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Disclaimer

* All plots are at Madgraph generator level
e No CMS simulation is used
« No CMS data are used or shown here
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% Dark Photon Coupling to Scalar Dark Matter Particles
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= Dark Photon Coupling to Fermionic DM Particles
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% Couplings Used in Dark Photon Model Lagrangians

Scalar model

Using Feynrules + MadGraph to generate events

Using MadAnalysis to analyze and plot

« Dark Scalar is NOT self-conjugate
1. qr*(9v £ 92v°)q Zpy
2. gysy(Spd*sp — spd”sp) Zp,

3. gaB1Sp

Three distinct
couplings
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% Couplings Used in Dark Photon Model Lagrangians

Scalar model Fermionic model

f _ tme |
Sp .’ <
7 f F
AN f
S <
f time

Dark Fermions are self-conjugate

1. qv*(9v £ 947°)a Zpy

2. 98¢, Fo1V"v°fp1 Zp, Four (?Iistinct
3. ggff fo17*v°fp2 Zpy couplings
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time

Dark Scalar is NOT self-conjugate
1. qr*(9v £ 92v°)q Zpy
2. gysy(Spd*sp — spd”sp) Zp,

3. gaB1Sp
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Varying the Coupling Constants

Lagrangian gVv gA Does it work?
0.25 0.25
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0 0.25
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0 0.25
fD1(99 + g2v®)fp2 Zpu 0.25 0.25
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Masses-at-a-glance

Fermionic model

100 2 100 30 4
1000 2 1000 30 4
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Kinematics & Topology

Scalar Model
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CMS
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> AP and AR between Muons from Same Vertex
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Kinematics & Topology

‘Fermionic Model
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Summary & Plans

* Developing 2 models with decays of dark photons into scalar or
fermionic dark matter particles with two dimuon pairs in final state

« Complementary to models with direct dark photon decays into
dimuons (see Cristiano’s and Teruki’s talks)

 |nvestigating different coupling types & strengths with MadGraph
« Event kinematics & topology look reasonable at generator level

 Next:

— Simulate and reconstruct events in CMS detector (in progress)

— Connect with CMS searches for two displaced dimuon pairs
» Look into reinterpreting 2016 dimuon pair results for these models
* Full Run 2 analysis
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The EFnd
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Q%za&ga slides
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Event Generation

Feynrules

 Mathematica package that allows the calculation of Feynman rules in
momentum space for any QFT physics mode which can then be used
to implement the new physics model into MadGraph, see
https://arxiv.org/pdf/1508.00564.pdf

MadGraph
« Computation of cross sections; generation of hard scattering events
MadAnalysis

* Framework for phenomenological investigations at generator level
which we use for analysis and producing plots.
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Lagrangian Terms in MadGraph

* vp production from quarks \\ z

— V + Acoupling: gv*(g? + 93v°)a Zp, Yee VAN

V4

Using Feynrules + MadGraph to generate events

Using MadAnalysis to analyze and plot events
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Lagrangian Terms in MadGraph

* vyp production from quarks \\ z
— V + A coupling: ﬁy"(ge T 931’5)‘1 Zpy //m

* Pure dark coupling of yy to dark fermions in pair production f

10 Z DI
— axial coupling only: gas, Fp1V*v>fp1 Zpy A/V\/l\)/\/‘<
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Lagrangian Terms in MadGraph

* vyp production from quarks \\ z
— V + A coupling: ﬁy"(ge T 931’5)‘1 Zpy //m

* Pure dark coupling of yy to dark fermions in pair production f

10 Z DI
— axial coupling only: gas, Fp1V*v>fp1 Zpy A/V\/l\)/\/‘<

» Pure dark coupling of y, to dark fermions in decay
— axial coupling only: g2¢s fp1V*v°fp2 Zpy
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* vp production from quarks
— V + Acoupling: gv*(g? + 93v°)a Zp,

» Pure dark coupling of yy to dark fermions in pair production

— axial coupling only: gas, Fp1V*v>fp1 Zpy

» Pure dark coupling of y, to dark fermions in decay
— axial coupling only: g2¢s fp1V*v°fp2 Zpy

» Coupling of y5 to muons
— V + Acoupling: my*(gp, + g5.v°)n Zp,
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gb =0.25
gi=0
gvsy = 107°
g2 =0.25

LORIDA TEGH

* Mz, =20,100,1000 GeV
« Widthzp =1 GeV

s M,p=2GeV

 Widthsp = 0.00407 GeV
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time

- gP=0.25 + Myzp=20,100,1000GeV . gD =025 *+ Mz, =40,100,1000 GeV
o gg =0 * WidchD =1GeV . gD =0 L WldchD = 2GeV
. D _q0-3 = Msp=2Gev 5 . * Mgp=30GeV
gll;sy = + Widthgp =0.00407 GeV  * Japy =107 .y — 4 Gev
* ga=025 * ga;5=0.25 « Widthsy, =1GeV

. gb =025 * Widthyp;=1GeV
b =o.
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Long-lived sy vs. Short-lived sy

Scalar Model
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Methodology — Feynrules

« A Mathematica package that allows the calculation of Feynman
rules in momentum space for any QF T physics model.

* We provide FeynRules with the minimal information required to
describe the our model, contained in the so-called model-file.

« This information is then used to calculate the set of Feynman
rules associated with the Lagrangian.

 The Feynman rules calculated by the code can then be used to
iImplement the new physics model into MadGraph.

* Implementation of our model with Feynrules is based simplified
dark Matter model.

— https://arxiv.org/pdf/1508.00564 .pdf
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Methodology — MadGraph

 MadGraph is a framework that aims at providing all the elements
necessary for SM and BSM phenomenology.

« Computations of cross sections, the generation of hard events .

* Processes can be simulated to LO accuracy for any user-defined
Lagrangian, and the NLO accuracy in the case of QCD
corrections to SM processes.

« Matrix elements at the tree- and one-loop-level can also be
obtained.

 We use MadGraph to privately generate events for our models
with different particle masses and life times.
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Methodology — MadAnalysis

 MadAnalysis is a framework for phenomenological investigations
at particle colliders.

« Based on a C++ kernel, this program allows to efficiently perform,
In a straightforward and user-friendly fashion, sophisticated
physics analyses of event files such as those generated a large
class of Monte Carlo event generators.

* We are using MadAnalysis to analyze our and produce plots for
our parton level events.
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Lots more kinematics and topology plots

Scalar
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Lots more kinematics and topology plots

Fermionic

LU RI DA TE c H M. Hohlmann, M. Rahmani, Dark Photon Models for CMS, LLP Workshop, CERN - May 27, 2019



A ' T [ T TTII -~ -
-} I ] 5 - :
S ! | g 40 GeV
© 101 = — Q 10*1 E_
- : E = = 00 GeV
=l : . o -
E ! | 2 i 000 GeV
3) 10% = = % 102 =
E _ I : :
T w0 S %
. — H =
Z - = =
B 7 .
10 = 04 _

10 1™ 10"® 10" :1 10 102 10°
P [ zd ] (GeV/e) P, [fd11 ] (GeVle)

LU RI DA TE c H M. Hohlmann, M. Rahmani, Dark Photon Models for CMS, LLP Workshop, CERN - May 27, 2019



P- of Leading, Subleading, 3, and 4t Muon

—_~ T T T ~~ T T T
g 107 =— — 40 GeV g 107" = — 40 GeV
) E 3 ) E 3
8 = 4 | 100Gev 8 = 1 | 100Gev
= - 7 = ~ 7
.;1: 102 = —= 1000 GeV ;1: 102 =— —
9 E 3 Q E 3
2] — ] 77} = _
- m 1 Zpmasses - - :
S 10 - =
g = = § 1= E
& = = & = =

104 = B B

E 1074 =
105 = 1 . - LD .
1 10 3 1 10 10 10°
P, [ mu ) 1(GeV/e)

~~ T T T ~_ 1071 [— T T T pmas
% 107 = = 40 GeV % § § 40 GeV
i - - 100 GeV i - : 100 GeV
=] B 7 =] .
S 02 — 1000 GeV 2 107 =
< = — 1 = —
o - ju () — —
[72] — . & [ ]
8 i | 8 o
E 0 = g OE E
> = - > = -
= C - = K ]

104 = — 1074 =

1 10 102 10° 1 10 102 10°
P, [ mu, 1 (GeV/e) P, [ mu . 1 (GeV/e)

Fermionic Model

LORIDA TEGH



% An and Ap between Muons from Same Vertex

035—' [ T [ [ T [ p— T L T T
= 3 | 40Gev < 0 Gev
g — ] § 10 —E
g W = 100 GeV g - 100 GeV
T L . g 4 |
= . 1000 GeV : B 1000 GeV
g 02 —-|  Zpmasses g
= F ] =
© 05— — s\-;

Voo ] 3

Eoup = :

Sk - z

Z 005 - ;

H - - g

-] - : -

g () SN [ B s

= -8 -6 —4 -2 0 2 4 6 8 7 0 05 1 15 2 25 3
e

; A [ (mut<fdll) (mu-<fd11)] AD, . [ mu+<fd11, mu- < fd11]

Fermionic Model

LU RI DA TE c H M. Hohlmann, M. Rahmani, Dark Photon Models for CMS, LLP Workshop, CERN - May 27, 2019



Ap & An of f41s

1 S B B B B B e T T

A - . 40 GeV P —
g L . g
=] | _ (=]
Q =]
- ~ . 100 GeV 9
T 0.04— - :
[+ — = ]
E - 5 1000 GeV E
g - :
5 008 — q
N L _ a
P oL : g
- — _] -
E 0.02_ i S
° I~ 1 ™
z - . °
- - z

0.01_— — B i

0_ ] ) I L1 1 1 l § I l | I ) - [ ) I I 01 G l § I

-8 8 0 0.5 1 15 2 2.5 3 3.5 4

A n[fd11{d12] Aq)o’n[fdll,deZ]

LU RI DA TE c H M. Hohlmann, M. Rahmani, Dark Photon Models for CMS, LLP Workshop, CERN - May 27, 2019



40 GeV
— 100 GeV

Z, masses

lllllll[llllllllllllllll

bl Lo

4 5
AR [ mu+ < fd11, mu- <fd11 ]

N. of (mu+ < fd11, mu- < fd11) pairs ( scaled to one )

»

LU RI DA TE c H M. Hohlmann, M. Rahmani, Dark Photon Models for CMS, LLP Workshop, CERN - May 27, 2019



40 GeV

[T TTTTI
L 1 L1

102

T IIIIII|
L1 lllllll

107

LT IIIIIII
L1 lllllll

N. of fd21 ( scaled to one )

1074 &

1 10

LU RI DA TE c H M. Hohlmann, M. Rahmani, Dark Photon Models for CMS, LLP Workshop, CERN - May 27



Ap & An of f4,s

1013_ o oy _E 40 GeV - o 40 GeV
= = 100 GeV 0.04 100 GeV
- - 1000 GeV 0.035 1000 GeV
10? =N 0.03

0.025

0.02

| I[IlIIIl

o
(=}
—_
o

N. of (fd21, fd22) pairs ( scaled to one )
N. of fd21 fd22 pairs ( scaled to one )

0.01

0.005

Illlllllllllllllllllllllllllllllll|Illl|lllllllll_

oy IIlllllIIIIIII|IIII|IIIllllllllIII|IIII|IIIIIIIII

5 354 &) 6
Aq)o,n [ fd21, fd22 ] A N[1d21£d22 ]

LU RI DA TE c H M. Hohlmann, M. Rahmani, Dark Photon Models for CMS, LLP Workshop, CERN - May 27, 2019



T T I B _ 0!

1 IIIIII|
I llllllll
| IIIII[I|:

102

T Illllll

I IIIIII||

10°

T T Illllll

I TTTI III|
N. of mu+ mu- pairs ( scaled to one )

I Hlllll

1074

. HHH|

{ 10 102 10° 1 10 102 10°
P, [ (mu+<fdll) (mu-<fdll)](GeV/e) P, [ mu+ mu- ] (GeV/e)

N. of ( mu+ < fd1l1 ) ( mu- < fd11 ) pairs ( scaled to one )

LU RI DA TE c H M. Hohlmann, M. Rahmani, Dark Photon Models for CMS, LLP Workshop, CERN - May 27, 2019



~ E T T T ,E
q.a = =
: _ —
° B —
Q B _
-

g 102 -
-} = =
- - —
“ _ —
Q B —
m B —
S’

+ 10°= -
G B _
e B _
Z. 104 = -

1 10 10? 10°
P, [ mu+ ] (GeV/e)

LU RI DA TE c H M. Hohlmann, M. Rahmani, Dark Photon Models for CMS, LLP Workshop, CERN - May 27, 2019



Missing momentum

[ Illllll
1 llllllE

102

T IIIIIII
[ lllllll

107

[ IIIIIII
L1 [llllll

N. of fd21 fd22 pairs ( scaled to one )

10

it HHIII
1 ll[[lll

1 10 T 10°
P, [ fd21£d22 ] (GeV/e)

LU RI DA TE c H M. Hohlmann, M. Rahmani, Dark Photon Models for CMS, LLP Workshop, CERN - May 27



ZD Mass

P~ :' | | | | | | | ':
g L — 40 GeV
=) 0.014 — —] |
o — _
) — —_
= 0.012 — —
= — _
S 0.01— —
7] — ]
N — _|
L 0.008 — —
o — |
= — =
o 0.006 — |
= — _
Z 0004 —
0.002 [— —
0_4 4
1) [ fd11 ]

LORIDA TEGH



ZD Mass

A~ - —]
@ 0.04 — o 40 GeV
=) — -
g 0% = 100 GeV
- — -
% 0.03 — = 1000 GeV
O — -
@ 0.025— —
g - —
— — -
g 0.02 — -
= = -
= 0.015 — —
= 0.01— —

0.005 — —

0 —

n[fd11]

LORIDA TEGH



ZD Mass

~ 0.016 I l l | | | | =
= — — 40 GeV
© 0014 — —]
S - - 100 GeV
= 0012 — —
% — _ 1000 GeV
< 0.01— —
~ 0008 — —
s - =
‘5 0.006 :— —:
Z 0004 — —]

0.002 — —

0_4 4
¢ [ fd21 ]

LORIDA TEGH



ZD Mass
40 GeV

0.04

0.035 i
100 GeV

0.03

1000 GeV

0.025

0.02

0.015

N. of fd22 ( scaled to one )

0.01

0.005

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

. 2 0 | i
n[fd22]

LORIDA TEGH



ZD Mass

0.35

o
w

< IIII|IIII IIII|IIII|IIII|IIII|IIII|II

0.25

O
(V)

0.15

N. of (fd11, fd12) pairs ( scaled to one )

o
-

0.05

=

LORIDA TEGH

-~ 40 GeV

100 GeV

- 1000 GeV

IIII|IIII IIII|IIII|IIII|IIII|IIII|II

AR [ fd11, fd12 ]




N. of (fd21, fd22) pairs ( scaled to one )

0.14

0.12

0.1

0.08

0.06

0.04

0.02

LORIDA TEGH

ZD Mass

III|III|III|III|III|III|III|I

III|III|III|III|III|III|III|I-

40 GeV

_______

AR [ fd21, fd22 ]




ZD Mass

0.025

0.02

0.015

0.01

N. of mu+ mu- pairs ( scaled to one )

0.005

IIII|IIII|IIII|IIII|IIII|III
IIII|IIII|IIII|IIII|IIII|II

-~ 40 GeV

100 GeV
1000 GeV

N [ mu+ mu- ]

LORIDA TEGH




ZD Mass

—
—

0.04

0.035

0.03

o
o
Y]
(&)

0.02

0.015

0.01

0.005

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIII

40 GeV
100 GeV
1000 GeV

lIlI|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

B — ~ 0 2 4
N[ (mu+<fdll) (mu- <fdll) ]

N. of ( mu+ <fd11 ) ( mu- < fdl1 ) pairs ( scaled to one )

LORIDA TEGH




ZD Mass

N. of (mu+, mu-) pairs ( scaled to one )

LORIDA TEGH

AD, . [ mu+, mu- ]

-~ 40 GeV

100 GeV
1000 GeV




ZD Mass

107"

HII| I IIIIIII| [

10°°

1074 B

107°
0 0.5 1 15 2 25 3

A®, , [ mu+ < fd11, mu+ < fd12 ]

N. of (mu+ < fd11, mu+ < fd12) pairs ( scaled to one )

LORIDA TEGH

40 GeV
100 GeV
1000 GeV




ZD Mass

O
o
—
o

o IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

e 0 2 r—
AN[(mu+<fdll) (mu+<£fdl2)]

N. of ( mu+ <fd11 ) ( mu+ <fd12 ) pairs ( scaled to one )
o
o
o

LORIDA TEGH

40 GeV
100 GeV
1000 GeV




ZD Mass

0.12

0.1

0.08

0.06

0.04

0.02

III|III|III|III|III|III|III

N. of (mu+ < fd11, mu+ < fd12) pairs ( scaled to one )

LORIDA TEGH

III|III|III|III|III|III|II

40 GeV
100 GeV
1000 GeV

: . 5 -
AR [ mu+ < fd11, mu+ <1£d12 ]




ZD Mass

—
<) L
= 107 =
(=) —
(o) [
S
= B
= 102
3] —
7] |
— —
” B
— -3
= 10° =
ol —
- —
= —
107 ==

LORIDA TEGH

P. [ mu 5 ] (GeV/e)

-~ 40 GeV

100 GeV
1000 GeV




ZD Mass
-~ 40 GeV

10~

100 GeV

I IIIIIIII

1072 1000 GeV

10°°

Events ( scaled to one )

1074

I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII|

I IIIIIIII I IIIIIIII I IIIIIIII

10 102 10°
P. [ mu, ] (GeV/e)

LORIDA TEGH



ZD Mass

10"

[ Illllll

1072

[ IIIIII|

Events ( scaled to one )

LORIDA TEGH

10

| || IIIII|:

I IIIIIII|

= Ll IIIIIII| I IIIIIII|

102
p, [mu, ](GeV/c)

3

-~ 40 GeV




