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The Particle Physics of Dark Matter

If dark matter is a particle like the other matter in the Standard Model...

It is dark and cosmologically stable

It interacts gravitationall i )
J 4 (other effective couplings to SM are zero or small)
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@ Ordinary Matter
@ Dark Matter
Dark Energy

It is approximately cold / non-relativistic

5x as much DM as SM
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Chandra 0.5 Msec image

“Musket Ball” Cluster
Dawson et al, ApJ 747, 42 (2012)
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Dark matter (and clustered
matter) offset from diffuse gas

Some evidence of offset
between DM and clustered
matter in clusters with largest
physical separation

(=> opmmpm™ <=7 cm2g')
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Not so fast...

Kim, Peter, Wittman arXiv:1608.08630
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L]
before coalescence
Dark matter particles ejected following self-interactions form tails; those
captured from the opposite halo induce drag. Both cause offsets to form
between the galaxy and dark matter distributions, as measured by their peaks/
centroids. If many self-interactions occur, halos coalesce upon contact.

tails and drag cause halos to lag
behind galaxies, forming offsets

CDM no DM-galaxy offsets SIDM

highly collisional gas lags
behind DM and galaxies

In equal-mass galaxy cluster merger simulations,
« Large matter-DM offsets are not a generic consequence of

DM self-interactions

« (more promising: evolution of mergers)
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High velocity collisions, like El Gordo or Bullet
Cluster, are in tension with CDM structure
formation

Also many ‘puzzles’ at galactic scale



Meanwhile, closer to Planet Earth

Indirect Detection

“Galactic Center” Excess—over complex background

10° — 20° in latitude

Ibl=10-20 deg.
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Possible interpretations:

{/dE (GeV/cm® /s /sr)
=
| \ | -

Ajello et al.
ApJ 819 (2016)

— DM annihilation, millisecond pulsars (e.g., Brand&Kocsis 2015),

cosmic-ray sources near the GC (e.g., Carison et al 2016)

(credit: D. Malyshev)
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Possibilities for interactions hetween
oM and Dark Sectors
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If the Z hoson mediates SM-DM interaction...

PDG (LEP) Invisible Decay Width of the Z

VALUE (MeV) EVTS DOCUMENT ID TECN
499.0 +1.5 OURFIT

503 + 16 OUR AVERAGE Error includes scale factor of 1.2.
498 +12 +12 1791 ACCIARRI 1998G L3

539 426 +17 410 AKERS 1995C  OPAL
450 34 +34 258 BUSKULIC 1993L ALEP
540 +80 +40 52 ADEVA 1992 L3

Fermionic DM

DM

Number from et e~ Colliders

Number of Light v Types
Our evaluation uses the invisible and leptonic widths of the Z boson from our combined
fit shown in the Particle Listings for the Z Boson, and the Standard Model value ry/ré Z

= 1.9908 + 0.0015.
VALUE DOCUMENT ID TECN
2.994:+0.012 OUR EVALUATION Combined fit to all LEP data.

e o o We do not use the following data for averages, fits, limits, etc. ® o o
3.00 +0.05 1iep 92 RVUE

1 Simultaneous fits to all measured cross section data from all four LEP experiments.
Number of Light v Types from Direct Measurement of Invisible Z Width

In the following, the invisible Z width is obtained from studies of single-photon events
from the reaction et e~ — vw~. All are obtained from LEP runs in the EES, range

DM

88-94 GeV.
VALUE DOCUMENT ID TECN  COMMENT
3.004:0.06 OUR AVERAGE
3.01+0.08 ACCIARRI  99R L3 1998 LEP run

ACCIARRI 98G L3 LEP 1991-1994
ABREU 97) DLPH 1993-1994 LEP runs
3.23+0.16+0.10 AKERS 95C OPAL 1990-1992 LEP runs
2.68+0.204+0.20 BUSKULIC 93L ALEP 1990-1991 LEP runs
® o o We do not use the following data for averages, fits, limits, etc. @ o o

3.1 £0.6 £0.1 ADAM 96C DLPH /5 = 130, 136 GeV

2.98+£0.07+0.07
2.89+0.324+0.19

Limits from Astrophysics and Cosmology

Number of Light v Types
(“light” means < about 1 MeV). See also OLIVE 81. For a review of limits based
on Nucleosynthesis, Supernovae, and also on terrestial experiments, see DENEGRI 90.
Also see “Big-Bang Nucleosynthesis” in this Review.

VALUE DOCUMENT ID COMMENT

e o o We do not use the following data for averages, fits, limits, etc. ® o o

Escudero et al., arXiv:1609.09079
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If the Higgs hoson mediates SM-DM interaction...

LHC data can constrain the Higgs—invisible branching fraction, which is 10-3 in the SM h
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If the Higgs hoson mediates SM-DM interaction...

LHC data can constrain the Higgs—invisible branching fraction, which is 10-3 in the SM

Fermionic DM Escudero et al., arXiv:1609.09079
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If the Higgs boson mediates SM-DM interaction... OM

LHC data can constrain the Higgs—invisible branching fraction, which is 10-3 in the SM h
DM
Fermionic DM Escudero et al., arXiv:1609.09079
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If the mediator is also a new particle...

: : We gratefully acknowledge support from
Comell UanGI'Slty the Simons Foundation

and member institutions
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Searches for New Physics
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searches for New Phvsics Searches for Dark Matter
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Gollider DM “EFT” Framework



Gollider Models of Particle Dark Matter: Gomplementarity

General-purpose collider searches focus on models emphasizing complementarity

- with effective baryon coupling: scattering off nuclei and production in pp collisions

- do signature-based searches applicable to broad classes of possible models

- balance between model agnosticism, setting priorities, and using models to franslate
astro-physical /-particle knowledge

SM DM

DM SM SM SM SM

DM

DM SM DM DM SM SM
Indirect Detection | Direct Detection Colliders

Collider searches have many advantages, but
- dark matter must have non-gravitational interactions with the SM to produce it

- a missing energy signal may not be astrophysical DM
- the results cannot be related to other knowledge of DM without a model

(and, for DM, we know very little)

@ Ordinary Matter
@ Dark Matter
Dark Energy
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PHYSICAL REVIEW D 82, 116010 (2010)

TABLE 1. Operators coupling WIMPs to SM particles. The SM DM
operator names beginning with D, C, R apply to WIMPS that are
Dirac fermions, complex scalars or real scalars, respectively.

Name Operator Coefficient

D1 XxX4q9 mq/Mg SM DM
D2 X7 X3q im, /M

D3 XX3v’q im, /M3 .

D4 A_"YSX‘}'}’SQ m:/M: Colliders (EFT)
D5 XV XGYuq 1/M:

D6 XYY’ X3V .9 1/M?

D7 XY XTY Y’q 1/M? Try to do something very general and systematic...
D8 XYY XqY.7’q 1/M?

D9 X" XG0 1vq 1/M?

D10 X’U,w’)’s)(q(faﬁq l/M’%

D11 )[',\/G#,,G‘“’ as/4M2

D12 )?'ysxG#,,G‘“’ ias/4M2

D13 xxG ., G* ia,/4M:

D14 ,{/75,\/6#,,6“” a,/4M3

C1 x"xaq mq/ M2

C2 x'xav’q im,/M?

C3 x'0,xar"q 1/M?

C4 x'0,xar*v’q 1/M?

5 x'xG,,G* a,/4M?

Cé6 X*,\/G#,,é’“’ i, /4M?

R1 X’aq m,/2M?

R2 X*qv’q im,/2M?

R3 XZG#,,(S“” a,/8M?

R4 x>G,,G** ia,/8M?




PHYSICAL REVIEW D 82, 116010 (2010)

TABLE I. Operators coupling WIMPs to SM particles. The
operator names beginning with D, C, R apply to WIMPS that are
Dirac fermions, complex scalars or real scalars, respectively.

Name Operator Coefficient
D1 Xaq m,/ M3
D2 XY’ Xaq im, /M3
D3 Xxav’q im, /M3
D4 XY’ xXav’q mq/ M3
D5 XY XTY 04 1/M:
D6 XYY X4y .49 1/M?
D7 XY*X37.7q 1/M?
D8 XYY’ Xav,.v’4q 1/M?
D9 Xo* x40 9 1/M?
D10 X’U,LVYSXqUapq l/M%
D11 xxG ., G* a,/AM3
D12 X7V’ xG ,,G** ia,/4M:
D13 xxG ., G* ia,/AM>
D14 X7V xG ., G*” a,/4M3
C1 x"xaq mg/M?
C2 x'xav’q im,/M?
C3 X", xq7"q 1/M2
C4 x'o,xav*v’q 1/M?
5 x'xG,,G* a,/4M?
C6 X*xGWG’“’ ia,/4M?
R1 xX’aq mq/2M?
R2 X*qv°q im,/2M?
R3 XG;GHF a,/8M:
R4 X°G; G* ia,/8M?

SM DM

DM
SM

Colliders (EFT)

Problem (when applying to LHC):

In typical completions, the inaccessible
physics must be too strongly coupled to
produce observable signals

e.g. s-channel mediator: rate depends on
My = Mmed//8q8x.

High enough rate implies either:

- heavy mediator, non-perturbative couplings

- light mediator (EFT incorrect theory)
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udd udd

LHC probes ‘high’ energy scales
If ‘high’ is high enough, it can discovery and characterize the interactions
between normal and dark matter
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SM DM SM DM

—> Med
DM
DM
M SM SM SM
Colliders Colliders
(Contact interaction) (Simplified Models)

LHC probes ‘high’ energy scales
If ‘high’ is high enough, it can discovery and characterize the interactions

between normal and dark matter

Requires more model assumptions (and parameters)



If the mediator is also a new particle...
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Going After Z Gopies

(the rest of today'’s talk)



(or: collider-stable weakly-interacting particles)
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MET+X searches, or “mono-X"

pT > 250 GeV

jet
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tight cleaning

8 x(my)
Signals
8q DM
Vv, A(Mmed)
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.....‘
MET
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Backgrounds

jet
jet

® W(uv)
Z(wv) A
MET

" M ET”
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CMS Mono-W/Z/jet

PAS EXO-16-048

Look for large MET and =1 high pr jet; veto e, y, tau, Y, b-jet
e Mono-V: prjiA*8, MET > 250 GeV, mass 65-105 GeV, tauz < 0.6
e Mono-jet: remaining events prji"k4 > 100 GeV, MET > 200 GeV

Fit background and signal predictions to MET control regions (ee/pup/e/u/Y+jets)

Mono-jet 35.9 o (13 TeV) Mono-V 35.9 b (13 TeV)
% 106 T | L | 11 | T Dlatal 11 | 11 % I I | I I I | I [I)ata I | I I I
G 105k CMS Preliminary [ zivv)sets G 10*t CMS Preliminary [ zov)+ets
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. . > >
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. xial-vector,m _ =2.0Te 10 xial-vector, m  =2.0Te
Heavy mediator (2 TeV), 10 A FABAGCT. Mg =20 T
Light DM 1 1
-1
10 10—1
o S
1 1 11 1 | —2
_qc.; 1]? T T | T T T | | T T | T T T | T T T -ll T T T 81 o )
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CMS Mono-W/Z/jet

(currently strongest public mono-jet result)

PAS EXO-16-048

Look for large MET and =1 high pr jet; veto e, y, tau, Y, b-jet

e Mono-V: prjiA*8, MET > 250 GeV, mass 65-105 GeV, tauz < 0.6
e Mono-jet: remaining events prjiA4 > 100 GeV, MET > 200 GeV

Fit background and signal predictions to MET control regions (ee/uu/e/p/Y+jets)

E7s (GeV) | Observed | Z — vv+jets | W — fv+jets Top Dibosons Other Total Bkg.
250-280 136865 79700 £ 2300 | 49200 4= 1400 | 2360 £200 | 1380 £ 220 | 1890 & 240 | 134500 4 3700
280-310 74340 45800 + 1300 | 24950 £ 730 1184 £ 99 770 £120 | 840 £ 110 73400 + 2000
310-340 42540 27480 + 560 13380 £ 260 551 + 53 469 + 77 445 £ 63 42320 £ 810
340-370 25316 17020 £ 350 7610 £ 150 292 + 28 301 + 51 260 + 39 25490 + 490
370-400 15653 10560 £ 220 4361 £+ 91 157 £ 17 198 + 33 152 + 26 15430 + 310
400-430 10092 7110 £ 130 2730 + 47 104 £+ 12 133 £+ 23 84 + 15 10160 £ 170
430-470 8298 6110 + 100 2123 £ 37 752 +£79 110 + 19 67 £11 8480 + 140
470-510 4906 3601 £ 75 1128 + 22 38.6 £5.3 75+ 12 21.0+£3.9 4865 £ 95
510-550 2987 2229 + 39 658 £ 12 185£33 | 51.7+95 12+24 2970 £ 49
550-590 2032 1458 £ 27 398 £ 8 123+£26 | 359=£71 97 +19 1915 + 33
590-640 1514 1182 + 26 284 £7 55+ 1.4 309 £5.7 26+0.7 1506 + 32
640-690 926 667 £+ 15 151 +4 46+17 16.7 £3.9 40+0.8 844 £ 18
690-740 557 415 =12 90.4 £3.0 3815 15.6 = 3.6 1.7+ 04 526 + 14
740-790 316 259+ 9.6 552 £2.3 0.8 £05 9.14 £23 02+0.1 325+ 12
790-840 233 178 £ 7.1 353+ 1.7 1.7 £0.8 535+ 1.7 14+£03 223 £9
840-900 172 139 + 6.2 252+1.3 1.5+£12 | 252+1.05 | 0.04 +0.03 169 + 8
900-960 101 88.1 £4.9 14.7 £ 09 03+03 | 3.88+142 | 0.03+£0.02 107 £ 6
960-1020 65 73.8 £4.7 12.0 £ 0.8 04+03 1.83 £0.92 | 0.02 £+ 0.01 88.1+£5.3

1020-1090 46 42.6 +3.1 6.7 £ 0.6 00+£00 | 3.42+133 | 0.01 £0.01 52.8 £3.9
1090-1160 26 21.5+21 35+04 0.0+0.0 | 0.00+0.00 | 0.01+£0.00 25.0£25
1160-1250 31 21.0£22 33+04 0.0 £0.0 1.07 £ 0.69 | 0.01 £ 0.00 255+26
1250-1400 29 225+24 29403 0.0 £0.0 1.49 £0.91 | 0.01 £0.00 269 £2.8

Effort hosted by the LHC DM WG to produce a O(1%) theoretical estimate for this analysis (See arXiv:1705.04664 and Pozzorini’s talk at DM@LHC 2017)
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CMS Mono-W/Z/jet
(currently strongest public
Look for large MET and =
e Mono-V: prjiAk8, MI
e® Mono-jet: remaining
Fit background and signal

ET" (GeV) | Observ
250-280 13686
280-310 7434(
310-340 4254(
340-370 2531¢
370-400 1565¢
400-430 1009z
430-470 8298
470-510 4906
510-550 2987
550-590 2032
590-640 1514
640-690 926
690-740 557
740-790 316
790-840 233
840-900 172
900-960 101

960-1020 65
1020-1090 46
1090-1160 26
1160-1250 31
1250-1400 29

Effort hosted by the LHC DM WG

arXiv:1705.04664v1 [hep-ph] 12 May 2017

PAS EXO-16-048
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Abstract

High-energy jets recoiling against missing transverse energy (MET) are powerful
probes of dark matter at the LHC. Searches based on large MET signatures require a
precise control of the Z(vi)+ jet background in the signal region. This can be achieved
by taking accurate data in control regions dominated by Z (£ £~)+ jet, W (£v)+ jet and
v+ jet production, and extrapolating to the Z(vv)+ jet background by means of precise
theoretical predictions. In this context, recent advances in perturbative calculations
open the door to significant sensitivity improvements in dark matter searches. In this
spirit, we present a combination of state-of-the-art calculations for all relevant V4 jets
processes, including throughout NNLO QCD corrections and NLO electroweak correc-
tions supplemented by Sudakov logarithms at two loops. Predictions at parton level
are provided together with detailed recommendations for their usage in experimental
analyses based on the reweighting of Monte Carlo samples. Particular attention is
devoted to the estimate of theoretical uncertainties in the framework of dark matter
searches, where subtle aspects such as correlations across different V+ jet processes
play a key role. The anticipated theoretical uncertainty in the Z(vi)+ jet background
is at the few percent level up to the TeV range.
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13 TeV mono-jet results with simplified models
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