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SM as guiding principle

Standard Model

« Accidental global symmetries arise in IR

» Example: proton stability U(1), baryon
number

DM stability due to an accidental
symmetry like baryons in SM
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Minimal Extension

GsMm Upc

Standard Model -+ Dark Color
« Accidental global symmetries arise in IR . wdark = (RDc, RSM)
» Example: protan stability U(l)g baryan o \Vector-like fermions: anomaly cancellation + mass
number tarm
- [Kili, Dkui, Sundrum 2010]
DM StEIlJIlIty dUE'. to an [Antipin, Redi, Strumia, Vigiani 2015]
[Mitridate, Redi, Smirnav, Strumia 2017]

like baryons in oM

For chiral dark fermiaons, see for example:
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Coincidence or GUT?

In the SM, SU(3) X SU(Z) X U(I) couplings seem to come very close at a scale ~ 10" GeV
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Motivations?

[Antipin, Redi, Strumia, Vigiani 201a]
* Ydark € Gsm. embedin SU(a)

my S Apc ~ 100 TeV

Dark confinement scale

o lightest dark baryons: DM candidate



[Antipin, Redi, Strumia, Vigiani 2015]
* Ydark € Gsn. embedin SU(D)

light dark fermions’ - ~ 100 TeV

Dark confinement scale

« lightest dark baryons: DM candidate

Bottaro, Contino, SV [In preparation]
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Unification for millennials?

Optimistic and relaxed strategy for scanning for models...we do not want to exclude SM

Better than |
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Area , (SM+B3M) < Area , (SM)
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Area . (SM+BSM) < Area , (SM)
My (SM) < Mgy (SMBSM) <M,

Ay < 4Tt

12



Good models?

15 —1 M K
o (,LL) Oéi(Mz) — log — + 0;
W)
&
10 We> 7
e -
|5t o7t 1
<
[ _ SM -7
S e Unification better than oM
L ’f’ f,,
- R
,z' f,’
. . \
—5F a" /’,’ < ‘7\M) -
7 -’ N
#’ ’,’ CQ
: ol
L ”/’
-10 ' L L a” 1 L L
10 -5 0 5 10 15
012 = 01 — 02

Accidental composite DM in SU(5) GUT - S. Verma ICHEP 2022

NP running
contribution to
SM couplings

Bottaro, Contino, SV [In prep]
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Good models?

SU(S)yg
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Good models?
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More accidental symmetries?
SU(S)yp

Bottaro, Contino, SV [In prep]
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More accidental symmetries?
SU(3) e

Bottaro, Contino, SV [In prep]

o0 sef] e[ g n-ue
T L=0Q,D
L 7 species Baryonic DM
oW Energy
m= Apc ~100TeV (), D @ m Stable due to

dark baryon number @



More accidental symmetries?

Bottaro, Contino, SV [In prep]

Q-+ D Ezllz)] m:[” g] H= UE,L
T L=0Q,D
M
H e Dangerous stable states
New accidental symmetries!
3 more species 0 m 0
Intermediate energy ~ ( )LI U number
ADE <M< MELIT U; E; L U(I)DLDark lepton number 0
Broken at dim-E level Stable due to new accidental U(l),
7 species Baryonic DM

Low energy @ m
m3Apc~100TeV Q, D @ Stable due to
dark baryon number
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Thermal history?

Bottaro, Contino, SV [In prep]
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Thermal history?
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Thermal history?

Bottaro, Contino, SV [In prep]
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Thermal history?
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Thermal history?

Bottaro, Contino, SV [In prep]
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Thermal history?

Bottaro, Contino, SV [In prep]
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Thermal history?

Bottaro, Contino, SV [In prep]
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Thermal history?

Bottaro, Contino, SV [In prep]
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Thermal history?
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Thermal history?

Bottaro, Contino, SV [In prep]
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Conclusion

 Not really many good models...

e Dark fermions cannot come in almost degenerate GUT multiplets.

e [annot ignore role of GUT partners of dark quarks in the thermal history and
phenomenology.

* [o have good unification and evade BBN, we must not populate heavy states, Tp, <M,



Conclusion

 Not really many good models...

e Dark fermions cannot come in almost degenerate GUT multiplets.

e [annot ignore role of GUT partners of dark quarks in the thermal history and
phenomenology.

* [o have good unification and evade BBN, we must not populate heavy states, Tp, <M,

Outlook

e [an we have natural hierarchy of various scales in the theory?
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Can we produce a natural hierarchy?

. Bottarg, Conting, SV [In prep]
@0 s
I mp, < MQuT

Protected by symmetry!

Hierarchy needed U < miy < MGUT

mp ~ 10°GeV < mi & 101 GeV

GUT = —MsWsWs + YsV5P2415
2 m5\/3_0 6
mD:mg,—Eyg)v Uat =2+95-10
3

mi = ms + ——Y5v i !
i 5 \/%95 Tuning needed



Thermal history?

Bottaro, Conting, SV[In prep)
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Thermal history? T —

T~M Perturbative freeze out
of Heavy fermions

Apc Dark hadrons form

+ >

T~
} 00
T~

Apc /25 DMbaryon freeze out Annihilation of light baryons
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Thermal history?

Bottarg, Conting, SV[In prep]

T~M Perturbative freeze out
of Heavy fermions

T~ Apc Dark hadrons form
1 00.9°_ 00.
T o

Recombination

Apc /25 DMbaryon freeze out
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Thermal history?

Bottarg Conting, SV[In prep]
T~M Perturbative freeze out
of Heavy fermions
[~ Apc Dark hadrons form
} Can populate light baryons and influence DM relic abundance!
T~Apc /25 DMbaryon freeze out

Tdeuay

0@9 _>Q® P S — 00.

Decay of heavy baryons



What do we find?

Light fermion mass

m=1TeV
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Can we produce a natural hierarchy?

N Bottarg, Conting, SV [In prep]
Q+D Hierarchy needed & 105 <X M|
n mass .
f = [Q] GUT = —MsYPs¥s5
L
Juk . Tree level
Lot = Ys¥5P2495
ter BUT | 2\, 5 o 1all
er GUT > SM breaking ms = ms — ysv | M~ 10°GeV < mj; ~ 10" GeV
. b V30
<Q524> — v dlag(2,2,2,—3,—3)
Vel 3 7 D
mszm5+ﬁy5v 5 — [Z]
Tuning spaoilt by such loop corrections! P b2 Tuning needed!
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Thermal history?

Bottarg, Conting, SV [In prep]

T~M Perturbative freeze out
of Heavy fermions



Benchmark GUT model?

Bottarg, Conting, SV [In prep]
Q+D Ezﬂ '”=[U Q]
L E
L Baryonic DM
OW ENergy
m= Apc ~100TeV (), D HQD @ m Stable due to

Breaks | specie symmetry dark baryon number



Benchmark GUT model?

AR S

3 MOre Species

_ — “(l)LI U number
U, E, L HTLE U(l)[]L Dark lepton number

Broken at dim-6 level

Intermediate energy

Agp <M< Mgy

Accidental composite DM in SU(5) GUT - S. Verma ICHEP 2022
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Dangerous stable states

E.0.

Stable due to new accidental (1),
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Motivations?

[Antipin, Redi, Sruia, Vigiani 2015]
* Ydark € Gsm. embedin SU(a)

Heavy dark fermions  7724), =>> ADC
See [Mitridate, Redi, Smirnov, Strumia 2017]

my S Abpc

Dark confinement scale

* Gpc unbroken by Gaur, dark quarks GUT multiplets.



Benchmark GUT model?

0=[" &

a0

T UV theory 2 GUT species

Maur ¢5a wlo 155@5];1510

Breaks | GUT species

3 more Species
Intermediate energy

Agp <M< Mgy

UEL H'LE
7 species

Low energy

m3Apc~ 00TV Q, D HQD

Breaks | species symmetry

Bottarg, Conting, SV[In prep]

o+ 10

Minimal GUT theory

os =[]

e.q. Dangerous stable states

“(l)LI U number @ 0

U(l)[]L Dark leptan number @

Stable due to new accidental (1),

Broken at dim-6 level

Baryonic DM

@ m Stable due to
dark baryon number @
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Motivations?

e Since Ydark € Gsm, embedding in SU(S) gives an another constraint
[Antipin, Redi, Sruia, Vigiani 2015]

e |t dark group is unbroken by GUT group, dark quarks come as complete GUT multiplets.

Benchmark model gives “perfect” SM gauge coupling unification + accidentally stable proton-like DM
[Antipin, Redi, Sruria, Vigiani 2015]
eg. Q + D [an we relax unitication criteria and

catch more models?
Maur ~ 1017 GeV, My ~ 10! GeV
Accidental composite DM in SU(5) GUT - 5. Verma ICH Bottara, Conting, S/I]n p’ep] 45



Motivations?

e Since Ydark € Gsm, embedding in SU(S) gives an another constraint
[Antipin, Redi, Sruia, Vigiani 2015]

e |t dark group is unbroken by GUT group, dark quarks come as complete GUT multiplets.

Benchmark model gives “perfect” SM gauge coupling unification + accidentally stable proton-like DM

Non DM bound states must decay fast; BEN
Can we make make EFT pov explicit in the

classification of models?
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Motivations?

e Since Wdark € Usm. embedding in SU(T) gives another constraint
[Antipin, Redi, Sruia, Vigiani 2015]

e dark group is unbroken by GUT group, dark quarks come as complete GUT multiplets.

Q+ D
IV level GUT = —Ms5Y51s - [E]
L
Intermediate mass scale mp << mi

~ Can we produce this hierarchy of scales
IMass . .
Low energy level R = —MpYp¥p  naturally using GUT breaking terms?
Accidental composite DM in SU(5) GUT - 5. Verma ICH Bottara, Conting, S/I]n p’ep] 47



Motivations?

[Antipin, Redi, Sruia, Vigiani 2015]

* Ydark € Gsm. embedin SU(a) f
- Mgyt ~ GUT partners

my S Apc

Dark confinement scale

— Apc ~100 TeV dark fermions
* Gpc unbroken by Gaur, dark quarks GUT multiplets.



Motivations?

[Antipin, Redi, Sruia, Vigiani 2015]

* Ydark € Gsm. embedin SU(a) f
- Mgyt ~ GUT partners

my S Abpc

Dark confinement scale

— Apc ~100 TeV dark fermions
* Gpc unbroken by Gaur, dark quarks GUT multiplets.

Bottaro, Contino, SV[In preparation]

Can we find an SU(a) GUT UV-completion to embed composite dark matter models giving accidentally

stable DM?



Benchmark GUT model?
At A ~ 100 TeV

@ @ Baryonic DM
@ Stable due to

w0l e g

e No Yukawa term with U consistent with gSM X QDC

e Renormalisable GUT terms becomes m 0

Dangerous
stable states

Stable due to new accidental U(l),



Thermal history? T —

I~Apc  Darkhadrons form

Dark confinement

I ~Apc /25 DMbaryon freeze out
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Coincidence or GUT?

In the SM, SU(3) X SU(Z) X U(I) couplings seem to come very close at a scale ~ 10" GeV

SM only
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Benchmark GUT model?

Bottarg, Conting, SV[In prep]
Q+D 5=[§] n=|Y ¢ H= UE,L
SIS

MELIT
Dangerous stable states

New accidental symmetries!

E.0.
“(l)LI Ul number @

3 more species

Intermediate energy

| U; E; L HT LE U(l)m Dark lepton number 0
Agp <M < Mgy
Broken at dim-E level Stable due to new accidental U(l),
7 species Baryonic DM
Low energy @ m
m3Apc~100TeV Q, D HQD @ Stable due to
| Breaks | species symmetry dark baryon number
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Thermal history?

Bottarg, Conting, SV [In prep]

T~M Perturbative freeze out
of Heavy fermions

[~ Apc Dark hadrons form




