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gy Hierarchy problem solved
%ﬁ% YP

The supersymmetric copiesancelthe guantum
fluctuations. (This is a&erydifficult problem to solve).
Not only that, the model contains a dark matter

candidate the neutraling:
» Weakly interacting

) scence g Tckoton - Stable
« Massive
To predict how much of it is around today, we must
make assumptions on otir yand on the

- If we can measure the particle
physics, we have a handle on the cosmology.

Higgs Maxwell Workshop



m Supersymmetric Copies

ELEMENTARY
PARTICLES

Force Carriers
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m Supersymmetric Coples

ELEMENTARY ELEMENTARY
PARTICLES SPARTICLES

S-Force Carriers

Three Generations of Matter Three Generations of Matter

H x 2 H x 2
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Review of R-Parity

The of the MSSM can be seperated
Into two parts:

r, = h$;LiH\E; + h{Q;H, D,

‘|‘hu QZHQU -+ /LHlH27

1
Rp = QAZ]kLLEk+)\]kL Q]Dk

1
2)JJkUD Dy, + k;L; H>.
r, IS what is usually meant by the MSSM.

O: Why banii ,?
A: “Proton decay”



ﬁlﬁ Definition of R-Parity

L Mt
ﬁg}? Q: How Is |} r, normally banned?
A: By defining discrete symmetri,

R _ ( )SB+L+2S

— SM fields havelz, = 41 and superpartners have
e [ = —1. There are two important consequences:

 Because Iinitial states in colliders akg EVEN,
we can only pair produce SUSY particles

 The

Higgs Maxwell Workshop
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; Candidate Event: High E(7)

S5

CATLAS
L EXPERIMENT

Run Number: 191426, Event Number: 97984647
Date: 2011-10-22 18:25:23 CEST

@ Science & Technology
Facilities Council
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g EWSE in the MSSM

Minimisation of MSSM Higgs potential yields the

constraint:
tan 23 M?2
2 _ 2 2 A
W= [mH2 tan 5 — mjy COtﬁ] 5
e FOF SUCCESSTUl EWSE, , I.€e.

[m%[Q(MSUSY) tan 8 — m%ll (MSUgy) cot 5} < o 26.

Higgs Maxwell Workshop
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%E% RGEs of EWSB
m2
1677 df? — 6 [(mH +md +mi + A7) } 695 M;
§ 3
_gglMQ -+ 591 (m%b — m%th

) s Tl’[m% - m% —2m; + m?i ™ m%]) ’

wheret = In Q).

hy(My) = V2 mi(My)

Higgs Maxwell Workshop

U(Mz) Sin 5(Mz)’
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& Approximate Solution
Lﬁgx};
mi, (Msysy) = mip,(Mx) — A (6 mi, (Mx)

+m (Mx) + m;, (Mx) +
A?(MX)] hi(Mx)),

Samter whereA = log(Myx /Mgysy)/(1672). Plug into our

12 > 0 condition, then af\/y:
M;
tan [ te

1
2 2 (. 2 2\ |
my, < L GAR {6Ah (mQ3+m~ +A) |

1
tanZ B {m%ll — 6Ah§(m%3 m?ig A%)} } ,

Higgs Maxwell Workshop E
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@ 1fb ! 50
L@;Ex}?

Allanach and Parker

theory uncertainty
26 uncertainty
EWSB boundary
4 jets O lepton
4 jets 1 lepton

4 jets 2 lepton y

4 jets 3lepton .~

0
0051152253 35 4

my/TeV
The position of the EWSB boundary is extremely
uncertain due to the errorim;, = 172.5 + 1 GeV.
Experiments should use the higher value (plus theory
S error) when making grids of MSSM spectra

e, mm
qF{unHtmL“,

0 05115 2 25 3 35 4
mofTeV

"f

bing 1O BCA, Parkerl211. 3231
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}?I}? Extreme Dependence omn;

L il
Hg}? « This extreme dependence on can happen in
models with high scale boundary conditioisot

just the CMSSM.

« It affects particle masses, and hence theoretical
uncertainties etc.

« However, this uncertainty does not affect
low-scale models such as the pMSSM (or
simplified models).

@ Science & Technology
Facilities Council

Higgs Maxwell Workshop
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%E% Neutralino Mass

Allanach and Parker 2012
ATLAS 7 TeV 4.7 5" my=1050 GeV

Allanach and Parker, 2012

@ Science & Technology
Facilities Council

II]'I] 100 200 300 400 500 600 700 800 900

LSP Mass (GeV)

For a given value ofn;, on the boundary the LSP
mass goes to 0. Therefore, for a given point in

eszm  Parameter space in the dodgy region, there is &:100

uncertainty in its mass;a theoretical error.

‘HLL‘

Higgs Maxwell Workshop
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@ Bad convergence?

CMS F'ne:llmln:-ztr'yr L ,=4.98 fb'\Ns=7 TeV
T T T L _Mulhple

o 3 tan(fj=10
Y = |A,=0GeY

: u >
~|m, = 173.2 GeV

I:ILEPE |

5 1T
. \h':l!l' ”': !I"

B8 Canbridc 55 500 1000 1500 2000 2500 3000
Horging o™ m [GEV]
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2 Boundary Problem
ngx};

CMSSM10.1.1, SOFTSUSY3.3.6

M/(500 GeV)

/500 GeV
boundary condition

@ Science & Technology
Facilities Council
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! ] Bad convergence

L@;Ex}?

SUSY radiative corrections to g;(Mz), hyp-(Mz).

Run to M. Apply soft SUSY breaking boundary condition.

convergent point
bad convergence

EWSB, solve for g and m3.

@ Science & Technology Run to M.
Facilities Council

L = Calculate Higes and sparticle pole masses. Run to Mz. iteration

Previously, convergence criteria based on SUSY
parameters converging iteration by iteration. But there

is an absolute criterion}/;.

oYy,
i 4

& Cambridge g5

s i}
t""::.'j.l]u _E.:L-;«.H.
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ngx};
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Bad convergence region

3
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%% Masses On The Blue Line

.. chargino bound
no EWSEB
.. heutralino
"=, gluino
. Stop ——
N
neutraling

"y,
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Tweaked up convergence
@%E% P 9

@ Science & Technology
Facilities Council

Iteration proceeds also unfi/, converges
Sub-iterations made more accurate, and iteratiqn of
IS damped.

P e

n,
e, i
qF{unHtmL“,

"f
"hing 2t
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% % Recommendations for searches
g « When devising grids of SUSY particle masses for

exclusions, generate the masses:at+ 20.

 Include a parameteric variation of, when

estimating theory errors in SUSY iIn (or near) the
uncertain region.

Dy © USE the more recent version 8OFTSUSY with

Facilities Council

Improved convergence criteria.

Higgs Maxwell Workshop



B-B Natural SUSY

&gﬁgi}? The particles coupling the most strongly to the higgs
are thestops. Minimising the MSSM Higgs potential,

A0 1Ry A,

WE:
Z 2 2
I ~ |N’ _I_ mH27
2
2
@5‘ & Technol 6m2 S _Sht mg
Facilities Council H2 47_‘_ 2 t
, < ’g\ N , < TATN
\ \
[ | _[_[2_/ H2
\ \
Hy * T Hy S
E-fg'l-nn'nriﬂ.i..ufja-y M. Papucci, J. T. Ruderman and A. Weilar, Xi v: 1110. 6926;

i-f CFAT 19 -E:'I; A ks

C. Brust, A. Katz, S. Lawrence and R. SundrianXi v: 1110. 6670

Higgs Maxwell Workshop
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@%E‘ﬁ Natural SUSY

The particles coupling the most strongly to the higgs
are thestops. Minimising the MSSM Higgs potential,

WE:
Z 12 2
)
2 —3h; Ayv
) s oy omy, ~ M In [ —=
T m;
i

No cancellatioa>
m; ~ 700 GeV,  m; ~ 1000 GeV.

Experimental/ . searches are probing this parameter
Space!

ocam M. Papucci, J. T. Ruderman and A. Weilar,Xi v: 1110. 6926;

& Cambridge g5
i i

MU C.Brust, A. Katz, S. Lawrence and R. SundranXi v: 1110. 6670
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T C V,
2, Hr > 320 GeV

g-gproduction, g—t f"x'?

1 -H
CL95%C.L.limits. o235 notincluded. —
- - - -=-- Expected —

0-lepton, >6-9jets [L_=5.8fb 18TeV]
ATLAS-CONF-2012-103 — E}?;’:ér:g ]
2-SS-leptons, >4jets  [L_=5.8fD 18Tev] - _
ATLAS-CONF-2012-105 T— g}?;’gg;’:dd |
3b-jets [L =4.7fb 17TeV] _
arXiv:1207.4686 it Observed N
’ 1 :
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b \ "
i \ _
i I l‘l 9
i i ‘ i
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— I' j, -
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gygg}g bottom Up Implications or 2012
Lﬁgx}?

Higgs Maxwell Workshop

Data

Naturalness is under ~Ways to get around it:
 First two generation squarks 1.8 TeV,
m; =0.5—-0.7TeV,m; =09 —1 TeV,
m,o < 0.5 TeV. Ruled out soon?

« Compressed spectrdSR monojetsf » searches
give youm; > 500 GeV only.

« Explains why natural SUSY hasn'’t been
found yet

 Like-sign dileptons is a generic signature, as
we’ll see

Dreiner, Kramer, Tattersadlr xi v: 1207. 1613
BCA, Gripaiosar Xi v: 1202. 6616
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‘ﬁﬁ‘ﬁ RPV and Dark Matter

If one gives upR—parity, x! is no longer a good dark
matter candidate, sincedit > One then has to
have something else, eg:

» Gravitino - still decays, but lifetime may be much
longer than the age of the universe

Dy @ HIdDEN Sector matter
 Axion/axino

The implications of each of these is that (in-)direct
dark matter searches shouldn’t find anything.

Higgs Maxwell Workshop



! y Upper Bounds on\”.,
xg;ﬁt}%? N

[nf] (6.128)
10~° [NN] (i = 300 GeV) (6.131)
6 x 10717 §% (mas2/1 eV)
[p = K*G) (6.121)
8 x 1077 C, ' 5% (F, /10" GeV)
[p— Kta] (6.122)
107 [NN] (7 = 300 GeV) (6.131)
1.25
1.25

\,I Science & Technology ]- 2 dJ
7 Facilities Council -
1.25

1.45 [Ry] (6.41) 4.28 [RC

(7 = 100 GeV) 2.1 x 10% [na] (6.129)
1.46 [R;] (6.41) 1.12 [RG]

(7 = 100 GeV) 2.6 x 1073 [n7] (6.129)
1.46 [R;] (6.41) 1.12 [RG]

(i = 100 GeV)

(107" % — 108 m?)
x(mae/1eV) [p— K*G](6.123)
% (F,/10' GeV) [p — K*a] (6.124

S Y ]'I‘l_,l_”':

¥

E‘wf .zmhrt-ui_l. g
i i
ﬁ’-"-‘iug Eﬂj&
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Bottom up thinkin
%g% P 9

We arenotassuming

« MSSM: don'’t put higgs constraints - there might
be higher dimension operators coming from
heavier fields.

« Some specific (or even generic) string model.

) e Ty « \We only put in the particles important for our
analysis. Others may be decoupled, or light: it
shouldn’t matter.

Higgs Maxwell Workshop
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ﬁlﬁ Gluinos With R, Violation
ngx}?

Higgs Maxwell Workshop

» We assume lightish, ¢5. If one has lepton
number violatingL L £/ or L H, operators, the
gluinos decay producing various leptons. These
cases ought to be easy to find, and are good
candidates for searches:

« With LQD operators, the stops will again decay
Into leptons, easy to see. Flavour constraints
iImply that Ls() D operators are likely to be the
largest. in ~ £ of gg
events.

« With U DD operators, the (right-nanded) top
decays direcly into jets.



ﬁ }? DAl yOll INUIpcth vioiadully LEA-

& ample
Lﬁgx};
At
g - - - - -
t*
@E’a‘éﬁﬂi‘e‘i S g | _g *_ _
1t

Can lead to natural SUSY
with light stops and
gluinos that hasn’t been
excluded yet

W D UDDk

BCA and Ben Gripalos,
ar Xi v: 1202. 6616

zyk

gg production dominates. Here, you can look for
like-sign di-leptons since gluinos decay irttandt

Higgs Maxwell Workshop

with equal branching ratios.



ﬁ Other Light States
?ﬁ %

How robust is the signature Iin the
case that other states are also light?

I Science & Technology
=~ Facilities Council

Figure 1. Ghuno decays without nght-handed bottom squarks in the presence of W o Us D, 1D,
Vi |& Tig.'_|:.|-2': yncled tof (b lekft- ||a-|l ded top,. ar il (o) lelt-handed bottom. Same :-i;'_ll |"|.-I.ll'.|:- ATy

pbtained in (c) only 1} the charged Higgs sphsequently I_'I" ays to th or to
LL ] i o] '

{a) (h)

;‘h&.;_'.'-a}rruﬂw :
&gf'amhridilu:-: Figure 2. Glumo decavs with right-handed bottom squarks in the presence of W 2 Ua [, Dy vis

"%mu”ﬂﬁ (a] left-handed top squark, (b) left-handed bottom squark, and (e} right-handed bottom sguark

Higgs Maxwell Workshop
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Can we avoid SS dileptons?
Lﬁgi}?

« Formpg= > m; +my, HT — tb dominates,
which again will yield same-sign dileptons.

« H" — 77, is also OK, since we'll get like-sign
di-taus.
» Only fly in the ointment comes from Fig. 1c:
D whenH ' — ¢b (but only happens when
tan f < m:Vy/m, ~ 3, which seems unlikely).

Higgs Maxwell Workshop
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e Same-signZ Limits
{ Et
CMSII
EMSI113
ATLASIII

SATLASHUZ oo
i ATJFLASMLS
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Allanach and Gripaios, 2012
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Arp In the Standard Model

EVIDENCE FOR A MASS DEPENDENT FORWARID- ...

FIG. 1. Interfering g — t1 (above) and g§ — rfj (below)
amplitudes.

1.96 TeVpp collisions at the Tevatron.

N(Ay > 0) — N(Ay < 0)

FE=N(Ay>0) + N(Ay <0y "

NLO QCD+NLNLL SM Predictiof:
Ahrens et al, PRD84 (2011) 074004
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I Measurements ofA -5

e

—s— CDF Data, 9.4 fb!

oy, = (8.9%2.3)x 10*(GeVIc?)™
- Total Prediction

0y = (2.4+0.6) x 107 (GeVIc?)*

@ Science & Technology
Facilities Council

350 400 450 500 550 600 650 700 750 800
M, (GeVic?)

5 — e 0 = —_— = ‘1
M, < 450 GeVic® CDF Data - Bkg, 9.4 fb CDF Data - Bkg, 5.4 th
A g = 0.030 + 0.031 Ay = 0,197 £ 0.043

ti Prediction tf Prediction
A, = 0.018 + 0.012 A, =0.062+ 0.012
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DO L=5.31b

t —1 " dﬁi_ﬂ

. e, D@, 5.3fb7 []M,=950 GeV
: Hl

[ WiZ+jets

10%%
F
I
[

-
o
&
&
—
bt
e
]
=
L

—t
=
— =

1':

probability density,20 Gelf

l: b)
10,
200 400 600 800 1000 1200
m; [GeV]

oCT =173.44+106pb, oM =163 £ 10 pb

AY, = N(lyel > lyil) = N(yel > |we])

N(lyel > lyel) + N(lyil > |yel)

wherey;, = 1/2In(E; — p;,)/(E; 4+ p;.) is the rapidity
of particlei. A%SM — 0.006 % 0.002.

Higgs Maxwell Workshop E
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1‘111 'L' l‘lll AAFB

Many models of random particles have been
proposed, but most don't fit all the data. However, this
one does:

/!
W = %thRbR

/1%
@ Science & Technology 3 ]. 3
&

dr(pr1) LR (q1)

b
%(m) f f};(%)

< <
/!

313

Figure 1: SUSY contribution tal x5

BCA, Sridharar Xi v: 1205. 5170
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%I% New Physics Contribution

Lﬁgx};
F — 9
dAo RYRIEE (Be —1) .
de  384rx 5(Bc—1) +2m? — QmBR
as|Ag5°6  4mg + 3(Bec — 1)°
Nt 725 5(fc—1)+2m?F — Qm%
Facilities Council R

wheres = /1 — 4m?/3, 5 = (P1 + p2)?, a is the
strong coupling constant amd; is the top quark mass.

Higgs Maxwell Workshop



I\/adGr aph arXiv: 1205. 5170

Lﬁﬂi};

Allanach and Sridhar, 2012 AApg Allanach and Sridhar, 2012
| | | | | | | 025 5 | | | | | | |

0.2
015 [

Q1 47
F08.5 |
0 3 |
0055 |
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2
_0.15 | | | | | | |
0 02040608 1 1.21.41.6 0 0.2040.60.8 1 1.21.41.6
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ﬂu]'g E
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B-BN Constraints and Predictions
5%

0.037 < AApp < 0.205 —0.079 < AA7, < 0.061
—0.65 < Acz"" /pb < 1.51 | 4 < Ac:®Y (bin)/fb< 156
—0.38 < AAL, < 0.23 0.062 < AA", < 0.33
—19.2 < Ao 7 /pb < 39.2

Table 1: 95, CL constraints

0.037 < AApp < 0.09 0.02 < AAZ < 0.06

0 < Ac/EV /pb< 1.8 | 110 < Act”Y (bin)/fb< 156
0.005 < AA%, <0.04| 0.062 < AA%LL < 0.14

8 < Aot /pb< 25 | 13 < AckH®/pb < 33

Higgs Maxwell Workshop

Table 2: Predicted values in good fit region
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‘ﬁﬁ‘ﬁ More Tests

We are now checking to see if the most recent data

from the LHC (egdo,;/dm,;) rule our model out.
Also,

—+— CDF Data - Bkg, 9.4 fb*
-~ Powheg (Normalized)

-« Pythia (Normalized)

@ Science & Technology
Facilities Council ‘ ‘

20 30 40 50 60 70
Top Pair p ¥ (GeVic)
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@ Science & Technology
Facilities Council

Higgs Maxwell Workshop

Summary

Need to scan over,; when doing CMSSM
searches!

R, violation allows natural SUSY with lightish
gluinos and squarks that have not yet been ruled
out by searches.

searchesvithouthugeF - cut
will be interesting. It covers almost all possible
cases of RPV operator.

In case ofU; D; D, operators, current searches
= mg > 800 GeV.

AnomalousA 5 measurements calsobe
explained byU; D; Dy, type operator - fits data as
of May 2012
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‘ﬁﬁ‘ﬁ Sets of Cuts
Signal Region m,,,/GeV o4g [tb  A/107° ody /b
ATLAS pipl >15 12 1.3 58
ATLASup2 | >100 7.5 0.86 16
ATLASuu3 | >200 2.1 0.29 8.4
SR ATLAS 14 >300 0.41 0.077 5.3

Table 3: The ATLAS same-sign di-muon analysis
search regions.

Higgs Maxwell Workshop
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@%W Sets of Cuts

Signal Region| |[p|/GeV  mr(ly)/GeV  A/1073 o, /b
ATLASII1 > 150 > () 1.0 1.6
ATLASI[2 > 150 > 100 0.6 1.5

Table 4: ATLAS same sign-di lepton analysis search
regions.

@ Science & Technology
Facilities Council
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‘ﬁﬁ‘ﬁ Sets of Cuts

Signal Region| Hr/GeV |p2|/GeV  Nylfb A x€/107° NP

CMSI/1 >400 >120 2.4 3.5 <3.1
CMSIi2 >400 > 50 4.6 6.8 <8.€
CMSI[3 >200 >120 2.5 3.7 <T.C

@ Fattes Comar
Table 5: Number of events past cuts for the CMS same

sign-di lepton analysi®v;; predicted by our test point
over SM backgrounds, and acceptantdimes effi-
ciencye of the signal selection, for the test point.

Higgs Maxwell Workshop E
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%‘ﬁ Test Point

m; = 588 GeV,m; = 531 GeV.

@ Science & Technology
Facilities Council
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Test Point
m; = 588 GeV,m; = 581 GeV.

LH panel:pr(71)/GeV, RH panelpr(l1)/GeV

Higgs Maxwell Workshop
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Test Point
mg = 588 GeV, m; = 581 GeV.
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%W‘? Efficiencies of CMSIZ

SUSY events past cuts

SUSY events
You pay for the di-leptoni¢t branching ratio.
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