DM Search Complementarity Employing
pMSSM SUSY

CMS
A Compact Solenoidal Detector for LHC

lceCube Lab

lceTop

2010: 79 sirings in operation
2011 Project completion, BE strings

lceCube Array

strings including 6 DespCore strings
60 oplical sansors on each string
5180 optical sensars

Amanda Il Array
(precurser 1o loeCube)

| bl 1l i . il
1| ._. ]
i ||/
2450 m Eitk y . ]
2020m | B ]
i /
/
J

M. Cahill-Rowley, R. Cotta, A. Drlica-Wagner,
S. Funk, J. Gainer, J. Hewett, A. Ismail, 1
M. Wood, T.G.R. 9/25/15

-—
h “ MATIOMAL ACCELERATOR LABORATORY



Dark matter exists at all scales ..

...& it interacts with us via gravity
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What do we know ?

Oh2 =0.1188 + 0.0010 (why?)

Non-baryonic (BBN)

Dark = Electrically ‘neutral’, color singlet

Very long-lived ~ stable

Cold = non-relativistic during structure

formation (& now too) Self-ints. are constrained

_ _ It could be complex
At most weakly-interacting w/ SM «

SM ?? Theusual v'sarehot &» Y m,<~0.25eV X

2 a2

Heavy neutrinos? o (DMA — DMA) = c%yzw — (1-453)2)’
— via the Z.. many orders of magnitude too large !

NOT the SM ! 3



No shortage of ideas... B ASaaassaniasane s anssesanca :
3 —= 2 SIMP 1
F 3
of ;
5 ncuE}V ADM _E
WIMP
2 i) g
A _ axion a axino & ’ —:
_255_ i :r’\'ngllitlr?nnN E
30 I —— -
N _ gravitino g —:

_40: L Y B B i e e

-18 -15 -12 -9 6 3 0 3 6 9 12 15 18

Axion-like Particles ) . i log y(mpy / GeV)
. — Of course DM may be made of many
-and the list keeps growing ! different components--not just one

 We don’t know if the SM & DM talk to each other non-gravitationally —
this is an assumption( = hope)...otherwise we’re sunk (or not....)



Familiar Thermal WIMP idea: yx <> SM SM

RELIC ABUNDANCE AND THE “WIMP MIRACLE”

1. DM and SM particles are in
thermal (chemical) equilibrium.

2. Universe expands and cools;
DM production drops

£ oo exponentially (~ e~"/T),

15 1oe 3. Energy drops below DM

= e production threshold; DM
i abundance remains constant
E o

(“Freeze out”).

We are left with a relic abundance of
DM:

r
i sl
T T e T . T——— T

x=m/T (Ume =)

<ov>=~2.8x102 cm?3 sec' - Mpy, ~ 0.1-1 TeV for EWK couplings !
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direct detection

Complementarity : Another Familiar Picture

indirect detection

—_—
X SM
—_—

production at colliders

In reality this ‘relationship’
is not so trivial !

“SM” may be different in
the different directions

There are several ways to
describe the inside of the
blob: EFTs, Simplified
Models, or UV complete
scenarios each with their
own good & bad aspects
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Spectrum of Theory Space
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Supersymmetry: a canonical UV-complete theory

« All SM particles have SUSY spartners with spin offset by 7-.
R-parity insures a stable LSP which must be neutral &
colorless. For this talk this is the lightest neutralino (next slide)

« SUSY is broken by a large set of soft mass terms (~100!)
generated in some hidden sector at a high scale. Specific
scenarios (there are many) will inter-relate these parameters.
But which? We'd like to be agnostic..

superparticles
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Neutral SUSY Particles

Bino, wino & Higgsinos mix when SUSY is broken..the lightest can be the LSP

U(1) | SU2) | Up-type | Down-type

Spin M, M, Ll L m: M5
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« Butwait! Isn't SUSY dead ?? Does the lack of any apparent
signs of SUSY at the LHC imply that there is no SUSY
and/or the motivation for SUSY has been lost?

« What do we want from SUSY ?

(i) It gives us a plausible WIMP DM candidate as above. ©
(ii) It allows the SM couplings to ‘unify’ at a high scale ©

(iii) It helps to reduce the fine-tuning (FT) & hierarchy
problems . Only here is there some (theoretical?) issue..
as SUSY searches increase in strength w/o any signal

FT increases ® ? How much FT is too much?

We'll have to look at these searches more critically
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1/

Unification: Supersymmetry

In SUSY, the SM gauge couplings UNIFY near ~10'¢ GeV
but this does not happen if we only have the SM particles.
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The Hierarchy Problem: Supersymmetry

Energy (GeV)
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Large quadratic loop effects cancel

Planck order by order between the fermions
GUT & bosons in PT leaving only the log
terms...
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Take a Step Back: neutralinos as DM

—-— Neutralinos right out of the box with arbitrary masses do NOT
give the right relic density

K 7 BB ]
. ] [ u 300 : ino
 Binos don’t annihilate enough.. -
B s Mixed

__________________

winos & Higgsinos too much
unless they are ~3(1) TeV

P,
&
|
]

« Binos need to annihilate thru
a funnel/resonance (Z,h,..) or
via a co-annihilation process
with another nearby sparticle 0
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« Various admixtures of states will also work if the masses & mixings
are properly chosen, e.g., ‘well-tempered’ neutralinos

We can study all these cases simultaneously using the pMSSM !l



The p(henomenologicallMSSM

General CP-conserving MSSM with R-parity
MFV at the TeV scale (Flavor=CKM)
Lightest neutralino is the LSP.

1st/2nd generation sfermions degenerate
Ignore 154204 generation A-terms &Yukawa's. | 20 GeV < [M,| <4 Tev

* No assumptions wrt SUSY-breaking 100 GeV < |M,, u| <4 TeV
« The neutralino not necessarily the only DM 400 GeV < M, <4 TeV
1<tan B <60

100GeVsM,, |,e<4TeV
400 GeV <q,, u,, d1 <4 TeV
200 GeV = q,, u,, d3 <4 TeV

|At,b,t| <4TeV

- the pMSSM with 19 parameters

‘Throw darts’ into this space.. look at
the various predictions --then keep
points that survive all constraints &
study them

Several studies..



Relic density constraint satisfied but most models lie far below it

9000 — | . | |
I Wino

8000 I Higgsino |
[ Bino

7000

Number of models
I
[ ]
o
[ ]

3000

2000

1000 «Planck

-3.5 -3.0 —-2.5 —-2.0 -1.5 —-1.0

2

log,f2h



e Bino e Wno e Higagsino
Bino-Higgsino ® Bino-Wino Wino-Higgsino
® Mixed
Well-tempered neutralino Bino co-annihilation
10t Ak
N :i"-'
o f
T -t‘_:i' i
L H 7 Iwino
C: 7 I . ‘.r...'.-
10 N <
G
1031 N0
I o ﬁ?; . t ihilati
: TRTE resonant annihilations
Bino annihilation through h/Z funnels 4, . (GeV)

Xo



- "
a i
3]
9 i
= o
5] _]
U -
o i
g 1
m i
L Il 1 ?0
LSP Mass (GeV)
40 30
Z‘ T T ] TrT l] T T T I TTrT |l T
10-30 |

T

w0

wE 10—32 |—

N

| M I T |
0.001 0.005 0.010 0.050 0.100 0.500 1.000

v fof

Scales up & down with Higgsino content

0) (cm? /s)

<ov> (Z

Higgsino Content

=
O|

=
o

=
O|

=
o

=
O|

M
(=]

]
~l

BJ
=]

rJ
[{=]

w
[=]

LSP Mass (GeV)

50

60

-2
=]

10

10

=
o
w

=0)

bb annihilation fraction (z
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Complementarity: We need many experiments to cover this
large parameter space & understand any discoveries -— We
can find LSPs even if they don’t make up all the DM !

DD w/ LUX/LZ + COUPP/PICO

ID w/ FERMI + CTA

ICE3

Combinations

- We take these each in turn..

7/8 TeV LHC MET & non-MET — 13/4 TeV

» What do these different
experiments say about
the LSP & the pMSSM

in general ?

What parameter ranges
do they probe?

 What happens when
they are combined ?

19



 The LHC (here ATLAS) has performed numerous SUSY
searches and we can use the pMSSM to combine them &
identify any parameter space holes & search caveats

* There have been 2 studies @ 8 TeV : by us & ATLAS itself...
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Generate ~few 10° pts
in pMSSM space OK
with all other constraints

Generate MC ‘events’ for
each pt & run them thru
SUSY & related searches
& see which survive or
are killed

CPU intensive ! ~1014 evts

PHYSICAL REVIEW D 91, 055002 (2015)
Lessons and prospects from the pMSSM after LHC Run [

M. Cahill-Rowley,"” 1. L. Hewetr” A. lsmail** and T.G. Rizzo'?
'SLAC National Aceelerator Laboratory, Menlo Park, California, USA
*rgaune National Laboratory, Argomne, Minais, LS
*University of Miais ar Chicage, Chicaga, flinois, US4
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We study SUSY signstures at the 7, § and 14 TeV LHC employing the 19parmeter, Reparity
conserving plhenomenologicalMSSM, in the scenario with a neutraling lightest supersymmetric particle

{LSP). Our resubis

via an fast Monte Cark

lation of the ATLAS SUSY analysis suite. The

flexiility af this framework allows us 1o sudy a wide variety of SUSY phenomena simlaneously and 1o
probe for weak spots in existing SUSY search analyses. We determine the ranges of the spariicle masses
that are ither disfavored r allowed afier the searches with the 7 and 8 TeV duta sets are combined. We find
that natural SUSY models with light squarks and ghuinos renain viable. We extrapolate to 14 TeV with
both 300 " and 3 b~ of iniegrated kiminosity and determine the expected sensitivity of the jets + MET
and siop searches o the pMSSM parameter space. We find that the high-uminosity LHC will be powerful
in probing SUSY with neutralina LSPs and can provide a more definitive sissement on the exisience of

natural supersymmetry.

DO 10.110GPhysRevD 91 055002
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Even though the last missing piece of the Standand
Madel (SM), the Higgs boson, has recently been discov-
ered at the LHC [1,2], we koow that the SM 1s not a
complele description of panicle physics. For exaniple, the
SM does not provide a candidate particle for dark mater. In
addstson, there are good arguments which suggest al least
some of the deficiencies m the SM may be addressed by
new physics at the TeV scale. The LHC has performed
extensave searches for new physics al bath 7 and 8 TeV, and
these searches will be resumed with increased fervor al
14 TeV within approximately one year's time. In most
cases, searches for new physics are hampered by barge
backgrounds from conventionsl SM processes, and exper-
imenters have developed (and must continue W develop)
clever lechnigues for extracting signali in these increas-
ingly challenging conditions. For any new model, it is
important to know whether il can be discovered or excluded
at the LHC given the backgrounds. The firt crucial step in
answering this question is 1o consider the range of polential
sagnals that the model may exhibit, and then determine how
well the expermental analyses can probe ils inleresting
parsmeler space. Employing this priocess is particularly
important for supersymmetry (SUSY ), which remains the
most attractive, well-motivated, and most widely explored
new physics framework, despite the persistent ahsence of
any direct experimental evidence for sparticles. Of course,

“mronvley @ shac. stanford edu
hewettslac.danford.edu

PACS sumbers: 126011y, 14501y, 1365 Rm

determining which signatures of SUSY may be observed a1
the LHC is nontrivial, since SUSY can appear in many
different guises as it is a theoretical framework rather than a
specific model. Even in the simplest manifestation of
SUSY, the Reparity conserving Minimal Supersymmetric
SM {MSSM), the number of free solt-breaking parameters
{~100) is much 100 lange o study in complete generaliry.
Various approaches have been developed 1o address this
lirge obstacle. Hisorically, the first idea was 1o reduce the
numiber of independent parameters by postulating high-
seile thearies with specific mechanisms for SUSY break-
ing: this prediciad specific relstionships between the soll
and y reduced the dimensionality of

the parameter space. Such high-seale theories fan example
being mSUGRA [3]) therefore have only a few parameters,
from which all the properties of the sparticle spectrum a1
the Te scale can be determined and studied in great detail.
While such approsches are oflen extrimely valuable [4],
they s somewhat phenomencliogically limiting and many
of them [ace ever-incresing lension with 3 wide range of
experimentsl data {inclading the ~126 GeV mass of the
Higgs boson} s a resull of insufficient parameter freedor.
One possible approach 1o circumvent such limitstions is
10 employ the more general 19-parameter plhenomenolog-
ical) MSSM [S]. The increased dimensionality of the
parameter space nol anly allows for a more unprejudiced
study of the MSSM biil als yields valusble information on
“unusual” scenarios, identifies polential weaknesses (or
gaps) in the LHC analyses and provides 3 framework 1o
combine the results obiained from many independent
SUSYereated seanches, With this metivation, we have

aismail @anl gov recently embuarked on 3 detailed study of pMSSM signatures
iz @ shc. stanford edu atthe 7 and § TeV LHC, supplemented by input from dark
S0 7008 2013 G 1S IS S002,26) (830001 © 2015 American Physical Society



Certainly ATLAS can perform their
own analyses better than we can
but the results are quite similar Our Analyses

n n n
g Ive n th e SI Ig htly d Iffe re nt Search Reference Neutralino | Gravitino | Low-FT
2-6 jets ATLAS-CONF-2012-033 21.2% 17.4% 36.5%
H multijets ATLAS-CONF-2012-037 1.6% 2.1% 10.6%
assum ptl onsm ad e 1-lepton ATLAS-CONF-2012-041 |  3.2% 53% | 18.7%
HSCP 1205.0272 4.0% 17.4% <0.1%
Disappearing Track ATLAS-CONF-2012-111 2.6% 1.2% <0.1%
Muon + Displaced Vertex | 1210.7451 - 0.5% -
Displaced Dilepton 1211.2472 - 1.1% -
AT LAS An al S eS Gluino — Stop/Shottom | 1207.4686 4.9% 3.5% 21.2%
y Very Light Stop ATLAS-CONF-2012-059 <0.1% <0.1% 0.1%
Medinm Stop ATLAS-CONF-2012-071 0.3% 5.1% 2.1%
Heavy Stop (01) 1208.1447 3.T% 3.0% 17.0%
Analysis ] All LSPs | Bino-like | Wino-like | Higgsino-like Heavy Stop (11} 1208.2500 2.0% 290, 12.6%
O-lepton + 2-6 jets + EF™ 32.1% 33.8% 20.7% 33.5% GMSB Direct Stop 1204.6736 <0.1% <0.1% 0.7%
o-lepton + 7-10 jets + h?‘*‘ 7.8% 5.5% 7.6% 8.0% Direct Shottom ATLAS-CONF-2012-106 2.5% 2.3% 5.1%
0/1-lepton + 3b-jets + ET= | 5.8% 5.4, 7.1% 10.1% 3 leptons ATLAS-CONF-2012-108 1.1;,;5 6.1? 1?.63
. miss - 5 40 759 8.49 1-2 leptons 1208.4688 41% 8.2% 21.0%
,'\11:::2 *dets + By :2;’ :; 1;; : ?:j :] !l:{ Direct slepton/gaugino (21) | 1208.2884 0.1% 12% | 08%
: - N : : : Direct gaugino (31) 1208.3144 0.4% 5.4% 7.5%
88/3-leptons + jets + ET" 2.4% 16% 24% 2.5% 4 leptons 1210.4457 0.7% 6.3% 14.8%
T(T/E) + jets + Fp= 3.0% 1.3% 2.9% 3.1% 1 lepton + many jets ATLAS-CONF-2012-140 1.3% 2.0% 11.7%
O-lepton stop 0.4% T.R% 8.29% 10.2% 1 lepton + ~ ATLAS-CONF-2012-144 <0.1% 1.6% <0.1%
1-lepton stop 6.2% 2.9% 5.4% 6.8% T+b 1211.1167 <0.1% 2‘3% <0.1%
2h-jots + E= 3.1% 3.3% 2.3% 1.6% E : ?;IfT :i(]]? 2&;; ?]Oggc ;f;‘j {O;I%
Z-leptons stop 0.8% L1% 0.8% 0.7% AJH = 77 CMS-PAS-HIG-12-050 1.6% <0.1% *
Monojet stop 3.9% 11.3% 2.8% 3.6%
Stop with Z boson 0.4% 1.0% 0.4% 0.5% Search Reference Neutralino | Gravitino | Low-FT
f.r-,._;-_.‘_TlEﬁ-“S. stop 4,29 1.9% 3.1% 5.0% 2-6 jets ATLAS-CONF-2012-109 26.7% 21.6% 44.9%
th, eloctroweak o o o o multijets ATLAS-CONF-2012-103 | 3.3% 38% | 209%
. ) .. . . 1lepton ATLAS-CONF-2012-104 | 3.3% 6.0% 20.9%
Z-leptons, electroweak 13% 22% 0.7% L% S8 gilr.‘ptous ATLAS-CONF-2012-105 | 4.9% 124% | 355%
2, electroweak 0.2% 0.3% 0.2% 0.2% Medium Stop (21) ATLAS-CONF-2012-167 | 0.6% 8.1% 1.9%
3-leptons, electroweak 0.8% 3.8% 1.1% 0.6% Medium/Heavy Stop (11) ATLAS-CONF-2012-166 3.8% 4.5% 21.0%
4-leptons 0.5% 1.1% 0.6% 0.5% Direct Shottom (2b) ATLAS-CONF-2012-165 6.2% 51% 12.1%
Disappearing Track 11.4% 0.4% 20.0% 0.1% 2‘3 ?“m““"“ zquarr SEJ gi::gg:gggg“? 110689’% gggﬂ ;”-fgc-
) ) 3rd Generation Squarks (- . AS-CONF- -15 9% 9.2% 6.5%
Long-lived particle 0-1% 0-1% 0.0% 0.1% 3 leptons : ATLAS-CONF-2012-154 | 1.4% 88% | 32.3%
H/A —7¥7~ 1.8% 2.2% 0.9% 24% 1 leptons ATLAS-CONF-2012-153 | 3.0% 132% | 46.9%
Total 40.9% 40.2% 45.4% 38.1% Z + jets + MET ATLAS-CONF-2012-152 0.3% 1.4% 6.8%
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(b) After ATLAS Run 1.

8 TeV ATLAS SUSY
searches impact on
DM mostly at lower
LSP masses
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WIMP-nucleon cross section [cm?]

DM Direct Detection

S| DD is extremely powerful over
much of the parameter space (as
we’ll see) but SD has a bit less
impact due to smaller ¢’s predicted
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DM Direct Searches: S|
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Indirect Detection: FERMI & CTA

» Conventionally, IDM searches assume that WIMPs annihilate
into only one final state & quote a cross section limit based on
the corresponding flux limit

— Fermi-LAT Pass 8 Dwarfs Composite 95% C.L. Upper Limit

102
1D-2] L
_: 10}
1026
107

10-23
10°

|

— Observed Limit
== Median Expected
68% Containment

Preliminary

10t 10? 10°

10*

* However in the pMSSM the
LSP properties & SUSY mass
spectra are more complicated
so that multiple final states

| will contribute to the y flux

* Thus the flux limit itself is the
quantity of interest & must be
calculated for each model
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Weighted o’s cover an enormous range...
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Example: Indirect Detection & Gamma Rays’

* Fermi (Dwarfs) sensitive to bino-Higgsino admixtures and a few bino-
like LSPs that co-annihilate

 CTA (GC) sensitive to heavy winos and Higgsinos, many bino-Higgsino
admixtures and a few binos.

* Models with resonant or co-annihilations have very low present-day
annihilation rates & are mostly not accessible
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ICE3 @ 5-10yrs

* DM swept up by the sun can collect & then pair-annihilate in
the solar core thus producing high-E neutrinos from the decay
of the corresponding annihilation products

» Again, since the LSP properties & SUSY spectra vary widely
in the pMSSM the potential flux must be calculated for each
model separately & then compared with the expected limit

* Models not leading to an equilibrium in capture/annihilation
rate for DM in the sun (the ~ 47% !) are not well-probed by
ICE3 . Itis mostly mixed bino-Higgsino LSP combinations
that are visible & these have large relic densities.
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The Solar Dark Matter Search...

WIMPs in Milky Way DM halo scatter
oft of nuclei in the sun, become trapped
in bound orbits and sink to the solar
core. This population of WIMPs is also
depleted by annihilation:

dN .
Solar WIMPs: df — Gc T Ca.hr(t)ﬁ]:
i | B T
Solution: Fﬂi = -_Gu-ﬁrg(ﬂ'-'i) — E LE'LII.}.J.E ia
2 2 Tl]t,t

with: T~ (C,C. )2 15~ 4*10°yr

In Equilibrium: T'~C_/2~0c

— 81 SDy*
Cc‘. (a'SIG *: Agp0O )px,hiﬂu |

re m \_
/""'“
T\
- ==
N(t) IJ

-~

C ~ <ov>*pgr

a

elastic

Depends only on elastic cross-section, not <ov>.

* Press, Spergel (1985); Silk, Olive, Srednicki (1986)

c/o Randy Cotta



Dark matter-proton cross-section TSD p {{-11|2}

Dark matter-proton cross-section TS p {{-11|2}

leeCube Collaboration 2016
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Result of 8 TeV LHC + (null) DM Searches
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7/8 + 14 TeV LHC
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Of course the LHC is now running at
higher energies..constraining scenarios

coming in from the low-mass side..

The LHC itself will never get to >1.6-2

TeV LSPs - 100 TeV ??
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After 300 fb 1T @ 14 TeV LHC
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Summary & Outlook

 Thermal WIMP DM remains an attractive scenario .. but
there are now many competitors

* There are several approaches to describe DM physics:
EFTs, Simplified Models & UV-complete pictures all with
pluses & minuses.

« The pMSSM provides a flexible platform for complementarity
studies

« Multiple experiments can be combined to probe even
sub-Planck density WIMPs. Much of the parameter space
will be covered by planned experiments.

» Hopefully we will discover DM soon ! 48
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Why Employ the pMSSM to Study SUSY ?

The pMSSM allows for a systematic & comprehensive
survey of the constraints on SUSY

The pMSSM is a valuable tool for all kinds of experiments:
collider, DM & flavor

The pMSSM can generate ‘counter examples’ to the usual
searches that are useful for future studies

The pMSSM teaches us about complementarity & the
many different ways to access SUSY

50



High Mass WIMPS/Neutralinos

* The thermal WIMP value of <ov> + unitarity constraints
(s-wave!) places an upper limit on the DM mass of ~120 TeV

Kamionkowski
& Griest ‘90

* Neutralinos do not interact ‘strongly’ away from resonances
so the mass limit is more restrictive.

 Sommerfeld effects allow ~winos up to ~4-6 TeV  (1601.04718)
beyond the reach of the LHC but accessible to CTA

* To access this mass range at a collider we need a higher
energy machine
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100 TeV ?

« Much of the LHC sensitivity to the LSP relies on cascade decays from
squarks and gluinos. What if all the colored states are heavy & we need to
rely on EWK production? Rates are very small & we need a ~100 TeV
machine to cover this possibility. The search type depends on the mass

splitting w/ the NLSP, etc. .

Collider Limits

0 100 Tev
0 14 Tev

wing
higgsino
mixed (B/F)
mixed (/W)
gluing coan.
stop coan.

squark coan.

e.g.: 1510.03460, 1511.06495, 1605.00658

— T
Multi-Lepton Limits
wino / higgsine [ NLSP mass
[ LSP mass
higgsino | wino
higasing ! bino
wino / bino
| '
5 [

mass [TeV]
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Before & After Relic Density Distributions

pMSSM models before applying searches
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pPMSSM models after applying all searches



Before & After LSP Property Distributions ||

107 — =
@ Bino e Wino @ Higgsino
Bino-Higgsino ® Bino-Wino Wino-Higgsino
10° ® Mixed
107
107?
_—
0
-9: 1071t
—
5
X 107
o
1015
107
1019
102t ' .
10? 10°
10* : ‘
e Bino e Wino @ Higgsino
Bino-Higgsino ® Bino-Wino Wino-Higgsino
® Mixed
—
>
[}
O
o
E
E-:
10° .

p(GeV)

-
.

My

103}

107t

107

10-11

10-13

10

10-17 L

10-19

10-21

10*

10°

@ Bino e Wino Higgsino
Bino-Higgsino ® Bino-Wino Wino-Higgsino
® Mixed

10? 10°
@ Bino e Wino @ Higgsino
Bino-Higgsino ® Bino-Wino Wino-Higgsino
® Mixed

.
.
- omEomowom

10°




R xog,, (pb)

Before & After LSP Property Distributions il

101

10°

107

10-11

108

10-15 L

10-17

Bino

Bino-Higgsino
Mixed

Wino
Bino-Wino

Higgsino
Wino-Higgsino

R xosp, (pb)

10°

10-11

103

10 b

107

@ Higgsino

Bino e Wino
Bino-Higgsino @ Bino-Wino Wino-Higgsino 4
Mixed

58



OVERALL Combined Search Efficiency
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Isospin Violation in SI Cross sections

This arises due to, e.g., the LSP’s EWK nature, different up & down squark
masses which happens very infrequently in the CMSSM as well as from Higgs
exchanges..some variation from exact symmetry is observable in the pMSSM.
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The Sl cross section is sensitive to the NLSP-LSP mass
splitting which also probes the LSP EWK content
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Snowmass 2013

Complementarity



SUSY is not a single
model but a very large
theoretical framework

SUSY

O

Dirac
gauginos

mMSUGRA
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pMSSM models go quite deep in terms of Sl cross sections
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The Hierarchy Problem

Planck Quantum Corrections:

GUT Loop effects will want to ‘drag’
the Higgs mass up to near ~
Mpy

Weak omys~ _______ A ~a Mp/®

But in SUSY for every particle in

the loop there’s also a sparticle
SO...

Solar System
Gravity



Caveats

* Public DM codes (eg, microMEGAs & DarkSUSY) are

missing some important ingredients for both annihilation and
DD such as Sommerfeld effects as well as important QCD &
EWK loop corrections for both almost pure states as well as

in blind directions

« Local DM flux uncertainties IR e
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Effective Field Theories

 [f mediators are ‘heavy’ they can be ‘integrated’ out to produce
higher dimension operators linking the DM to the SM

 Here 5 » 2 parameters : the DM mass & the scale, A. What
could be simpler?

q X
>-z’_

q X

@ >

> Dark
Sector
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Effective Field Theories (cont.)

‘ , L] n
« EFTs allowthe ‘SM’ (as well as the integrated out mediators)
‘ n , n L]
to be ‘anything’ including leptons, quarks, gluons, W/Z and/or
n
Higgs
L] 1 n L] n L] L] L]
 The DM can be spin-0, 2, 1,... with possibly indefinite parity
L] n n L] n n
- | | | |
« Write down all operators of ever-increasing dimensionality, e.g.,
Name| Operator [|Coefficient Name| Operator |Coefficient .
Two samples of many long lists !
o2 TTE0ag tmg (M3 M | $Pxgvg | mg2M3 -
D3 TXFeg g (M7 Ms | £ g | 1/2M2
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D6 | Ev g 1/M2 ME | ¥7°x G G | tog /M ? im = 5:
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Da | goeygogg | 1Mz o1 Xhyag | mgME Die K LV ATt 3/4pt AEWW 1
D0 |gourtxaouea| 102 €2 | ylxmiy | tmg/M] Did T XV A 3/4pt AZWW L(VV), v (f1)
Ml | gxGwE® | a/iM? o3 | y'axete | M2 Lots Of dim = 6
D12 | £ G G | tos /AT C4 | x'Goxirye | LME Dfia Tl DV A 3/4pt A.ZWW 1
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(Not So)Effective Field Theories (cont.)

 While EFTs can ‘always’ be used in DD expts, they are ‘mostly’
inapplicable at the LHC unless the mediator mass is >~TeV’s
or for ID unless the mediator is much heavier than the DM or
the SM annihilation products

arXiv:1507.00966v1 [hep-ex] 3 Jul 2015
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This has prompted the
move to Simplified Models
at the LHC to that these
Cross comparisons can be
made correctly

But be careful of gauge
invariance !!

They ARE, however, less
general

74



mpm [GeV]

1000 ——————————————————
I Vector, Dirac, g, = 0.25, gpm = 1
| = Observed 95% CL

Uncertainties
800 r === Expected 95% CL
| eeme Relic density
600+
L ,--\'
I \
4007 !
r b
\
1
r e
200+ )
F "
't o
""" 1
_______ 1
--------- I .
500 1000 1500 2000
Mg [GeV]
-34 All limits at 90% CL
10777}
= Vector, Dirac, g4 = 0.25, gpm = 1
—_ Uncertainties
o~ — LUX
g 10736}  — cressT-nn
= ——— CDMSLite
Cl
Q
2
2
=1

>

)

S’

7
b
1074

Simplified Models: Don’t Kill the Messenger

mpym [GeV]

1 10 10? 103

Using a simplified model (e.g., the Z' above)

we can translate LHC searches for BOTH DM &
the mediators (left) onto the DD plane for both
S| & SD interactions (below) & calculate the relic
density. Then we can compare with ID resuits
from, e.g., FERMI.

But does the simplified model really capture all
the UV model physics? UV theories are rather
complex with lots of moving parts!
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Complementarity |

 |f DM has non-gravitational interactions with the SM it may
be possible to search for it in multiple ways
Not all DM scenarios allow for complementarity (e.g., axions)
but others do (e.g., WIMPs)

« Complementarity requires a theoretical framework to relate
various searches :

The General Idea

>| Mediator(s) | < > / Dark
Sector
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Pluses and Minuses

 EFT’s are ‘model-independent’ & have only 2 parameters.
Many possibilities & no reason to prefer any particular one.
Limited applicability especially at large momentum transfers
but they ARE interesting & useful.

« UV-complete models are ‘real world’ scenarios but have lots
of ingredients & parameters making detailed examination
difficult. However, they are always widely applicable.

« Simplified models are better behaved, have a few parameters
& are widely applicable but can have gauge invariance &
unitarity issues. They frequently don’t capture all of the
physics of the real UV-theory. Balanced?
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Number of Models
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We can also make an educated guess at the LHC
pMSSM coverage for both 0.3 & 3 ab™1 ...
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Example: LZ & the Z/h funnel w/ S1+SD DD

m, sp < 80 GeV

LZ reaches on Sl

and SD cross- 1073
sections for LSP

masses below ~80 1074
GeV can be _
combined to E 1075 :

exclude/discover all o

models (except 1 s

stau coannihilator) g
©
g

=]

10

Need annihilation
through the Z/h
funnels. The hxx
couplings give Sl
cross-section, while
the Zxx couplings
give SD interactions. R-og; (pb)




to Alternative Search Planes
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