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There must be new particles discoverable at the LHC!
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The following data are averaged over all light flavors, presumably u, d, s, ¢ with both
chiralities. For flavor-tagged data, see listings for Stop and Sbottom. Most results
assume minimal supergravity, an untested hypothesis with only five parameters.
Alternative interpretation as extra dimensional particles is possible. See KK particle
listing.

SQUARK MASS

VALUE (GeV) DOCUMENT ID TECN COMMENT
538+10 OUR FIT mSUGRA assumptions
532+11 'ABBIENDI 11D CMS Missing ET with

mSUGRA assumptions
541x+14 ADLER 110 ATLAS Missing ET with

mSUGRA assumptions
e o o \We do not use the following data for averages, fits, limits, etc @ o o
652+105 SABBIENDI 11K CMS extended mSUGRA

The Other Half of the Universe Discovered with 5 more parameters

Geneva, Switzerland

'ABBIENDI 11D assumes minimal supergravity in the fits to the data of jets and
missing energies and set A;=0 and tanf} = 3. See Fig. 5 of the paper for other choices
of A, and tanf3. The result is correlated with the gluino mass M;. See listing for
gluino.

?ADLER 110 uses the same set of assumptions as ABBIENDI 11D, but with tanf} = 5.
*ABBIENDI 11K extends minimal supergravity by allowing for different scalar masses-
squared for Hu, Hd, 5* and 10 scalars at the GUT scale.

SQUARK DECAY MODES

MODE BR(%) DOCUMENT ID TECN COMMENT
J+miss 32+5 ABE 10U ATLAS

j |4+miss 73+10 ABE 10U ATLAS lepton universality
] e+miss 22+8 ABE 10U ATLAS

J W +miss 25+7 ABE 10U ATLAS

qyx seen ABE 10U ATLAS



gg production, g — b6+52?, m(q) >> m(g)
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LQ3 (b1), Q=+2/3 or +4/3, B=1.0
mg [GeV] stop (bt) (NN
b' , WUUDLEU o . 0 1 2 3 4 5
e, A=2TeV Compositeness , _
p*, A=2TeV b’ = tW, (3I, 2I) + b-jet
0 1 2 3 5 q’, b’/t’ degenerate, Vib=1
Z'SSM (ee, pp) ' b’ = tW, l+jets
Z’SSM (17) : ' B’ = bZ (100%)
’ i i — 0 N o,
Z’ (tt hadronic) width=1.2% T — tZ (100%)
Z (dijet) (T ' = bW (100%), l+jets
Z’ (tt lep+jet) width=1.2% £ = bW (100%). I+|
Z'SSM (Il fob=0.2 | (100%).
G (dijet
° G (ttbar hadﬁorjlic; S I C.I. A, X analysis, A+ LL/RR
: _ — C.I. A, X analysis, A- LL/RR
G (jet+MET) k/M = 0.2 ’
n O S Ig n Of be +G (Y-I\;; k/M = 0.1 ! ! C.l., py, destructve LLIM
’ C.L constructive LLIM
G (Z(hZ(qq)) k/M = 0.1 » HH,
@thztaa) it = 6 €1 single & (HCM) Contact
. W’ (dijet) ' ' ' C.l, single p (HnCM)  IIgl(ETdeleli[o]al
n I W’ (td) —— C.l., incl. jet, destructive
W’ = WZ(leptonic) _— C.l., incl. jet, constructive
WR th) |
. WR, MNR=MWR/2 . . Ms, yy, HLZ, nED = 3
' WKK p = 10 TeV ' : ‘ Ms, yy, HLZ, nED = 6
MaKeS riggs Nnatura pro. o> 100G AR
g String Resonances (qg) : : : : Ms. IIl. HLZ. nED = 6
s8 Resonance (gg) : : b FLS, =
E6 diquarks (qq) : : : MD, mOnO]'et, nED =3
Axigluon/Coloron (qgbar) : : : MD, monojet, nED = 6
gluino, 3jet, RPV - MD, mono-y, nED =3
0 1 2 3 5 MD, mono-y, nED = 6
gluino, Stopped Gluino MBH, rotating, MD=3TeV, nED = 2
stop, HSCP [y MBH, non-rot, MD=3TeV, nED = 2 . . I
StoR, St e MBH, boil. remn., MD=3TeV, nED = 2 Extra Dimensions
hyper-K. hyperpet 2 Tov s MBH, stable remn., MD=3TeV, nED = 2 & Black Holes
neutralino, ct<50cm [ MBH, Quantum BH, MD=3TeV, nED = 2
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" "Five empirical evidences

for physics beyond SM

® at |least five missing pieces in the SM:

f

® dark matter

Planck TT spectrum

OvBB ® neutrino mass
gravitational wave

DES, HSC, DESI,
® dark energy prs, Euclid,
LSST, WFIRST

Simons Array ———
‘L??"glg‘g ® apparently acausal density quctuatlons
e

DUNE, HyperK,

® baryon asymmetry LHGb, Belle Il
kaon, EDM
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to fluffy “ mirolensing etc

— moduli w/
1 vector o ? [GeV]
o mediation <

gravitino % VVIMI non-thermal

Can’t do justice to many many ideas in the literature!
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old sociology

® We (community) used to think

must solve naturalness problems in SM
hierarchy problem, strong CP, etc

it is great if a solution also gives dark
matter candidate as an option

big ideas: supersymmetry, extra dim
probably because dark matter problem
was not so well established in 80’s
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WIMP Miracle

collider
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84
(02-520) & 2
o~ 1077

m ~ 300 GeV

» correct abundance

We want new particles for naturalness anyway
Miracle?

UOI1D339p 323Ip

DM SM
—eeeee
indirect detection

“weak” coupling
“weak’ mass scale
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new sociology

® WIMP should be explored at least down
to the neutrino floor
® heavier! e.g,wino @ 3TeV =CTA
® dark matter definitely exists
® it is great if a theory also solves some
particle physics problems as an option
® perhaps not heavier but rather
lighter and weaker coupling?




freeze-in: light gravitino
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m,, [GeV]

Moroi, HM, Yamaguchi, PLB 303 (1993) 389

does not reach

equilibrium

® SUSY breaking:
non-perturbative
dynamics

e je. SUSY QCD

(ISS, IYIT, SO(10)

etc)
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Why Dark Colors!?

® QCD is beautiful. Nature may use it again.
® Self-interacting dark matter
® |arge cross section and light dark matter.
Darlk QCD is perfect.
® velocity dependence may need
resonances. Dark QCD provides that.
® asymmetric dark matter
® need to shed symmetric component.
Easy for Dark QCD.

® Also hierarchy problem, baryon asymmetry
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QCD

L =iy (0, —iedy)p —mipy —
non-abelian gauge theory
no fine-tuning
confinement

chiral symmetry breaking
® pions=NGBs

® anomaly & instanton
mesons, baryons, exotics
jets

deep non-pert. theory

rich phenomenology

1
—TrF,,, F*
2

T decay (N°LO) +=
low Q? cont. (N°LO) e
DIS jets (NLO) F=—
Heavy Quarkonia (NLO)
e e jets/shapes (NNLO+res) F*—
pp/pp (jets NLO) &
EW precision fit (N3LO)|—9—I
pp (top, NNLO) =+




DDO 154 dwarf galaxy
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Dark Matter Density (MQ/kpc3)

—
o
o))

Radius (kpc) .1 O.5Radiu; (kpc) 5 "’
can be explained if dark matter scatters against itself
Need Self-Interacting Dark Matter o/m ~ 1b / GeV
(Spergel, Steinhardt astro-ph/9909386)

If true, only astrophysical information beyond gravity




Diversity in stellar distribution

Similar outer circular velocity and stellar mass,
but different stellar distribution

- compact — redistribute SIDM significantly

Ayuki Kamada

- extended — unchange SIDM distribution

250 —m™ @ N L R A A |
200 [ NGC 8503, cap0:median, Ma00:2.5%10"" Mg UGC 128, co0:median, Mago:3.8x10" Mg -

Q M, : 0.83 x 100 M, |[¢———— M, : 0.57 x 10'° M|
E 150 : compact stellar diskj}
;J 100

50 |

0 3) 10 15 20
Radius (kpc) Radius (kpc)

13



Baryonic Feedback?

| | | |
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James S. Bullock and Michael Boylan-Kolchin, arXiv:1707.04256
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PFS pointings for MW satellites
~ HSC imaging data are available for all samples ~

Ursa Minor Draco Sextans Bootes |

tidal radius of e s e
stellar comp.

_______

T
]
)

also cosmology, galaxy evolution ~—_—"
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1 Standard Freeze-out
doesn’t work

® |f self-interaction is in the
S-wave, the unitarity limit
says 00<411h?2/(mv)?2

® For 0/m~cm?/g for v~10-3,

we need m<|4 GeV : /
e CMB limit on dark matter g [ B sacked dvarts ,
annihilation m>20GeV _ 7

® GC Y ray:m>300GeV?
® options

® SIMP:3—2

® asymmetric

® freeze-in

® secluded

Abazajian, Horiuchi, Kaplinghat, Keeley,
Macias, Ng, arXiv:2003.10416
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Miracles

DM SM o
(T220) X —3
a~ 1072
M M m ~ 300 GeV
WIMP miracle! GV
DM _ g4 % 107102
DM DM ° o’ DM
<0'3—>2U2> ~ ﬁ
N Hochberg, Kuflik,
DM a A Am Volansky, Wacker
A SOOMeVarXiv:MOZ.S 143
DM DM

SIMP miracle!
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3ack of fie envelope calculation
Fann = H|freezeout
T2
t dm {707 B
ann = Ngm (V)32 Ol
3
2 8
MdmNdm ~ Mplty  {0V")342 = —
dm
Ny ~ NpS l I
Fric Kuflik
3
Ty O e /A Rl
2 g :
ann — 3 ~ ’
Tp X Mdm M 1z2
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N
e SU(2) with 4 doublets
® Not only the mass
scale is similar to
OCD DM DM
® dynamics itself can be
QCD! Miracle3 DM
e DM = pions
® e.2.5U(4)/Sp(4) = S° DM DM
1
ral = Tro*U0,U
Eehiral = 75 2 ““ Hochberg, Kuflik, HM,Volansky, Wacker
SN Phys.Rev.Lett. | I5 (2015) 021301
C

b d 7
Lwzw = €abede€ T 0, 0,0, O, + O(1")
1572 f2

m5(G/H) # 0



Eric Kuflik

LAGRANGIANS

QCD

1 | 1
ﬁquark — _ZFSVFMWL T Q’izp% _§mQ J JQin + h.c.

Chiral Lagrangian

2 1 N,
Lsigma = —110,% OHYT —§mQ,u3TrJZ + h.c. — : /Tr(ZTdE)5

16 24072
y D D’
o . (3 (2 @
09 Pions "
{(a) (b} {c}
£ = g rorr T M et - Ly (20mms Hrrd
plon — Z r s 77_7 rme + 12]? rm — 6—]072 I'(7T To,T — TO" T 'uﬂ')
2N, 5 ¢
+ e"PoTr w0, m0,m0,mOsm| + O(7")

1572 f2



The Results

SU(2N;) / Sp(2Ny) 02
/ G
o
. NE
(— Sp(2), N, =2 ' %
1 sp@), =2 [ IS
Sp(8), Nr=2 | %
(— Sp(16), Nf=2)é10_1 b‘u’a
1 AR . L 1 -2
100-2 10~ 1 19°
m,, [GeV]
° ) mﬂ-
Solid curves: solution to Boltzmann eq. 7 ™
Oscatter

Dashed curves: along that solution




The Results

Q“_‘?.xp
o e \‘\.O
3U(N;)xSU(Ny) / SU(N;) (SU(Ny) broken)
- 1107 @y o=
8 | O AN
| \ 110
Ml 5 27‘(‘f7T \\\ : c\éj
. 6 . \: O
] E———— q - —SUBM=3 g
S SUBL N =3 |1 3
| ~ ] =
' SU(10), Ny = 3 || S
/ \\\\ - J? 1 0_1 o
2 \\
1 AR B . I I S -2
102 107 1 1d°
m,; [GeV]
. . Mz ~c 3/ 10
Solid curves: solution to Boltzmann eq. I
. Oscatter —9/5
Dashed curves: along that solution ™
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The Results

0: s
0 o
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Dashed curves: along that solution L
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Resonant scattering

mid v

high v

0.000

0.002

0.004

0.006 0.008

0.010

S1: m=22 GeV

S2: =16 GeV

vr=120 km/s vr=5035 km/s .
(mg/m-2=10""4) (mg/m=-2=107*1) -
y=1 0—4.5 y=1 0—1.1 1
0o/m=0.1 cm2/gl do/m<<0.1cm?/g—
10° 10*
<v> (km/s)

Xiaoyong Chu, Camilo Garcia-Cely, HM,

<ogv>/m (cm?/g x km/s)

—h

o

w
TTTTT T

P1: m= 400 MeV

vg=108 km/s

(mp/m-2=107"") _

y=1 03

0o/m=0.1cm?/g —

llllll
10°

103

<v> (km/s)

Phys.Rev.Lett. 122 (2019) no.7, 071103

104



Resonance is

® cg,KIK-——Pp—KK-

® requires m¢ =2mg
me =N\+mg+ms
2my=2((mg+ms) N\)!12
guaranteed to cross
when ms<A/4

12000

® also for YP(3S), Y(4S)
10000
m(¢p) — 2m(K") < 8000
0} — 0.024, 3 -

(D) —m(D%) —m(m) _ 4051, £
m(D+*) | " & 4000}
m(Bs1) - m((lfli D) o011, 2000f
m(Y(45)) —2m(B%) _ 0

m(T(49)) = 0.0019.

S

T

plausibl

< 2
X2
RN
< K I <
B _
m(TBe) = m(@) _ hoo012,
m(5Be)
12C 8B L
m(7C) = mBe) = mla) 160026
m(12C)
8
my (QQ) = 2mps(QQ)
— 2#%Mpg
— Lightest vector meson |
— 2nd lightest vector meson|
/ 3rd lightest vector meson_
5 . .10.00. - .20.00. - .30.00. - .40.00. .
mquark[MeV]

Robert McGehee, HM, Yu-Dai Tsai, to appear
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It’s P-wave!

e typically light dark INTEGRAL
matter with thermal (this work)
freeze out is excluded by B
CMB

® Exception: P-wave
annihilation

100 1000
m, [MeV]

Ranjan Laha, Julian B. Muhoz, and Tracy R. Slatyer
arXiv:2004.00627
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my[GeV]  Robert McGehee, HM, Yu-Dai Tsai, to appear
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effective range theory

Classical Regime
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communication

3 to 2 annihilation

excess entropy must
be transferred to et,y

need communication
at some level

leads to experimental
signal

DM DM
DM

DM DM
DM DM
SM entropy ~SM



if totally decoupled

103
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\ 1 Carlson, Hall and Machacek,
3 Astrophys. J. 398, 43 (1992)
N N\

1o-1 Tsm \

T, T (eV)

1072 = —3
-
10_3 111 % 1 l L1 1 1 Illllll 1 1 | 1t 1 1 lllllll 1.1 Illllll i

103 10° 101 100 101 10—2 10-3
T (eV)

® 3—2 annihilations without heat exchange is
excluded by structure formation, [de Laix, Scherrer

and Schaefer, Astrophys. J. 452,495 (1995)]
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vector portal

dark QCD ' Standard Model

€
B KV
BW/FD
QCW
Yonit Hochberg, Eric Kuflik, HM arXiv:1512.07917, arXiv: 1706.05008

also axion portal: Hochberg, Kuflik, McGehee, HM, Schutz, arXiv:1806.10139
Higgs portal: Choi, Hochberg, Kuflik, Lee, Mambrini, HM, Pierre, arXiv:1707.01434
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vector portal

e.g., the SIMPlest model
SU(2) gauge group with
N~=2 (4 doublets)

gauge U(1)=SO(2)
c SO(2) xSO(3)

c SO(5)=S

p(4)

maintains ¢
quarks

near degen
for co-anni

egeneracy of

eracy of pions
hilation

SU(4)/Sp(4) = S°

(¢ ¢, ¢ ,q)

0 0

T+
(T‘- 77T 77Taj77-‘-y7
€
ai Qv
—BMVFD
QCW

0
T

)
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(ILC)

L 2
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-
L 2

SU(2), Ny =2
OéD:1/47T
m, = 300 MeV
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Super KEK B & Belle |l

e+ 4 GeV 3.6 A |

—_— Belle I i e
- New IR
/ - - 7 GeV 2.6 A| ?

] /;\lew beam pipe S upe rKE KB

: & bellows
‘ N

\ / 50 ab1

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject

Damping ring ” ~———
——-
’
U:"'

Low emittance gun

Positron source

New positron target /
capture section

Low emittance electrons
to inject

y OO

A'(+)




Dark Spectroscopy

1()55— Belle II pl“OJeCtIOIl E
| V5 =10 CeV, 50ab™"

op, /By = 1%

M., =12 GeV, e, = 1072

Events/50 MeV

--
— oy,
-—
_—
-
~-~~~
—y
—_—
—y
_—y
—
_—y
-
-
-

10— Mirror QCD

—8— Binned

4.0 4.9



Events/40 MeV

Dark Spectroscopy

BES 111 projection
Vs =4GeV, 100 fb*

01 a

\ N O'EW/.EL}/ — 2% 1
m,, =3 GeV, e, =8 x 107* -
N4 :
N
N\ \ A ‘
\i' “
&
OE,Y
-—=—__Dark sector T o 270
~~~~~~ Y
—— Binned T---- -
-.‘-~;/.lj~fx~~
1.0 1.2 1.4 1.6 1.8 2.0




Twin Higgs

O Take fwo mirror copies of the SM:

(SMa) x (SMg)

~_

L2 An exchange symmetry, A <> B,

0 Assume Higgs potential has an SU(4) or SO(8)
global symmetry tn the UV,

0 Take a small hierarchy of Higgs vevs:
<'HA> =V <HB> = 75 Wl.H'\ V £ 75

Chacko, Goh, RH (2005) Roni Harnik, JHU workshop 2017 in Budapest
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Iwin Higgs

Standard Model sector twin sector
_t h 42 r h’
Tz w7, Tw

bl’ V-E r’
b Vu -
— T v’ ’ u
C e
J J Y
C U S’ d}
S u
d _
— f/\v=1
u
e
¢vr,vwve,y

meson M particle content muys X M
0°(3,1) | v'&, %(u/ﬂ’ — ) 2m, | mx(1+ A)
DT (2,2) w'd,dd,u's, 5 My + ma |ma(1+ 5)
D™ (2,2) du',s'u',d'c,s'c My +mgr | may(1+ é)
n’(1,1) |3(d'd + s —u'a — ) |my +ma |ma(1+ %)
7°(1,3) | d'5,s'd, %(d’cz’ — 5’5 2m g/ M

Yonit Hochberg, Eric Kuflik, HM arXiv:1805.09345
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Matters Gehe5|s 4

l

Elganor HaII homas KonS'tandln Robert McGehee, HM
" Geraldlne Servant arxiv: 19=1O 08068 1911 12342 7 o




Electroweak Baryogenesis
Cohen, Kaplan, Nelson

First-order phase transition
Different reflection probabilities
for t., tr

asymmetry in top quark
Left-handed top quark V=0
asymmetry partially converted
to lepton asymmetry via
anomaly

Remaining top quark
asymmetry becomes baryon
asymmetry

need varying CP phase inside
the bubble wall (G. Servant)
fixed KM phase doesn’t help
need CPV in Higgs sector 5
but ACME limit on EDM t <ty tp>tp

tL+tR>tL+tR




dark sector SM

Ngen=1 Ngen=3
2 Higgs doublets gen gen
with CPV
1st order PT
heavy lepton
play role of
top quark

n, p, - L4 lelng
ete-

Eleanor Hall, Thomas Konstandin, Robert McGehee, HM + Géraldine Servant
arXiv:1911.12342
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30 97

If MN>TsphaIeron BSM — ﬁBdarka LSM — _ﬁBdark mnp=1.58 GeV
12 20

If MN<Tspha|eron BSM = _Bdark, LSM — __Bdark mn=1.33 GeV

37 37



some history

e asymmetric dark matter (why Qb/Qpm=0O(1)?)
e S. Nussinov, PLB 165, 55 (1985) “technocosmology”
 R. Kitano, HM, M. Ratz, arXiv:0807.4313, moduli decay
e D.E. Kaplan, M. Luty, K. Zurek, arXiv:0901.4117

e darkogenesis (= “EW baryogenesis” in the dark sector)

e J. Shelton, K. Zurek, arXiv:1008.1997
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neutrino portal
L= L'Hvp+ vy, L;Hvp
Yi

YT JWR ) M, = V/(y')? + ()0

charged current universality: €2 < 10-3
L—e Y constraint: € €y < 4% 10> (GF Mv)
T— M Y constraint: €. €, < 0.03 (Gr My)

If Mv <70 GeV, €2<10->

(DELPHI: Z—V VR, VR [ ff)

® cquilibration of asymmetries requires only
€i>10-1¢ or so




)’
5I 5I 5|
(@) (@)l ~
IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| [ TTTT
ry
?
{
-
ww
-

BR(h—EXxotics)
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10

y CCFR(NBB)
10 CHARM-

-3
10

DELPHI
ARARANAY

CHARM
DELPHI Z. Phys. C 74, 57-71 (1997)
BEBC

—7
10
6 | | |
/IO I N I N I T I I A N I I N O N
-2 — 2
10 10 I 10 21)0
95% C.L. upper limit on selected Higgs Exotic Decay BR m,, (GeV/c
| (m HL-LHC )
m CEPC
= ILC(H20)
O FCC—eeJ_

| '|
0 e LR

Mg, (bb), e (ID*MEr ( DM, bb*"//E, I+, g, (bb)(bb) (C)ieey WGy  B0)ry (g Uiy, (Vy)(yy)
Zhen Liu, Lian-Tao Wang, Hao Zhang, arXiv:1612.09284
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" New Methods for

Dark Matter Discovery

QCD is beautiful. Nature may use it again.
dark matter, baryon asymmetry, hierarchy
problem

direct detection, beam dump, MuZ2e, etc
Dark spectroscopy

resonant self-interaction in dwarf galaxies
rare Z and Higgs decays

gravitational wave
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