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Setting the scene m iihe

BRUXELLES BRUSSEIL

Simulations on NCSA by A. Kravtsov (Uchicago) and A. Klypin (NMSU); visualization by A. Kravtsov

Dark Matter: ample gravitational evidence

iIntense hunt for the discovery of the nature of dark matter
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Setting the scene

direct detection

thermal freeze-out (early Univ.)

indirect detection (now)
-

DM SM

producUon at colliders
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Setting the scene

CMS Integrated Luminosity, pp, Vs =7, 8, 13 TeV

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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Higgs discovery

LHC Run-2 dataset:
over 140 fb™
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Setting the scene

Collider experiments as DM hunters
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Setting the scene

Collider experiments as DM hunters

Silican
Tracker

ECAL

411l Electromagnetic
' lll] Calorimeter

HCAL - Hadron Superconducting
Calorimeter Solenoid Iron return yoke interspersed
i with Muon Chambers

Transverse slice
through CMS

» focus on WIMP-like particles*: no interaction in detector

* the WIMP is not the only type of DM probed
at the LHC, but it is the most tested

Steven Lowette - Vrije Universiteit Brussel
LeptonPhoton2019 - 8 August 2019 Page 6



Setting the scene 77
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Collider experiments as DM hunters

« experimental signature: transverse momentum imbalance (MET)

= recoiling against standard model particles: MET + X
= many tens of publications using MET as key observable
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CMS-PAS-SUS-10-005

MHT. 693 GeV /

DM is elusive since decades: any step forward is eagerly awaited

Dark Matter is currently one of the main LHC physics goals
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS10005

DM production in the lab

DM search categorisation

4 DM from cascade decays

 heavy new particle production
decay to DM+X

= typically pair produced
 example: SUSY

= with R parity always 2 LSP's
yielding MET

t/b

\_

\
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DM production in the lab mﬁ'ﬁe

DM search categorisation

4 DM produced directly

* direct DM pair production
through mediator

* but back-to-back DM particles
N\ are invisible

= |SR diagrams provide
‘\o@ probe recoiling against DM pair
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Modelling DM production

Mediator focus

* the LHC's strength is to produce the mediator on-shell

« we must make the etc...
mediator explicit q X=g,7, WZ

= an EFT “blob”

o

is not sufficient Yz g x(my)
8q §om
q VIA(Mmed)
X(mx)

 model description

= mediator type

= production mode

= couplings to g and DM
= mediator and DM mass
= consider beyond the minimal
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Modelling DM production mﬁ'ﬁe

BRUXELLES

 LHC Run-2 DM searches now standardized on simplified models

e 2015: LHC DM Forum

arXiv.org > hep-ex > arXiv:1507.00966 arXiv:1507.00966 [hep-ex] —

BRUSSEL

* wide consensus in community

High Energy Physics - Experiment

Dark Matter Benchmark Models for Early LHC Run-2 Searches: Report of the

* bottom-up guidelines for ATLAS/CMS Dark Matter Forum

LH C d a rk— m a tte r Se a rC h es Daniel Abercrombie, Nural Akchurin, Ece Akilli, Juan Alcaraz Maestre, Brandon Allen, Barbara Alvarez Gonzalez, Jeremy

Andrea, Alexandre Arbey, Georges Azuelos, Patrizia Azzi, Mihailo Backovi¢, Yang Bai, Swagato Banerjee, James Beacham,

at th e Sta rt of LH C Ru n _2 Alexander Belyaev, Antonio Boveia, Amelia Jean Brennan, Oliver Buchmueller, Matthew R. Buckley, Giorgio Busoni, Michael

Buttignol, Giacomo Cacmapaglla Regma Caputo Linda Carpenter Nuno F|I|pe Castro, GLuIIeImo Gomez Ceballos,
Yangyang Chepgg . bo o o o

arXlv.org > hep-ex > arXlv:1603.04156

arXiv:1603.04156 [hep ex]ﬁ“""”‘"-c'ﬁw

Advanced search)

Doglioni, Trista

summarized in extensive report additional auth

(Submitted on 3 J

High Energy Physics - Experiment

. . Recommendations on presenting LHC searches for missing transverse
co ntl nues In energy signals using simplified s-channel models of dark matter

L PC C L H C D M WO rkl n g G ro u D Antonlo Bovela, Oliver Buchmueller, Glorglo Busenl, Franceseo D'Eramo, Albert De Roeck, Andrea De Simone, Caterina

Doglionl, Matthew J. Dolan, Marle-Helene Genest, Kristlan Hahn, Ulrich Halsch, Philip C. Harris, Jan Helslg, Valerlo

e common baS|S tO present LHC arXIv.org>hep-elx>arXIv-:;:!03.t;l570; aX|v 1030503hepex]

Ippolito, Felix Kahlhoefer, Valentin V. Khoze, Suchita Kulkarnl, Greg Landaberg Steven Lowette, Sarah Mallk, Michelangelo
d : pmidt-

iearch or Article ID

> | Advanced search)

results wrt other LHC and
non-LHC experiments

High Energy Physics - Experiment

Recommendations of the LHC Dark Matter Working Group: Comparing LHC
searches for heavy mediators of dark matter production in visible and

common basis for comparison/ invisible decay channels

Andreas Albert, Mihallo Backovic, Antonio Bovela, Oliver Buchmueller, Glorgio Busoni, Albert De Roeck, Caterina Doglioni,

Of L H C D M Se a rC h e S to Tristan DuPree, Malcolm Falrbairn, Marle-Helene Genest, Stefania Gorl, Glullano Gustavino, Kristian Hahn, Ulrich Halsch,

V i S i b | e m e d i a to r S e a rC h e S Fhl\lp C. Harrls, Dan Hayden Valerlo Ippo; Iiabe]l-e Jc;-nellx ozefel Sulla Kulkarnl, Greg Landsbelg Steven
H . B arXiv.org > hep-ex > arXiv:1810.09420 _
(in dijet and dilepton channels) o=t SO LE o]

Search...

Help | Advd

High Energy Physics - Experiment

NOW: more evo |Ved m Od e | S, p LHC Dark Matter Working Group: Next-generation spin-0 dark matter models

t-C h a n n e | Tomol_ﬂro Abe_. Yoav Afik, Andre_a.s .‘_\Ibert. CI_\ris_topher R. Anelli, Liron Barak, Martin Bal.{er‘ J. Ka_.thf?lrina_l Behr, I_“icole F. Bell,
puns Antonio Boveia, Oleg Brandt, Giorgio Busoni, Linda M. Carpenter, Yu-Heng Chen, Caterina Doglioni, Alison Elliot, Motoko
Fujiwara, Marie-Helene Genest, Raffaele Gerosa, Stefania Gori, Johanna Gramling, Alexander Grohsjean, Giuliano Gustavino,
Kristian Hahn, Ulrich Haisch, Lars Henkelmann, Junji Hisano, Anders Huitfeldt, Valerio Ippolito, Felix Kahlhoefer, Greg
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https://lpcc.web.cern.ch/content/lhc-dm-wg-wg-dark-matter-searches-lhc
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Experimental status

Spectacular spectacular!

CMS CMS Experiment at LHC, CERN

iy ; Data recorded: Mon Jun 13 17:44:28 2016 CEST
™~ Run/Event: 274999 / 1837785290
\ Lumi section: 1029

Eymiss = 1.05 TeV

priet=1.04 TeV

Mass = 79 GeV I
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Experimental status VUBp77127=
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Spectacular spectacular!

andidate In signal region of H = xXx with two jets (m;=5.0 TeV
Longitudinal view Perspective x-y view

E miss
e, CATLAS
894673740

; A EXPERIMENT
- i Aug. 6, 2016 -
"En""=674GeV  Tme 16:1850CET http://atlas.ch
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Direct DM searches

ATLAS
 MET+jet / V(qQ)
= 36fbl-JHEP 01 (2018) 126
= 36fb1-JHEP 10 (2018) 180
* MET+y
= 36fb! - EPJC 77 (2017) 393
 MET+Z(II)
» 36fb1-PLB 776 (2017) 318
 MET+tt/bb
= 36fbl - JHEP 06 (2018) 108
= 36fb-! - EPJC 78 (2018) 18
« MET+t
= 36fbl-JHEP 05 (2019) 41
e MET+H
= 80fb-! - ATLAS-CONF-2018-039 (bb)
= 36fbl - PRD 96 (2017) 112004 (yy)
* VBF H(xx)
= 36fbl-PLB 793 (2019) 499
= comb. (incl. Runl) PRL 122 (2019) 231801

« MET+tt (SS)
= 36fb1 - JHEP 12 (2018) 039

-l i

ithe
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Igh;
CMS lighte. .

N thi
- MET+jet / V(qq) his ta//(

36fb! - PRD 97 (2018) 092005

- MET+y
= 13fb!-]JHEP 10 (2017) 073
- MET+Z(Il)
13fb1 - CMS-PAS-EXO-16-038
- MET+tt/t

36fb1 - PRL 122 (2019) 011803
= 36fb1 - JHEP 03 (2019) 141
* MET+t
36fb1 - JHEP 06 (2018) 027
* MET+H (bb,yy,tTt,WW,Z2Z)
= 36fb! - arXiv:1908.01713
* VBF H(xx)

= 36fb1-PLB 793 (2019) 520
incl. comb. & Runl

¢ MET+LQ(Wj)
= 77fb1-PLB 795 (2019) 76

- MET+Z(Il)y
137fb! - arXiv:1908.02699
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https://arxiv.org/abs/1807.11471
https://arxiv.org/abs/1704.03848
https://arxiv.org/abs/1708.09624
https://arxiv.org/abs/1711.11520
https://arxiv.org/abs/1710.11412
https://arxiv.org/abs/1812.09743
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https://arxiv.org/abs/1706.03948
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https://cds.cern.ch/record/2205763
https://arxiv.org/abs/1807.06522
https://arxiv.org/abs/1901.01553
https://arxiv.org/abs/1801.08427
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https://arxiv.org/abs/1809.05937
https://arxiv.org/abs/1811.10151
https://arxiv.org/abs/1908.02699

Direct DM searches 77
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PRD 97 (2018) 092005

Monojet search as poster child example
DM recoils against a jet from QCD ISR

35.9 fb! (13 TeV)
> 105 E [ | T T | T 1 | L | L | | -
@ F E
O 10° . CMS —4— Daa . ]
— E . — H(125) # inv. 5
40_"] mUnOJEt === Axialvector, m =20 TeV ]
S 10% I zov)ets E
= [ ] wiw)+ets ] . . .
M 10°g O wwwzzz : « selection highlights
E - Ti k ] L.
102 — - 3 - MET as sensitive observable

[ oco cut driven by trigger: MET > 250GeV

10%
: = e/p/t and b veto — suppress top / W
1
= jets-MET not aligned - suppress QCD
a1l
10 = jet & MET cleaning - suppress
1026, | ] instrumental BG
-dD; 12 T T | T T T | T T T | T T T | T T I'_‘._! T T
5 Reoeetgis %j%:;; G R e * irreducible Z-vv dominant BG
% 09 4 o _
o) 8= : e SRR ==Eer * remarkable precision achieved on BG!
B 2
i:;——-—-.—"--————.—-——— - ~% in bulk, 10% in tails
= - '4:}0' | 'thm' | '8{20' | 'mlm' | EL2|G{; 1400 = using constraints from Z-up, Z-ee,
pMiss [GeV] y+jets, W-pv and W-ev control regions
.
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https://arxiv.org/abs/1712.02345

Direct DM searches
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PRD 97 (2018) 092005

Monojet search as poster child example

|_'l
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https://arxiv.org/abs/1712.02345

Direct DM searches

Monojet search as poster child example

35.9 fb1 (13 TeV)
>106§—II|III|III|III|III|II
- CMS —4— o
H(125) + inv.
= = = Axial-vector, m .= 0 TeV
-Z(vv]+jets
[ ] Wik)+jets
I wwiwzizz

monojet
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PRD 97 (2018) 092005

 statistically limited

- Top quark

=
o
r

oo g
rbomco:.o._.i_-m
T T T TTTI

e

Unc.

(Data-Pred.) Data / Pred.

400 600 800 1000 1200 1400
pT ISS [GeV]

improve slowly with
luminosity

p + systematically limited

no low-hanging fruits left
improve with hard work

challenges and opportunities
at higher lumi

* theoretical uncertainties
already very well controlled

NLO QCD+EWK
arXiv:1705.04664
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Direct DM searches

MET + Z(Il)y

* new signature from CMS using full Run-2

* benchmark with massless dark photon,
DM models may give similar final state

= H can be heavier Higgs

» soft, low-background signature

= uses single lepton trigger
= E(y) > 25 GeV

137.4 fb™1 (13 TeV)
. meiss > 110 GeV *2157 - Data — Z(OH, () (010, )+ bg.
Ij;.j r Wz —Z(H, (v +¥) (01 % )+ bkg.
[ ] I Wz \“Bk.unc.
WZ dominant BG - Neauwe MG
i B Preliminary
10 j .Tapfquarkfww <1
e signal extraction
fitting m+(y,pymiss) I g
in bins of |n(y)| oL —
= using ey, WZ and i {
oL | D ¥ L

ZZ control regions

100

300
m, [GeV]

200

i i ;
BRUXELLES BRUSSEL

arXiv:1908.02699

=
o
—

=
I\IHl T T TTTIIT

oy X B(H = inv.+y) (pb)

[8)
=
o

iR

I

=
o
b

— Observed

--- Median expected
[ Expected + 1
Expected + 20

------ 0.1xoM

qq+ ZH

137.4 b (13 TeV)
|II\|II\|III‘III‘III‘II\

CMS Preliminary_:

ZH > 21+p_+y]

~140 160 180 200 220 240 260 280 300

m,, [GeV]
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https://arxiv.org/abs/1908.02699

Direct DM searches ﬁﬁe

BRUXELLES BRUSSEL

ATLAS-CONF-2018-039

MET + H(bb)

* most recent result from ATLAS uses 80/fb

 5-parameter Z'-2HDM model with Z' mediator and
pseudoscalar coupling to the DM

* resolved (low MET) and merged (high MET) b-jets

= novel: variable cone trackjets increase efficiency at high MET

= novel: MET significance to efficiently suppress QCD BG, even at low MET

On

>60-'""""'"""""""""""'7@""'_ — 1000— L L S s e S ) e B B [ S O B B
Q[ ATLAS Preliminary —*— 2% OF 1 > - .
g 5O Vs=18Tev.79.8fb™ =§TQJ$“ ¥ S 8 = ATLAS Preliminary gbser;’eg 9955;? gll__ 1 ]
N F smomerged oepion I snie op 1 9Rs 2900 s _q3Tev, 798t T T p’:l)_ef% 181804 (210)3
@ a0F EMss 5 :oo GeV 3 Wepets 3 < - | , ]
s Lt N\ Beckgrond Unceraimy € 800F h(bb) + E7ss: Z'+2HDM simplified model ]
O 30F — - monoh Z-2HDM E C tanf =1, gz =0.8, m, =100 GeV, my = my: = 300 GeV -
C m, = 1400 GeV, m, = 600 GeV_] 700= , _
r Teipna = 3.75fh ] [ H
20k — C ]
E . 600~ -
10 = - ]
LI ! = 500 -
(| PUIEE S I I e e S oo T T s s S S - ]
E 1-55_ T T T T | T T T T I T T T T T T T T | E 400__ _-\_:-\."‘.:_‘- __
U) E 3 - = _
< 1*\;%WW§\\\* N/ | | N ]
(o] 0_55_ _+7 _E =1 [ L1 L1 [ -

(] E 1 1 1 1 [ R N [ B R | 1 3

55 100 =) 560 T 500 1000 150 200 2500 3000

m, [GeV] mz [GeV]
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https://cds.cern.ch/record/2632344?ln=en

Direct DM searches

MET + LQ(pj)

» |leptoquark + DM signature in CMS with 77fb-!
= following model from JHEP 12 (2015) 120
e pymiss > 100 GeV, p(u/j) > 50/100 GeV

e e/T/b/Zvetoes

* search bump in yj mass spectrum

« benchmarks
depend on

B(LQ — cu/su)
e exclusions up to

= 600 GeV
in DM mass

= 1500 GeV
in LQ mass

77.4 b (13 TeV)
—$— Observed == LQ 1TeV (DM 400 GeV, B=0.5
B wiets
e

..... LQ 1 TeV (DM 400 GeV, B=0.1)
- Single top

- QCD multijet E Z+jets

I:I Diboson E Total uncertainty

Events / GeV

D‘_ T
e . | . t
0 500 1000 1500 2000
m,; [GeV]

i i g
BRUXELLES BRUSSEL

PLB 795 (2019) 76

-1
CMS 77.4 0™ (13 TeV)
800 T e T
- This analysis: .
750 [ — Observed LQLQ uj+DM+X (LQ**LQ™) : 1
E == Expected iloexwimm E
700 = — Observed LQLQ uj+DM+X (LQ™%) -

650 [-PRD 99,032014:
600 [—f=1.0

550 :_B:U.l
Foxow=01

500 F
450 |
400 |

350

E  +.v Observed LQLQ uj+yj (LQ™)

Observed upper limit at 95% CL on o.B [fb]

=
o
iR

1600

mq [GeV]

1300 1400 1500
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https://arxiv.org/abs/1811.10151

Higgs and DM s W i7he

PLB 793 (2019) 520 BRUXELLES BRUSSEL

Higgs as a portal to DM
DM interaction through Higgs portal

= [imited to mpy < my/2

« target various H production modes

QQQQ;, >

= VBF MET + qq most sensitive :
- all data combined up to 2016 ool H’°<

= ATLAS: BR(H=inv) < 0.26 (0.17 exp) @95% CL
= CMS: BR(H—=inv) < 0.19 (0.15 exp) @95% CL
35.9 fb! (13 TeV) 491 (7 Tev) + 19.7 fb? (8 TeV) + 38.2 fo ' (13 TeV)
> \ | = [ | | | z I | T 3
= 4k ATLAS 4 g4 cms 2o CMS E
EE B Vs=7TeV, 4.7 bt ] ‘E [ —e— Observed f E —e— Observed

an — Vs =8TeV, 203 ﬂJrl_l n ; 12 --&- Median expected T 08 ..o Median expected E
c 08 Vs=13TeV, 36.1 b - = B orh E
o — Observed limit : . 1 . 68% expected >t<> . E - 68% expected 4
E ge=EEs Expected limit 1o 4 2 i 95% expected S 06F 95% expected .
= 06=aemoes ammm Expected limit 220 —| < o8l = .
- Alllimits at 95% CL - £ £ ost =

g 1 %o "
2 04 ] g 061 :I% 0_42— 4

> ] o & O 03k

. < 04 2

n L 8D E

0.2 8 0.2
1 0.2 o
| | | | | ] ! |

0 V(had)H Z(lep)H VBF  Combined Combined Combined O Combined VBF-tag  Z(l)Htag V(gq)Htag  ggH-tag OCombined 7+8+13 TeV Combined 13 TeV  Combined 7+8 TeV
Run 2 Run 2 Run 2 Run 2 Run 1 Run 1+2
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https://arxiv.org/abs/1809.06682
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BRUXELLES BRUSSEL

Resonance constraints on DM mﬁﬁe

Go beyond MET: link to visible

 LHC sensitivity to DM mostly when

producing mediator on-shell SM Igll\\/lfl

* new mediator may still be probed Med.
if production dark matter inaccessible

kinematically at LHC
DM

= quark (jet) final states guaranteed SM SM
= muon and electron pairs possibly too

* thus we can indirectly constrain
dark matter models

= constraints on couplings

= from searches in dijet
and dilepton final states

= model dependency!
— always specify all parameters/assumptions

Steven Lowette - Vrije Universiteit Brussel
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Resonance constraints on DM

ATLAS CMS
10 GeV * Y + boosted dijet
* jet + boosted di-b-jet 70 GeV = 36 fb1 - arXiv:1905.10331
= 80 fb-1 - ATLAS-CONF-2018-052
* jet + boosted dijet 100 Geve jet + boosted dijet
= 36 fb1-PLB 788 (2019) 316 = 77 fb1 - CMS-PAS-EXO-18-012
o 230 GeV , .
* Yy + di(-b-)jet - jet + boosted di-b-jet
= 80 fb-1 - PLB 795 (2019) 56 = 36 fb-1 - PRD 99 (2019) 012005
. 450 GeV
* dijets (TLA) 500 GeV
» dijets (scoutin
. 20 fb1- PRL 121 (2018) 081801 Jets ( 9)
- dijet
- 36 fb - PRD 98 (2018) 032016 dijets
e Ai (R 1.1 TeV = 137 fb1 - CMS-PAS-EXO-19-012
di-(b)-jets 1.6 TeV

= 139 fb1 - EXOT-2019-03 - new!
ATLAS-CONF-2019-007

- dijet angular
= 36 fb-1 - EPJC 78 (2018) 789

- dijet angular

= 37 fb-r - PRD 96 (2017) 052004 '

mediator mass

Steven Lowette - Vrije Universiteit Brussel
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https://cds.cern.ch/record/2649081
https://arxiv.org/abs/1801.08769
https://arxiv.org/abs/1901.10917
https://arxiv.org/abs/1804.03496
https://arxiv.org/abs/1805.09299
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-03
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-007/
https://arxiv.org/abs/1703.09127
https://arxiv.org/abs/1905.10331
http://cds.cern.ch/record/2674921
https://arxiv.org/abs/1810.11822
https://arxiv.org/abs/1806.00843
http://cds.cern.ch/record/2682120
https://arxiv.org/abs/1803.08030

Resonance constraints on DM m;‘;‘ée

BRUXELLES BRUSSEL

Example recent mass spectra

CMS-PAS-EXO-18-012 EXOT-2019-03
41.1 b7 (2017) (13 TeV)

} [ TR A AL A i B SR LIS i A R S TR L AL T 1 L T T 1 T T 1 T T 1 T T 1 T 11
o 12000 ~ms 4 Data e W(GQ)+ets i 2107 ! o | | i
(Lg | Preliminary ~ — Total SM pred. -~ Z(qq)+jets . ,_%J . ATLAS Preliminary . Pata i ]
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individual analyses covered in more detail by Erez
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Resonance constraints on DM

Constraints on quark coupling

EPS 2019

CMS Preliminary
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CMS Exotics summary plots
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Interpretation results

Interpretation in LHC phase space
« probing (axial)vector mediators to several TeV
* (pseudo)scalar mediators harder to constrain

« complementarity of invisible and visible channels
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Interpretation results
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Interpretation results

Interpretation beyond LHC

« take-home message: complementarity

= best LHC results for low-mass DM

« model dependency!

vus

= also for direct and indirect detection...
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Next frontiers

Venture beyond standard WIMPs

WIMPs from long-lived decays
heavy neutral leptons
axion-like particles

dark sector portals

Experimental frontiers

low mass resonances
long-lived particles

soft signatures

vibrant field: a lot of work on triggers,
reconstruction, backgrounds, simulation,...
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= also flavour physics and heavy-ion communities active!
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Conclusions

Dark Matter is a main physics goal at the LHC

bread-and-butter signatures intensely searched for

= LHC is very competitive if mediator can be produced on-shell and/or DM is light

connection to search for new mediator in visible decay channels

= dijets, dileptons,...

branching out to next frontiers

= exploring other WIMP DM scenarios, eg. t-channel mediators
= beyond the WIMP, beyond experimental comfort zones

mostly only 2016 data analysed so far at 13TeV

= much more to come
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Outlook ﬁﬁe

BRUXELLES BRUSSEL

LHC / HL-LHC HiLum Y
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we are here

« HL/HE-LHC BSM physics reach summarized in arXiv:1812.07831:
Beyond the Standard Model Physics at the HL-LHC and HE-LHC
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Outlook

3 years to 100 years of dark matter!

FIRST ATTEMPT AT A THEORY OF THE ARRANGEMENT
AND MOTION OF THE SIDEREAL SYSTEM:®

By J. C. KAPTEYN

ABETEACT

First attempt at g peneral thegry of the distribution of masses, forces, ond velpcities in
e stellar systens,—(1) Distribution of starz, Obzervations are fairly well represented, at
least up to galactic lat, je°, if we assumee thaot the equidensily surfaces are similor
ellisoids of revolufion, with axial ratio 5.1, and this enables us to compute quite
readily (2) the gravitafionsl acceleration af vorisus points due (o suck @ svstens, by sum-
ming up the effects of each of ten ellipsoidal shells, in terms of the acceleration due
to the average star at a distance of a parsec. The fofal wumber of stars s taken asz
47.4% 12" (3] Rendom ond refaffomol oelocifies. The nature of the equidensity
syriaces 15 such that the stellar system cannot be in a steady state unless there is a
general rotational motion around the galactic polar axis, in addition to 2 random
motion analogous to the thermal agitation of a gas. In the neighborhood of the
axiz, however, there is no rotation, and the behavior is assumed to be like that of a
gas at uniform temperature, but with a gravitational acceleration (rn) decreasing
with the distance p,  Therefore the density A iz azsumed to obey the barometric law:
Gi=—@# 84/ 50)/A; and taking the mean random velocity € as 10,3 km/sec,, the
author finds that (4) the mean mass of the slors decreases from 2.2 (sun=1) for shell 1T
to 1.4 for shell X (the outer ehell), the average heing close to 1.6, which is the value
independently found for the average mass of both components of visual binaries. In
the galactic plane the resultant acceleration—gravitational minus centrifugal—is
again put equal lo —@(3A/8a)/A, 4 is taken bto be constant and the average mass
1z assumed to decrease from shell to shell as in the direction of the pole. The angular
velocitics then come out such as to make the linear rotational velocities about constant
and equal to 1o.5 km/sec. beyond the third shell.  If now we suppose that part of the
stars are rotating one way and part the other, the relative velocity being 30 km/sec.,
we have a quantitative explanation of the phenomenon of star-streaming, where
the relative velocity is also in the plane of the Milky Way and about 40 km/sec. Itis
incidentally suggested that when the theory is perfected it may be possible to deter-
mine e from its gravitational effect, (5) The chisf defects
af the thepry are: t the equidensity surfaces assumed do not-agree with the actual
surfaces, which tend to become spherical for the shorter distances; that the pesition
of the center of the system is not the sum, as assumed, but iz probably located at a point
some G30 parsecs away in the direction galactic long. 747, lat. —3°; that the average
mass of the stars was assumed to be the same in all shells in deriving the formula
for the vadation of &g with p on the basis of which the variation of average mass
from shell to shell and the constancy of the rotational velocity were derived—hence
gither the assumption or the conclusions are wrong; and that no distinction has been
made between stars of different types.

Astrophysical Journal 55 (1922) 302
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