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Minimal dark matter

Quantum numbers DM could DM mass mpy+ — mMpM ogr in
SU(2)r, U(1)y Spin| decayinto  inTeV in MeV 1045 cm?
D 0 1/2 stable 44 — 14 166 1.0 4 0.2

7 0 0 stable 8 — 25 166 4+1

|

1
m Lagrangian: £ = §y (20D — M5) x or L =

1 5
5 (Dux)” (DX) — §M7X2
m No other interactions = Y" is stabilized

(Thermal relic via by xx — gauge bosons, mass M5 ~ 14 TeV)

m Sommerfeld enhancement and bound state formation
y,W=,Z

y,W*,Z
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Motivation

m Fermionic MDM can achieve gauge coupling unification?
m Big change of the running at = M;
= need to add colored fields with non-zero Y, but singlet for SU(2);.

Assumptions (Requirements) oo Ms =14 TeV

m No additional scale other

than O(10) TeV

m No Landau pole up to
Planck scale

Gauge couplings

m Extra fields have to be
embedded in SU(5).
= possible reps. are E SM + 5-plet fermion
limited. 5-plet C 200 "9 4 6 s 10 12 14 16 185 2

log,(1/GeV)
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MDM in SU(5)

= 200 = (6, 3)_5/3 + (15, 2)—5/6 + (3, 4)—5/6 + (3, 2)—5/6
_|_(277 ]-)0 T (87 3)0 + (87 1)0 T (17 5)0 T (17 3)0 T (17 ]-)O
+<67 3)5/3 + (]—_57 2)5/6 + (ga 4)5/6 + (§7 2)5/6

m Only (1,5) is light. o &?M TV
m Other states cannot be i

light.

Otherwise Landau pole for
go appears below Planck
scale.

Gauge couplings

SM + 5-plet fermion
+some

2 4 6 8 10 12 14 16 18 20
logy(p/GeV)
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Rough estimate at one-loop level

m [ functions:

dg;  big; 41 19 |

dt  (drp oA T T T "
20

and Aby = ) from 5-plet MDM

m Requirement for gauge coupling unification (g1 = go = g3 at u = My),
= —2.9 < Ab; — Abs < —1.6 (additional contribution)

m Look for possible states
(3, 1)_1/3, <§7 1)1/3 C 5,3,_ (g, 1)_2/3, (3, 1)2/3 C 10,1_0,
(6,1)_2/3, (6,1)y3 C 15,15,
If two pairs of (6,1)_5/3, (6,1)/3 are added
= Ab — Ab; = —2 = —2.4 « likely to work

m [wo-loop calculation
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Gauge coupling unification

Gauge coupling unification
60

Mg =2 TeV |
Mg = 9.7 TeV

=~ ot
- -

Gauge couplings
DO )
-) -)

—_
-

2 4 6 8 10 12 14 16 18 20
logyo(p/GeV)

m Unification scale M; is close to the reduced Planck scale Mp

= No proton decay, 7, = 10%yrs > 7., = 10%yrs

Y
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Gauge coupling unification 2

10°

104

Mg [GeV]

L))

LHC bound
10 10* 10°
M6 [GGV]

m Define criterion of unification (complete unification if A = 0)
Alp) = \/ Ao (1) + Doy (), Aoy = a7 — a7
m 1.6 TeV < Mg, My < 20 TeV

Takashi Toma (Kanazawa U.) MDM in SU(5) GUT 19th February 2025 7/12




Mass splitting

s [ — _M2002OOF200F Representation Ci
2 24 2007 200
Y200 (1,1) (6,3)_55  (6,3)5/5 1/6
=5 24n200r200F 0 s 1, 1
a 5-plet: E1,1;0 23 4;_5/6 ?, 4;5/6 —7//12
B 1.1)y (3.2)s6  (3.2)s6 —19/84
Mzoo = Yaoo(24m) = 14TV 13" or 1)y enne 23
Other states: (1,1)0 (8,3)0 (8,3)0 1/6
Maoo — CiY200(245) ~ My (1,1),  (8,1) (8,1)o 1/14
— . (1,1)0  (1,5)0 (1,5)0 1
m Same for (15, 15) pairs. (1’1)0 (1’3>0 (1’3>0 11/21
(1,1)0  (1,1)o (1,1)o —2/7
m Dimopoulos-Wilczek mech. (1,1)0  (3,2)5/6  (3,2)_5/6 —19/84
— no fine-tuning? (1,1)0  (3,4)56  (3,4)_56 —T7/12
(1,5); C 2640 in SO(10) (L) (15,2)555  (15,2)-556  1/4
(1,1)0  (6,3)5/3  (6,3) 53 1/6
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Exotic colored fermion search

F ==

= )—o/3, ¥ =(6,1)y3
-y L B B L B B B
I\/Ietastable sextet production at LHC 5 [ Aras = theory prediction

g 10" (s = 13 TeV, 3.21b" == expected *1o limit =
bl = --- expected +2c limit 3
Mass bound is 1.6 TeV 8 j;b_zjgve‘jih';::jpred_ L
. o Sk s; eV, 19.1 '1o|:e|:)vr:a =
for metastable gluino. - e et e 3
R-hadrons are produced 102 .
(bound state of W, U and quarks) E
} . ) 10F e et
Detectable via large ionization losses : — :
and slow propagation velocities o T :
Eyo | Loy Lo 0o | [ 10

600 800 1000 1200 1400 1600 1800 2000
glumo[GeV:I
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Experimental tests

Gamma-ray search

m CTA prospect (expected to start in 2026)
Energy range: 20 GeV — 300 TeV

m Line (left) and continuum (right)

10_23 ET T T 17T T T T T T =
1024 : U /;
N -
) A
mE 10 - - 10 25 n
S - i ®m
S 10726 L 5 <,
n S Pty E >
‘é‘t i _________________________________________________ E >:<3 Thermal (g0) (DarkSUSY Y
R o— = [= 107 :
b - expected mean RS
R Draco 50h 1 CTA GC projection, this work
10728 L Triangulum—II 50h 5 HESS GC
g GC Burkert 100h | 3 . ,
C GC Eiunraseti) 100h Tsignal: Einasto, Fermi dSphs (6 years) + MAGIC Segue 1
1029 T L — 10_27 W*Wi W/g EW corr. | Fexrmi‘dSIplxlsT (Iléélyears) + LSST, PI'Qj?CPiQIf
. 10 102 103 10* 10°
Mpy [TeV] my [GeV]
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Implication to string theory

m String endpoints correspond to fundamental indices of gauge groups.
Ex. symmetric 15 = adjoint

m Maximally three indices
even if strongly coupled
strings are considered. S~

Open Strings  Strongly Coupled
Bound States

m Any examples with four indices are not known so far,
and such construction seems to be difficult.

m Isolation of high dimensional reps is also difficult.

= Once 5-plet MDM with exotic colored fermions is experimentally
confirmed, most of known string theories have to be falsified.
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Summary

5-plet MDM is phenomenologically promising DM candidate.
The mass = 14 TeV.

The model can accommodate gauge coupling unification at the reduced
Planck scale by adding 2 pairs of SU(3). 6-plet fermions.

The model can be tested via searching for the exotic 6-plet fermions at
TeV scale, and MDM through gamma-ray observation.

If the isolated MDM is found by experiments, most of known string
theories are excluded, and need to be modified.
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Backup
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Thermal dark matter

0
. i 11777 |]—|_ ) l 1) l]Tl} N | —[ 1] l‘IrsL
< Production I piisastg v+
3 T
\ S S N
R i
Q e -0~ @ At g
= S - ]
=, S - E
Q s T =
X SM ’ ki
. . . > o - 1 i | lII.III _]__[_l_ llll[ ] [LI[IJ_I-
Annihilation =0, 3 10 30 100 300 1000
. x=m/T
dn
X _ ( 2 eq?)
g +3Hn, = —(ov) (n, — ng

m Thermalized with SM particles in early universe.

m To get 4% = 0.12, roughly o ~ 1pb ~ 107%°cm? /s ~ 10730cm?
(only log dependent on DM mass)
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Backup

Status of direct detection experiments
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Annihilation

m QOh? =0.12
& g ~ 10730 cm?
(0o < 107" cm?)
(loop)

m LZ gives the strongest bound 2.2x107™* cm? at 43 GeV.
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