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Big Picture

C We want to understand the next layer of
matter - Dark Matter (DM)

Dark Energy  AUSIRD)

C DM content determination mostly
depend on colorless patrticles,
e.g.,sleptons staus charginos, neutralinos, etc. and also depend on
small mass gapsiM) between lightest (LSP) and next to

lightest particles (NLSP)

C How do we produce these notolored particles andthe DM
particle at colliders? Can weunderstand the origin of DM?



Dark Matter: Thermal

Suitable DM Candidate:
Weakly Interacting Massive Particle (WIMP)

Typical 1 n Physics beyond

smaller annihilation

Most Common: Neutralino (SUSY Models) . qss-section

/

Neutralino: Mixture of Wino, Higgsinoand Bino

S/

Larger annihilation'Z

cross-section, smaller mass gaps

Wino, HiggsinoC smaller DM is inevitable between NLSP & LSP
BinoC May require smaller DM between NLSP &LSP for thermal DN

Can we establish these features at the LHC?
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t S OCWCc OF

C Recent Higgs search results from Atlas and CMS indicate
that m, ~126 GeV

Ain the tight MSSM window <135 GeV

< mq(lst gmgn.)TeV >O

CForhea W, My TeV
C!;_Lproducedgfromf’lt~1 700 GeV,
C t1 produced directly, mfl O 6 G&V (special case)

¢ €/ m excluded between 110 and 280 GeV for a mass-less 510 or for
a mass difference >100 GeV, smaller DM is associated with smaller
missing energy

C C; masses be~t(\)/veen 100 and 700 GeV are excluded
for mass-less €; or for non-negligble mass difference




LHC Constraints and DM

LHC constraints on first generation squark mass + Higgs mass:

Natural SUSY and dark matter [Baer, Barger, Huang, Mickelson,
Mustafayeva n d T a GagaatiZz2Nasir, Shaf i Birhe,, Rlwaddr, n

Papucchi Ruderman, We | ]I, er 6011
Higgs mass 12%5eV & Cosmologicalgravitino solution
[Allahverdi, Dutta, Si dhad1?2

C Higgsinodark matter

Higgsinodark matter has larger annihilation crosssection
Typically > 3 x 10%6cm3/sec for subTeV mass

C Thermal underproduction of sub-TeV HiggsinoC

Nonthermal scenariosaxions
Higgsino DM has smallDM

C Can we establish this scenario?



Small DM

Small mass gaps between LSP and NLEP
coannihilationC increasethe annihilation crosssection

S 2
Co-annihilation Process 7]

C, _ Griest , Seckel 6 9 1
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Understanding small mass gaps is crucial for establishing dark matter models



Small DM via cascade

(or I*l,t +3} _ _
h (or Z) q HighPyjet
[mass difference is large]

26.8%

The p;of jets and leptons
depend on the sparticle
masses which are given by

q
DEET A 68.3% g

Colored particles are P g p models
produced and they 7

decay finally into the 1 -

weakly interacting stable %

particle ~0

X, DM R-parity conserving
High P;jet ¢ h (or Z) (or Il t +}
The signal :jets + leptons+t 6r¥/0 s + Z 0 $ MIstIDGE
Difficult to identify small DM

Dutta, Kamon, Krislock, Kol e vb



Small DM via VBF

Challenge:
How can we probe the colorless SUSY sector’?

We will use VBF topology: I
Tagging VBF jets '

forward tagging jets
;/ N

0 /-\\ 0
2

r o
t© decay products

-

VBF tagged jets (2 energetic jets with VB production topology

Refs (For example): arge A separation: large M([])) in  in transverse plare

A. Datta, P.Konar, forward region, opposite hemispheres)

B. B. Mukhopadhyaya, PRL 88 (2002) ____ __.
G. Giudice, T. Han, K. Wang, L.T. Wang, PRD 87 (2013) 035029

Dutta, Gurrola, Kamon, John, Sinha, Shledonn Phys.Rev D87 (2013) 035029

A.G. Delannoy, B. Dutta, A. Gurrola, W. Johns, T.Kamon, E. Luiggi,
A. Melo, P. Sheldon, K.Sinha, K. Wang, S. Wu, PRL 111 (2013) 061801



Compressed Sleptons Via VBF

Small mass gap measurements using VBF topoloQy
Various Coannihilation regions:

me- ¢, F-¢° ¢ ,co- ¢°t- ¢ b~ &°
Very little/no constraint from the current bound
(future projections)

These scenarios need higher energy collider, e.g.,
100TeV Collider



Compressed Sleptons Via VBF

[ e S

PP - /17779 Signal: 21 +2/7Pmissing energy,

P tmte =

pp- V77 Signal:  2J *L/7Mmissing energy,
Dm=m,,- m_, =15GeV

Table L1: [2j + 2+ E1 study:] Summary of the effective cross section (fb) for the signal and main
sources of background at LHC14 for the benchmark point (msgiep, Mnew1) = (135,120) GeV. All
mass scales are in GeV.

Selection (135, 120) VWV +j ttbar+) W+ Z+9

Initial 0.4910 1341.0000 702955.00 187575000.00 55570000.00

b-veto 0.4801 1231.0800 179234.00 186282000.00 52453900.00

5] (‘PTJ- > 30) 0.2653 207.6700 33206.30 23814100.00 9614190.00

M5 My, <0 0.2473 157.7410 9784.39 3486260.00 1210970.00

> 2u 0.0761 7.3568 179.96 0.00 9428.27

21 0.0761 6.8903 179.11 9428.27

OS charge 0.0761 5.4075 172.00 9428.27

vetoe, T 0.0746 4-4558 144.79 8725.97

Z-veto 0.0679 2.5496 123.92 307.54

Central p selection 0.0514 1.9191 49.01 128.53

|nj1/2| > 1.7 0.0257 1.0654 6.65 9.18

M; 5, > 600 0.0247 1.0264 4.10 0.00 HIP.

Adjj;ijz < 1.0 0.0096 0.1288 0.85 CO m b nn g

Et > 200 0.0039 0.0184 0.00 P P tu w e T
Hy > 200 0.0039 0.0153 /’N
P, TPT., <70 0.0024 0.0020 mm y JJ
Py, & 5 0.0024 0.0020

LHC 14 TeV . signal: 2]j+2 17+ missing energy,
5s reach is 135GeV with 10-15GeV DM for 3000 fb

Dutta, Ghosh, Gurrola, Kamon, Sinha, Wang, Wu; to appear 10




Compressed Higgsino Via VBF

Lightest neutralino: HiggsinotypeC Well Motivated
c.,c,,cy: similar masses
Can we probe 10GeV mass difference?

Signal: 2 j+ Met + 1 lepton for Direct Production

2 leading jets (J1.)2) © Pt (1.)2) >(75,50) GeV
ID Ky, j»)| > 3.5 and h;;h;, <0, M;;;, > 500 GeV; MET is optimized
One isolated lepton (p; > 20), two loose b jets (p+>30) : h<2.5

Work in Progress
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Compressed Stop Via VBF

~ i~ . ~ A—O
t-t production, t—>tx1
500 IIIIIIIIIIIIIIII ll]lllllllll1117 ~

L SUS-13-004 0-lep+1-lep (Razor) 19.3 fb™'
350 F P p( )

E s SUS-13-011 1-lep (leptonic stop)19.5 fb "'

50 .

PRI O TP (U T I A

450 ;—\ s=8TeV —— Observed
- SUSY 2013 - Expected

[

O"' 11 £ 1
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2 leading jets (j1,),) :

We investigated:

DM m - (mcf'l'm)

- 0

1GeV

Small DM:cosmological
consequences

P (1.J2) >(75,50) GeV,

ID K4, J,)| > 3.5 and h;;h;, <0, M,;;, > 500 GeV;
MET is optimized, one isolated lepton (p; > 20),
two loose b jets (p+>30) : h<2.5

. 544500 Dutta, Flanagan, Gurrola, Kamon, Sheldon,Sinha,

stop mass [GeV) Wang’ Wu’ 13121348

T T T L [LINL I LI L B L L B L I b LR A 5 W AN RS R R B
10F T 7
AM =m; - (m +m_) = 7 GeV AM =m.-(m +m ) = -7 GeV : AM=m;-(mt+mko)=7GeV ;;\\ AM=mt-(m(+mi0)=-7GeV
102-— %4 b % - 3 1 1 1
] - T
: \ :.“\\ \ -.“ \\
S, . L Y
-“‘ \ T '.‘ [0} \ %
%" 1 “‘\ o T s RN, S .‘,‘...\ ................................
*, % . 3% 3 3%
. N . . N
“.\ \\ “\ \ E F “\ \ ‘\
10F % ] % N 2 s N\
L % ] 5, . 0,
i A \\ 3000 o' .\ \3000 fb" - T NN\
................... . "‘-.K.-‘”-..‘“..“.-..".-.“:*““ T A ‘\ ~N % 10%\
o, ~000 bl 1 . \1000 fb’ * ) A
......................................................... . ,..-.X.-.....-...-.-.. 10% b 8 . \
N - s
300 B *.‘300@{ “\ N “\ %
e e, N N .
1 ' AT AE A | i foyealy o by v v by i gy Ny 10-1-\IIIIIIIIIII" ||||| . .1 PR PR CU I B -
200 300 400 500 200 300 400 500 200 300 400 500 200 300 400 500
m; (GeV) m: (GeV) m: (GeV) m; (GeV)

12



Compressed Stop Via VBF

2 leading jets (J1.)2) © Pt (1.)2) >(75,50) GeV
ID Ky, j)| > 3.5 and h;;h;, <0, M;;;, > 500 GeV; MET is optimized
One isolated lepton (p; > 20), two loose b jets (p+>30) : h<2.5

I~

DM >m:t- t+c

(s, mi?) Selection Signal tt+jets
(200, 20) Pre cut 5.5 x 10* 6.9 < 10°
AM = 7 GeV VBF 1.8 x 10°% 3.8 < 10*
1 lepton 3900 8.1 x 10%
2 b-jets 170 4.5 x< 10°

Fr > 100 44 990

100 << Fr < 200 40 580

200 << Fr < 300 3.2 83
(300, 120) Pre cut 7.2 x 10% 6.9 < 10°
AM = 7 GeV VBF 250 3.8 x 10*
1 lepton 56 81 x 10%°
2 b-jets 32 4.5 x 10°%

Fr > 100 8.9 990

100 << Fr << 200 T3 580

200 << Fr < 300 1.2 83
(400, 220) Pre cut 1.6 < 10°% 6.9 < 10°
AM = 7 GeV VBF 62 3.8 x< 10*
1 lepton 14 81 x 10°
2 b-jets 8.4 4.5 < 10°

Fr > 100 4.8 990

100 << Fr << 200 2.4 580

200 << Fr < 300 0.66 83
(500, 320) Pre cut 460 6.9 < 10°
AM =7 GeV VBF 19 3.8 x 10%
1 lepton 4.2 81 x< 10°
2 b-jets 2.4 4.5 < 103

Fr > 150 1.5 370

100 << Fr < 200 0.64 580

200 << Fr < 300 0.23 83

DM<m:t- b+W+Zc?

(mg, mgo) Selection Signal tt-+jets
(200, 35) Pre cut 5.6 x 10* 6.9 x 10°
AM = —7 GeV VBF 1.4 x 10* 3.8 x 10*
1 lepton 270 8.1 x 108
2 b-jets 79 4.5 x 108

Fr > 100 20 990

100 < Pr <200 25 580

200 < Fr < 300 4.1 83
(300, 135) Pre cut T 108 6.9 108
AM = —7 VBF 220 B.8:x 10*
1 lepton 43 81 x 10°
2 b-jets 12 4.5 x 10®

Pr > 100 6.7 990

100 < fr <200 45 580

200 < fr <300 14 83
(400, 235) Pre cut 1.6:% 10 6.9:% 10°
AM = —7 VBF 51 3.8 x 10*
1 lepton 10. 81 x 10°
2 b-jets 28  Abw16°

Fr > 200 0.7 100

100 < Pr <200 1.7 580

200 < fr <300 04 83
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Compressed Region:

Compressed Sbottom Via VBF

Signal: 2]+ 1b + missing energy

DM 1 m: - m_, =5GeV

Dutta, Gurrola, Kamon, Sinha, S. Wu, Z. Wu; in progress

Sbottom pair production, ‘51 —>b if

- ATLAS

All limits at 95% CL
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We probe this region




Comp. Spectra Via VBF at 100 TeV

We consider 5 spectra with small mass gaps:

1.'él, /71 1 329,77 : 319, Eio : 206,290,332,671], Ei - 208337
2.’é_|_, /71 : 231,77 1 218, Eio :185237,299,356, Ei 1 229,354
3.77‘1, é_l_ : 489,77 : 483 Eio 1 88,500,818829, Ei : 500,829
4./71, é'_l_ : 205,77 1 190, Eio :1882161019102], Ei : 2161022
5./71, 'él 1 496,77 : 491, Eio :481,501,10191027, Ei : 5011026
~° -0 -0 -0 ~° -0 -
1.cq4 - Ivcq (0.3),qqicq (0.7); co - Wcq (0.5),Zc4q (0.5);
_° -~ -0 ~ ~ ~ -0 ~ -0
2.c1 - In;co - nn(0.8),11 (0.2);n - ncq 1 - lcq
_° ~ -0 ~ ~ . -0 ~ -0
3.c1 - In;co - nn(0.89),11 (0.15);n7 - ncqy 1 - lcq L BRS
4.5, - \A: 9 7(0.85),1T (0.15):7 - nE .1 - 1E0
€1 - Inicpy - nn(0.89),11 (0157 - ney 1 - ey Dutta,Ghosh,
_° ~ -0 — ~ ~ -0 ~ -0 Padhi,work in
5.c1 - In;co - nn(0.8),11 (0.2);n7 - ncq 1 - lcq 0rogress
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Conclusion

U Small mass gap measurements are very important

U Small mass gaps between LSP and NLSP have
cosmological consequences

U VBF topology is very helpful in establishing signals
with small mass gaps

ULHC reach is not large for sparticle spectrum with
small mass gaps

U Higher energy collider will be important
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