxy Surveys”, 2017.



Dark Matter Frameworks

DARK MATTER

e o o Needs confirmation e e e

PROPERTIES
I (JP C') MASS WIDTH DECAY MODES PRODUCTION
277 7x7  7E7 STABLE 7 o(77 > 77) =7

M. Cirelli et al., “Dark Matter”, 2024.



Dark Matter Frameworks
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Effective field theories

“All physical theories are effective theories”

Riccardo Penco, “An Introduction to Effective Field Theories”, 2020.

ﬁ: Energy

N

A



Effective field theories

“All physical theories are effective theories”

Riccardo Penco, “An Introduction to Effective Field Theories”, 2020.
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Which EFT?

‘SM 4+ DM candidate

massive
£ SM gauge singlets
© higher spin (3/2 and 2)
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Hilbert Series 101

Field content: {®1,...,on}
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Hilbert Series 101

Example: SMEFT (1 generation)

H(Da {sz}) = H(Da Q) QTa LJ LT) H7 HTaua U’Tada dT) €, eTa BLaBRa WL; WR7 GL) GR)

B. Henning, X. Lu, T. Melia, H. Murayama. “Higher dimension operators in the SM EFT”, 2019. 14



Hilbert Series 101

Example: SMEFT (1 generation)

H(Da {sz}) = H(Da Q) QTa LJ LT) H7 HT,”U,, U’Tada dT) €, eTa BLaBRa WL; WR; GL) GR)

Dim-b: H212%2 4+ gt2[12

B. Henning, X. Lu, T. Melia, H. Murayama. “Higher dimension operators in the SM EFT”, 2019. 15



Hilbert Series 101

Example: SMEFT (1 generation)
H(Da {sz}) = H(Da Q) QTa LJ LT) H7 HT) u, U’Ta dn dTa €, eTa BL) BR) WL; WR) GL) GR)

Dim-6: H3HT + o QTHHT? 4 2Q%QT% + QT3LT + Q*L + 2QQTLL! + L?Lt? + wQH?HT
+ 20’ QQT + ' LLT + w?u'? + eTu'Q? + e LTH?HT + 2T QLT + e LHHT? + euQ'?

+2euQL 4 e’ QQT + ee' LLT 4 eeluu’ + e2e™ + dTQTH*H 4+ 2d"u' Q12 + d'u'QL

+diefu’? + dteQTL + dQHH'? + 2du@?® + duQ'LT + de' QLT + deu?® + 2dd'QQ" + dd' LLT

+2dd uu’ + ddTee’ + d?d"? + ' QTHIGr + d'QTHGr + HH'G% + G + uQHGY,

+dQH'GL + HH'G] + G} +u'QTH'Wr + ' LTHWR + d'QTHWR + HHTWE + W}

+uQHW, + eLH'W;, + dQH'W, + HH'W? + W} +u'Q"H'Bgr + ¢! L' HBg

+d'Q"HBRr + HH'BrWg + HH'B% + uQHBy, +eLH' B, +dQH' B, + HH'B, W/,

+HH'B? +2QQ"HH™D + 2LLTHH'D + wu' HH'D + ee' HHD + d"uH*D + du' H'?D

+dd"HH'D + 2H?H*D?

B. Henning, X. Lu, T. Melia, H. Murayama. “Higher dimension operators in the SM EFT”, 2019. 16



Computing the Hilbert Series

Fields ®; transform under (Lorentz/gauge) group irreps V;

V,oV, =PV
k

F. Peter and H. Weyl, “Die Vollst “"andigkeit der primitiven Darstellungen einer geschlossenen kontinuierlichen Gruppe”, 1927. 17
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Computing the Hilbert Series

Fields ®; transform under (Lorentz/gauge) group irreps V;
‘/i ) ‘/3 — @ Vk D ‘/scalars/gauge singlets
k

In practice, we use their trace (the “characters”):

Xi'Xj:ZXle
k

/ duc(9) XC@NC(9) =85, g€G
\_'_I

l

Haar measure

F. Peter and H. Weyl, “Die Vollst “"andigkeit der primitiven Darstellungen einer geschlossenen kontinuierlichen Gruppe”, 1927. 22



Character orthogonality




Character orthogonality




Character orthogonality

i

.
-~ -

X3\
-~ <
Vécalars/gauge singlets
N\

25



Character orthogonality

TN

b W G
Vécalars/gauge singlets
\ } "™

26



The plethystic exponential

complete operator basis

-

selecting Viscalars/gauge singlets from a representation that contemplates ALL
possible (anti)symmetric tensor powers of the (fermionic) bosonic field irreps.
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The plethystic exponential

complete operator basis

-

selecting Viscalars/gauge singlets from a representation that contemplates ALL
possible (anti)symmetric tensor powers of the (fermionic) bosonic field irreps.

N - 0 il \ O .
HPE [Dixi] = H Z ni {S .(Xz): %f P, TS a bosoP

A" (x;), if ®; is a fermion

28



Projecting out scalars (4 removing IBP)

IBP relations:
total divergences ~ 0

B. Henning, X. Lu, T. Melia, H. Murayama. “Operator bases, S-matrices, and their partition functions”, 2017. 29
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Projecting out scalars (+ removing IBP)

Cohomology...
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Projecting out scalars (+ removing IBP)

Cohomology...

IBP relations:
total divergences ~ 0

operator basis consists of
not co-exact 0-forms

#(not co-exact 0-forms) mass dim. < d
d d
=) (=D)*#(k-forms) — ) (—D)" #(cosclosedmotcosexactyi=forms)

k=0 k=1
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Further projecting out scalars (+removing IBP)

with cohomology...

IBP relations: i operator basis consists of
total divergences ~ 0 not co-exact 0-forms

d
#(not co-exact 0-forms) ~ Z(—D)’C # (k-forms)
k=0

A k—form transforms as A*[J under SO(d):
N

d
H(D, {6,}) = / diig,. / dusow S (~D) xarg [[PE:(éni]
lk:O 1

1
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B. Henning, X. Lu, T. Melia, H. Murayama. “Operator bases, S-matrices, and their partition functions”, 2017. 34
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Removing EOM redundancies

Single Particle Module (SPM)

)
)
R(I): a{ulauz}(b

.

B. Henning, X. Lu, T. Melia, H. Murayama. “Operator bases, S-matrices, and their partition functions”, 2017. 36
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Removing EOM redundancies

Single Particle Module (SPM)

_ 1hd°04)
Rq; — IndSO(3)

OO

Ind%: generates G reps. from H C G irreps.

L. Graf, B. Henning, X. Lu, T. Melia, H. Murayama. “Hilbert Series, the Higgs Mechanism, and HEFT”, 2022. 39



Removing EOM redundancies

Single Particle Module (SPM)

_ 1hd°04)
Rq; — IndSO(3)

W. Fulton and J. Harris. “Representation theory: a first course”, 2004 40
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Removing EOM redundancies
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Removing EOM redundancies

Single Particle Module (SPM)

o0 k
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W. Fulton and J. Harris. “Representation theory: a first course”, 2004 45



Higher-spin characters

spin s =23/2
field ¥, (Rarita-Schwinger)
Lorentz rep. - SU(2) x SU(2) (1» %) D (%,1)
Lorentz rep. - SO(4) (g, %) an (%,—%)
SPM character P(1—D)|x(3/2.1/2) + X(3/2.~1/2)
=D (xas21/2) +Xa/2.-1/2)) |
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Higher-spin characters

spin s =2

field Ry

Lorentz rep. - SU(2) x SU(2) (1,1)
Lorentz rep. - SO(4) (2,0)

SPM character

P(1—=D*)(x(2,0) — Dx(1,0))

47



Counting the effective operators

3H'LT4, D 3BH™, L +3BHL, + 2Teud 1,

+3H L, D +9dd! 2 + 9dp, (Q1)” + 27del o, ul
t 2

+2HTHY?, +9dQ%,, + 3Del (H1) 4, + 9eel 2

+3¢H?*Di,, + 3WH ', LT + HDH'?
+3H LW, + 9LY2 LT + 27Q0, LTu!
+27Lut, Q" + 9Qu2 QT + Juyul + 4y

dim 5, spin 3/2 dim 6, spin 3/2
Total: 8 Total: 194

C. B. Marinissen, R. Rahn, W. J. Waalewijn. “Efficient Hilbert Series for Effective Theories”, 2020. 48



Operator growth (Nf = 1)

g J
S 10t
3
“— 103_
3 /
2 i

10 - # SM + spin 2

10" - # SM + spin 3/2

100 _# 5M -

5 6 7 8 9 10 11 12 13 14 15

mass dimension
C. B. Marinissen, R. Rahn, W. J. Waalewijn. “Efficient Hilbert Series for Effective Theories”, 2020.

49



Operator growth (Nf = 3)

# of operators

103 y il - # SM + spin 2 -
- # SM + spin 3/2
- # SM

S} 6 7 8 9 10 11 12 13 14 15

mass dimension
C. B. Marinissen, R. Rahn, W. J. Waalewijn. “Efficient Hilbert Series for Effective Theories”, 2020.

50



Conclusions

 Compelling evidence for DM and a plethora of models to describe it;
 EFTs is a powerful model independent tool,;

» Hilbert Series can address IBP and EOM redundancies;

* Higher-spin fields can be embedded into the Hilbert Series formalism;

* Higher-spin fields => more operators allowed.

51
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Counting the effective operators

3HTLIp,D 3h,, D° + 1),

+3H Ly, D + h, (G* + W? + B?)

+2HTHy)? +9h,,D(ele+ LTL 4+ d'd + u'u+ ¢'q)
+h,,D*H'H
+h, H'H

dim 5, spin 3/2 dim 5, spin 2

C. B. Marinissen, R. Rahn, W. J. Waalewijn. “Efficient Hilbert Series for Effective Theories”, 2020. 54



Counting the effective operators

3BH ), LT + 3BH L1, + 27eud 1), 5B°hz, + 9Qd'hi, H' +27dDd'h,
+9dd" g2 + 9d14, (Q)” + 27del,uf +9dH hquT +9Le'hy,, H' + 27eDel by,
2 +9eHh?, L' + 5G*h,, + 2Hh,  H'
Q%+ 3Del (1), 4 Dee'y, +6HD 2, H + 9uh?, H Q'
+3eH Dy, + 3WH ), LT + HDHIY, +9HQR., ,u' +27LDR;, LT + 317,
FBHLW G, + 9Ly, L +21Qy Ll +11D%h;,,, 4+ 27DQR.., Q" + 27Duh’, u'

¥ 2 i 2.7 4
+27Lu, Q" + 9QY;, Q" + Yupu' + 4, +5W?he, + H*h, (H T)z

dim 6, spin 3/2 dim 6, spin 2

C. B. Marinissen, R. Rahn, W. J. Waalewijn. “Efficient Hilbert Series for Effective Theories”, 2020. 55
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