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At the LHC SUSY can show up in manifold ways

— cover various production and decay channels

Inclusive analyses target wide range of SUSY phase space

— use complementary methods

LPCC SUSY c WG

High production cross section of
gluinos and light squarks

— sizeable rate expected at 8 TeV 107

— main target of inclusive searches
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SUSY signatures

Parent particles often decay via cascades

— R-parity conservation: production of quarks + stable lightest SUSY particle (LSP)
» R-parity violating models: Talk by H. Saka on Monday

e Signature:

— Multijets with large total jet
energy

— Missing transverse energy from
undetected LSPs

e Main backgrounds:
— L+ jets = vv + jets
— W + Jets — v + Jets
— tt
— QCD multijet
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Overview

1. Introduce different analyses performed within CMS

> Based on total available dataset at 8 TeV
\_ _J

(- . . . )
2. Discuss model interpretations

> Simplified models
» pPMSSM
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Multijet + MET search

Generic search based on: JHEP 06 (2014) 055
/” Jet multiplicity N\ arXiv:1402.4770
Njeis=3-5,6-7,2 8
CMS, L=195f" (s=8TeV
Scalar sum of jet energy 3<N,, <5, HT > 500 GeV, fi; > 200 GeV
HT = ZJ'ets % E 10° (la) . Data o -IW,;tT{t;iu;v}Ljeltsl
L kT B Z(vV)+jets Elaco
Missing transverse energy 104} W5, +v)+jets — P33, § g%qﬁi?
\ MHT = | - Zjets pTl / 10° Ny

IIIII|||J IIIIII|,|,| il

e No b-tag requirement

e A®D(MHT, jet,,;) >0.5,0.5, 0.3

— reject events with fake missing
energy caused by mismeasured jets

e Reject events with isolated e or p
— reduce W+jets and tt background

200 400 600 800 1000

(Data-Pred.)/Pred.
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o + Jets search

e |nclusive search based on kinematic
variable a;

— Dijet events: a1t = ——

— Multijet events: cluster jets into two
pseudo-jets

|

EPJC 73 (2013) 2568
arXiv:1303.2985

e Basic Idea: g 10"
2107k
— o; = 0.5: perfect dijet event £ o0
— a; <0.5: events with L%ms?
mismeasured jets 3
— a; >0.5: events with genuine 1
MET 107
—very effective discriminant R |
against QCD multijet 10 1
background L

oo ol vl ol ol ol

T | T L] L] L | Ll T T T I T T ] I
CMs,L =117 fb',Vs =8 TeV

2=zn, =3

Mgy =

® Data

#555% standard model
w— = Mon-multijet

FEERED Multijet

------ Reference model D2

1.5 2 2.5 3
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e Select events with a; > 0.55 categorized in bins of

-

_N.

jets

\_

— H,> 275 GeV

=2-3,>4

~Npags=0,1,2,3,>4

~

J

Events / bin

) I ¥ 1 ) 1 I ) L) ¥ ) I ¥ 1 ) I ¥ ) T

CMS, 11.7fb™, s =8 TeV ]

104 —+— Data (signal region, n = 0; 2= n; < 3}
Standard Model + Expected Unc. 3

— 0 N

N e IR SM+pp—Q3G8.9—+q], 7
i0°g L {mq: 600 GeV, m = 250 GeV) —
-— i 3

10° =
]

o

1 I 11 1 1 | I -] 1 I 11 1 1 | | I ] 1 11 1 1 | | I ]
300 400 500 600 700 800

i
900
H; (GeV)
® All results compatible with SM expectation
22 July 2014 Kristin Goebel - Inclusive SUSY searches 8



M-, hadronic search

e Utilizes kinematic variable

M;, = stransverse mass [ PAS-SUS-13-019 ]
— generalization of transverse
mass o ;
10? CM|S Prelllmlna|ry, \'s |: 8 Te|V, L :| 19.5|fb ,
. (1) (2) > T T TTTT T TTT T TTT .I T T T TTT T T I" T TTT :
Mrr(mg) = min max | M+’', M ) dium H; Multijet 3
T2( X) ﬁ?TE(l)"i'ﬁzfz(z):ﬁrrniSS |: ( T T )] (D 106 E;. medium =;VL_:_JI6:; _§
0 E o +jets 3
e Events categorized according to T 10°E WTop =
Dtk e A er
- = . 3
(— H;=450-750 GeV, 750 -1200 GeV,\ o 10°E -
> 1200 GeV s E
o NJets = 2, 3'5; > 6 10; ;
\_ Nb-tags= 0,1,2,23 y 1%
107

e For each region: several adjoining M+, c; 100 200 300 400 500 600 700 800

bins defined M., [GeV]
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CMS Preliminary,Ys =8 TeV, L= 195 fb’

79) 1 04 117 r1rr1t 11t 1T 1T 17 17T 17 17T 17T 1T 71T T T4
g 1 l .. 3
- ! | - Multijet e
g i | [ Lost lepton :
W e i | P ’
' [l Z(vv)+ets =
CMS Preliminary, js =8 TeV, L=19.5 o' I _
ﬂ120I‘I\\I|I\I\‘\II\|\I\Illl\l‘llll‘\\l7 : . Data _|
5 3-5jets, 1bjet [[Multijet : | —
LJ>J 100 medium H, [J] Lost lepton - E
Wzov)tets 4 .

e Data 7]

] Ly 1. m— mm— rm— r— — Ly l - r— v— rm— nm— n—

\

200 300 400 500 600 700 800 900 o ’
[\/lT2 [GeV] HT =450 - 750 GeV HT =750 - 1200 GeV HT > 1200 GeV

- Eventyield in each region summed over respective M, spectrum
— Observed data events consistent with predicted background
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Search using razor variables

e Based on kinematic razor variables [ PAS-SUS-13-004 ]
M% Mr = \/(Ph + p]'z)z - (Plzl + p]zz)z
R = —~ ' . . . N N
Mo mp = \/ EF™ (pr + pr) — EF™-(Pf + 7F)
N 2

— Defined in terms of dijet topology
— Multijet events — map event into dijet structure

~ y 50 ~ .
x ' CMS Simulation |s = 8 TeV . ot ! CMS Simulation |s = 8 TeV
: Razor MultiJet Box rL =193 45 N Razor MultiJet Box rL =193’

15

L mm - -
i

10

5 0.3

1 ! SM Backgrounds tt+jets, W/iZ+jets | —{40 1— pp—33. g bby’, & = 0.01 pb
! —35 ‘ = =
0.8=— . 08/ ==
; SM & 1 :
0.5 77T77-; 7777777 - % 0.5 B ”: 7777777 y - = § -7_
03l o
u

2000 3000 3000
Mg[GeV] Mg [GeV]

— Search for peaking signal in R2 — M, plane

500 1000
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RZ

e Search based on events with at least 1 b-tagged jet
— Categorized in various boxes according to lepton multiplicites +

—_—

0.5

0.3

jet/b-jet multiplicities

10515 -

CMS Preliminary Vs = 8 TeV
Razor MultiJet Box j L=193f"

0.6
1504: 03 14 08
1118: 02 09
07-03! 07 09 06
13 02 1.0 02
04 10 03 o7 18
500 1000 2000 3000

M, [GeV]

Standard Deviations

RZ

—_—

0.5

0.3

Results in all boxes consistent with SM

1.0 1.9}

CMS Preliminary \s = 8 TeV
Razor 2b-Jet Box I L=193fb"

0.9
1715 1.6 13
1504 21
0.302: 22 07 09
0711: 05 05
06 10 05 02 o7
200 1000 2000 3000

My, [GeV]

Standard Deviations
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Interpretation

Interpret results in terms of simplified models
— include only one possible decay with 100% branching fraction

~ ~ : ~ _ -0
g-g production, g—qq X4

1000_IIIIIIIIIIII TTTTTTTTTITTTT ] TTTTITTTT ] TTTT T TTTT]

§ - CMS I"relillnina'ry | | | | | .

E 900 = Vs =8 TeV — Observed 3

E 800 E_ ICHEP 2014 " Observed -1 G:::::Y—f

9 7005_ -~ - Expected _E

600 -

S .

4001 K —f

300 =

Free parameters: LSP + gluino mass  200f — sustsots m,) 1esm® RN
. . C = SUS-13012 (H+ ) 195" P ; E

— for light LSP: gluinos excluded up 100} | " B | B =
- i SUS-12-028 (o) 11.7fb I H i .

to -~ 1'3 TeV CLi1d | I | I | | | | L1111 | 1 IEII (] I:I | 1 1 | | 1 I“i | | 111

00 500 600 700 800 900 1000 1100 1200 1300 1400
gluino mass [GeV]
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Interpretation

Pt P . id -—-—vC'
g-q productlon, d—q X
; 900 [T | L T | I [ | T I | T T T ! | T T I T
& FCMS Preliminary
P 0 % 800 ;_\E =8 TeV == SUS-13-012 (H_+ #;) 19.5fb™
2 -
X1 E 700 -ICHEP 2014 — SUS-12-028 (o) 11.7 fb*
2 — Observed SUS-13-019 (M) 19.5fb”
~0 600 — - Observed -1 ﬁ::i;
Pl X1 ——- Expected
500
400

e Limit of ~920 GeV for light LSP 300
in case of first two degenerate
generations

e Limit of ~ 570 GeV for light LSP
in case of only one light flavour 0

200

II|I:I‘\I|IIII|IIII|IIII|IIII

-

100
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e i T [

400 600 lBDD 1000 1200 1400
squark mass [GeV]
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Interpretation

Gluino-mediated third generation searches
-0 — see talk on Friday by N. Strobbe (session:

95% C.L. upper limit on cross section (pb)

X1
. . I(
» »Precision SUSY")
X1
Hadronic searches exclude gluinos up to
~1.3 TeV (for light LSP)
CMS,L=195f" Vs=8TeV CMS Preliminary, 19.5 b, {s = 8 TeV CMS Preliminary, 19.3 o, {s = 8 TeV
— 1000 _ ~— 1000 =10 = ~1200 — 10
> Pp—§8.3— tTF NLO+NLL exclusion s > pp—93.5— tfﬂ NLO+NLL exclusion | § 2 > pp — 39,3 — tf)”(? NLO+NLL exclusion |
8 | =observed+ 10, 11 5§ ©  |==Observed+ 10y, 1§ 2 =Ovservedtc,,
g e 222 Expected + 16, qumen 3 g &E 800| 222 Expected + 16,10 1 g % 222 Expected + 16,00 ment 1
= 5 w — (] —
700 (c) =1 9 E 13 9 B I
E ] g - 11 8 8001~ 1]
“r Hy + MHT I - | V/ 11 - Razor =
soo . -2 LI 4 1 = - 1 F10" = 600~ —~ —=10"
C A =l £ = 4 1 IS r =
400F- = ] = 400 — - Y s e
C 3 @ - 4 [ .
300F- - e & - 11 g 400 oy
g B - i 1 g10° > 1 0
| i — -1 1 i CI
“f - =1 o 200 13 5 a0 =
100 ] ] ® i
= ' - 7o) - 0o ' -
2:\”\|\|H|\\l\\l\\l\\l\l\\luh\l\\l\i\'l.\l“l\lul: 107303 PR NN (RN ) [N ST A 1 v A O -10*3® Lo R A .10'3
00 500 600 700 800 900 1000 1100 1200 1300 1400 £o0""e00  s00 1000 1200 1400 0 e00 'so0 1000 1200 1400
mg [GeV] mgluino (GeV) rngluino (GGV)
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Interpretation

e Phenomenological MSSM [ PAS-SUS-13-020 ]
— 19-dimensional 10° pMSSM, CMS preliminary
realization of MSSM (n B 25(@) prio fom non-DCS data
. m— (0D ) HT + MHT, 7 TeV, 4.98 fo!
e Perform global Bayesian —— POID™) HT + MHT, 8 TeV, 19.5 b
. 0.8 === p(8|D“"®) HT + MHT, 7 and 8 TeV
analySIS > -p=05  ==p=10  ~ep=15
Q
— derive posterior >
.- . % 0.6
probability densities for 5
model parameters, z .
masses + observables ig '
e Based on pre-CMS data, G
indirect measurements +
CMssearChreSUIts IIIIII.|.IIII|IIII|IIII|IIII|
DU 500 1000 1500 2000 2500 3000

g mass [GeV]

— visible impact of CMS results on e.g. generic gluino
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Summary + Outlook

e CMS performs several inclusive SUSY analyses based on final
states with jets + MET

— complementary approaches target natural SUSY

e All observations consistent with standard model expectations

e Results available here:
[https://twiki.cern.ch/twiki/bin/view/CMSPuinc/PhysicsResuItsSUS ]

= 10* L
a 107k o —_—d, 14 TeV
© \‘ CMS NOte 13'002 - 5@, 8 TeV
e BUT: Run Il provides higher 107 — 1frbpy 14 Te
10 T e o T
-0Of- Ak, 14 Te
center-of-mass energy 1 21 e
— mass reach extended 107
102
10_3 L L | | L L L N L " I L e L
500 1000 1500 2000
m [GeV]
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Stay tuned ©!
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Backup
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UH

CMS Simulation, Vs = 8 TeV CMS Simulation, L = 19.5tb™, {s = 8 TeV

i . . CD multijet: N,.., > 3, H. > 500 GeV
Z + |etS - ';'T|> 35‘06' IV | - Q l 2 fﬂT 3\ HT\ 5|00 T T T T T T ]
use photon IN 0_24:— (c) | —: — generate data § L (c) E Predicted Background ]
— F . A st Genuine Background
I I 022 bk ] control sample 1| ) . oty ]
control sample 02 e = containing 10°f ]
_  take ratio of Z/V 0.18[ ““—-"—f ev.en-ts without 2k §
0.16- T mIssing ener i i
events to —4— 200<A, [GeV] < 300 GeV RERE g gy E 107F ]
. 0.14p PP 1 — smear jet 2 . E =+
estimate Z DM PVE i I E tawith E 98 R
012F —4— 450<if [GeV] . momenta wi & 00 . e
. . E ] . D 05F + E
events in signal o f measured jet | SR N N
) 6 1 2 3 4 5 6 7 8 £ 345678 9101112131415
region Ny, response = Nyets
tt/W+Jets:
CMS Simulation, L=19.5fb", s = 8 TeV
T— had. - :NJet23, H > 500 GeV, > ZOD\GeV IOSt-lepton CMS Simulation, L = 19.5 b, {s =8 TeV
— usepu+ jets ‘§ ; 05;@ —e— Predicted Background ] — usepu+ jets o Nm‘z 3, T'Tz s‘oo a‘ev, bquz 2|oo GleV _
control - Genuine Background control g .0 i;je"h‘f“?"fac“gm“”"
E —lvijets E
sample sample o — 1
- replace u ~ reweight -
with jet events with .
— Samp|e Jet o 5 measured c% 1 _
from T lepton 2 ) —
response ; inefficiencies g co-e + + « o 4 § 1
= N E -0'53 4 5 6 7 8 9 10 11 12 13
e &' NJets
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o - Generalized definition

e oT In multijet events:

— Characterize mass scale of the event by  Hy = ¥ E!

— Missing energy is estimated by~ Fr = | X pi]

— Combine jets in the event into two pseudo-jets
* E; of each pseudo jet is given by scalar sum of E;from contributing jets

* Choose combination which minimizes AH; (= absolute E; difference of
the two pseudo-jets)

I _Hr—AHr 1 1-(AHy/Hy)
2 \/1— (Hy/Hr)?

XT =

— 27 \/HTQ_HTZ
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o - Background estimation

e Define suitable control regions: denal | NOEL
— v+ jets, u + jets, up + jets

pred Nﬁf{;‘tml obs
e Scale event yields in control regions with correction factors from
simulation

Validation tests of transfer factors

'8 4 7\ | T T T T ‘ T T T T | T T T T | T T T T ‘ T T T T ‘ T T T T | T T T ] 8 4 7I ‘ T T T T | T T T T | T T T T ‘ T T T T | T T T T | T T T T ‘ T T T ]

=3 - [_] Systematic uncertainty CMS, L =117 fb"‘, Vs=8TeV | & ~ [_] Systematic uncertainty CMS, L =117 fb'1, Vys=8TeV |

Z L O 0,<0.55 = o > 0.55 (u +jets) int ] Z L O 0,<0.55 - a, >0.55 (u + jets) int ]

g 3? [] 0btags — 1btag (1 +jets) 2=ng <3 ] g 3? ] 0btags — 1btag (u +jets) Mgt = 4 ]

S /A 1btag— 2btags (1 +jets) 7 3 - /A 1btag— 2b tags (i + jets) ]

5 F X u+jets — pu +jets — 5 F X u+jets — up + jets -

Z 21 o putjets >y +jets - Z 217 o pu+jets -y +jets ~

! A4 2£Nj2t53ANJE‘24(u+jets) — ! oY ZSNJQ‘SBANje(24(p+jets) —

%’ © ¢ 2N, <3N 24(y+jets) 7 % C ¢ 2SN, <3N 24(y+jets) ]

z 1j ¥ ZSNjElS3ANJe'24(pu+jets) ﬁ ] z 1j ¥ ZSNJG‘S3—>Njet24(uu+jets) % )\( ]
- o g 4 %f % ' F %’% )lék ek H>
0| WH &5}% ; | ! 0 Y5, ¥y F

-1 - -1 -

_2 7\ | Il 1 Il Il ‘ 1 Il 1 Il | Il 1 1 Il | Il 1 Il 1 ‘ 1 Il 1 1 ‘ 1 Il 1 Il | Il Il \7 _2 7I ‘ Il Il 1 Il | Il 1 Il 1 | Il 1 Il 1 ‘ 1 Il 1 Il | 1 Il 1 Il | Il 1 Il Il ‘ 1 Il B

300 400 500 600 700 800 900 300 400 500 600 700 800 900
H, (GeV) H, (GeV)
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M, — Details definition

e (Susy) event is characterized by decay of primary pair- produced
particles into a visible (jets) and an unvisible (LSP) part

e For each decay define transverse mass
(M%i))z _ (mvis(i))Z 4 mi ) (E¥is(i)E§(i) B ﬁTvis(i) . ﬁTX(i))

— can not exceed parent mass

e But: LSPs not accessible individually, only sum (= MET vector) is
known

— define M,
* Choose maximum of M;! and M2
* Make sure that M; does not exceed parent mass
* Perform minimization on trial LSP masses fulfilling MET constraint

— My, has endpoint at mass of primary particle (for correct m )
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e MT2 in multijet events:

— Form two pseudo-jets by reconstructing event hemispheres

— Choose two initial jet axes
* Here: defined by axes of (massless) jets with highest invariant dijet mass

— Associate remaining jets to the one or the other axis by
hemisphere association method (minimal Lund method)
 Jet k is associated to hemisphere i (and not ), if

E;

(E] + Ek)z

— After finished association: jet axes are recalculated as sum of
all jet momenta associated to one hemisphere

(Ei — picos i)

E;
(E; + Ex)? < (Ej = pjcos )
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M+, - Background estimation

Similar methods to Multijet + MET analysis:

e Multijet background:

— factorization procedure:

* Use control region defined by low M, and A¢,;, < 0.2

N(A min Z 0.3
» Extrapolate to signal region with exponential function "(Mr2)= NEAzmm = 02; =exp(a—b-Mp)+c

* Determine a + b via fit to data, determine c from simulation

e [ost-lepton background:
— use control region with inverted lepton veto (= 1 well identified lepton)

— Reweight events by propbability to loose lepton due to reconstruction,
acceptance, isolation inefficiencies

e 7+ jets background:
— Estimated from photon + jets or Z =2 |l sample
— Missing energy mimicked by removing photon (leptons) from event
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e Razor in multijet events:

e Cluster objects (jets + leptons) into two megajets
— Assign physics objects into one of two non-empty partitions

— From all possible combinations = select assignment which
minimizes invariant massses of the two megajets summed in
guadrature

— Megajet four momentum = vector sum of four momenta of assigned
physics objects
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Razor - Boxes

> | b-Jet

Loose Mu && Tight Ele?

|

.& NO
Tight/Loose Mu?
* NO
Tight/Loose Ele?
J NO

Tight Mu &8 >4 Jets?

‘NO

Tight Mu?
J NO

Tight Ele && >4 Jets!

J NO

Tight Ele?
} NO

( Multilet ) <~

=4 |ets?
NO

>2 bets?
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Razor - Background estimation

e Extrapolate from
background dominated o
H 2 = Low M, sideband: M.<450 GeV and R*>0.2
sidebands at low M and R R R
to sea rCh region 08l Low R? sideband: M.>450 GeV and R?<0.2

[ BaCkground mOdeI: 2D i Extrapolation region: M_>450 GeV and R?>0.2
function of M and R? 0.4}

— Model is fitted in each box
independently but oo IR
simultaneously foreachb-tag " | |
multiplicity 400 1000 2000 3000

M[GeV]
— Shape parameters (n, Ry, M:0)
to describe potential
differences between
simulation and data

Forr(Mg, R?) = [b(Mg — M)/"(R2 — R2)1/1 — 1)e~bn(Me—Mp)!/" (R ~R3) "
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