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Dark Matter Signal at Hadron Colliders

e What we will see at hadron colliders is...

A. Belyaey, L. Panizzi, A. Pukhov, M. Thomas, arXiv:1610.07545
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Dark Matter Signal at Hadron Colliders

What we will see at hadron colliders is...

# Events (normalized to one)

My, = 10,

's =13 TeV

A. Belyaey, L. Panizzi, A. Pukhov, M. Thomas, arXiv:1610.07545
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Dark Matter Signal at Hadron Colliders

 What we will see at hadron colliders is...
A. Belyaey, L. Panizzi, A. Pukhov, M. Thomas, arXiv:1610.07545
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Dark Matter Signal at Hadron Colliders

* What we will see at hadron colliders is...
A. Belyaey, L. Panizzi, A. Pukhov, M. Thomas, arXiv:1610.07545
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This complexity of analysis is due to the lack of DM invariant mass reconstruction!!

.. but we do not know longitudinal momenta of initial partons (unllke linear collider).

Wf Vi Op Ve Vilp Vs )aVpq

REXir X [D2]

BXXT°q [D3] e ""W*a Vi = V*0"'V])divuq [VQM]
B X [D4] Te“ *(GIO,Ve + Va0 Vi)amata  [V10P)
R XVXTVug (D3] Shz e P (VIO V, — VY Vgiva e [V10M]
XY XT Vg D6] = VJ\/#GPJGW i)
=XV’ D7) LVIVEGrG,, vz
XV XTnA e (D8]

AXOM GO [DY]

Rz X0" 1Y X GOy [D10




Spectral Decomposition
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Spectral Decomposition

* The idea is similar to the Fourier transformation.
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Basis functions: sin(nmix/L) w/ n= integer

3  Coefficients: amplitude of each mode

. f(x) = Z cpsin(nmx /L)




Spectral Decomposition

cf. Fourier transformation

f(x)

=basis functions

Z cp sin(nmx /L)

n

X: a set of collider obseryables including MET

p

MET dist. of Physical process

VP

0%

MET dist. of Virtual Mediator production

. (i) .
Virtual mass: {Tnii' } given by hand




Spectral Decomposition

=basis functions

LHS: from the experiment
Basis functions: from the calculation
Coefficients: from chi-square fitting

AT 2
) Ex(Xpm) — SM(Xpip)— YIL, €:F3 (X))
=2

X =
-Xbin EX(Xbln)

L doy, (X)

Fi(Xoin) dX—3ix :binned basis functions

Ni Jxexpm

 What is the physical meaning of coefficients?



Physical meaning of is the DM invariant mass distribution.

Spectral Decomposition: MET space=—» DM inv. mass space

| will skip the proof.



Equivalently, can be related to Kallen-Lehmann spectral density.

Theoretically, pu—}}(x( ﬂfm = ‘Gm m” ,My) ‘ mx;}(rah—}n( i,fi»)

Two merits of spectral density
1. Universality (important in our formalism)
2. Easy to characterize dark sector.



Spectral Density (characterization)

Mediator Interaction

Case1l |On-shell(My > 2m, ) | Resonance

Case 2 | Off-shell(M,; < 2m, ) | S-wave

Case 3 | Off-shell(r, < 2m, ) | P-wave

Case 4 | Off-shell(My < 2m, ) | DM bound state
(dark long range force)

0.25
I case 1 (invisible decay)

- 0.20 case 2 (s—wave)
2 case 3 (p—wave)
>
z ===== case 4 (bound state)
= 0.15
C‘l>< [
£ 0.10f
1
= 0.05

0.00—

Myy | My



Summary of our method

Lagrangian: £ = Lqy + Lmed—sM + Lmed + Lmed—DM + £DM
—+basis functions —sspectral density

1. Fix Lped—sm + Lmeq and calculate basis functions.
2. Obtain coefficients ¢; by fitting the signal (experiment).

- 2
dgexp i( < do, ( X)> i (Ex(xbm)—SI\-I(Xb-m)_E;._‘;l c.a-F.i(Xbm))
X E'X(Xbin)

i

i=1

Xbin

=basis functions

3. Find L, .q—pm + Lpm that matches with ¢; obtained in step 2.



Numerical Example
(Mono-jet channel w/ a Simplified Model)

Simplified DM model

L = Lsm + Led—sM + Lmed + Lined—DM + LDM

Lied = %8u¢8,u,¢ - %ng@bz

k
Lied—sM = KQsGaﬂVwa

} — basis functions

(s) _ 1 " 1, 2.2
Ly = 30us0Fs — smis

LSc)ed—DM = $Msgsps®
Ly = x(id — my)x

f ~
Lx(ngd—DM — %CbXX

} — scalar dark matter

} — fermionic dark matter

: Assumption

: Information we will obtain from data

(not assumptions, but results)



Example (step 1: calculate basis functions)

Event Fraction

Basis Functions
0.1005 = =ae . amassmss s—wave E
-— e mmme—— p—wave
0.010¢ P y— I __
5 - —1_
: |
0.001 3 I ............ -
1074 = A =
10*5 1 1 | 1 1 1 I | 1 1 | | | |
500 1000 1500 2000
MET [GeV]

Colored curves: basis functions
{mﬁ 1={10, 200, 400, 700, 1100, 2000, 5000} GeV.



Event Fraction

Example (step 2: obtain coefficients by fitting)

(1)
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T mxx
(0. 100 - . E (0.100 3
=¥ e S—WAVE e PeWAVE E
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g :
-E: 4
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z
=
=
10~ 10-4
10°° s
500 1000 1500 2000 500 1000 1500 2000
ET‘ [GEV] ET [GEW

Signal: dotted lines (left: s-wave, right: p-wave, DM mass= 200 GeV)

Basis functions: shaded by color
Coefficients: obtained by chi square fitting = area of each colored region = DM inv. dist.

[GeV]
5000
2000
1100
700
400
200
10



Example (step 3: the interpretation of results)

changes the first bin.

Parton level calculation
5/B=1/250 5/B=1/100 l True Values (Parton Level)
5 ool Y
g L il o ===== boundst g r 3 e A EEET bound st é N R T bound st.
n.n_ﬁ:lg' L = : n.n-:H ‘ ‘ 1 o0 l i:!ﬁ .
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 3500 - 0 500 1000 1500 2000 2500 3000 3500
my,? [GeV] Y [GeV) P [GeV]
* Location of threshold = 2m >M_4iator Interaction
* Slope at the threshold= interaction Case 1 | Resonance (Mg > 2my)
between DM and mediator Case 2 | S-wave (Mg < 2my, )
* Peak position (red): On-shell mass of Case 3 | P-wave (My < 2m, )
mediator which decays invisibl 4
_ y y Case 4 | bound state (Mg < 2my )
* And the existence of bound state




Conclusion

We can obtain DM invariant mass distribution even at hadron
colliders by using the spectral decomposition.

From the obtained DM invariant mass distribution, we can
easily extract DM information at hadron colliders.



Thank you!
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Pe 1velimy, ) [arbitrary unit]

More examples of spectral densities
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luminosity function

oy = Z]dildtgp (1) Pj(2)5 5"
d d 1.:-' A(ij') 50.4
Z/ Mgty mwdy ¢ ;

dLyj  2my; Pl-(mij ey)Pj(Me_'yj

dmi;dy S NG NG oo £
dog VS o, (i7)
d— = f drmgj fi;(m ij)id
'I/jT Ppty/pP2Am3 T
d
C-":.D {pT ??1@,_}' T??(ﬁ)) fij(}{’T‘F P;_F?ni)
" fz‘j(mc_b)

d? 20, m45, mg)

o8l

pr=50 GeV
— pr=100 GeV
— pr=200 GeV

200 400 600 800 1000
mg [GeV]



Strategy at linear colliders

 Example : mono-Z(to jj) channel

v's = 500 GeV Parton, g =3
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Event Fraction

T. Kamon, P. Ko, J. Li, arXiv:1705.02149

Delphes, gx=3
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M: nv

BW Peak : On-shell mediator is produced and decays invisibly.

Location of threshold = 2m >M

mediator

Slope at the threshold = interaction between DM and mediator




Strategy at linear colliders

Y. Hochberg, E. Kuflik, H. Murayama,

Example : mono-photon w/ confining dark sector  _ vi\.1512 07917 1706.05008

e e” —+ ¥+ hidden photom

I Peak position : On-shell Mediator decays
to dark matter particles.

CETT sy =2 |~ Many bumps near the threshold indicates
e TM™ 1 confinement of dark sector. (e.g. SIMP)
ap=1/4m ey =23 % 1077
A 2 = 6 8
My, [GeV)

Threshold : Mediator is lighter than 2m,,.
Location of the threshold = 2m,,
Slope at the threshold = interaction between DM and mediator




Missing Transverse Energy
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