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Pseudo-Dirac model

Pseudo-Dirac dark matter simplified model: SM + 2 Majorana fermions
coupled to it through a Z’ boson.

Despite its simplicity, interesting features:

i) not only standard signatures (monojet), but also “unusual” ones
(displaced vertices);

i) link between collider signatures and cosmological observations;

iii) broken crossing symmetry between DM — N +» DM — N and
DM — DM < N — N interactions;

iv) DM-nuclei scattering cross section helicity /velocity suppressed; DM
annihilation cross section unsuppressed.
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Starting point: pDDM Lagrangian

Loppm = Lo + Ling
where
- . mp — mgr =
Lo = V(i) — Mp)¥ — T (WP + hc.) — ZF (WePrW +hec),
Ling = V" (cLPL + crPR)V Z), + Z Fy(c P+ ) Pr)F Z,,
f
f: SM fermion.

“Pseudo-Dirac limit": m; r < Mp.
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Mass eigenstates (at Oth order in |m; — mg|/Mp):

i mp + mg

— (¥ — Y€ =Mp - —
X1 = \ﬁ( ) —  m D 5

1 m; + mgp
X2 \ﬁ( +V¥) = m p+ 5

x1 is the DM candidate; 2 is unstable and can decay into x;.
In the pseudo-Dirac limit, Am = my — m; < my 5.

Line in terms of x1 2

CrR+cL _
Lo = j R 5 “'x2 2,
iXi CR —CL _
£ = = XXz,
_ ( ) (f) () (f)
fr - + cp c, ' —cC
‘Ci(nt)zzf’yu 2 : 2 R0z,
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i mp + mg
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x1 is the DM candidate; 2 is unstable and can decay into x;.
In the pseudo-Dirac limit, Am = my — m; < my 5.

Line in terms of x1 2 Different coupling

(x1x2) cr+cr _ , dependence
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Mass eigenstates (at Oth order in |m; — mg|/Mp):

N m; + mg
— (¥ — V€ — =Mp — ——
X1 = \ﬁ( ) my D 5
1 m; + mg
= — (VU 4+ y¢© — =M _
X2 ﬁ( + W) my b+ 5

x1 is the DM candidate; 2 is unstable and can decay into x;.
In the pseudo-Dirac limit, Am = my — m; < my 5.

Line in terms of x1 2 Different coupling

xa) _ crtc , dependence
int -
L) Xi"°xi Z,,

) () (f) _ ()

=2

Different interaction structure
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Decay length

X2 — x1ff decay length (at rest):

-1 4 5
5 ()2 2 Mz 1GeV
f N e <) (Ci) +Cf(?) ﬂ <1TeV> ( Am ) .

If Mz: ~ O(TeV) and Am ~ O (GeV) = Ly ~ O(m) = possible signal
at LHC as displaced vertex!

Lg~29m

Actual decay length at LHC: enhanced by the boost factor
B~y ~ O(1 — 100).

Alessandro Davoli Displaced vertices from pseudo-Dirac dark matter



PI')"IS’,\‘;I"“MC:::I Field content

Analysis and Results DizeEy il
: Relic abundance
Conclusions

Relic abundance

x1 and x2 quasi-degenerate in mass = coannihilations are important.

Effective thermal cross section:

1
(OV)e = 1+a2 ({ov)1y +20(ov)y, + a2<av>22) J
where a = (1+ Am/my)2e=xAm/m. (ov); = (V)¢ and
x=m/T.

By combining effective cross-section and decay length:
QP oo (Lo (100GeV 20 Am Y
0.1194 — 1m m 1GeV /) °

Link between relic abundance and decay length: one of the main
predictions of the model.
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Relic abundance

x1 and x2 quasi-degenerate in mass = coannihilations are important.

Effective thermal cross section: Velocity suppressed

/\/
(0¥)ar = 7z (0500 + 20(0v)y, + a%a@%

where a = (1+ Am/my)2e=xAm/m. (ov); = (V)¢ and
x=m/T.

By combining effective cross-section and decay length:
QP oo (Lo (100GeV 20 Am Y
0.1194 — 1m m 1GeV /) °

Link between relic abundance and decay length: one of the main
predictions of the model.
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Couplings determination

Seven free parameters in the model:
£) (F
{mla Ama MZ’? CL, CR, C[(_ )7 CI(? )}

Assumptions and requirements:

i) without loss of generality, c,(?f) = —cff)'

ii) ATLAS dijets constraints on SM-dark sector couplings;

i) Tz7/Mz <0.2 = Breit-Wigner approximation is accurate;
)
)

iv) observed DM relic abundance;

v) fix the value of k = cg/cy.

= determination of ¢, and cg for given {my, Am, Mz }.
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g

q
Expected almost zero background.
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Displaced vertices

q X1

Displaced vertices

q g X1
Expected almost zero background.
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Probability that x» decays in the detector (M7, = 1.5 TeV):

0.05m < Ly <0.30 m

o :
Inner detector

3.80m < Ly, <7.20m

Muon solenoid
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Complementarity DV-monojet

Cuts: pr > 200GeV , MET > 300 GeV.

DV: approximately zero background = 95% C.L. exclusion if N > 3.

k=0

Current monojet
Future monojet

Am (GeV)

My =15TeV

L 0 fb p— — = L
540 56(.)'580 600 620 640 660 680 700 400 450 500 550 600 650

my (GeV) my (GeV)
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Conclusions

pDDM model: simple extension of the SM, but interesting features.
Not only standard signatures (monojet), but also “unusual” ones (DV).
Interplay between cosmological observations and collider signatures.
With larger luminosity = exclusion/signal over a wide mass range.

pDDM model may be used as a benchmark for these new searches.
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Backup slides

The freezeout temperature is given by Tr = my /xg:

my(ov) g 6.4 x 10° GeV

*«XF

x,::25—|—|og{

with dr = 2 number of degrees of freedom of x;.

The DM cosmological abundance is:

p2_ 871071 Gey 2
r/ Uveff

with g, ~ 100 effective number of relativistic species at Tr.
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X2 proper decay length in the lab frame: L}*® = BvL,.
Probability that x» travels a distance L before decaying:

1 .
P(L) = 1w et/
0

If pr is the transverse momentum of Y, = transverse decay length
PT
Llab — T2 [
O™ 0

Probability that y» travels a distance greater than L in the transverse
direction:

N
RIS SV SR S
N,'=1 L';',O(

pPT = PT,i)

N number of simulated events.
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X2 decay width:

N Amb 3 Am A2 (2
rxzﬁxlff = ; 28073 (cL+ CR)2 M (1 ) (CE ) + C.‘(?) )

7! 2 mq
m2

2 16
- (364” 13300 4 36c) )+ 16mg (2 (0% L D | o ())
2mg MZ'

10mj 3AmN () (M2 _658m [ (H2 (5 (), 5 (N2
+Am2 (1—§m—1)( +c ) —?m—l<2cL +c lcp +26R )

24m A 2 Am\’ 4
- 2mAm m(gcp + <f>c;>+2c<f>) }+o (,T'") ]+o (’L) ]
z/ 1 mq
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Z' decay width:

r _(a+ cr)?
Z'—>x1x2 — 487

r (cr —a)?
Z' = XiXi 26

My K

1+(m1+m2)2] (1_”72_’771) (1+m2—m1

2M2, Mz Mz

4m? 2 2 2 2
_ Amg Kc{” 4 ) _ (sz) “ 6Nl 4

M2,
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Thermal cross sections:

-~ N (cL+ cr)’ (m+m)® [ 4m;
<UV>12 - Z 32 o\ 2 MA 2
Q <1 (m1 + my) ) 70 (m1 + my)
- mrme)
MZ’
2
()2 (f)? my (£)2 (f) () ()2
|:(CL tcg ) T (mt m)? (CL —6¢; Tcg’ g
(f) 2 2 2
N, - : 2 :
(V)i = Z c (cL —cr) . m‘{ 1- mzf X
~ 8m . 2m? 2x; + 3 M3, m; 2x; + 3
M%/ Xi

2 2
e m (- C(f))2 X | Lo (1)
X; 2m% L R 2x; + 3 X
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DM-f scattering cross section:

NEP) 2, () ()2 12 ¢
(OV)xyfoxef = ——(a—cr) (g’ —cp’)) Xl
X1T—X1 zf: 167T L R M%,

(f) — _ ().
=

From arXiV:1603.04156, for axial-vector coupling and ¢ cr:

2 (1TeV\* [ fme \2
osp ~ 2.4 x 1072 cm? - (cgr — c1)? (Cy)> (/\/le ) <1MG§V> '
Z/
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