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Indirect detection
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anti-matter

Direct
detection

>
L

Nuclear recoil

Collider detection

DM SM

+
Missing transverse energy



AJ

7 HEPHY WIMPs @ | HC
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7 HEPHY Why LHC?

Cooley et al, arXiv:|4HO0.4960

10737 101
-38 | -2
10 o 10 Q

e Both the LHC and direct detection experiments look for pp >
DM DM interactions

e (Given the stringent direct detection limits, what chance does
LHC have to detect dark matter?

100 10000 10
WIMP Mass [GeV/c?]
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e Direct detection: spin independent limits are much stronger than spin
dependent limits

e | HC: sets comparable limits for spin dependent and spin independent
operators

\B: Effective operator description at the LHC ig a dangerous way to get limitg, interpret plote carefully
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e Direct detection: Limits assume single component dark matter, limits get
worse for under abundant dark matter

e | HC: Limits do not involve any assumption on the local dark matter density
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Why LHC?

e Direct detection: Limits assume single component dark matter, limits get

worse for under abundant dark matter

e | HC: Limits do not involve any assumption on the local dark matter density
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7TeV ATLAS 157190 % C.L.
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An et al, arXivi202.2894

Mz = 100, 300, 1000 GeV

5 10 50 100 500
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e Direct detection: Limits do well even for an off-shell mediator

e | HC: Limits get worse quickly once mediator goes off-shell

NB: CRESST limits not included on the plote



7 HEPHY It does not have to be...

e |[f dark matter relic is driven by co-annihilations, then p p > DM DM
interactions can be negligible, both dark matter searches at the LHC and
direct detection experiments can loose

¢ WIMPs can be heavy
¢ \WWIMP is one of the many possible dark matter candidates
* p p > DM DM one of the many possible dark matter interactions

® |[mportant to remember, we are exploring a tiny but important part of
landscape

NB: [ have been unfair to indirect detection gearcheg, the argumentg [ gave can algo be extended to
include indirect detection earcheg

10
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e Derived limits often depend on exact theoretical scenario, mediator width,
couplings and masses

* Necessary to reinterpret mono jet limits within a given theoretical scenario

11






7 HepHY  Analysis reinterpretation

Theory point in BSM space

l

» FeynRules, SARAH etc.

Event Generator

l

» Herwig, Pythia, MadGraph, Sherpa

Parton showering, hadronization

l

Detector simulation

l

Analysis code \

Data analysis

>

» Herwig, Pythia, Sherpa

Delphes, smearing technigues

e CheckMATE, MadAnalysis, RIVET, GAMBIT

e

13
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7 HEPHY MadAnalysisS

Public framework for analysing Monte-Carlo events

Has different levels of sophistication — partonic, hadronic, detector
reconstructed

Input formats: StdHEP, HepMC, LHE, LHCO, Delphes ROQOT files
Normal mode: Initiative commends typed in python interface

Expert mode: C++/ROOT programmes

http://madanalysic.irmp.ucl.ac.be/,
Conte et al Eur. Phye. J. C74 (2014), no. 10 3103,

Dumont et al.  Eur. Phye. J. C75 (2015), no. 2 56
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http://madanalysis.irmp.ucl.ac.be/

7 HEPHY ATLAS-SUSY-2013-21

P | b -

L r"" 7 0
- X1 X1
* Analysis designed to search for compressed stops > X1 %
e Considers monojet (ISR) and c-tagging p th
« Only monojet analysis implemented in MA5 ? ¢

 Monojet analysis: three signal regions of different pT and missing ET ((pT, ET)=
(280, 220), (340,340),(450,450))

15
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77 HEPHY, ATLAS-SUSY-2013-21
Sengupta et. al. hitpa://ingpirehep.net/record /1388797
t — cx? (200/125) cutflow
cut # events relative change | # events | relative change
(scaled to o and L) (official) (official)
Initial number of events 376047.3 376047.3
ERmss > 80 GeV Filter 192812.8 —48.7% 181902.0 181902.0
EXss > 100 GeV 136257.1 —29.3% 97217.0 —46.6%
Trigger, Event cleaning... - - 82131.0
Lepton veto 134894.2 —1.0% 81855.0 —15.8%
Niets < 3 101653.7 —24.6% 59315.0 —27.5%
A¢(ERSs jets) > 0.4 95568.8 —2.1% 54295.0 —8.5%
Leading jet pr > 150 GeV 17282.8 —81.9% 14220.0 —73.8%
ERss > 150 GeV 10987.8 —36.4% 9468.0 —33.4%
M1 Signal Region
Leading jet pr > 280 GeV 2031.2 —81.5% 1627.0 —82.8%
ERss > 220 GeV 1517.6 —25.3% 1276.0 —21.6%
M2 Signal Region
Leading jet pr > 340 GeV 858.0 —92.2% 721.0 —92.4%
Emss > 340 GeV 344.4 —59.9% 282.0 —60.9%
M3 Signal Region
Leading jet pr > 450 GeV 204.3 —98.1% 169.0 —98.2%
ERss > 450 GeV 61.3 —70.0% 64.0 —62.1%
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7 HEPHY ATLAS-SUSY-2013-21

Sengupta et. al. hitpa://ingpirehep.net/record /1388797
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7 HEPHY Test cases

¢ \What do the monojet searches tell us about the dark matter motivated
explanations of 750 GeV diphoton excess?

e How well do these searches constrain momentum dependent couplings of
dark matter?

18



Test case: |

Exploring the 750 GeV diphoton excess portal to
dark matter
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7 HEPHY

The excess (as of 15 Dec)

ATLAS
L=232f1
M ~ 750GeV [' ~ 45GeV

~ 14 events 3.90 local 2.30 including LEE

CMS
L=26""1
M ~ 760 GeV narrow width favored

~ 10 events 2.60 local 1.20 including LEE

21



I]Jlnh"/ .
= HepHY  The excess (post-moriond)

Stolen from talk by M. Bogman (Planck 2016)

Compatibility with Vs = 8 TeV data

» 8TeV data: 1.9 0 deviation from bkg-onl » 8TeV data: no excess in the region of interest
hypothesis at my = 750 GeV, I'y/my = 6

»  Assuming common snﬁnal model; production X-
sec scales like Parton luminosities

gg s-channel = 4.7; qq s-channel = 2.7
Compatibility 8 TeV © 13 TeV (gg hypothesis): 1.2 0 Compatibility 8 TeV < |13 TeV (gg hypothesis): 2.7 0

Compatibility 8 TeV « 13 TeV (qq hypothesns) 210 Compatibility 8 TeV < 13 TeV (aq hypothesis): 3.6 0

> > ' J
[ 10*
g » ATLAS Prelminary Data g ATLAS Prelminary j
- ’ —— Background-only it e 0 —— Background-only ft ¥
10° o 3
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i O
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E | § 10 S
3 -3 5 ‘ -
sf| (| M E € SEITBME T '
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4| Recent ATLAS Results M.Bosman 24/5/16
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7 HEPHY — The excess (post-moriond)

* 0.6 fb~1 dataset with B=0T is included (2.7 to 3.3fb™ ! total)
« 4 different categories:(EB-EB,EB-EE)x(3.8T,0T)

Spin 0,2 interpretation CMS Preliminary 0.6 fb™ (13 TeV, OT)

(%D, 10° & EBEB ¢ Data
CMS Preliminary o L — Fit model
S SN Y N : : N : L E3K
o B ar 7 e e e e e b L S e e & ; 10 20
s { CMS-PAS-EXO-16-08
- 0 m
I L LT TR S 1 TV T L -
-2 _—
107 CMS-PAS-EXO-16-018 1E "
. m=14x10%J4=0 M [
10°E —— Combined Al
e 0T 0.6 fb’ 5 ,f '
- 3.8T 2.7 fb’ ot
10.4 A - h /“5 i ' f "II
5102 6102 7x10? 810 = 0 SRS
m, (GeV) g |
E I, J EES S

400 600 800 1000 1200 1400 1600

m, ., (GeV)
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e 13 TeV excess compatible with 8 TeV analysis

arXiv1506.0230! CMQ-PAQ-EX0D-16-0I8
19.7 " (8 TeV)

g D AR D ) AAE RAREE RARLE CMS Preliminary 3.3fb" (13 TeV) + 19.7 b (8 TeV)
- All classes combined - a 6 5

3 CMS I'e= 0.1 GeV; spin-0 - o F
’31 ok B o - 750 GeV, J=0
= 35 014 x 10?
T Expected t 10 X '
= o= ) —— Combined
o - - Expected t 20 4 — 8TeV

1072 —— 13TeV

af

10°F - 2
_ 4 1=
10_4“l““llu.luull.ulu..h“.l .
200 300 400 500 600 700 800 00”

m, [GeV]

* 8 + 13 TeV excess: 3.40 local and 1.40 global significance
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« 13 TeV excess compatible with 8 TeV analysis

0 B(X> 1), (Pb)
o
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o
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10°*

arXiv:l*

200

CMS Preliminary

3.3fb' (13 TeV) + 19.7 b (8 TeV)

The excess (post-moriond)

= S ¥ 16
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T I | 20
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* 8 + 13 TeV excess: 3.40 local and 1.40 global significance
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Stheeny  Visitor VISA for 750 GeV

Strumia et al, arXiv:l605.0940!

Citation: Particle Data Group, 2016 update

F (7500) 1(J7) =7(07)
J needs confirmation

OMITTED FROM SUMMARY TABLE
Needs confirmation.

F MASS
VALUE (GeV) EVTS DOCUMENT ID TECN COMMENT
750 + 30 OUR AVERAGE ATLAS, CMS p—

e ¢ o \We do not use the following data for average, fits, limits, etc. o o o

F WIDTH
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT
<100 95 ATLAS, CMS p — F

e ¢ o \We do not use the following data for average, fits, limits, etc. o o o

F DECAY MODES
Mode Fraction (I;/I")

M vy seen
> ~Z,Z27,3) expected
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7 HEPHY “Little bit” of excitement

Result Edit in 1SS (

8\
.

#Run2Seminar and subsequent yy-related arXiv submissions
500 2016/03/21 09:33:36: Submissions: 304

450

4423
350 38

30

2

23022
150 l' !

100 1

1l
50

Cumulative number of submissions [by @DrAndreDavid)

0

[i1]

06 Dec 13 Dec 20 Dec 27 Dec 03 Jan 10Jan 17 Jan 24 Jan 31 Jan 07 Feb 14 Feb 21 Feb 28 Feb 06 Mar 13 Mar 20 Mar 27 Mar 03 Apr 10 Apr 17 Apr 24 Apr 01 May08 May 15 May22 May 29 May 05 Jun
Date and time of last update (UTC)

-50

http://jefiddle.net/ adavid/bk2tme2m/chow/

We also had a prediction for the total number of papers!

Backovic et. al. arXiv:1603.01204
20


http://jsfiddle.net/adavid/bk2tmc2m/show/

7 HEPHY PDF enhancements

Francegchini et al, arXiv:1512.04933

* Assume a production of scalar resonance S

2J +1
MT's

CouT(S = gg) + 3" Coal'(S — q@] D(S — 7)

q

olpp = 5 = 7y) =

\/g Cbg Cee Cis Cdc? Cug ng Feb Tee Tssz Tgqd Tuu Tgg
8TeV | 1.07 2.7 72 89 158 174 54 51 43 2.7 25 4.7
13TeV | 15.3 36 83 627 1054 2137

r = 013Tev/08TeV - [ng/s]l?)TeV/[ng/S]STeV

« MSTW2008NLO PDF estimates (typical K factors from higher order Kgg = 1.5
and Kqq = 1.2 can modify these estimates)

« Gluon gluon initial state gets more attention due to large gain in PDFs

27
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77 HEPHY Production modes

 |f it is a resonance, it should be a spin - 0 or 2 particle (Landau-Yang theorem)

* The excess may not be a resonance arXiv:1512.06113, arXiv:1512.06833 both
consider 3-body decays

gm\ q
>

g g fusion : V/ WW, ZZ fusion :
992900999000 " - ,
\q
t
~ : t « VBF and tt fusion correspond to
ttfusion:: : additional observable decay products
J  ggF the most promising channel

-+ |

28
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7 HEPHY Production modes

 |f it is a resonance, it should be a spin - 0 or 2 particle (Landau-Yang theorem)

* The excess may not be a resonance arXiv:1512.06113, arXiv:1512.06833 both
consider 3-body decays

| —— —
T ’ X ’ X

e For photon fusion, three possibilities: Elastic-elastic, elastic-inelastic and
iInelastic-inelastic

gee e..

Ceaki et al, arXiv:i6OLO0638,

Fichet et. al, arXiv:(512.0575|,

Harland-Lang et al, arXiv:i60107187
29
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77 HEPHY

Run - 1 results

 Multiple searches already done at Run - 1

Francegchini et al, arXiv:i1512.04933

final o at /s = 8TeV implied bound on
state f observed expected ref. 'S = f)/T(S = YY)obs
- <15fh <11fb [6,7] < 0.8 (r/5)
ete"+utpu | <12 <121 [§ < 0.6 (r/5)
THr™ < 12 fb 15t |9 <6 (r/5)
7~ <40fb <34fb [0 <2 (r/5)
Z7 <12fb <20fb [11] <6 (r/5)
Zh <19fb < 28fb [12] < 10 (r/5)
hh <39t <42fb [13] < 20 (r/b)
WHW- <40fb < 70fb [14,15] < 20 (r/5)
t < 550 fb i 16 < 300 (r/5)
invisible < 0.8 pb - [17] < 400 (r/5)
bb < 1pb <lpb [1§] < 500 (r/5)
ij < 2.5 pb i 5 < 1300 (r/5)

masses harder)

30

e Limits depend on width of the resonance, limits should be taken with care

* Dijet limits are some of the weakest (controlling QCD background at lower
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=7 HEPHY
A CHRISTMAS GIFT FOR PHYSICISTS:
THE FIXION
A NELY PARTICLE THAT EXPLAINS EVERYTHING
MAN COMPONENT ____——= CONFINES QUARKS AND GLUONS
OF YRR MATTER SUPPRESSES ANTIMATTER
NEUTRALIZES MONOPDLES — IN EARLY UNIVERSE
SPONTANEOUSLY >~ + MEDIATES PROTON DECAY
EMIT5 DARK ENERGY ~ .,/ <" BUT THEN HIDES IT
INTRODES DISPERSION INTO BROKEN SMMETRY CAUSES
PERYTONS FROM KITCHEN MICROWAVES, — S~ =0, EXPLAINING UNOBSERVED
EXPLANING FRST RADID BURSTS NEUTRON DIPOLE. MOVENT
CAUSES ALPHA EFFECT COVERS NAKED SINGULARITIES
INTERCEPTS CERTAN GRAVITATONAL. 2 CAUSES CORONAL HERTING
E THEYRE- OPSER! SUPERLUMINALLY SMOOTHS
HIGGS-1SH ANISOTROPIES IN EARLY ONIVERSE
SPACECRAFT DURING FLYBYS FOR BICEP3 To FIND)
MELTS ICE IN "SNOWBALL TRIGGERS SIBERIAN SINKHOLES
EARTH" SCENARO TRANSPORTS NEUTRINOS FASTER THAN

[~ LIGHT BUTONLY ON CERTAIN DAYS

SUPPRESSES SIGMA
N BT /r\ THROUGH ONE ARER OF FRANCE.

31




7 HEPHY 750 GeV portal to DM

e Coupling of a 750 scalar resonance to gauge bosons and Majorana dark
matter particle

1 > ME oo 1o, .
»CNP,CPE — 5(59#8) — ?3 - 510(@@” — m¢)¢ — 73¢¢
2
1
s B,,B" — 22

4 4A2

gl
4 4A1

g; 1
W, W — G, GH
> Ar AN, M

1 TP R Yy o 5
»CNP,CPO — 5(@&) — =S8+ —w(z% — mzp)¢ — 11— 8Py Y

2 1 _ 2 1 _ 2 1 -
- jl o8 Bu B 2 W W - B o G
T 1

Mambrini et al, arXiv:512.0493,
Backovic et al, arXiviI512.04917,
Barducei et al, arXiv: (51206842
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NP,CPE 22(0u3) 9 §" + §¢(’lau — mw)w - ?w
g7 1 92 1
_ s B,,B" — 2 pv_
ArApn, M ran,” VW
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Effective couplings to gauge bosons

33



\4

Mass scales for effective couplings

33



1 2 Mg 2 1 - Yy
ENP CPE — 5((9MS) — ?S -+ §¢(Zau — m¢)¢ — —2
2 2
g1 1 95 1
— B, B" — W, WH —
A AN, F Ar 4, M

SM gauge couplings
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v
Coupling to DM
(controls width of s)
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1 2 Mg o, 1 - Yy
Lxp,cPE = 5((%8) = 73 + §¢(’lau - mw)w DY
2 2
g1 1 9o 1
_ B,,B" — W, WH —
Ar A, F aran,® W

Mass term 750 GeV
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\p
; y
S
&'/ég: Y
°
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= HepHY (Generating effective couplings

121

10+

y
37Tmf
scalar
27Tmf
seudoscalar
Ny (@ )
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LHC phenomenology
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 Feynman diagram for monojet analysis
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« Working assumption emission of a jet
from vertex small probability
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7 HEPHY LHC phenomenology

Consider CP even couplings for LHC simulations

Determine LHC predictions for dijet, diphoton rates, width of the resonance
e Determine current exclusion for the monojet analysis

e Determine current dark matter constraints

Constraint Evaluation ETOO|

Dijet %Parton level @ 13 TeV él\/ladGraph
Diphoton Parton level @ 13 TeV MadGraph
Monojet Reco level @ 8 TeV MadAnalysis
Relc Micromegas
o  Anaytica
o ~ Micomegas
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 CP even and CP odd couplings make a big difference for relic density
 CP even case: p-wave suppression for annihilation cross section
* Needs large values of Yukawa couplings to achieve relic

 CP odd case: No velocity suppression much smaller values of Yukawa
couplings work

» No couplings to fermions present

* For dark matter mass less than 375 GeV, only gauge bosons, photons, and gg
final states in s-channel present

e For dark matter mass greater than 750 GeV t-channel annihilation into scalar
resonance possible

e Contribution up to 20% of the first scenario
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7 HEPHY Dark matter relic

 CP even and CP odd couplings make a big difference for relic density
 CP even case: p-wave suppression for annihilation cross section
* Needs large values of Yukawa couplings to achieve relic

 CP odd case: No velocity suppression much smaller values of Yukawa
couplings work

m¢ = 250 GeV
3000 S— T 3000 .
o CP-even ° CP-even
2500l " ¢Prodd i Jsooll_° CPodd
A2 = 200 A1 = 400
2000 - 2000}
S S
] Q
O 1500F - O 15001
< <
1000} - 1000+
5001 i 500}
| /I |
107 10" 10" 10 107

43



zHepHy — Melange des constraints

Barducci et al arXiv: [512.06842

10— —— 10— 3 —_— i Gav
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e Large part excluded by very large width

e Reconciling everything together not possible in CP even case within the
ranges on the plot

« Possibility of reconciling everything for Lambda1,2 = 20 GeV (see backup)
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Barducei et al arXiv: 1512.06842
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Barducci et al arXiv: 1512.06842

10 '\ ' ' \ T ' ' ' T ' ' ' T ' ' ' 10 ' ' ' T ' ' ' T ' ' ' T ' ' '
I _ \ \ = 350 GeV
- >! m, =350 GeV - .\ my
- 500 100 g: /\1 , =200 GeV . 0 500 100 Ai 2 = 400 GeV
_\ bireloev) [ sloey
cC
8 9?\\ 00 100999 »nl pp_)yyl‘]STeV = 8 fo- \130. 1 100. 45 100 999 pp9 VVl‘]STeV =
[ 'g E PP->jjj13 ey [fb] | LY PP-jjj13 ey [O]
o, tho. . %9 o 1 . 100. \\ 100. 100, 999 97.7 I’
\ it X /
i \\ = : r II
6 ?e\ 00 100 99.7 g ': — 6 _e.- 00 00 100. 997 994 9:, —
3 o ‘oi. . %3 979 96." 936 2 O - >5" lo_==160.  100. :’4.3 2 0
- \\ ,' r i
4 o= 100 ?0{~ ! 4 - 100 00 {4.6 —
| | :
.Y L1010 8. 100 100
2 e 100 1:o TS e N et L CC T 2 T \wh ~ 100
o 999 998 % i —nie v ~_ " - o. Jo~ 997 ey i T e me mwme_ 75 4
T me e ~ ATLASTSUSY-2013-21 [STeV] ______ :
O L L L | L L L | L L L | L L L O L L | L L | L L L | L L L
200 400 600 800 1000 200 400 600 800 1000
As [GeV] As [GeV]

e Large part excluded by mono jet

* Relic density achieved for ypsi < 1

« Although monojet constraints and LHC diphoton excess can work, the width is
very small
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* Production of DM particles via off-shell propagator

Small width of the resonance
Monojet constraints are weak, multijet analysis might do a better job
Not possible to get the large width, the DM LHC constraints less interesting
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Backovic et al arXiv:l605.07962

LD GG Gy + - SWH Wy + LB By + 95 Y 530 + gx SX X
q

1 > My o 1o S 7
LNP,CPE — 5((%8) — ?3 =+ 51@(@@# — m¢)¢ — 73¢¢
2
1
s B,,B" — 22

4 4A2

g 1
4 4A1

g; 1
W, W — G, G
> Ar AN, M

e Slightly different parametrisation of Lagrangian, however the same model
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e Extrapolated limits from LHC8 to LHC13

* Almost entire parameter space covered for 30 fb-! luminosity
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Test case: |l

Exploring momentum dependent dark matter couplings

Barducci et al, arXivl605.02684 [LH proceedings]

Barduccei et al, work in progresg
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7 HEPHY Theoretical motivation

e Dark matter could be a pseudo Nambu Goldstone Boson appearing in the low
energy theory as a result of the spontaneous breaking of a global symmetry by
a new strong sector dynamics

e Strong sector dynamics can appear in the context of a new strongly-coupled
sector above the TeV scale

* The analogy is the pion in QCD, the pions appear as Goldstone bosons of ggbar
condensate breaking the chiral symmetry

* The shift symmetry of Goldstone bosons imply that their interactions are
derivative (in the exact symmetry limit)

« \What kind on phenomenological limits can be placed on such dark matter
scenarios and what is the sensitivity of the LHC for these couplings?
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e Extension of the Standard Model by gauge singlet real scalar field

1 1 1 1
Ly=Lsm+ §au773”77 - 5:“127772 - 1)\77774 - §>\772HTH + 2—f2(8un2)8”(HTH)

» After electroweak symmetry breaking

1 2 2
£,73—Z(v+h)2 ()\n +f2a L,0P7) ) m%:,un+)\v /2
For mono-Higge signature
atudy of imilar model gee e.q.
. arXivl312.2592., arXiv:
scale of spontaneous Momentum dependent coupling
symmetry breaking 14120258
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7 HEPHY Simple case

 Monojet production cross section

0(p7 — 4m?) P2 2 4m?
(99 — gh™ — gmm) (02 — m2)2 + T2m2 ( 72 5

* For the onshell regime the momentum dependence vanishes

» Off-shell Higgs regime, leads to a very small cross section < 1 fb for momentum
dependent and <0.5 fb for momentum independent couplings

* Good measurements of Higgs production cross sections limit ggh couplings,
decreasing the total cross section for monojet production
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Model

e /> 0dd real singlet scalar dark matter particle couplings to the Standard Model
with Z> even scalar singlet
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Model

e /> 0dd real singlet scalar dark matter particle couplings to the Standard Model
with Z> even scalar singlet
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7 HEPHY Relic density

e Unlike LHC constraints, relic density depends on the propagator mass

e Two annihilation channels
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e Unlike LHC constraints, relic density depends on the propagator mass

 Two annihilation channels
Mostly drives relic
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* 95% confidence level monojet cross section upper limits for momentum

dependent and independent couplings
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* 8TeV constraints projected, 13 TeV analysis ongoing
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* There is a strong complementarity between the direct detection and LHC
searches

« Although, direct dark matter searches at the LHC probe a very tiny region of
dark matter parameter it is an important channel to look at

 Monojet searches play an important role in exploring the dark matter
parameter space at the LHC (and in most cases, yield the strongest
constraints out of all mono-X searches)

» The dark matter motivated explanations 750 GeV diphoton excess are well
constrained by the monojet searches

* Reconciling the monojet searches, the diphoton excess and other LHC
searches demand a hierarchy in the resonance couplings

e Dark matter can also have momentum dependent couplings

 The momentum dependent and independent couplings yield genuine
differences in the pT distributions of the jets and hence in the limits derived
from monojet searches
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