Compasﬂe Dal‘k Ma’n“er 5% -

"

¥ y N\|chel€ Redl \ ‘b’o...



Many thanks!
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New avenues in strong dynamics: from collider
physics to the early Universe
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Una nuova forza per la materia oscura: implicazioni
cosmologiche, bosone di Higgs e onde gravitazionali




7 39 DARK ENERGY

\23% DARK MATTER
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3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

Rotation curves, structure formation, weak lensing, BBN
and CMB measurements agree on the existence of a non-
relativistic, non-baryonic and collision-less component of
matter.
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Observations dont give many hints on what DM is:

Dark Matter
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“"WIMP Miracle”

Thermal relic:
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Numerically a stable Weakly Interacting Massive
Particle (WIMP) reproduces the DM abundance.



Particle physics suggests the existence of new physics
around the electro-weak scale to explain the lightness
of the Higgs mass.
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Explains unification of gauge couplings:
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LHC:

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

May 2017 Vs=7,813TeV
Model &M T,Y Jets ET‘" JLdqm™) Mass limit T-‘I.Q'M _ Reference S
MSUGRA/CMSSM 03eult-27r 210jets3b Yos 203 1.85TeV  miemiE) 1507.08525
M. §-at; 0 26j0ts  Yos 361 mGE})<200 GaV, m(1* gen. Qem(2! gen. ) ATLAS-CONF-2017-022
"-M compressed) monojet  1-3jets  Yes 3.2 T1<5GeV 1604.07773
. g..qu‘,, 0 26, ts  Yos 361 miE?)<200 GeV ATLAS-CONF-2017-022
BR. Bgqt] —qqWi] 0 26jts  Yes 361 n(?}<200 GaV, meE* =0.5(m( yomid)) ATLAS-CONF-2017.022
R, gl /vyt Jep 4 jets = 36.1 T} <400 GeV ATLAS-CONF-2017.030
B2 B—qggWZE) 0 71ljets  Yes 361 miE}) <400 GoV ATLAS-CONF. 2017053
GMSB (7 NLSP) 12r+01¢ O2jets Yes 32 1607.05979
GGM (bino NLSP) 2y . Yes 32 €T{NLSP)<0.1mm 1606.09150
GGM (niggsino-bino NLSP) Y 16 Yes 203 M }<950 GaV, criNLEP) <0.1 mm, y<0 1507,05493
GGM (niggsino-bino NLSP) ¥ 2jets  Yes 133 M} 1>680 GeY, cx(NLSP)<0.1 men, 10 ATLAS-CONF-2016-086
GGM (niggsino NLSP) 2eu(?) 2jets  Yes 203 M{NLSP)>430GeV 1503,03290
Gravitino LSP 0 monojet  Yes 203 mC)>1.8 x 10 oV, mig)=m{f)=1.5TeV 1502,01518
0, Bobbit] 0 b Yes 361 miE;)<600GaV ATLAS-CONF-2017.021
BB, Bty 01 ep 3b Yes 361 (i }<200 GaV ATLAS-CONF-2017-021
&R, gbi¥] 01 ep 3b Yes 201 miE; <300 GeV 1407.0600
buby, by—bt] 0 26 Yes 361 ii}<420GeV ATLAS-CONF 2017038
1By, by =ik 2eu(SS)  1b Yes 361 T )<200 GaV, ki j mii})+ 100 Gev ATLAS-CONF-2017.030
fify, —ob¥; 02ep 126 Yes 47133 M{ET) w 2m(E7), miE} )55 GoV 1200.2102, ATLAS-CONF-2016-077
idh, Ty WhES or o 02eu O2jets/1-2h Yes 20.336.1 |7 90-198GeV [ U1 GoV 1508.08616, ATLAS-CONF-2017-020
m.. r, 0 monojet  Yes 3.2 nffy (e )5 Gev 160407773
W) 2eu(2) 1% Yes 203 m{E: > 150 GoV 14035222
m), Ry + 2 3eu(?) 16 Yes  36.1 miE 0 GeV ATLAS-CONF-2017-019
3 ﬁo}. Besiy 4 b 12ep 4b Yes 361 miE; 0 GeV ATLAS-CONF-2017-019
o, 228 2ep 0 Yes 361 miE)=0 ATLAS-CONF-2017-039
:qi.. -Mm 2ep 0 Yes 361 o0, 7, 9)e0 SIMEET Jom(ED)) ATLAS-CONF-2017-039
i“ B} i), A —tr(vi) 2r - Yos 361 T10, (2, P40 S(rmiE} omi’)) ATLAS-CONF-2017.035
i‘-l._vl ), (5 05) Sep 0 Yes  36.1 ] Jen(€5). P 1=0. m(Z. P)e0.5(MGES JorniiS)) ATLAS-CONF-2017-089
i‘ wﬁdL 23ep  O2j0ts  Yes 361 miE] Jaemii2), i} }=0, 7 decoupied ATLAS-CONF.2017.039
-.wfbu» hsbbi WW/TT]yy ey 02b  Yes 203 |EE (] o2, i )-0, ! decoupied 1501.07110
R‘M dep 0 Yes 203 !!a 8 mESpen(E3). ui’»o XE. 50 ST e miE)) 1405.508%
Gﬁumusmndtmd -G lwor ¢ Yos : W cr<imm 1507.05493
GGMMNI.SP)Mm?! ’ Yes W er<imm 1507.05453
Direct £{¥] peod., long-ved ¥} th vk tlet  Yes ] peniE])~160 MoV, 1(k{)=0.2 ns ATLAS-CONF-2017.017
Direct X1 X, peod., long-tived £] dEidx trk . Yes & mE; i)~ 160 MoV, r¥{ <15 ns 1506,05332
Stable, stopped § R-hadron 0 15515 Yes 3 miE] =100 GV, 10 ps<r(R}<1000 s 13106584
Stabie § R-hadron rk . 2 160505129
Metastable ¢ R-hadron dEjdx trk - = miE7)=100 GoV, 10 ns 1604,04520
GMSB, stable #, £} -3z, i)+rie. 4} 12y . 10<tang<50 14116796
GMS8, £} G, long-lived ¥] 2y - Yes 1<x(¥5)<3 s, SPS8 model 14095542
R AT —seey SHnept displ. ee/epjpp » 7 <criki)< 740 men, mg)1 3 TeV 1504.05162
GGM 23, ¥ —ZG displ. vix + jets s 8 <cr(F])< 480 men, m{z)e1.1 ToV 1504.05162
LFV pp—s¥. + X, 0. —seufer/pr epeTur . - A5 =0.11, =007 1607.08079
Bilinear RPV CMSSM 2e,u(88) 03k  Yes Mem), crispet mm 1404 2500
RGBS =W D ~scev, euv. ppav dep - ws E 1> 400GV, 52490 (k = 1,2) ATLAS-CONE.2016.078
’X'. X -.wf‘ V=TTV, €TV, Jep+r T > 1405 5085
L a0 0 45 luorkm 148 ATLAS-CONF-2016-057
£, E—goki, £] = gaq 0 4SlageRjets - 148 ATLAS-CONF-2016.057
. g..ﬂ’ ? — 00 lep 810jots04b - 361 ATLAS-CONF-2017.013
2. 3-eiit, r,..b. lep B10jets04b - 364 iy 1 ToV, Astre0 ATLAS-CONF-2017-013
fyiy, iy ~+bs 0 2jetse+2b - 154 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084
fidy, iy =obl 2ep 2b 36.1 BR(G) ~be/)>20% ATLAS-CONF-2017-036
Other Scalar charm, Fsct! 0 2¢  Yes 203 |& 510 GoV - uw’mo.v 150101325
*Only a selection of the available mass limits on new states or |
phglnomona is shown. Many of the limits are based on 107" 1 Mass mle [TOV]

simplified models, c.f. refs. for the assumptions made.
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rview of SUSY results: gluino pair production
~1 (13 TeV)
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Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities AM and z represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.
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Beside LHC new physics at the electro-weak scale is
controversial: flavour, precision tests, simplicity.



Composite
Dark Matter



Standard Model:
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Dark Matter:

Maybe too simple?




STABILITY:

The proton lifetime is extremely long:

gamma

Positron

3
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Tp > 10%%y

gamma

This follows from accidental baryon number
conservation of the SM lagrangian:

U(l)B q — eiaq

Violation:

qqq! 8mA* ” A 4
A2 Ty Y (Tot gev




Cosmological stability of DM is often obtained imposing
ad hoc global symmetries. In supersymmetry:

Standard particles SUSY particles

R-parity:

Can DM be accidentally stable as the proton?

New “dark” forces:
DM is an accidentally stable dark-hadron




DM is a composite state of a dark sector:

- SM neutral

Interactions with visible sector model dependent

- SM charged

Interactions determined by SM quantum numbers



DM is a composite state of a dark sector:

- SM neutral

Interactions with visible sector model dependent

- SM charged

Interactions determined by SM quantum numbers



Rich collider phenomenology:
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Accidental symmerftries:

® Dark-Baryon number

Q’L N e’LOéQZ > B — ezlzlan;{f\le

® Dark-Species number

Qi N eiai QZ > M — QZ Qj

Dark baryons robustly cosmologically stable:

o smAt g (A 1100 TeV >
P MB, M, Mpwu

a2

’ig'

Qo)



Models

- Q-complex (SU(N) fundamental)

Baryons and anti-baryons are different particles that
can be produced thermally or through an asymmeitry.

- Q-real (SO(N) fundamental)

Baryon and anti-baryons are the same particle so 2 DM
particles can annihilate. Only thermal production.

- Q-adjoint

Bound state of dark quarks and dark gluons.



- Light Dark Quarks:

(mQ < ADC)

{ | ~100MeV

- with O.Antipin, A. Strumia, E.Vigiani ‘15



Classification:

SU(5) [ SU(3). SU(2)r, U(l)y v charge | name |

| 1 1 0 0 N

5 3 1 -1/3 -1/3 D

1 2 1/2 0,1 L

10 3 1 —2/3 —2/3 U

| 1 1 1 E

3 2 1/6 | —-1/3,2/3 | @

R — (N,SM)EB(N,SM) 15 3 x 1/6 | —1/3,2/3| @
1 3 1 0.1,2 T

6 1 —2/3 —2/3 S

24 1 3 0 -1,0,1 V
8 1 0 0 G

3 9 5/6 | 1/3,4/3 | X

1 1 0 0 N

— SU(N) asymptotically free

— No Landau poles below the Planck scale.
— Lightest dark-baryon with Q=Y=0

— No unwanted stable particles



Golden models (SU(N)):

SU(N) techni-color. Yukawa Allowed | Techni- Techni-
Techni-quarks couplings N pions baryons under
N’I‘F =3 8 8,6,... fOl‘N=3,4,... SU(S)TF
U=V 0 3 3 VVV =3 SU(2)y
UV=N&L 1 3,..,14 unstable NN* =1 SU(2) .
Nrr = 4 15 20,20/, ... SU(4)Tr
T=V&N 0 3 3x3 VVV,VNN=3, VVN=1| SU(@2)L
V=NoLoE 2 3,4,5 | unstable NN* =1 SU(2)L
Nrp =5 24 40,50 SU(5)rr
Uv=VolL 1 3 unstable VVV =3 SU(2)~
V=NoLol 2 3 | unstable NLL =1 SU(2)1
= 2 4  unstable NNLL,LLLL =1 SU(2)1
Nygp =6 35 70,105’ SU(6)r
V=VoLoN 2 3 unstable VVV, VNN =3,VVN =1 | SU(2)
V=VoLoE 2 3 unstable VVV =3 SU(2)L
V=NoLoeLoE 3 3 unstable NLL,LLE =1 SU(2)L
= 3 4 unstable NNLL,LLLL,NELL=1 | SU(2).
Npp =T 48 112 SU(7)tr
V=LoLeoEoE®N 4 3 unstable LLE,LLE,LLN,EEN =1| SU(2).
V=NeLoEaoV 3 3 unstable VVV,VNN =3, VVN=1| SU(2)
Ntr =9 80 240 SU(9)tr
v=QeDb 1 3 unstable QQD =1 SU(2)L
Ntp = 12 143 572 SU(12)tF
v=QoeDoU 2 3  unstable QQD,DDU =1 SU(2)L




Thermal abundance:

g2

geff ~ 47‘(‘

A
(53N v) ~ " » mp ~ 100TeV
B

DM could also be asymmetric.



WIMP-nucleon cross section [cm?]

If DB has SM charges it interacts as WIMPS.
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Yukawa couplings very constrained.
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Dirac baryon DM
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Dark Matter mass in GeV

Dark baryons can have large electric and magnetic
dipole moments relevant for direct detection:

dEr ~ 16mm% Eg \"" = 12




- Heavy Dark Quarks: (mg > Apc)

A
Npcmo ‘ Dark baryons
2mo Dark mesons
mo
TA pe Dark glueballs
Apc

- 1707.05380 with A. Mitridate, ]. Smirnov, A. Strumia


http://arxiv.org/abs/arXiv:1707.05380

DM is a non-relativistic bound states N fermions:
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Dark condensation scale Apc in GeV

In the non-relativistic regime thermal abundance of
DM can be obtained for masses down to 5 TeV.



Dark baryon mass Mg in GeV

Indirect detection:

At low energies annihilation cross-section of extended
objects is larger than particle physics size:
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Gravity Vaves

Confinement phase transitions are often 1st order:

3< Np <4AN and N >3 or Np =0
Tc ~ ADC
@ 0 .
@'\Tm&vacuum »
() o Ch

Falsa vacuuin

A background of stochastic gravitational waves is
produced through the bubble dynamics.



Details difficult tfo compute. Sounds waves:

Frequency: s 10—2( B ) ( T >

100 H TeV

Amplitude: o qoes (100HY [ kya \7
i cw ( E ><1+a)

Possibly accessible to future experiments!
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Dark BBN

If DM is made of dark baryons it could undergo
nucleosynthesis and produce heavier elements.

s
107"
N
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N 1072 =
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For DM in the TeV range a fraction could be in the
form of dark deuterium and traces of tritium.



If DM is a singlet it could be lighter and deuterium
could be formed efficiently. Elements with very large
atomic number could also be formed.

8
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Indirect detection:

Deuterium could be formed today emitting a
monochromatic photon that could be within the reach
Fermi and other gamma-ray telescopes:

E'fy ~ I'p
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Colored Dark Matter

- 1801.01135 withV. De Luca,A. Mitridate, J. Smirnoy, A. Strumia



http://arxiv.org/abs/arXiv:1707.05380

Dark Matter should not have charge or color.

log m, [GeV]

1101 1

20

Counter Example:

Mack, Beacom, Bertone. ‘07

L = Ly + Qi) — Mo)Q.

Q

(871)0

Mg > Aocp



Stable hadrons:

(asMg)™
EB ~ (X%MQ

Unstable hadrons:

(&

A—l
Ep ~ Agebp @CD

['(QQ — gg) ~ a3 Mg



Cosmological history goes through 3 stages:

® Thermal freeze-out at T=m/25

T s




e Hadronization at T=200 MeV

® Re-coupling

- H @ P O

AQCD ov >>HAQCD)

g ~

2
AQCD

Only a small fraction of hybrids is left!
1/2 quarks is bound in stable bound states and 1/2
annihilates to SM.



Number abundances Y = n/s

Temperature T in GeV
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z=Mgq/T

Mass abundance Qh?
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Abundances Qh?

Meteorites bounds? 5

3 10 30 100
Mg in TeV

Only small fraction of DM ends in hybrid states. Bounds
are relatively safe but uncertain. Octet favourable:

- No fractionally charged hadrons.

- (Qg) may not bind to matter



Spin—independent o-s1 in cm?
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DM has "Rayleigh” interactions with gluons:
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Direct detection
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SUMMARY

® The failure to find new physics at the TeV scale likely
requires a paradigm shift for particle physics. A sector
with new gauge forces is a "minimal” extension of the
SM compatible with current data that automatically
produces viable DM candidates.

® DM could be a baryon of a new gauge force.
Thermal abundance of DM is obtained for masses 1-100
TeV. Cosmological evolution can be non-standard.
DM could also be a bound state of QCD itself.

® The dark sector could be accessible to a variety of
experiments. Interesting signals include: resonance
production, Higgs compositeness, EDMs, gravitational
waves, long lived glueballs, unification...



Confining gauge theory with fermions charged under SM:

The visible sector couples to the dark sector
through gauge and Yukawa interactions:
G/2  bpc

L=L 0i(iv" Dy, — m;)Q; —
SM_I_Q(Z’Y i m)Q 4g%c+32ﬂ_2

gfyéfy + [HQZ(%{;PL + ySPR)Q]‘ + h.C.]

Q = (Npc, SM) + (NDc,S—M)



COLLIDER

(O.Antipin, MR, 1508.01 112
De Curtis, Barducci, MR, Tesi1 805.12578)



*mg > ADC Mitridate, MR, Smirnov, Strumia ’| 7

Mesons can be produced resonantly through gauge boson
fusion or Drell-Yan

(2JX + 1)DX

o(pp = X) = s

Z CPPF(X — PP)
P

Spin-0 resonances decay to SM gauge bosons and spin-1 to
fermions and scalars.

9 (0)|”

2
ma

3

T'(X = SM SM) ~ Npca2,, W(0)]* ~ aphemd

Open production:

2
] N meg N 10_13 m mq GeV
e A%C TeV ADC




o(pp—>X—{l) in tb

Spin-0 resonances are produced from hadronization of
heavy quarks and decay mostly to glueballs. Spin- |
resonances are produced from light quarks.

Most significant bound from resonant production of
spin- | particles decaying to leptons.
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e o < Apc Kilic, Okui, Sundrum "09
Goldstone bosons and vector bosons with SM charges:
(O[TA*T*P|p") = —6°" my, fpet
(O[T W|m?) = —id® f p*
Heavy vectors mix with SM gauge bosons

q
m f Am
4 p P g,O gp \/N
9sm

q 7,

Unlike composite Higgs models fermions are elementary.
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o(pp->p*)[fb] ]

a(pp->p°)[fb]

LHC13

lllll

!
1000

1500 2000

m, [GeV]

2500 3000

- Solid: gp=7
- Dashed: g,=2
- ool
Q 7T 0

| —— — | —————ﬁ_————-—--— ‘
I —
— ey

————————————————————————
—

-
-
-

-
-
-
-

Decay to hidden pions and back to SM gauge bosons
through anomalies or to SM fermions

T —“%
p
N\ e ~‘~’~
7T~~"Q‘ﬁ

q

95
Br(p — qq) < =
9o

GBs with species number can be collider stable or long lived.



Pions triplets can also be produced through SM interactions
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pp%Wi%W?)iﬂg%Sfy + W*

Cleanest signal:



m, [GeV]

3000 [ ] 3000ﬁb
I LHC ‘/_h =8TeV pp—>3yW Z 6000 | ‘ . JﬁSESVWi=91i£e[
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Yukawa couplings allow scalars to mix with Higgs. Dominant

decay to SM fermions:
1.F

my=2TeV g,=7 EDM
=myg=400 GeV
100 GeV

0.1

Y+

0.01F




Antipin, MR ’15

PARTIALLY COMPOSITE HIGGS ~ Barducei, De Curcs

MR, Tesi ‘18
HQz(waL =+ yRPR)Q > (yL — yR)mPfHK + ..
2 2
M2 — ( ;inH €My ) B mpf
e“ms.  m5 ~ (YL — Yr) mK

Higes interpolates between elementary and composite.

o ¢ <1 Elementary Higgs



- Small effects in precision tests, Higgs couplings etc...

2 o om? Ah V2
~ U_ 4 AS W 62 Ww _64
AT f2 € m/zo h%/j\%/ f2

- Plons with species number can decay to Higgs + singlet

y + %2 m

I'(K — Hn) = T—

Kaplan Georgi '84

® ¢ > 1 COmPOSite nggs Agugliaro, Becciolini,
De Curtis, MR ‘16

Mixing with elementary Higgs trigsers electro-weak
symmetry breaking.

3
2 auge
m3; — |e|*m3 ~ 0 mI*9¢ ~ 150 NDCGeV

Viable UV completion of composite Higgs.
Not natural... supersymmetry! relaxion?



ELECTRIC DIPOLE MOMENTS

EDM for SM particles generated with complex Yukawas:

WEAK B B STRONG

d, < 8.7 x 1072 ecm @90% C.L.



UNIFICATION
Incomplete SU(5) reps modify SM running

SU(5) | SU(3). SU(2)r, U(l)y | charge | name | Abs Aby Aby
1 1 1 0 0 N 0 0 0
5 3 1 1/3 1/3 D |13 0 2/9
1 o  —1/2 | 0,-1 L | 0o 1/3 1/3
10 3 1 —2/3| —2/3 U [1/3 0 89
1 1 1 1 E |0 0 2/3
3 2 1/6 |2/3,-1/3| @ |2/3 1 1/9
15 3 2 1/6 |2/3,-1/3| @ |2/3 1 1/9
1 3 1 0,1,2 T | 0 4/3 2
6 1 —2/3| —2/3 S |5/3 0 89
24 1 3 0 | —1,0,1| Vv | 0 4/3 o0
8 1 0 0 G 2 0 0
3 y 5/6 | 4/3,1/3 | X |2/3 1 25/9
1 1 0 0 N 0 0 0
1 1 N p>M 1op Maut Ab Mx N Abl MgauT
C%i(Mz) aAQUT 27T & MZ 27T 6 MX
Mx 63 Mgaur  35.3Abo1 — 49.2Ab3s
In — = In —

ATC Abgl — 1.9A[)327 MX Abgl — 19A632
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Direct detection:

- SU(N): Z and Higgs mediated Sl scatterings

- SO(N): Higgs S| x-sec and Z Inelastic transitions.

SU(3) N®&L model SO(3) L&N model
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Dark quark mass my in GeV Dark quark mass m; in GeV



Glueballs:

10 GeV\ "~ ®
& ~ lOsec( mDZ ) (;Z%)

Glueballs need to decay before BBN:

TG tlape < 1s



WIMPs will live beyond LHC but will be tested.

Direct Detection:

WIMP-nucleon cross section [cm?]
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Indirect Detection:

W()W()%’}/—FX

Thermal
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Cohen et al.‘l3



Non-standard cosmologies:

Dark quarks freeze-out in the perturbative regime. A

fraction recombines into baryons after dark confinement.

Qpv =pBLoio pe = O(1)

At temperatures below confinement baryons can re-
annihilate reducing the abundance

1 1

Opp ™~
or e

O B Urel ™~ >

Late time decays of glueballs further dilute abundance.



