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Simplified Models AT

Presence of dark matter (Q2py =~ 27%) demands extension of
Standard Model (SM).
— What can we do to find the right extension?

a One extreme: full theory extension of SM (e.g. SUSY).

a Other extreme: effective field theory (EFT) approach.

The middle way: simplified models.

Advantage of simplified models: study specific interactions with
limited number of parameters.
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The Flavour Gate to Dark Matter ﬂ(“

Assume an analogy to the SM fermions — dark flavour triplet ;.
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The Flavour Gate to Dark Matter &K“

Assume an analogy to the SM fermions — dark flavour triplet ;.

Flavoured dark matter coupling to SM right-handed up quark triplet:

Lnpint = —AjUrix;j¢ + h.c.

a DM flavour triplet ;, Dirac fermion, SM gauge singlet.
m Heavy scalar mediator ¢, carrying colour and hypercharge.

m Lagrangian has unbroken Z3; symmetry and hence yields stability of
DM x (for mg > m,).
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Dark Minimal Flavour Violation AT

Flavour symmetry
U(3)y x U(3)g x U(3)q x U(3),

is only broken by SM Yukawa couplings and the DM-quark coupling A;
(Dark Minimal Flavour Violation).

= only DM mass splitting originates from RG running:

a 7 depends on the full theory — has to be a parameter of the
simplified model.

m Flavour with lowest mass is our DM candidate.
— we choose the “top-flavour”.
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Parametrization of DM-Quark Coupling Matrix ﬂ(“'

After using all the symmetries at our disposal, A has 9 parameters left and
can be parametrized as:

A= UzAsU1)éU1)\2DA

m D, is a real diagonal matrix Dy = diag(Dj 11, D 22, D» 33).
. U,.;\ are unitary matrizes with mixing angles ©; and phases Jj.

= new source of flavour and CP violation
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Constraints from SUSY Searches at LHC

Constraints from SUSY searches ({7 or dijet final states)

[ATLAS collaboration '14]

Study pp — ¢ — qgxX
® Production either through g¢¢ or
NP interaction (coupling-dependent).

m Decay either to top or jet (+ £7).

Qi ¢_’
Xj
Qk ¢

Figure : NP interaction production channel.
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Figure : Cross section for tf final state, mixing
angles set to zero.
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Constraints from SUSY Searches at LHC AT

Karlsruhe Institute of Technology.

a The phenomenologically interesting region

ismy, <1TeV.
600 = Too large couplings Dy ; would exclude
B Da11=D32=20, Dy 35=0.0 nearly all of parameter space.

a Most serious constraints are given by
B D21=D12=2.0, Dysy=2.0 searches for dijet final state.

= Safe parameter space:

my > 850 GeV
2.0 > Dy33 > Dy 22, Dy 11
200 400 600 800 1000
mgy [GeV]
Figure : Exclusion plot for dijet final state, = Also save with mixings allowed.

mixing angles set to zero.
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Flavour Constraints from Neutral Meson Mixing Q(IT

a No mesons with top quark are
possible, the only constraints
come from D mesons.
= not too strong

@ The NP contribution has to be
smaller than experimental

bounds.
= constraints on mixing angles,
mostly @12
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Figure : NP contribution to neutral D meson
mixing.
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Figure : Valid mixing angles for different
coupling splittings. my = 850 GeV,

my = 250 GeV.
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DM Constraints from Observed Relic Abundance

m Assume DM abundance as a thermal e S
relic. ¢ |

a Depending on mass splitting several /\‘\

freeze out scenarios are possible. Xi i
. Figure : Coannihilation of DM flavours.
m If DM mass is below top mass several

channels drop out. O
= different impact on parameters 20 | o metsoce

m Co-annihilation has to be just as large
as to produce the correct relic density.
= cuts out valid area for D i
depending on myg and m,

-
W m=850 GeV, m, =450 GeV/

m Lower bounds on DM mass depending
on mediator mass.

05

a Depending on n an upper DM bound
arises in single flavour freeze out

Dy

| 05 10 15 20
. Figure : Valid points in quasi degenerate
scenarios. freeze out scenario.
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DM Bounds from Direct Detection Experiments

a Many contributions to total 50"_‘;9“)
WIMP-nucleon cross section, only 06
Z-penguin with neutron is negative. 05
= saves the day 04
a Tree level and neutron Z-penguin have 03
to nearly cancel each other. 02
= serious constraints on ©13 o4 :
05 10 15 200

m For too large couplings the cancellation

. ) Figure : Valid mixing angle ©13 vs D
is no longer possible — excluded. 9 g angie s V8 B a3-

m Top flavoured DM is the natural choice.

Xt u Xt n
T v q 7

Xt u Xt n

Figure : Cancellation of tree level and neutron Z-penguin contributions (symbolic).
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Combined Analysis of Constraints

sin(©y3)
a A combination of relic e
abundance and direct detection e
constraints confine 13 to a o 2
narrow interval around the O | im0 cov i
“perfect” cancellation point. R e g
:

a The lower and upper bounds on 08 10 12 14 fs fs 20
Flgure + Valid points in ©13-D 33-plane (QDF).
the DM mass become more
serious, since the parameters
do not only have to fulfill relic 06
abundance constraints.

0.8

0.4

sin(©)

a The combined analysis clearly

prefers top flavoured DM. °H

%80 01 02 03 04 05 06
Ay
Figure : valid points for my, = 850 GeV and
my = 250 GeV (QDF).
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Recap ﬂ(“

m A simplified model of flavoured DM coupled to SM right-handed up quark triplet.
Coupling is general following the concept of DMFV.

a Assuming m, < 1 TeV (phenomenologically interesting area).
a With this mass the RA constraints demand high D, ; for high mediator mass my.

a High couplings prevent the necessary cancellation in WIMP-nucleon cross section.
= Mediator mass can not be too large if m,, < 1 TeV.

Collider constraints limit couplings for a reasonable my (NP production).
Constraints from dijet searches prefer Dy sz > Dy 22, Dy 11.
Direct detection constraints prefer top flavoured DM.

In combination with the limits on couplings, the RA constraints produce a lower
bound for the DM mass (depending on my).

m In SFF the splitting conditions in combination with RA constraints also establishes
an upper bound on m, (depending on my and 7).
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Conclusion and Outlook ﬂ(“

a All kinds of different constraints — multitude of effects and interesting
interplay.

m Especially interesting effect on mixing angle 645 due to DD and RA
constraints.
= Future measurements of direct detection experiments can
potentially exclude a large class of models.

a Simplified models are powerful tool to study diversity of constraints.

m Going beyond Minimal Flavour Violation is worth the effort.
— Dark Minimal Flavour Violation as guidance.
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The End A\ ¢

Karlsruhe Institute of Technology.

Thank you!
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The End AT

Karlsruhe Insttute of Technology

Thank you!

Questions?
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Constraints from SUSY Searches at LHC

p q

® Study the process

pp — b — qaxX.- & .
a Depending on decay product of ¢ -

we detect either a top signature or ¢

a jet (+ET)- SS gi
a Inspiration from SUSY searches at T

LHC p Xi

= Upper bounds on CS of both ¢t

and dijet signals. Figure : Studied LHC DM production
processes.
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Constraints from SUSY Searches at LHC KIT

Involved QCD processes Involved NP processes
g ¢ g ¢ ]
J/ L Qi ¢
\ So -7
AN RN Xj
g o 9 6 A
(o] )
q ¢ g ¢ 0
>4TQZW/ QQQ‘;{
\ ! _——
_ \\ (66-6\\\~\ ¢ <
q o 9 0 X
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Constraints from tt+Z; Searches at LHC

m D, 33 increased
— BR of decay goes up.
@ D, 11, Dy 2o increased
— BR of decay goes down.

a BUT: For high Dy 11 = D) 2> we
observe increasing excluded
areas.

References
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Figure : Exclusion plot for {t final state,
mixing angles set to zero.
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Constraints from SUSY Searches at LHC AT

stitute of Technology.

Explanation: NP production

a Major contribution to total
production (for high D) 11,
D 22)

m This effect can make up for drop
in BR

a D, 33 not relevant, since the
protons do not contain top

o [pb]

0.0020

0.0015

0.0010

0.0005

“00 05 10 15 20 ) .
Dy11=Dyz a Very high couplings can lead to

Figure : Cross section of f final state for serious exclusion areas.
mg = 850 GeV and m,, = 50 GeV, mixing
angles set to zero.
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Constraints from dijet + Z; Searches at LHC Q(IT

Karlsruhe Institute of Technology.

a Stronger exclusion bounds on model.

600

a The phenomenologically interesting region
" (Dr1=DA2=2.0, Dyy=00 ism, <1TeV.

Dj33=0.5

a Too large couplings Dy ; would exclude
nearly all of parameter space.

a Most serious constraints come from dijet
final state.

= Safe parameter space:

mg > 850 GeV
200 400 600 800 1000

e [GeV] 2.0 > D)\,33 > D)\,22) D)\,11

Figure : Exclusion plot for dijet final state,
mixing angles set to zero.
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Influence of Mixing Angles on LHC production &‘(IT

m Mixing angles shift influences between couplings D) ji.
= For big splitting in the couplings, mixing angles can cause big
shifts in cross sections.

w For our choice of m, bounds from ¢t final state cause no constraints.

a Worst allowed case for dijet final state, in our safe parameter space,
is D11 = Dx22 = Dy33 = 2.0
= Unchanged by mixing angles.

= Mixing angles can cause no problem with this choice of safe
parameter space.

References

Monika Blanke, Simon Kast — Top Flavoured DM in DMFV September 26, 2016 26/15



Flavour Constraints from Neutral Meson Mixing &‘(IT

u X c
a No mesons with top quark are .
possible, the only constraints : ¢ : ¢
come from D mesons. Ll |
c . u
= not too strong Xi

a The NP contribution has to be Figure : NP contr. to neutral D meson mixing.
smaller than experimental

bounds.
1 - _ *
DNP AC=2, 0
MY = S (DG D)
1 * * r
= 73847r2m2 E )‘uj)‘C/)‘ui)‘C/ . L(X,’, X/) “1p - meE)BD.
¢

.
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Flavour Constraints from Neutral Meson

Mixing
((w)w>2 _ ((U/\DADI\U/T\)CL,)z

a For degeneracy
Dy,11 = D22 = D) 33 the
mixing matrices U3 will drop
out.

a The higher the splitting
A,’j = D/\’,‘,' — D,\’/'j, the more we
will see the constraints on the
mixing angle 0;.
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Figure : Valid mixing angles for different
coupling splittings. my = 850 GeV and
my = 250 GeV.

= Most significant constraints on
012, other mixings nearly uncon-
strained.
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DM Constraints from Observed Relic Abundance ﬂ(“'

m Assume DM abundance as a thermal

relic, T oc 3 Xk /]
m Coannihilation CS has to be just large T
enough to produce the correct relic ¢ !
density (we allow for a 10% tolerance /4)\‘\
interval): Xi g
<Uv>eﬂ’exp — 29 10_26cm3/s. Figure : Coannihilation of DM flavours.

= cuts out valid area for D i
depending on myg and m,

1 3 Lo/ (@mE = (mc— m)?) (4m3 — (mi + mi)?)
<Uv>eff = § X % ' Z Z )\kl')\ki)\/])\lj \/ X X .

m mz 2
i,j=1,2,3 k,I=u,c,t (mi +m2 — 2k — —)
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DM Constraints from Observed Relic Abundance &‘(IT

a Depending on the mass splitting of the different DM flavours several
freeze out scenarios are possible.

mj = mX(1 + 77(D)\,,',')2 + )(5,/

a For a DM mass below the top quark mass this decay channel drops
out.
= CS formula and hence impact on parameters can be quite
different

a Extreme example: only x; present at freeze out with DM mass below
top mass threshold:

3 . . 4m?
(0V)er = 2567 Z )‘k3)‘k3)‘/3)‘l37xz'
k,l=u,c mi + mi)
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Quasi Degenerate Freeze Out (QDF) Szenario Q(IT

D,
m All DM flavours are present at the .

2.0 M mp=850GeV, m,=100GeV

freeze out. M m,=850GeV, m, =150 GeV
. . 1 my=850 GeV, m, =250 GeV
a We require the mass splitting to be I =850 GV, m, =350 GeV

I m=850 GeV, my =450 GeV

less than 1% (significantly smaller than 5
T;) for this to happen.

m 7 is free parameter — choose it 1o
favourable: -0.01.

m This guarantees top flavoured DM (see

direct detection section for motivation).  °°
m Constraint cuts out valid area for Dy i

depending on my and m,,. o5 o s 55D
a Lower bound on m,, due to upper limits ~ Figure : Valid points in quasi degenerate

for Dyii, depending on m. freeze out scenario.
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Single Flavour Freeze Out (SFF) Szenario

References

Only m, present at freeze out.

We require the mass splitting to be
more than 10% (significantly bigger
than Ty) for this to happen.

7 is free parameter — choose it
favourable: -0.075.

This guarantees top flavoured DM (see
direct detection section for motivation).

Constraint cuts out valid area of
parameters depending on mg and my,
with significant effect on mixing angles.

In addition to lower bound, we also find
an upper bound on m, due to upper
and lower (from mass splitting
condition) limits for Dy ;, depending on
me.

Monika Blanke, Simon Kast — Top Flavoured DM in DMFV

'2 OD/‘ 33

Figure : Valid points in single flavour freeze
out scenario for my, = 850 GeV and
my = 210 GeV.

mg

0 E] 200 20 " My
Figure : Mass bounds in single flavour freeze
out scenario.
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DM Bounds from Direct Detection Experiments

Many contributions to total WIMP-

nucleon cross section:

2
oS = Lzt 4+ (A— Z)h[2.

TA?
Xt u

0
G__ R
0

Xt u
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DM Bounds from Direct Detection Experiments ﬂ(“'

m All contributions have to combine to a WIMP-nucleon cross section below the LUX
bounds.

m All contributions are positive, only the Z-penguin with the neutron is negative
= saves the day.

m Largest contribution comes from tree level process. Largest negative term is hence
interference term of tree level and neutron Z-penguin.

m Most important terms, have to nearly cancel each other:

Aj_' . Di’33 . sin(013)4 — AII . D4/\733 . sin(613)2 . COS(013)2 . 008(923)2

Xt u Xt n
T q z
¢! - o !

Xt u Xt n

Figure : Cancellation of tree level and neutron Z-penguin contributions (symbolic).
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DM Bounds from Direct Detection Experiments

m Tree level and neutron Z-penguin have
to nearly cancel each other.

= serious constraints on 613 sin(Gra)
0.7

a For higher couplings the cancellation 08

gets more complicated. 08
04

m For too large couplings the 03
cancellation is no longer possible at all 02
— excluded. 01

B 05 10 s 200
m Top-flavoured DM is the natural choice:
= Tree level contribution small
= Neutron Z-penguin contribution

large.

Figure : Valid mixing angle ©13 vs Dj 3.
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Combined Analysis of Constraints (QDF)

AT

Karlsr

te of Technology

Combined application of both flavour, relic abundance and direct detection
constraint in quasi degenerate freeze out scenario.

0.8

B12=IDx11-Dazz|
W 813=ID11-Dazal
W A23=IDj22-Dassl

sin(®y)

0.4}

0.2
& SREE :
80 0.1 02 0.3
A

Figure : valid points for my, = 850 GeV and
my = 150 GeV (QDF).
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Figure : valid points for mj, = 850 GeV and
my = 250 GeV (QDF).
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Combined Analysis of Constraints (QDF)

a A combination of relic
abundance and direct detection
constraints confine 645 to a
narrow interval.

a The bounds on the DM mass
become more serious, since the
parameters do not only have to
fulfill relic abundance
constraints.

a The combined analysis clearly
prefers top flavoured DM.
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Combined Analysis of Constraints (SFF) AT

Karlsr

te of Technology

Combined application of both flavour, relic abundance and direct detection
constraint in single flavour freeze out scenario.
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Figure : valid points for my, = 850 GeV and Figure : valid points for mj, = 850 GeV and
my = 225 GeV (SFF). my = 250 GeV (SFF).
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Combined Analysis of Constraints (SFF) AIT

a A combination of relic
abundance and direct detection
constraints confine #13 to a
narrow interval (even more
serious than in QDF).

a Especially in SFF the
combination of all constraints
extremely limits the chance of
finding a valid configuration of S

Figure : Valid points in mass plot for combined
all parameters for mX[ S m,op. constraints (SFF).

My,

a The combined analysis clearly
prefers top flavoured DM.

References

Monika Blanke, Simon Kast — Top Flavoured DM in DMFV September 26, 2016 39/15



Backup Material 1
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Figure : Exclusion plots for dijet final state for various couplings, mixing angles set to zero.

References

Monika Blanke, Simon Kast — Top Flavoured DM in DMFV September 26, 2016 40/15



Backup Material 2
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Figure : Exclusion plots for dijet final state for various couplings, mixing angles set to zero.
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Backup Material 3
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Figure : Exclusion plots for dijet final state for various couplings, mixing angles set to zero.
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Backup Material 4 \
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Figure : Exclusion plots for tt final state for various couplings, mixing angles set to zero.
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Backup Material 5
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Figure : Cross section for {7 final state, mixing angles set to zero.
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Figure : Impact of flavour constraints on ©15.
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Backup Material 7 A
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Figure : Valid mixing angles for different coupling splittings. m,, = 850 GeV and m,, = 250 GeV.
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Karlsruhe Intitute of Technology

DA 22

200 [M my=850GeV, m,=100 Gev
W m=850GeV, m,=150 GeV'
I m =850 GeV, m, =250 GeV'
I m4=850GeV, m, =350 GeV'
W m4=850GeV, m, =450 GeV'

05

D
05 1.0 15 20 M1

Figure : Valid points in quasi degenerate freeze out scenario in Dy 11 — Dy 22-plane for various DM
masses.
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Figure : Valid points in quasi degenerate freeze out scenario in Dy 11 — Dy 33-plane for various DM
masses.
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Figure : Valid points in quasi degenerate freeze out scenario in Dy 22 — Dy 33-plane for various DM
masses.
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Backup Material 11
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Figure : Valid points in single flavour freeze out scenario in Dy 33 — sin(©;)-plane for

mg = 850 GeV and m, = 150 GeV.
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Figure : Valid points in single flavour freeze out scenario in Dy 33 — sin(©;)-plane for
mg = 850 GeV and m, = 210 GeV.
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Backup Material 13 T
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Figure : Valid points in single flavour freeze out scenario in Dy 33 — sin(©j)-plane for

mg = 850 GeV and m,, = 230 GeV.
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Figure : Valid points for LUX bounds in Dy g3 — sin(©13)—plane.
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Figure : Valid points for LUX bounds in Dy g3 — sin(©13)—plane.
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Figure : Valid points for LUX bounds in Dy 33 — sin(©13)—plane, with SFF splitting applied.
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Figure : Valid points of combined analysis for quasi degenerate freeze out scenario in
Dy 33 — sin(©13)—plane for different DM masses.
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Figure : Valid mixing angles for different coupling splittings for quasi degenerate freeze out scenario.

mg = 850 GeV and m, = 150 GeV.
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Figure : Valid mixing angles for different coupling splittings for quasi degenerate freeze out scenario.
mg = 850 GeV and m, = 250 GeV.
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Figure : Valid mixing angles for different coupling splittings for single flavour freeze out scenario.
mg = 850 GeV and m, = 225 GeV.
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Figure : Valid mixing angles for different coupling splittings for single flavour freeze out scenario.
mg = 850 GeV and m, = 250 GeV.
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