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Tentative outline

LECTURE 3
- dark matter
- why we need it

- WIMP “miracle” and susy

- direct, indirect searches, search for DM at LHC (effective approach)



Dark Matter

motivation for dark matter arises from gravitational
effect in astronomical observations at various scale
v (km/s) observed

luminous (visible) matter is insufficient to account
for the observed effects at galactic scale : expected from
luminous disk
- rotation curves of spiral galaxies ==

- gas temperature in elliptic galaxies

10 radius, kpc

- .. .M33 rotation curve

<= Clusters of galaxies :

- peculiar velocities
- gas temperature (X-ray measurements)

- gravitational lensing




Dark Matter

Galaxies have a dark halo containing 70-80 % of its mass



Dark Matter

galaxy collision : bullet cluster (galaxy cluster 1E 0657-56)

two galaxies collided leaving the visible interacting matter (hot gas detected by Chandra in X ray)
behind (as shown in pink color)

not where most of the mass of the cluster is as seen through gravitational lensing
(shown in blue color)



Dark Matter

- needed for structure formation
structure in baryons cannot grow until 'recombination'

baryons must then fall into potential wells of DM or not enough time for structure to form

- no Hot (i.e. relativistic) Dark Matter (HDM)

ex: relativistic light neutrinos

from simulations (1st from S. White 1986)

HDM observed galaxy distribution CDM

HDM does not explain the observed clustering < cold dark matter (CDM) is more successful



Dark Matter

HDM CDM



Planck results

baryons Q,h’
~_vCDM Qpyh’

0.02207 = 0.00033
0.1196 =+ 0.0031

I+

Planck Planck+lensing Planck+WP

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits
N 0.022068  0.02207 + 0.00033  0.022242  0.02217 £ 0.00033  0.022032  0.02205 + 0.00028
Sl uinisne cmens s 0.12029 0.1196 = 0.0031 0.11805 0.1186 + 0.0031 0.12038 0.1199 + 0.0027
1000xes = 5 5 5 & & sowsiwis o 1.04122 1.04132 + 0.00068 1.04150 1.04141 + 0.00067 1.04119 1.04131 + 0.00063
Bioraies & & 5 § 5 § & sems o 0.0925 0.097 + 0.038 0.0949 0.089 + 0.032 0.0925 0.089fg:8:§
Fla o & % 5 5 8 B § Spemn b 0.9624 0.9616 + 0.0094 0.9675 0.9635 + 0.0094 0.9619 0.9603 + 0.0073
IO R ¢ o o o s 5 3.098 3.103 £ 0.072 3.098 3.085 + 0.057 3.0980 3.089+0:02
Dl %G w5 see e s 0.6825 0.686 = 0.020 0.6964 0.693 +£0.019 0.6817 0:685" 41
Qe 0.3175 0.314 + 0.020 0.3036 0.307 £0.019 0.3183 D315 88
o2 T 0.8344 0.834 + 0.027 0.8285 0.823 +£0.018 0.8347 0.829 + 0.012
Bheruswns » % v w0 & ® u sgwsias 11.35 11.4*%79 11.45 10.83:; 11.37 11.1+1.1
Hy ............... 67.11 674+ 14 68.14 67.9+1.5 67.04 67.3+1.2
104 . ............ 2,215 2.25&0.16 2.215 219707 2,215 2,196 000k
Y 0.14300 0.1423 + 0.0029 0.14094 0.1414 + 0.0029 0.14305 0.1426 + 0.0025

Dark energy Q, = 0.686 = 0.020

with Q=2 o =Pou

Pe Pc

Q=2

Pe

p.=3 H; m,~10"kg/m’ being the critical density



Planck results

baryons Q,h’ = 0.02207 + 0.00033
Dark Matter

 B9%
g Saes CDM QDMh2 = 0.1196 + 0.0031

Dark energy Q, = 0.686 = 0.020

H h = 0.674 = 0.0014

(@)

Dark Energy



Dark Matter are not MACHOS

(Massive Astrophysical Compact Halo ObjectS)

gravitational lenses

(e.g. brown dwarf)

earth distance ~ 55 kpc .
large magellanic

cloud
searched for using gravitational microlensing of stars
in near satellite galaxies and our galaxy cloud



Dark Matter are not MACHOS

(Massive Astrophysical Compact Halo ObjectS)

0.6 T | | 1 | I |
= OGLEZ2 =
-+ ;

. OGLE3

0.4 — 01/2008 -
E MACHO
= — 05% cl =
-t
< 02} EROS-2 + EROS—| —
Sl upper limit {(95% cl)

0.0 I | | l 1 | | | 1 |

-8 6 s 2 0 <
logM= 2log({tE ) /70d)

not enough objects with M > 107" M,

DM are elementary particles ?



Condition on Dark Matter (DM) particle candidate

- stable (or lifetime > > lifetime of the universe)

- neutral, colorless (weak interactions)

- cold (CDM i.e. non relativistic) or warm (WDM i.e. semi relativistic)

- massive and with the right relic abundance

— DM constraint on particle physics models

No CDM or WDM particle candidate in the Standard Model

active neutrinos are light and in equilibrium until BBN (T ~ 1 MeV) thus they are HDM



Log[o;,¢/pb]

Some Dark Matter candidates B thermal relic

WIMP

S

40 keV | GeV |

-18-15-12 -9 -6 -3 0 3

Log[M/GeV]

from G. Servant Talk EPS HEP 2013

- superWIMP

condensate

- gravitationnally

produced or at preheating

In Theory Space

== upersymmetry
Peccei-Quinn (almost) nectraline
axion Staﬂdﬂrd 3}-&\/:%:)70

Model

ma,oron -
_ Sterile

Techaicolor &
Combosite Higgs




(thermal) Relic density

'initially’ the early universe is dense and hot and all particles are in thermal equilibrium

the universe then cools to temperature T below the dark particle's mass m,

= number of dark particles becomes 'Boltzmann' suppressed

i.e. dropping exponentially as e "' "

the number of dark matter particle would drop to zero
except that in addition to cooling the universe is also expanding !

eventually the universe becomes so large and the gas so dilute
that the dark matter particles cannot find each other to annihilate

= the dark matter particles then 'freeze out’

with their number asymptotically approaching a constant
i.e. their thermal relic density

note that freeze out also known as chemical decoupling is distinct from kinetic decoupling
but interactions that mediate energy exchange between dark matter and other particle may remain efficient

after thermal freeze out interactions that change the number of dark matter particle become negligible



(thermal) Relic density

expansion and annihiliation = 2 competing effects which can modify the abundance
the faster the dilution associated with the expansion the least effective the annihilation

- Boltzmann evolution equation

particle number density dilution by relative velocity of the 2 particle annihilating
universe expansion
Q __ equilibrium density
dny (eqﬁ

d/ N
Hubble parameter thermal average of the X X annihilation cross-section

when temperature drops below particle X mass m,
- annihilation rate becomes smaller than the expansion rate

- freezing of the number of particles in a covolume

from n, at present temperature T, one gets
. pX(To> 8nh pX(To)
energy density pP,(T,)=n,(T,) my and Q, = —=2- =
(T)=n(T)my and @, = Brle =SNG Bad




The WIMP “miracle”
massive particles with mass ~ O(100) GeV and with annihilation interactions of
the 'size' of EW interactions allowing to get the observed relic density

t(ns)
10° 10’ 102 103
L) I L RS N SR AL IR B AR LL 108
o m, =100 GeV 9 ,
: 106 2 3X10 “cm
Increasing Qyh™
10-6 nnlhll t| N <Oannihilation V>
d allo 10%
. strength ~ f(my,gx)
102
r 10 10 X
S 10°
%m-u i
@ - with m, ~ 100 GeV, g, ~ 0.6
Ny ‘ 104 ,
() )
Q - > Qyh” ~ 0.1
g igwf PG ARARIEDTO) A e i
= 10' 100
= T(GeV)
o
= solid line is for annihilation cross section that yield the correct relic density
2 shaded regions are for cross section that differ by 10, 10° and 10’
g from this value
3}

number density of particle that would remain in thermal equilibrium



in Minimal supersymmetric extension of the SM

Neutralinos ( i.e. Majorana fermions in MSSM)

i?:Nm B+Ni,2 ‘/XS—I_Ni,S HAZ_I'NM Hff

Bino

Wino ——

Higgsinos

- lightest neutralino (i=1) %?hi‘l’ often considered as LSP and a candidate for DM

- assume R-parity conservation

- couplings of lightest neutralino (i=1) to Z boson and Higgs boson can vanish

when it is purely gaugino N ,=N ,=0 or purely higgsino N, ,=N,,=0



Example of relic density calculation

coannihilation
region M 0.20< QJ, <0.28 l 0.2 < Qy < 0.6
600 —— I — 1 :
X T Excluded by
M stable charged
P particle
Gkl 500 = 200
T b _
E irieogaig:ihilation 0. s -Qnm fOCLlS pOiIlt
¥ 4 .
degenerate S 400 region
neutralino 3 ' L _
and stau = « w
= 300 x;
100 +
i1 v 4 Excluded by & W
stit \7— Bulk region 75 ' collider bounds
M ; before LHC mixed
- Ganf=10 T higgsino-bino
100 , , , , , : , (A =0, u>0 neutralinos
0 500 1,000 1,500 2,000
. m, (GeV)
bulk region
X | f
. : 2l icture can change quite drastically at larger tan 8
light sfermions [ p 5¢ q y 5
o | i ex: s-channel annihilation via a A boson (funnel region)




Detection of Dark Matter

colliders

=

SM DM

direct direct

N / N

e —

indirect



Dark Matter direct detection

Nuclear recoil measurements
- ionization
Ge, Si
- bolometer (cryogenic detectors)
TeO, Ge, CaWO, ...
- scintillation
Nal, T1
LXe, CaF, (Ev), ...
June
e.g. WIMP Wind Vi<~
| h O.(nuclear) oc i
| scalar m;‘ December
(/ N
annual modulation
nucleon nucleon



interactions with of DM with matter
(non relativistic)

because of the Majorana nature of the % (i.e. x y"x=0 and % o* % =0)
the most general lagrangian at the level of quarks is described by the 4-fermion

lagrangian :

axial vector or spin dependent (SD) interactions

scalar or spin independent (SI) interactions



interactions with of DM with matter

X | %
I
| H,h
|

q > > q

Scalar (SI)

X | > q
I —
| 4
I

q > X

scalar and spin dependent

X X
4

q q

scalar and spin dependent

spin dependent (SD)

scalar and spin dependent interaction of the lightest neutralino 7, with matter

exchange of a sfermion in the s or t channel leads to both type of interactions



Dark Matter direct detection

WIMPs can scatter with nuclei through both SI and SD interactions

- experimental sensitivity to SI couplings benefit from coherent scattering
- cross sections and rates proportional to A’

o(q)=0,F(q) (

m
F(q) nuclear form factor, ¢ momentum exchanged i.e. typically = g~ MeV X ) < MeV (

160
GeV

1/3
A

g, = [Z+(A—Z) fn/pr2 (u2/pi) o, = A’ (pz/ui) o, for f,=f,

f.» [, effective coupling to pandnand | reduced mass mm,/ (m+mx)

- cross section for SD scattering proportional to J (spin of the nucleus)

- cross sections and rates benefit from large target nuclei

o(q)= 321G} LY

2
[<Sp> a,+<S,>aq,

a,,n axial coupling to p and n, <S, > expectation value of spin content of p,n in nucleus

SI cross sections are A’ larger than SD

current experimental sensitivity to SD scattering below that of SI

but complementarity of different direct search to obtain s-dependence of O



Dark Matter direct detection

one can estimate the event rate

DM density \ f(V,t) local DM density

dR alq)p f f(v,t) FEN

dErecoil 2 m,, M

N

for elastic scattering V"”“'”:\/ m . E__ /21 v distribution depends on Halo model
X nuc recol

= one need some assumptions on the Dark halo model



Dark Matter direct detection

taking for example a Maxwell distribution for the velocities in the galaxy halo

2
4v —v2/v)2(

f(V):V;o,(\/?[e

(isothermal model)

assuming an experimental cut-off FE .. for the measured recoil energy

the minimum recoil energy E. is set by the energy threshold of the detector
= typically in the range O(keV) - O(10 keV)

P E.m

E_ . —
d( recozl) o mx EXP

nucleus

d E'recoil 2 ”2 V)Z(

o0
we obtain the total rate f dR
(taking the limit E,___ =00 )
E T

putting some typical numbers the event rate can be put into the form

Vx

300 km/s

0]
1 pb

R = 4.7 evts.kg ' .day

1 0
A 10.3 GeV/cm”®

(100 GeV

My




Dark Matter direct detection

if an experiment puts an upper limit on R, this translates into a upper limit

on p of the order

2

E;

2
2m %

nucleus X

1 + mnucleus

My

m,  exp

this behaves linearly with m, for large m, and grows exponentially for small m

exclusion plots looks like this \pr

Local\galactic density of halo

X

assuming a given value of p leads to

. . . Excluded
exclusion of neutralino masses in

min max

the range \m, ", m,

= J

min max
mx ?Hx



Dark Matter direct detection

o - ‘ Boulbv
SNOLAB 2y ZEPLIN
DEAP/CLEAN pg& ; DRIFT
PICASSO

Yangvang

IMS Homestake

LUX

Fraimi{

Modaone
= {;f EDELWEISS
: CERN

CDMS
. ARDM
Fermilab Gran Saszo

CcOouPP : CRESST
DAMAILIBRA
WARP
XENON

many experiments



WIMP-nucleon cross section [cm?]
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WIMP-nucleon cross section [cm?]
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WIMP-nucleon cross section [cm?]
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Dark Matter direct detection
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Dark Matter indirect detection

from pair annihilation in the halo

XX  tt, bb, cc, Tt , ., WW , VY, VYZ, ZZ

= secondary particles as photons, positrons, neutrinos ...



Dark Matter indirect detection

in particular annihilation of DM in the halo can be characterized by :

- monoenergetic photons through the 1-loop processes X X2y Z

5

M,
2M

E.=M,, 1—(

Y

- continuous spectrum of photons through the decay of annihilation product
mostly from the decay of 1° produced in hadronization

- nearly monoenergetic positrons (from direct annihilation)

- 'soft' positrons (from @*, T7, p~ decay)




Dark Matter indirect detection

Fermi two-year all-sky map




Dark Matter indirect detection
Observation of a line in the galactic center ?

Regd (ULTRACLEAN), E, =129.8 GeV

Signal counts: 46.1 (4.360) B0.5 - 210.1 GeV
p-value=0.37, x2;=23.6/22

=
a
—
=
i
ﬁ
=)
=)
:_:I
ot

100

Jcap 1208(2012)007 [GeV]




Dark Matter indirect detection
Observation of a line in the galactic center ?

Regd (ULTRACLEAN), E, =129.8 GeV

1
| Signal counts: 46.1 (4.360)
30 | p-value=0.37, x2;=23.6/22

Counts
E & =2
| | |
lt |
| 1
I h+¢4
r Al
b e
_He—l
|

=

III[I i II 1 1

—1[}

Counts - Model

1
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100 150 200
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DI

107

w
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130 GeV peak significance: 4.5¢

- Central region (/=-1.0, b=-0.7): r=3deg
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Dark Matter indirect detection
Observation of a line in the galactic center ?
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Dark Matter indirect detection

E=134 860 GaV
N=182

T =249 0.42(95CT)
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<2 o global significance



Dark Matter indirect detection

flux of secondary particle of type i

in a direction making an angle Y with the direction of the galactic center

2 2 2
rr-=s"+R,—2s R, cos{

R,~ 8 kpc
spectrum of secondary particle of typei solar distance to galactic center
~_
<O, V,> dN.
O (E,p) = S : f ~p*(r)ds
4TI mx dE line of sight

3

density profile of DM

there is thus a strong dependence on the density profile of dark matter p( r)

which is poorly known



Dark Matter indirect detection

this density profile of dark matter is usually parameterized as

where R is a characteristic length and «, B and 7y are parameters

Model a B v R(kpe) J107?)
NFW 1.0 3.0 1.0 20 1353 10°
Moore 1.5 3.0 1.5 28 1.54 x 10°

I[sothermal 2.0 2.0 0 3D 287 % 10"

values from typical models based on N-body simualtions

(NFW stands for Navarro Frenk White)



Dark Matter indirect detection

Ground-based VHE gamma-ray instruments

VERITAS =







Dark Matter indirect detection

upper limit on DM annihilation Xsection into lepton
from AMS2 results

10—23 S— . : . | _ Bergstrom etlﬂzi, (20133
- dashed: Fermi LAT L 3
- [ solid: AMS-02 (this work) S50 “q{leAPT ‘
o 1= :
—I' [
i 10—26
S _
10—2? E """
| — W
10-28 \ — eTe Ty ;
: —_— e ]
10—29 L ; . ; ; P
101 102
m, [GeV]

Bergstrom, Bringmann, Cholis, Hooper, Weniger, arXiv 1306.3983



Positron Fraction

Dark Matter indirect detection

more from AMS2 recently
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Some global fits and constraints on Susy extension of SM

example : 'phenomenological MSSM' pMSSM

tan 3 5, 50] M, (70, 500]
Mao  [100,1000] | Mp,  [70,500]
M,  [10,70] | A, [=1000,1000]
M, [100,1000] | Mz,  [100,500
0 [100,1000] | Mg, [100,500

. . . , LEP limits
basics constraints

Mgt > 100 GeV

ms > 84 — 88 GeV (depending on m )

invisible Z decay

X
I-‘,E:T—y 0= <5 0 MeV

X1Xi

jt magnetic moment

Aa, < 4.5 x 1077

flavor constraints

BR(b — s7) € [3.03,4.07] x 10~*
BR(B, = ptu~) € [1.5,4.3] x 107°

Higgs mass

myo € [122.5,128.5] GeV

AV HY =5 77~

CMS results for £ =17 tb™", m}™ scenario

Higgs couplings

ATLAS, CMS and Tevatron global fit, see text

relic density

Qh? < 0.131 or QA2 € [0.107,0.131]

direct detection

XENON100 upper limit

indirect detection

Fermi-LAT bound on gamma rays from dSphs

PP — X9XT
pp — £t

Belanger, Drieu La Rochelle, Dumont, Godbole, Kraml, Kulkarni,arXiv1308.3735

Simplified Models Spectra approach, see text



Dark Matter : beyond CMSSM —» pMSSM

compatible with Higgs signal strength
as derived in arXiv 1306.2941

fulfill 'basics constraints' 100

— I I
and A, H—-TT from CMS Z
(cyan) P
10 =
r}: B
1l E
G £
0.107 < QK <0131 0.1 -
(orange) _ lf
01
pass LHC limits on neutralinos 0 70
charginos and sleptons
red and orange ¥y Y (GeV)

. > 1
grey points: pass all constraints including DM m, . > GeV

2 .
but excluded by LHC from Q h° constraints

Belanger, Drieu La Rochelle, Dumont, Godbole, Kraml, Kulkarni,arXiv1308.3735



Some global fits and constraints on Susy extension of SM

MSSM-15 parameters and priors

Flat priors Log priors

M, [TeV] (-5 r} sgn(M,) log |[M,|/GeV (—3.7,3.7)
M, [TeV] (0. log My /GeV (2. 37)
M [TeV] (-5, t:-} sgn(M;z) log |M3|/GeV  (=3.7,3.7)
my, [TeV]  (0.1,10) | logm/GeV (2,4)

myp, [TeV] (0.1,10) | logmyg,/GeV (2,4)

mpg, [TeV] (0.1,10) | logmpg,/GeV (2,4)

mg [TeV]  (0.1,10) | logmg/GeV (2,4)

mg, [TeV] (0.1,10) | logmg,/GeV (2,4)

my, [TeV]  (0.1,10) | log my, /GeV (2,4)

mp, [TeV] (0.1,10) | logmp,/GeV (2,4)

A; [TeV] (-10, 10) | sgn(A;) log |A:|/GeV  (—4,4)

Ay [TeV] (-10,10) | sgn(Ag) log|Aq|/GeV  (—4,4)

i [TeV] (-5,5) sgn(p) log || /GeV (—3.7,3.7)
my [TeV] (0 {]1, 5) | logm 4 /GeV (1,3.7)
tan o (2, tan (2,62)

M; [GeV] 17‘3.2 + 0.87 [17] (Gaussian prior)

Strege, Bertone, Besjes, Caron, Ruiz de Austri, Strubig, Trotta, arXiv1405.0622



Some global fits and constraints on Susy extension of SM

Ohservable Mean value Standard deviation Rel.
[T o (exper.) 7 (theor.)
My [GeV] 30.385 0.015 0.01 [48]
sin? B 0.23153 0.00016 0.00010 [48]
I'z [GeV] 2.4952 0.0023 0.001 [48]
¥ . [nb] 41.540 0.037 < [48]
RY 20.767 0.025 5 [48]
R! 0.21629 0.00066 s [48]
RY 0.1721 0.003 - [48]
#A%, 0.0171 0.001 - [48]
L o 0.0992 0.0016 . [48)]
# A% 0.0707 0.0035 - [48]
# A (SLD) 0.1513 0.0021 = [48]
# Ay 0.923 0.02 z [48]
#A, 0.670 0.027 . [48]
day"SY x 10" 28.7 8.0 2.0 [63]
BR(B — X,7) x 10 3:55 0.26 0.30 [49]
Ran, 1.04 0.11 . [50]
FRE Som 1.63 0.54 - [49]
Ag- x 10? 3.1 2.3 1.75 [55]
# BR{B— Dty 5 aa - y
| BR(B Day X 10° b te 8 64l Timit (95% OL) - Theor]) | Bet.
* Ryas 0.999 0.007 - [iic')] Sparticle masses LEP, Tevatron. As in Table 4 of Ref. 'rlPi] [l%'l'
App(B— K'p*p™)  [-0.18 0.063 0.05 [51] | tg-1epton SUSY search ATLAS, /5 = 7 TeV, 4.7 b~ 74]
BR(D, — Tv) x 107 5.44 0.22 0.1 [49] | t3.lepton SUSY search ATLAS, 5 =7 TeV, 4.7 fb~? [75]
#BR(D, — pv) x 107 | 5.54 0.24 0.2 [49] | m, — ok XENON100 2012 limits (224.6 x 34 kg days) | [59]
*BR(D — pv) x 100 | 3.82 0.33 0.2 [49] | o, — oD XENON100 2012 limits (224.6 x 34 kg days) | [60]
BR(B: —» utu™) x10° | 3.2 1.5 0.38 [52] — — -
Qoh? 0.1186 0.0031 0.012 [56]
my, [GeV] 125.66 0.41 2.0 [66, 67]
LTI 0.78 0.27 15% [69]
LfTT 0.76 0.21 15% [70]
Tuzz 0.91 0.27 15% [71]
tis 1.3 0.65 15% [73]
e T 0.4 15% [72]

Strege, Bertone, Besjes, Caron, Ruiz de Austri, Strubig, Trotta, arXiv1405.0622




Some global fits and constraints on Susy extension of SM
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Some global fits and constraints on Susy extension of SM

All data Strege et al. (2014)

1bino-like

iwino-like

1higgsino-like
mixed (B,W)
mixed (B,H)

mixed (W,H)

mixed (B,W,H)

m o (TeV)

%4

no LHC SUSY searches included



(TeV)

m o

Some global fits and constraints on Susy extension of SM

LLHC SUSY searches included

3 All data Strege et al. (2014) All data Strege et al. (2014)
I I 1 1 _5 I I
XENON100
o 5L I w
] u i g
10} 59 P b |
2_ = ..T—i .
| | f.; . 3 ! | J
1.51 i w a —15r oy 1
= "o |
f gj " m 1 L
1 & F = e L =
. —20 = - - -
0.5 "" .
‘ :td_ '.-l.:. I T' l.' B".a -l. . b -..-1 d l-:.. if
d@i ll 1 o -l : : : L > . _25 fi 1 ] ]
0 1 2 3 4 5 10 100 1000 10000
mxf (L) LHC impact < 1o mx? il

= LHC impact 16 — 40
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Dark Matter searches at LHC

colliders

I

SM DM

direct direct

" / N

e —

indirect



Dark Matter searches at LHC

colliders

I

SM DM

SM DM

nothing to see that way



Dark Matter searches at LHC

colliders

I

SM DM

SM DM

something (SM)

mono something searches

something = jet, Yy, Z, W



Dark Matter searches at LHC

colliders

I

SM DM

SM something (SM)

mono something searches

something = top quark (via FCNC diagrams)



Dark Matter searches at LHC

and more than mono something

top quark

SM DM

SM DM

top quark



Dark Matter searches at LHC

invisible Higgs boson decay

Higgs boson being produced in association and decaying invisibly

-HZ with H = invisible (DM ?) and Z=Il or Z-bb

-VBF H+2jets with H - invisible (DM ?)




Dark Matter searches at LHC

monophoton — ATLAS: PRL 110 (2013) 011802 (7 TeV), CMS: CMS-PAS-EXO0-12-047 (8TeV)

monojet — ATLAS: JHEP 1304 (2013) 075 (7 TeV), ATLAS-Conf-2012-147 (8TeV)

CMS: CMS-PAS-EXO0-12-048 (8TeV)

mono W — ATLAS: PRL 112 (2014) 041802 (8 TeV had. decay), ATLAS-Conf-2014-017 (lept.]

CMS: CMS-PAS-EXO0-13-004 (8TeV)

monoZ — ATLAS: PRL 112 (2014) 041802 (8 TeV had. decay), arXiv:1404.0051 (lept.)

CMS: CMS-PAS-EXO0-13-004

mono top - CMS: CMS-PAS-B2G-12-022

di top

Higgs

— CMS: CMS-PAS-B2G-13-004

— ATLAS ATLAS-conf-2014-10, arXiv:1402.3244
CMS: CMS-PAS-HIG-13-028, CMS-PAS-HIG-13-013, CMS-PAS-HIG-13-018
arXiv:1404.1344

See A. De Roeck's lecture for a more complete survey



Dark Matter searches at LHC

effective approach very often used

/9 1/9
q DM q DM

q DM q DM

at energies much smaller than the heavy mediator mass M it can be integrated out
resulting non renormalizable operators for DM interactions with partons

lowest-dimensional effective operator has dimension 6
for example for scalar mediator of mass M and couplings g, and g,

1 9,9,
AN M

0s = — [Xxllgql with

1
A



Dark Matter searches at LHC
effective operators

assuming WIMP is SM singlet and a light Majorana particle interacting through higher dimensional operators

Lime =G, | XP'x |x[qrq| and Lt =G, | XX | x| GGorGG |

int,qq

where G is the gluon field strength and G""=¢€""*°G__ /2

po

Name Type Gy rx r
M1 qq mgq/2M; 1 1
M2 qq img /2M? Vs 1
M3 qq img /2M? 1 Vs
M4 qq mq /2M; Y5 Y5
M5 qq 1/2M; Vs Vu yH
M6 qq 1/2M; VsV ysyH
M7 GG os /SM3 1 -
M8 GG ios /SM3 Vs -
M9 GG s /8M3 1 -
M10 GG icts /SM3 Vs -

assume only one M operator dominating at a time

Goodman, Ibe, Rajamaran, Shepherd, Tait, Yu, PLB 695 (2011) 185



to WIMPS that are respectively

- Dirac fermions

- complex scalars

- real scalars

Dark Matter searches at LHC
effective operators

Name Operator Coefficient
e Y
D2 XY xaq img /M
D3 Yygyg im, | M:
. D4 VY Xavyq m, /M
operator names with D, C, R apply Lol ]jf:fl
# AL ¥
D6 XYY xdvu.q 1/M3
D7 XY xay.r'q 1/M3
XYY XGv.y'q 1/M3
X' xqo,.q 1/ Mz
D10 XO oY XGOaupq i/M:
xxG L, G*" a,/4M;
D12 XV xG..G* ia, /4M;
DI3 ¥xG G i, /4M;
D14 XY xG .G a, /4M]
Cev x'xiq m, /M
Cc2 ¥ xyav'g maq;ME
C3 X'ﬂpj_’{;"}'“f:f ];’.M%
C4 X*ff# Xqy*v'q 1/M:
C5 x'xG,,G*" a, /4M:
C6 x' xG .. G ice, [4M3
R1 Y aq m,/2M;
R2 X gvq im, /2M
R3 X°G ., G** o, /8M?
R4 ¥'G,.G"" ice, /8M3

Goodman, Ibe, Rajamaran, Shepherd, Tait, Yu, PRD 82 (2010) 116010



monojet

dN/dET™® [Events/GeV]

Selection criteria

Primary vertex

EX's > 120 GeV

Jet cleanup requirements

Leading jet with py > 120 GeV and || < 2.0

O]
At most two jets with py > 30 GeV and || < 4.5 %
Ag(jet, EX*) > 0.5 (second-leading jet) 3
Lepton vetoes
signal region SR1 SR2 SR3 SR4
minimum leading jet pt (GeV) 120 220 350 500
minimum E%‘“‘S (GeV) 120 220 350 500 §
Events in data (10.5 fb™") 350932 25515 2353 268 2
g
%l—
4 signal regions (SR) defined 2
8
8

Atlas-conf-2012-147

i
o
[i*3

—
f==]

—

10

—&— data 2012
ATLAS Preliminary Total BG SR3

. [ ] Z{—=vv)+jets
_[Ldt=1o.5tb' B W (— v )+ jets
C— Z(= ) +jets
\s =8 TeV B Dibosons

I 7 single top

veenenn. ADD =2, M_=3 TeV

....... D5 M=80GeY, M=670GeV
"""" - GO M, =1TeV, Mé=10"‘e\.l’

S L L L

300 400 500 600 700 800 900 1000 1100 1200

10

1.5
1
0.5

ET™® [GeV]

—®— data 2012

ATLAS Preliminary Total BG =
) [ ] Z(—=vv) +jets SR3
JLdt=10.5fb EE W(—1v)+jets
CJzZ(—=1ll)+jets
\s=8TeV B Dibosons

- B (7 - single top
o s ADD n=2, M_=3 TeV

....... D5 M=80GeV, M=670GeV
s ae GEH0, M, =1TeV, Mé=t|'_'l“‘e\.l’

ok o

300 400 500 600 700 800 900 1000 1100 1200

P, jet1 [GeV]



contraints from SR3

corresponding to best expected limits

monojet

1400~

i
()°)
o
o

1000

T T

800

Operator D8, SR3, 90%CL
£== Expected limit (+ 1+ 20

exp)

theory}

— Thermal relic

TR T

[e)}
o
o

Suppression scale M, [GeV]

400

200

ATLAS Prelimina

T,

ry

Vs=8 TeV
Ldt=10.5fb"

effective tﬁeo

—
[\S]
o
o

—_
o
o
o

800

600

Suppression scale M, [GeV]

Operator D5, SR3, 90%CL

ATLAS Preliminary

102
WIMP mass m, [GeV]

Vs=8 TeV J-Ldi =105
500
450
400
350
300

Suppression scale M, [GeV]

400 B Expected limit (£ 1+ 2o, ) N =
i = Observed limit (+ 1o,,,,,) k. 250
o PO ; effective theory -
200 i Thermal rellc| notvalld_4 2001
102 10° 150~
WIMP mass m, [GeV] &
X 100

Operator D11, SR3, 90%CL

=4 Expected limit (+ 1+ 20, )

" Observed limit (+ 1o,,,,.)

— Thermal relic

.......

ATLAS Preliminary

7
[ae]
3
<

Ldt=105fb"

effective theory”
not valid
| | |

Atlas-conf-2012-147

107
WIMP mass m, [GeV]



monoijet

miss

7 regions in Er
E;™ > 250, 300, 350, 400, 450, 500, 550 GeV

© - .
g s ++H+

||i||'|'r+:'|':||i||||i||||i| III.III-I‘ I i i

=1 — =]

3 107 = I:I Fayy —

B = CMS Preliminary [ wow =

oJ — ]

e ~ f5=8TeV i’ ki

= 10° = 1 B =

. E’ = det:‘IQ.Efb" B =

E7™ > 120 GeV 2 10° [ Jaco =

£ B - =

jet cleaning requirements 10t = ceerans ADD M, =2 TeV,5 = 3 7

= -- DMA =892 GeV, M, =1GeV 3

leading jet with p, > 110 GeV and |n| < 2.4 -l ... Unpartcles d =1.7,A, = 2TeV ]

. ) E —@— Data E

at most 2 jets with p, > 30 GeV and Inl < 4.5 i ' o

lepton vetoes e =
10

best expected limit for ET™ > 400 GeV : ||||||
200 300 400 200 600 700 800 800 1000
EFTI"IISE [GEV]

CMS-EXO-12-048



monojet
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¥-Nucleon cross section [cm?]
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10
10°°
10™°
107
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10
1 0-41
.1 0—42
1 0—43
1 0-44

monophoton

D“f C L., Spin Dependent

90% C.L., Spin Independent

Eo S

E . SIMPLE — Picasso ~ F- XENON100 —CDMS ]
= - - CDF, D8, @~ j(xT),,.. — CoGeNT - - CDF, D5, @@— j(xX) , ., 3
c — CMS (5 tb™), D8, qd-> ¥(xX),, CMS (5 1b7), D5, 68— (XD s, ;
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m, [GeV] m, [GeV]

PRL 110 (2013) 011802



monophoton

CMS Preliminary {s=8 TeV,L=19.6 fb"
=1 2 r T 1 7 = o1 &7 5]
3 viet, Winv), vy, Zily
[ Beam Halo

=3 QCD

W ev

&= Wi- vy

W 7o W
bkg.uncertainity

i SM+ADD(M"=2TEV, n=3)
—— DATA

EM® > 140 GeV

medium quality isolated photon
p\ > 145 GeV and |nY| < 1.44

Events/GeV
(=
=]

at most 1 jet with p. > 30 GeV and AR(Yy, jet) > 0.5

10! =
Ad(y , ET”)>2 :
107
lepton vetoes -
10°
Process Estimate 2 5f -
Z(— vi)+ 7 | 3448 £ 425 S af |
W(— fv) +vy | 1025+ 20.6 g 1-5;% 5
W — ev 59h 1+ 55 = 0;-_ ) | B | T I'_" - 'I' -+ "I . | i
jet — 7 fakes 454+ 139 200 300 400 500 600 700 800 900 1000
Beam halo 24.7 + 6.2 E; [GeV]
Others 35.7 = 3.1
Total background | 612.6 + 63.0 J. Neveu SPP Thesis
Data 630.0

CMS-PAS-EXO-12-047



monophoton
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mono W and Z

(hadronic decays)

mono-jet and mono-photon T P R o AT T .
- equal effective couplings of DM =0 e E™S* > 350 GeV ﬂyz\f)w?eft . T
to up and down type quarks »ooF o | Top (erp/gielet o

E I Bl Diboson I

= ////¢ uncertainty -

mono-W 150— —— D5(u=d) x100 —

- destructive interference between radiation
from u and d quark if equal couplings (u=d)
-» small W emission rate

Events/ 10 GeV

100 //////// - D5(U=-d) X1 :

50

Illlll
1

o

| |

11 T

11 L
1R
10|

_ 1

] | |

- constructive interference if opposite sign couplings

(u:-d) - I | I | —
35 :— . Cmiss — D5(u=d 20 —:
o SR: E™* 5 500 GeV = DSEE:-&)XXO.Q E
large radius jet (Cam Aa R =1.2) = 255_ _§
capturing jets from both quarks = substructure S 20§ =
jet with p. > 250 GeV and lepton vetoes 2 15%////// y / _§
o Y =
miss G 10 Mt
2 signal regions (SR) in E; = 7, /

E7™ > 350, 500 GeV

50 60 70 80 90 100 110 120
m,,, [GeV]

signal for m, =1 GeV and M, =1 TeV

PRL 112 (2014) 041802



¥-N cross-section [cm?]
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mono W and Z

(hadronic decays)

I

- D5(u=-d):obs
[ —— D5(u=d):obs
D5:ATLAS 7TeV j(7)

90% CL _

- D9:obs
D9: ATLAS 7TeV jixx) -
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3 3
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m, [GeV] m, [GeV]

PRL 112 (2014) 041802



mono W and Z

(hadronic decays)

vox A e & v ] g E % ] A s ok ok % o = B
ATLAS 203fb" Vs=8TeV —=— D9:0obs
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PRL 112 (2014) 041802



Higgs portal

upper limit on ™ from the combination &
of rate measurements from

h=>YYy, h>ZZ" >4, h->WW =3Ivlv
h->TT, h->bb

and the measured upper limit on Zh-> 11+ MET

obtain BR, < 0.37 95 % CL

translated into WIMP-higgs coupling constraints

2
P (H5SS) = A2V D5
1281tm,
}21ff VZB?mh
A 641

™ (H> ff) =

' VZB m3
I_mV(H->VV) — )\i vV ''h

m2 m4
\4 \
1-4—2+12—

v 5121‘[m{4, mj, my,
m2
Bx = 1—4—’2(
my,

.I [ I| I I T T I!

I ATLAS Preliminary 7
- Z @ =
2 s =
= Mﬁ?;;w‘ T Ys=7TeV, [Ldt=4.6-48f" =
o RN B _ 4
e (s=8TeV, [Ldt=2031f0"
R aal h—yy, h=ZZ* >4l hsWW*Sivv, ]
& h—11, h—bb, ZI‘1—.:«II+E:"SS -
| [ DAMA/LIBRA (99.7% CL)  ATLAS (95% CL)in  _|
~ I CRESST (95% CL) Higgs portal model: ]
- [ CDMS (95% CL) s Scalar WIMP ]
— I CoGeNT (90% CL) = Majorana WIMP =
- —— XENON10 (90% CL) & Vector WIMP —
[ —— XENON100 (90% CL) ]
£ s LUX (95% CL) j
[T1 | | | L 1 111 I| | | L 1 111 I| | | L 111 I—|_|'

3

1 10 10° 10
m, [GeV]

and reparameterized in terms of O,
via higgs boson exchange (see backup)

Atlas-conf-2014-010



Higgs portal

arXiv:1404.1344
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Combination of VBF and
ZH, H — invisible CMS
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but look at Baek Ko Park PRD 90 (2014) 055014



some perspectives
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some perspectives

use simplified models

v/ g

only SM + DM sector (including mediator)

mediator and interactions specified explicitely

Abdallah et al. arXiv:1409.2893

Malik et al. arXiv:1409.4075



some perspectives

Malik et al. arXiv:1409.4075
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some perspectives

Malik et al. arXiv:1409.4075
Projected limits for CMS mono jet search
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some perspectives

Malik et al. arXiv:1409.4075
Projected limits for CMS mono jet search
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Parameter Prior range Baseline Definition
wp =N L. [OL005, 001 Baryvon density today
w, =L ... [CLOOT, 0.99] Cold dark matter density today
1008y < .. cii s [(n5, 10.0] 100 = approximation to r, /D, (CosmoMC)
e e R B [0.01,0.8] Fi Thomson scattering optical depth due to reionization
e g s e [—0.3,0.3] 0 Curvature parameter today with £, = 1 — 1,
T [0, 5] (.06 The sum of neutrino masses in eV
”‘T.“,.m-nu ......... [0, 3] 0 Effective mass of sterile neutrino in eV
e Ly [-3.0.-0.3] -1 Dark energy equation of state®, wia) = wy + (1 —aw,
R [-2.2] 0 As above (perturbations modelled using PPF)
Ty BT R [0.05, 10.0] ERIEN Effective number of neutrino-like relativistic degrees of freedom (see text)
Vi onmies [0.1.0.5] BBN Fraction of baryonic mass in helium
A iR [0, 10] 1 Amplitude of the lensing power relative to the physical value
Mo o [09 1.1] . Scalar spectrum power-law index (&, = 0.05Mpc™")
My oo mo=—rops8 Inflation Tensor spectrum power-law index (&, = 0.05Mpc ")
dnfdlnk. . ... ... [-1.1] 0 Running of the spectral index
In{10'%A4,y . ...... [2.7.4.0] Log power of the primordial curvature perturbations (k, = 0.05Mpc ")
i g [0.2] 0 Ratio of tensor primordial power to curvature power at k, = (.05 Mpc ™'
T Duark energy density divided by the critical density today
TR0 iicmsssonparar etk g Age of the Universe today (in Gyr)
O Matter density {inc. massive neutrinos) today divided by the critical density
O S R RMS matter fluctuations today in linear theory
T R e L Redshift at which Universe is half reiomized
Hy ompmassonyye [20, 100] Current expansion rate in km s~ 'Mpc :
R i S 0 Ratio of tensor primordial power to curvature power at &, = 0.002 Mpc :
(1 0¥ » dimensionless curvature power spectrum at k, = 0.05 Mpc ™'
we =0 L. Total matter density today (inc. massive neatrinos )
R R R e B Redshift for which the optical depth equals unity (see text)
AN 1 B Comoving size of the sound horizon atz = 2,
1008, . cvmes s 100 = angular size of sound horizon at = = 2, (v, /D)
Edug s SR Redshift at which barvon-drag optical depth equals unity (see text)

Firag/ DV(05T) .. ..

Comoving size of the sound horizon at 2 = 74,

Characteristic damping comoving wavenumber (Mpc ')

100 = angular extent of photon diffusion at last scattering (see text)
Redshift of matter-radiation equality (massless neutrinos)

100 = angular size of the comoving horizon at matter-radiation equality
BAO distance ratio at z = (.57 {see Sect. 5.2)

@ For dynamical dark energy models with constant equation of state, we denote the equation of state by w and adopt the same prior as for w;,.



Log[o;,¢/pb]
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Dark Matter relic density :
main annihilation channels at rest
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Dark Matter relic density: main annihilation channels at rest
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Dark Matter at high energy lepton colliders
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Mass constraints on lightest Neutralino
Constraints on the mass of lightest neutralino from colliders come from
LEP and usually assume CMSSM and combination of various susy searches

the 'would be' invisible Z boson decay constraint at M, /2 does not hold since the lightest
neutralino can decouple from the Z boson

PDG: m,, > 46GeV  (the most stringent constraints from colliders) ‘

=2
=

dashed curve : ] 0
assuming any m_, no mixing in the 3" generation > sl
&
dot-dashed curve : ; 2 50
assuming any m_ , allowing for mixing in the 3 2 |
generation with A_ =A,=A,=0 A5
40}
vertical solid line : ; 2
; : 45.5 GpV/e
effect of h search in the max m, scenario =l ¥
: : 30
vertical dashed line : _
effect of h search in the no mixing scenario 25} 9.2 GeV/c’
. . . . . 20 ]
the 49 GeV limit claimed in the refered paper is for : DELPHI %] limit (189-208) GeV
m, up to 1 TeV, and h search in the max m, scenario” "1~ ~ "0 4

Delphi D. Abdallah etal. EPJC 31 (2003) 421tanf}



Dark Matter direct detection

DAMA, CoGent, Cresst and CDMS claim a signal in the low mass region

10—39
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Dark Matter direct detection

DAMA Na w/o channeling Ng==]
- DAMA Na w/ channeling =~ =
- CoGeNT 2011 mdy
CRESST-II i
- CDMS-II
1043 - CDMS-I1 2011 —-—-— -
EDELWEISS-Il 2012 —--—--- g
XENON100 2012 - - - - B
| Leff uncertainty 1] v~

lXMAssl QU%CF

x OO
-----

5 6 7 8 9 10

M, GeV

from XMASS K. Abe etal. PLB 719 (2013) 78



Contribution from IceCube — strongest constraints on SD Xsection

40

Dark Matter direct detection

SD WIMP-proton cross-section limit

LI 1 I 1 T 1 I I I I T I T
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Dark Matter : global fit “MasterCode”

SUSY: scattering cross section on nucleons down to ~10~* cm?” (10™" pb)

example with CMSSM after LHC 5 fb~', XENON 100 and B, — p T

-40 S
1 D from MasterCode (frequentist)
41 EPJC72 (2012) 2243
‘10_ r red: 68 % CL, blue : 90 % CL
solid : includes LHC 5 fb™', BR(B,—u " p~), and XENON 100
42 best fit point : solid green star
10 " dashed : includes LHC 1 fb~" 'only'
-43
~ 1077 ¢
Ev"\.'.p"”"i‘l L -I; y z 1 1
.E. 1o - - - - - — e, =t — — —1— - leventkg year
Do
-45 |
o 10 §
46
Vo pad X
47— — — — — — — — — 288
10
-48 i
1 0 1 2
10 10
My [GeV]

_ _ leventton 'year '

from L. Baudis Talk EPS HEP 2013



Dark Matter “ global fit “BayesFITS”

CMSSM and 1-tonne DM detectors

Bnﬁru:g
FITS
Posterior pdf *  Best fit '
—6f CMSSM, 2 =0 inner: lo region ;
: i outer: s region |
Log Priars [
—7h BR(B, +ptpm)=(32+15) x10~" (current) . 1 TeV
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:‘En, i -~
=9t
o
= [ Y
--1{1*. i
qll-\f
i
—1%5 356 500 750 1006 1250 1so0 @ FP/HB

m, (GeV)

' 1-tonne DM detectors to cover most of CMSSM predictions |
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e oww M5 Combinaton

T 1

* Bestfit
solid: 1o region
dashed; 20 region |

BR(B, —+ut p ) =(3.2+ 15 x107° (current) |
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12 16 20

m, (TeV)

—

=

Kowalska, Roszkowski, Sessolo, JHEP 06 (2013) 078

from Roszkowski talk Moriond QCD 2013



Dark Matter “ global fit “BayesFITS”

if BR(B,—~u" u )=~SM value with 5-10% precision = A funnel region gone

5 BayesFITS (2013)
— T T T TS T

* Bestfit

Posterior pdf

-6 CMSSM,(u >0

Log Priors

inner: 1o region
outer: 2o region

—11F

1% 250 500 750 1000 1250
m, (GeV)

ways to rule out CMSSM (with p>0) :

- no DM signal in 1 ton detectors
- DM signal at ~ 500-750 GeV

1500

e

-5 —
Posterior pdf *  Bestfit
-6 CMSSM inner: 1o region
. outer: 2o region
Log Priors

—78k BR(B,-»p*p)=(3.5+025) ><1Lrg

by ]
., L

IR =R

-

&
L

_11_

BayesFITS (2013)

~1% 250 500 750
m, (GeV)

situation changes a bit for p <0
(see next slide)

1000 1250 1500

2013) 078

Kowalska, Roszkowski, Sessolo, JHEP 06 (

from Roszkowski talk Moriond QCD 2013
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Dark Matter “ global fit “BayesFITS”

BayesFITS (2013)
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Kowalska, Roszkowski, Sessolo, JHEP 06 (2013) 078



Dark Matter : beyond CMSSM

one can now depart from CMSSM often considered as to restrictive

= 2 examples of alternatives:

example 1 : 'mon universal Higgs mass models' NUHM
i.e. one or two non-universal supersymmetry-breaking

parameters contributing to the Higgs masses (NUHM1,2)

example 2 : 'phenomenological MSSM' pMSSM i.e. a MSSM version
without the 100++ parameters but a subsample of them

with no assumption at high scale but assuming :

- CP-conserving MSSM (no new CP phases)
- MFV

- first two generations of sfermions degenerate

19 parameters in pMSSM



Dark Matter : beyond CMSSM -» NUHM

example 1

: 'mon universal Higgs mass models' NUHM

i.e. one or two non-universal supersymmetry-breaking

parameters contributing to the Higgs masses (NUHM1,2)

NUHM parameter | Description Prior Range Prior Distribution
Mo Universal scalar mass 0.1, 4 (0.1, 20") | Log (Linear)

mi o Universal gaugino mass 0.1, 4 (0.1, 10) Log (Linear)

Ag Universal trilinear coupling | -7, 7 (-20, 20) Linear

tan 3 Ratio of Higgs vevs 15, 3513, 62) Linear

SEN L Sign of Higgs parameter 41 ar 1 Fixed

M, GUT-scale soft mass of H,, | 0.1, 4 (0.1, 20) Linear

M, GUT-scale soft mass of Hy | 0.1, 4 (0.1, 20) Linear

Nuisance parameters like in the CMSSM

Kowalska, Roszkowski, Sessolo, JHEP 06 (2013) 078




. BayesFITS (2013)
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Dark Matter : beyond CMSSM -» NUHM
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the A funnel region will remain prominently allowed even if a future

determination of BR (BS—> TR _) will narrow it down to basically the SM value
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mono W

(leptonic decays)
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mono Z

(leptonic decays)
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mono W and Z

(leptonic decays)
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mono top

with hadronically decaying top quark g_\ FCNC;I;

3 jets + MET final state
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95% C.L. limit on ¢ x Br (pb)

mono top

with hadronically decaying top quark

3 jets + MET final state
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di-top

with leptonically decaying top quarks. m WD LI IE I e o
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Invisible Higgs boson decay
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which leads to lighter LSP while the (LEP) bound m;. <104 GeV is still respected

when kinematically allowed — sizable BR (h = %1%
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in particular when universality relation are relaxed
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Djouadi hep-ph/0503173



Invisible Higgs boson decay

m
if the DM candidate has mass below 7'1 the invisible Higgs boson decay width I,
can be directly translated to the spin-independent DM-nucleon elastic cross section
as follows for scalar (S) vector (V) and fermionic (f) DM respectively

4 2
SI 4T, my f

Osn = m,‘:’sz (MX+mN)2

16T, M, myf
m,vaB(m;‘—4M§(mi+12M;‘() M, +m, |

ST
Oyn =

2 4 2
O_?I _ 8rinva meN
N —

5.2n3 2
m,v (MX+mN)

. _ m)z( . . _ rinv
with B,=4/1—4— and using BR(H=inv) = (r T
SM i

m h inv

Djouadi, Lebedev, Mambrini, Quevillon, PLB709 (2012) 65



Invisible Higgs boson decay

BR are smaller for u<0 (the inos are less mixed)
BR become smaller for increasing tanf except for m,~m,

when the universality relation M, =~ > M, is assumed —

the phase space allowed by the constraint m..>104 GeV is rather narrow
the invisible decay occurs only in a small m " range near the maximal value
however in the p>0 case, the BR can reach the level of 10%

when the universality assumption is relaxed: M, ~ 0.3M, and M, =~ 0.1M, -

the invisible decay h— %% occurs in a much larger portion of the parameter space

despite that in this case 7 is bino-like and its coupling to h is not very strong
(in particular for p <0 it even vanishes for M,~0.3 M, in a small m, range near the decoupling limit



Limitations of EFT approaches

to assess the extent to which the effective description is valid one has to compare
the momentum transfer Q, of the process of interest e.g. pp =y +jet/y

to the energy scale and impose that A>Q,,

one way of doing this is to consider ratio of Xsection obtained in EFT
by imposing the constraint Q, <A (on the PDF intregration domain)

over the Xsection obtained with the EFT without such a constraint :

1 TeV 2 2
f dp J' d Ueff |
T Q. <A
R = O el <A _ —2 dedY]
A o _ 1 TeV 2 dz
off J‘ dp J’ O ot
T

G. Busoni, A. De Simone, E. Morgante, A. Riotto, arXiv:1307.2253



Limitations of EFT approaches

contours indicate the regions in the parameter space (A ,m,,,) where
the description in terms of effective operator is accurate and reliable
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even for very small DM masses having R, at least 75% requires a cutoff scale

at least above 1 TeV

G. Busoni, A. De Simone, E. Morgante, A. Riotto, arXiv:1307.2253



Limitations of EFT approaches

one can also compare the effective operator with a UV completion (i.e. L, )

for example : d’o

_ dedn

Fovietsf =

Q.,<M

dZUeff
dedn

|Qtr<A

helps in quantifying the error using the EFT truncated at the lowest-dimensional

operator w.r.t its UV completion (for given p,, n of the radiated object )

values of r,.; close to unity indicate the effective operator is accurately

describing the high energy theory, whereas larger values imply a poor effective

description

G. Busoni, A. De Simone, E. Morgante, A. Riotto, arXiv:1307.2253



Limitations of EFT approaches

| T : | |

120 GeV = pr < 1 TeV
7l =2
MpM= 10 GeV

DM =200 GeV

.i'HI'_u{::'-ﬁ“{} GeV
mMpmM= 1000 GeV

Lot

T UV /eff

A=M [GeV]

in this example (with these numerical inputs) EFT seems to be valid when

mediator has mass greater than 2-2.5 TeV

G. Busoni, A. De Simone, E. Morgante, A. Riotto, arXiv:1307.2253



Limitations of EFT approaches

further caution when comparing only the EFT limit with direct searches

from a study of monojet searches at LHC interpreted in terms of DM for vector
and axial vector interactions :
- EFT valid when mediator has mass greater than 2.5 TeV

- current limits on the contact interaction scale A in EFT apply to theories
that are perturbative for DM mass m,, <800 GeV

- however for all values of m,,, mediator width tends to be greater than the mass
= particle-like interpretation of mediator is doubtful

- furthermore consistency with thermal relic density occurs only for

170 < m,,, < 520 GeV

- for lighter mediator masses EFT limit:
either under-estimate true limit - because process is resonantly enhanced

either over-estimate it - because missing energy distribution is too soft

O. Buchmueller, M. J. Dolan, C. Mc Cabe, arXiv:1308.6799



