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Dark Sector Standard Model

e —

Loortal = OpsOsnr

/ N

Dark sector SM Singlet operator
Singlet operator
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Dark Sector Standard Model

e ——

Loortal = OpsOsmr

dim = [Oy] + [Opg] <4 CHainel SRR orts

Dark higgs. dark photon, unparticle etc.
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Dark Sector Standard Model

Lportal = .ODSOSM
Very elusive Dal

THIS TALK:

dim = [Osu] + (Ops) >4

[Contino, Max, Mishra ‘20,
[Darme. Ellis, You '20],
Cheng, Li, Salvioni 21]...

S. Verma Planck 2022 6
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Lightest state
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Lightest state Mediator
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Lightest state Energy at which D3 is probed Mediator
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Lightest state Dark sector is conformal here! Mediator
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AIR<< PDs <<Ayy

Lightest state Dark sector is conformal here! Mediator

Let's us be model independent!
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. S
AIR<< PDSs <<Ayy

Lightest state Dark sector is conformal here! Mediator
Inclusive cross section Let's us be model independent!
for DS production

.OC Z/dCI)DSmODS‘n)z
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ﬁﬁ“ﬁiﬁ%
AIR<< PDs <<Ayy

Lightest state Mediator

Inclusive cross section
for DS production

.OC Z/-@ODSWZ
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ﬁﬁ“ﬁa%
AIR<< PDs <<Ayy

Lightest state Mediator
Inclusive cross section DS operator interpolating DS
tor DS production state |n) from vacuum

- o Z/d%sm-\n)?
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AIR << PDS <<Ayv

Lightest state Mediator

Inclusive cross section
for DS production From conformal invariance

Uptical Theorem

T X Z/dCI)DS (0|Ops|n)|* = 2 Imli -\0

S. Verma Planck 2022



Approximate inclusive DS production cross section in @ model independent way
when well above threshold!

Inclusive cross section
for DS production From conformal invariance

Uptical Theorem
0))

T X Z/dCDDS (0|Opg|n)|? = 2 Im]i <-

S. Verma Planck 2022 18




Ditt. number of Events

Contino, Max, Mishra 2012.08537

Free Fermion DS: | Majorana fermion + | scalar (integrated out)

104 - i
1007 ARr=0GeV - e

1tk
0.01
107 Avv = 250 GeV ] T

_ Auv =250 Ge | Largest contribution
10- | at high p3¢ away

S T from threshold
0 50 100 150 200

Invariant mass of DS (LeV) —>
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For relevant portals:  See Strassler arXiv:0801.0629

OpsH'TH Ap <2

Log Cross—Section

—_—~

Largest contribution
at [ow energy

S. Verma Planck 2022

Energy
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For relevant portals:  See Strassler arXiv:0801.0629

e Threshold contributions depend on
T

OpsH'H Ap <2 dimensionality of portals

Log Cross—Section  For D >4 cross section grows with
energy, bulk of events are in the
conformal regime.

Largest contribution e [ur approximation works v well for
at low energy irrelevant portals!

Energy

S. Verma Planck 2022 21
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DS? excitations/blob

Proton beam

[arget

®Dark Sector



K— m+ D3

partons — DO

|J+|J—>DS [|SR]+X

DS® excitations/blob

Proton beam

[arget

®Dark Sector



Lightest DY particle
[LDSF]

D3 |3X|:i’[atinns/hlub%7

—>

Proton beam

[arget



Lightest DY particle
[LDSF]

DS Excitatiuns/hlub/

Proton beam

[arget



Lightest DY particle
[LDSF]

Neutrino (near detector)
DS Excitatiuns/hlub/ ND [oft-axis]

Proton beam

Target ~ 05 -1 km



Lightest DY particle

[LDSP]
Neutrino (near detectaor)
DS Excitatiuns/hlnb/ NU {oft-axis]
Proton beam S8 i ———— -
Neutrino ND [on-axis]
Tapgg’[ ~ 0.0 -1km
. Npot
Signal = X Oprod X Pdecay X €geo

O'pN



Lightest DY particle SM. ¥

Neutrino (near detector)
I Exnitatinns/hlc/ U {oft-axis]
SMv

Neutrino ND [on-axis]

tHfective luminosity

# protons on target

X Oprod X Pdecay X €geo

cross section p on target

Signal =




Lightest DS particle SM‘J’
[LDSF]

Neutrino (near detector)
ND [off-axis]

SMw
Proton beam B

Neutrino ND [on-axis]

DY production cross section

. NpoT
Signal = ><- X Pecay X €geo

O'pN




0
5x10°f Beam energy: 400 GeV,
SHiP target
5:%‘* 5><10-1§ o
3 : B— K+DS
€p!
B | p-brem — D3
2% 5107 Partons — D
=
>
=S
5x 108

1072 107t 10°

p?DS (Gevg)
DY production cross section

NpoT
Signal = 20O L @mn

O'pN




d d+ 1
Pdeca;y — EXp | — CT’Y,@ —eXp | — CT’}/,B

Lig
[LD

0 excitations/bl

—Proton beamiS |




, ep( 7” ep( d+l)
decay — €X _C — X _W

Average boost factor DS R-momentum lab

NS

c=#darkdof f=VeAmr/4Am

D = dimension of portal

Probability of LDSP decaying inside detector

. NpoT
Signal = X Oprod X X €geo

O'pN



DY isotropic in rest frame of D3

DS rest frame

Proton beam

[arget

Leometric acceptance

. Npot
Slgnal = X Oprod X Pdecay X-

O'pN




DY isotropic in rest frame of D3

DS rest frame

Proton beam

[arget

Leometric acceptance

. Npot
Slgnal = X Oprod X Pdecay X-

O'pN




Contino, Max, Mishra JHEP 06 (2021)
|

10° |

AUV (GGV)

10?

10!

Al

HE bounds

strongly coupled DS

Partal: HTZ'DMHJSS
| V

vm 24, JE

rE )
AR
10%10A—Uv
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Contino, Max, Mishra JHEP 06 (2021)

10* -

Displaced Vertex™

Al

Monojet Search #

10!

| HC bounds Strongly coupled DS
L /""\\
—)p | Y
7
\
| X
o | N
% N
<
-
=
—

-4 -3 -2

AR
log Avy

S. Verma Planck 2022

Partal: HTZ'DMHJSS
V

vm 24, JE

*ATLAS search for Displaced Vertex
PRD (2018)(2020)

ATLAS JHEP D1 (2018) 126
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Displaced Vertex™

10* -

— £

| HC bounds Strongly coupled DS

AUv(GeV)

Monojet Search #

l AR
0810 A—UV

S. Verma Planck 2022

LEP Z invisible
width

Partal: HT?:DMHJSS
V

vm 24, JE

*ATLAS search for Displaced Vertex
PRD (2018)(2020)

ATLAS JHEP O1 (2018) 126

38



Contino, Max, Mishra JHEP 0B (2021) 127

Displaced Vertex™

10* -

» -

| HC bounds Strongly coupled DS

AUv(GeV)

Monojet Search #

l AR
0810 A—UV

S. Verma Planck 2022

LEP Z invisible
width

Partal: HT?:DMHJSS
V

vm 24, JE

*ATLAS search for Displaced Vertex
PRD (2018)(2020)

ATLAS JHEP O1 (2018) 126
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Costa, Mishra, oV [ongoing]

AU\/(GGV)

LHE CHARM

// NavA-N[

‘\ 0ld/current

\

\

\
\

10°

LEP Z invisible
width

10

10*

1 Ar
Og 10 AUV
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Partal: HTZ'DMHJSS
V

vm 24, JE
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Costa, Mishra, oV [ongoing]

 DUNE-MPD [HC  CHARN
- ) NovA-ND

Future/upcoming |d/current

10°

Partal: HTZ'DMHJSS
V

vm 24, JE

AU\/(GQV)

10*

10
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Costa, Mishra, oV [ongoing]

AU\/(GQV)
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Partal: HTZ'DMHJS
V

vm 24, JE
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 We can use constrain elusive Dy using a model independent framewark.

* |nterplay of various DS production mechanisms at neutrino experiments.

e Future neutrino experiments and LLP search experiments like SHiP will be
important probes.

 Will complement LHC searches as elusive DS probes in a short timescale.
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Costa, Mshra, SV [ongoing]

LHE

CHARM

Portal HTZ'DMHJSS

SNISBTAbound 5 71

/\UV< 4[”: BEV, _E__)
/\|R << “]] MEV |

10

v

vm 24, JE

Contino, Max, Mishra JHEP 06 (2021) 127 S. Verma EUCAPT 24 May 2022
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Searching DS at Neutrino Experiments?

Previous works:

* For relevant portals (NS + )\SQ)HTH Dark higgs or scalar

portal

Batell, Pospelov, Ritz '09],

Batell, Berger, Ismail '13], € v ot
Berryman et. al. "20].. §F FHJ/ Vector portal

e For Irrelevant portals | 3
A2 (XFX) Oé& Fermion portal
[Darme, Ellis, You "20] A2
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searching DS at Neutrino Experiments?

Previous warks:
e fFor relevant portals

Batell, Pospelov, Ritz ‘03], D=6
Batell, Berger, Ismail '19],
Berryman et. al. "20]..

 forIrrelevant portals

[Darme, Ellis, You "20]

S. Verma Planck 2022

This Waork

DS
‘]u

v
JSM

KYZ’Yu}w

H'iD,H
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See Contino, Max, Mishra ‘20

Benchmark Models

* Pure Yang Mills DS (See Mitridate et. al. arxiv: [707.0a380)

L + N model, L : Dirac fermion and N: majorana fermion under SO(N)
Masses of L+N>> dark confinement scale, (DM in UV sector)

pure YM D with long lived dark glueballs.

* Free Fermion DS with | majorana fermion + | scalar
(similar to SUSY with neutralino + selectron)

(DM is termion)



2 benchmark cases of n or number of LDSPs (lightest dark sector

particle)

e <n> =7 tor weakly coupled dynamics

(n) = 4( : )Bem :
* V= e (B28y)) P\ s

for strongly coupled dynamics™
*Same as CD prediction (c.f. Webber, Phys. Lett. B 143 (1384) a0l-a04.)

S. Verma EuCAPT 24 May 2022

) |

A =0.06
B = 0.5

C'=1.38
;& — Olj\ﬂ:{
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See Contino, Max, Mishra ‘20
RS model dim 8 case

| T T T T | T T T T | T T T T |
10%F LEP data (events/4 GeV) ]
—  100F — RS:Ag=0GeV ; i
a ,
EE - RS : J'.!IL]'H_ =1 GEV .
%
1 | -
'Tj - RS:ﬂIR=5GEV
""-.,_H_‘. i
=
= N .
9 0.01
:EEJ _
T 1074t -
1078+ ]
| 1 1 1 ] 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 ]
0 50 100 150 200

Myrecoil (GEV)
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