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Outline

Big themes and challenges for
SUSY searches

Inclusive (generic) searches

Naturalness-inspired searches:
ta ba g

Search for EWKinos & sleptons
Xir X sl

SUSY decays with Higgs

Multi-lepton & R-parity
violating signatures

Conclusions

Drawing courtesy Sergio Cittolin

CMS PUBLIC SUSY RESULTS
https://twiki.cern.ch/twiki/bin/
view/CMSPublic/
PhysicsResultsSUS

New results in all of these areas.
Most use 19.5 fb-! (Vs =8 TeV).
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CMS

~— CMS SUSY talks in the parallel sessions (l)

1. Search for SUSY in hadronic final states at CMS (Mon.)
Joshua THOMPSON
2. Search for SUSY in the single and di-lepton final state at CMS (Mon.)
Marco-Andrea BUCHMANN
3. Search for SUSY in multilepton final states at CMS (Mon.)
Andrea GOZZELINO
4. Search for SUSY in final states with photons at CMS (Tues.)
David MORSE

5. Interpretation of CMS SUSY results and outlook to 14 TeV data taking
(Tues.)

Frank GOLF
6. Dark matter searches in monojet and monophoton events at CMS
(Tues.)
Tai SAKUMA 3



CMS

CMS SUSY talks in the parallel sessions (lI)

7. Search for direct stop and sbottom production at CMS (Thurs.)
Mariarosaria D’ALFONSO

8. Search for EWK production of gauginos and sleptons at CMS (Thurs.)
Ben HOOBERMAN

9. Interpretations of CMS SUSY searches in the context of R-parity
violation (Fri.)

My talk: just a small sampling of
Matthew WALKER the many CMS SUSY results.

OTHER CMS PLENARY SESSION TALKS

Recent results on Higgs physics from CMS (Tues.)
Sridhara DASU

Recent results from exotic searches from CMS (Fri.)
Sunil SOMALWAR
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Summary of CMS SUSY Results* in SMS framework

m(mother)-m(LSP)=200 GeV

SUS-13-012 SUS-12-028 L=19.5 11.7 /fb

SUS-12-005 SUS-11-024 L=4.7 /fb

SUS-13-004 SUS-12-024 SUS-12-028 L=19.3 19.4 /fb

SUS-13-004 SUS-13-007 SUS-13-008 SUS-13-013 L=19.4 19.5 /fb
SUS-11-011 L=4.98 /fb
SUS-12-004 L=4.98 /fb
SUS-12-010 L=4.98 /fb "
SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-11-010 L=4.98 /fb G I u i n O p rOd u Ctl O n | ] =

SUS-11-021 SUS-12-002 L=4.98 4.73 —_L

SUS-13-013 L=19.5 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb |

mamn: SQUark production

handed top,

SUS-13-011 SUS-13-004 L=19.5 19.3
SUS-11-024 SUS-12-005 L=4.7 /fb

SUS-13-011 L=19.5 b m Sto p p rOd U Ctl O n

SUS-11-030 L=4.98 /fb

SUS-12-028 L=11.7 /fb
SUS-13-008 SUS-13-013 L=19.5 /fb
SUS-13-008 L=19.5 /fb

Sbottom production

SUS-13-006 L=19.5 /fb
SUS-13-006 L=19.5 /fb
SUS-13-006 L=19.5 /fb
SUS-13-017 L=19.5 /ib |
SUS-13-006 L=19.5 /fb
SUS-13-006 L=19.5 /fb

0 200

SUS-13-006 L=19.5 /fb

CMS SUSY overview: a broad program

SUSY 2013

Is=7TeV
I1s=8TeV

= EWK Gaugino productior minary

600 800 1000

. Slepton production

Mass scale (GeV)

1200
Mass scales [GeV]
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Big themes: production and decays
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Big themes: production and decays
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CMS

Big themes: background measurement
CMS

July 2013
o E 3
o — Q 7 TeV CMS measurement -
10° - ® 8TeV CMS measurement _
B = —— 7 TeV Theory prediction =
© n —— 8 TeV Theory prediction _
o 10°E Lo CMS 95%CL limit =
0 = 5 | -
r— | 1 . ! —
8 103 : !

n = Vozy leoson processes
(’) — I_D—: 1 __

8 102 . —O—WW+WZ WW . : :
g 0E , Ay, T
c - | | | o 77 -
S 10g (W,2) + jets | | .- =
g mi E’' > 30 GeV ' Ef>15 GeV | | 3
-8 1?—: — “’Ijeku - - 'ARM)ﬂ7— — _ —— — — :—Ww :_E
3 = : .193fb -
o = ySUSY down here somewher;9 YO A

1 1 | 1 | 1 ' 1 1
10-1 _— 36, 19 pb’ | 5.0 fb 50fb 35 ! 196" =

JHEP 10 132 (2011) EWK-11-009 EPJC C13 2283 (2013) (WV) SMP-013-009

JHEP 01 010 (2012) SMP-12-006 (WZ), 12-005 (WW?7), 13-005(ZZ8)

SMP-12-011 (W/Z 8 TeV) JHEP 1301 063 (2013) (ZZ7), PLB 721 190 (2013) (WWS8)
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Big themes:

background measurement
CMS

July 2013

- W Inclusive cross sections are
= —o—*— [/ well measured, but details of
S » kinematic distributions are

= | :=21)

= 2D o key for SUSY searches.

N - >2j ! | | | |

= 23] . =0 i Wy : : =
= - >3 o 4y =
B 24j: -5 '—o—WW+wz WW . N
= —? >4j! —Q— . WZ =
- ‘f‘ . a7z ]
- 5 ' s
- Es >30 GeV | E{>15GeV ! , 5 ; : .
|- _J.n’e:.<u__.mm>>.a7..___§____w__
= : 19.3fb™ 3
= ySUSY down here somewher;9 YO A
| 36, 19 pb™ . 5.0fb" 50fb1 35 fb 196" |
— JHEP 10 132 (2011) EWK-11-009 EPJC C13 2283 (2013) (WV) SIMP-O1300;) ~

JHEP 01 010 (2012)

SMP-12-011 (W/Z 8 TeV)

SMP-12-006 (WZ), 12-005 (WW?7), 13-005(ZZ8)
JHEP 1301 063 (2013) (ZZ7), PLB 721 190 (2013) (WWS8)



CMS

Big themes: pp — tt key SUSY background

 Heaviest SM particle o(pp —>1tt)=(227x3£11£10) pb at 8 TeV

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryPlots

Jets, b-jets, leptons, missing transverse momentum (MET)

* Now have many detailed studies of kinematic

distributions.
5 CMS Preliminary, 12.1 fo™ at ys = 8 TeV Y. 11 | =LA I L B B B L B
x10° ~ CMS \s=7 TeV, 5.0 fb™
I:| 1OEIIII|IIII|Illll_llllllllllllllllllIIIII' 220:_ CMSTOP_11_020 é
> C e/u + Jets Combined ¢ Data =
8 9_ CMS —— MadGraph 200
=8 S5 MC@NLO 180F- = " ’ Electron
gg ,p TOP-12-027 .. .powrec 31  160F %% 2%z helicity angle
- : s e A .NNLOF @ = 2114
A oy ] 2 :gg; / — >W polarization
- Tt = Z ti electron+jets 4
5t top pT spectrum | ui 4go5- W kg 5
4f = 80 B W:iets & DY4jets
3 E 60 ;_ Single Top
- 40— ® Electron+jets
i 20
| 2t s A 0 o o
o 1§ 22K w}?.,ﬁu'xaw’w zamk
0 50 100 150 200 250 300 350 400 g O.BE g [1| 1 lg % % 2 1 "~ | 1’1 ,1 1 ;‘é
nttps:wikicerm chwikibinviewdSRYd S -1 -08 06 04 -02 0 02 04 06 08 ]
PhysicsResultsTOP 12027 http://arxiv.org/abs/1308.3879 cos(9*)




CMS

Big themes: tails of SM kinematic distributions

* SUSY processes usuallydonot >
o 105_ t—>tx BDT1 Loose —*— Data -

have narrow features in -
observed distributions.

1lt
- SUS-13:011 =3, ]
10*L Direct ] WHiets .
g . (I rare 3

cmanh  reeen SM +T— f; (250/50)

Entries / 30 Ge

* Search is performed in the e
extreme tails of SM processes. | ]

Narrow kinematic region of By ke :

phase space; possible rare 10

detector effects also. 0 50 100 150 200 250 300
M [GeV]

e As far as possible, use data-driven methods based on
control samples = use multiple, complementary
approaches. MC/theory plays key role in validating our
understanding of these control samples.

e Multiple methods: critical for discovery scenarios!
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The pentaguark phenomenon, 2002-2005

Slide courtesy of R. Schumacher From Particles and Nuclei International Conference, Santa Fe, 2005

Photoproduction on Deuteron Q* . LEP$-C ‘ CLA$-d1 ‘ LERS-d LEPS-d2 “ CLAS-d2

Photoproduction on Proton pK° |. SAPHIR . CLAS gif1

Photoproduction on Proton nK*K-p* ‘ CLAS-p

Exclusive K + (N) — pK, @ DANA Jeus! nBd ' BELLE

Inclusive lepton + D,A — p K.° hermies . INX BpBar

p+A— pK'+X / SvD2 ! HyperCP gvD2 .

p+tp— pK/'+S* “TOF -

Other Q" Upper Limits Pe nt#q l|] ar k BES FOCUS VASC .
observations

p+tporA)—» X +X

3o @ . HERAB @ |zEus | @ |E690

Inclusive Q** — pK* ZEUS @ STAR/RHIC
Inclusive Q% — D™~ p .| .__‘ ZEUB
) . ALEPH FPCUB
Pentaquar
_- aﬂm 5 7 9 11 1 3 5 7 9 11 1 3 5 7 9 11
10 12 P 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12

Let’s not do this! (I don’t think we will.) 1



Big themes: many (& complex) signatures
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Decays of /., ©i,. V,: more leptons!

—1000 <1000 —
: ] %
F SUSY LM6 §— =
900 penchmark 5 900 S
C S, ] £
800 % g Jgoo I
- ] Even more possibilities
700 =m0 __.and in GMSB,
- — " 31 the lightest
6000 n0 1t —600 _
T — ] neutralino can
500/ " Js00 decay into a
- . gravitino 2> MET
400 —400
| ~ ~ (0 -
- VYV 72VxX L . . .
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/% — (5! 1  violating SUSY, the
200 ‘1 . 1200 .
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100 " (LSP) J100 decay into SM
- i  particles 2no ME'I'17
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CMS Frank Golf

v, | Big themes: Interpretation(s) Tl AT

* Early LHC running: heavy use of cMSSM to connect with
results from Tevatron. (Not sufficiently general.)

 Today: Extensive use of simplified models. Reasonably well
suited to natural SUSY spectra. Big assumption: BF=100%.

e Alternatives: pMSSM and efficiency models.

~~ o~ —~0 . : .
SMS: g8, 2—>qq9X, PMSSM interpretation of Efficiency model for
SUS-13-012 (Jets+MHT)  SUS-13-012 SUS-13-013 (/:r%)
m (Z‘O irenminary, 19.5 16", s = 8 TeV _ oMSSM, CMS preliminary ONS Simulation 1§ < 8 TeV
, —>q§;~((1’ NLO+NLL exclusion 10 £ C prior SUS-13-012 2 ‘
1 rved £ 16y, .§ 1400~ === CMS HT + MHT, 8 TeV, 19.5 ™!, not excl. § 1i
EZJ === EXPECIedE 1 Ooypeen o 3 [ == CMS HT + MHT, 8 TeV, 195 0" excl. = sl
L » 1200 . i
sook EXpected limit 2 ™™ Prior :
w/experimental S Zoool- R 06
. . 11 S8 f . __Excluded :
s c-upeertainty | =o' £ 5 aof NOt = 0.4f
400: 3 . %g 6005_9XC|Uded - / 0.2
C . . 102 _ C = B
Qotlserved Ilmlt N O 400 \ 10 | PRSP INTE_ _ I N S T P S
. 2 C . a 0 20 40 60 80 100 120 140 160 180 200 220
w/theoretical | INVI [0 B aof n £ Gev)
40 . 800 1000 1200 1400 C miss
uriGerfainty s (Gov : E;™s(gen)

) ("’) O Ltk uinlass
0°® 10 10° 102 10" 0* 10° 10* 10° 10° 107 10°
https://twiki.cern.ch/twiki/bin/view/ m g 107107107 ;ignaf c,(‘,gs'secﬁon}fb]b-' 101 https://twiki.cern.ch/twiki/bin/view/
CMSPublic/PhysicsResultsSUS13012 PMSSM  CMSPublic/PhysicsResultsSUS13013 19




CMS

Outline

Big themes and challenges for
SUSY searches

Inclusive (generic) searches ‘

Naturalness-inspired searches:
g,t,b

Search for EWKinos & sleptons
Xi> Xj > !

SUSY decays with Higgs

Multi-lepton & R-parity
violating signatures

Conclusions

Drawing courtesy Sergio Cittolin

CMS PUBLIC SUSY RESULTS
https://twiki.cern.ch/twiki/bin/
view/CMSPublic/
PhysicsResultsSUS

New results in all of these areas.
Analyses use 19.5 fb-! (Vs =8 TeV&.O



Generic searches for jets + MET

1 Jet + MET 2 Jets + MET | Multi. Jets + MET
Dark matter search eg., pp—>qq|eg., pp— 22

EWK production + ISR ~ Strong production* Strong productio
'0' 1 \ - Y . 4
ISR jet or — miss PN,y \-"i' N o . Qs "t e-- i‘ll'
0"' p T S

hoton e -0
p LLLTT M. ’ ) g - i-l.l o s D -~-"" 1
~0 : A i q
X '
q

SM: Z(wv) + 1 jet SM: QCD dijets SM: many sources!
+ fake MET from  Both real & fake
mismeasurement MET.
of jets; W + jets,...

For dark matter results, see Sunil Somalwar plenary & Tai Sakuma parallel talk.
21



CMS

All-hadronic SUSY search using a;

SUS-12-028 http://arxiv.org/abs/1303.2985 \/EJZ—/EJI J. Thompson

. & F. Golf
=FE2/M.(J,J,)= J2(—cosAp,,) parallel talks

Randall and Tucker-Smith

http://arxiv.org/pdf/0806.1049

QCD /r J, SUSY 44— (q,)Xqx)) > dijets +
J, MET

J J J J
JE 1E} 1 JE: | E}
~ < ~
T ) %=
J J, AQ,,
1 :
Generalized to multijet events in CMS (form 2 pseudo-jets)
> 800 oy T Il g
CMS,L =117 fb", (s =8 TeV S - pp%qq q%qx m(g)»m(q) _I =
P T 0T = 700 Expectea Cimit =10 exp. ] o
2< nietS3 ! 9 o
i E | oNLO#NLL 10 theory 1 41| E
2=Njets=3 , o ~ [ —— G+, UedeSeT ] =
e Standard model m(ll )500—“'“ only 8 degenerate-| | | &
= = Non- multljet B CMS, 11.7 fb'1 maSS S Ual'k o, j
400?@=3Tev _________________ 9 S §1O ;2
300 3
200

100[X'=3
aT [ el ; )
httos://twiki.cern. ch/tW|k|/b|n/wew/CMSPubhc/thsmsResuItsSUS12013;)0 400 500 600 700 500 9°°(Gé3§’° 22

squark



CMS

Generic hadronic SUSY search using MHT

SUS-13-012 https://iwiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS 13012 J. Thompson parallel talk

e Signature: Jets + MHT; events with leptons are vetoed
— Jets: 23 jets with p,> 50 GeV, no b-tagging.

— Veto event if MHT vector is =aligned with any of 3 leading jets.

* Bindatain H, = 2‘%‘
— HT j=jets
— missing HT (MHT) H. :‘f{T‘ —|_ Z B
— Jet multiplicity (3—5, 6—7, 28 jets) j=Jets

* Background estimation: largely data driven.

e ttbar with W>/ v «ZDVvv + jets * QCD multijet events
‘W > [v+jets MHT ~ aligned with high pT jet.
“ettbar with W=>7 (h) v

‘W > 7 (>h) v + jets Control samples: Control sample:
Control sample: Single- y + jets, Multijets with re-balance and

lepton + jets + MHT Z(uu)tjets smear procedure

23
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CMS

Statistical interlude

 Consider the bin with Do NS PAS SUS-15-012,
able 1, p. 10
— N(observed) = 9 events Njets: 6-7
HT: 500-800 GeV
— N(background) = 0.8 + 1.7 events MHT>450 GeV

* First, let’s ignore the uncertainty on the background. What
is the probability for a Poisson with u=0.8 to fluctuate to
at least 9 events?

— Prob(n>9 | p=0.8)=1.8x10"
Have we discovered new physics?

* NO! The uncertainty is crucial!
— Prob(n>9 | n=0.8+1.7) =0.15

* This example highlights the importance of quantifying the
uncertainties on the SM backgrounds.

25



CMS

* Simplified model exclusion plots
1. Compute excluded cross section for each model in param space

Search for generic jets and MET: results

CMS PAS SUS-13-012

2. Compare to reference cross section to see if model excluded
e Assume 100%-ranching fraction for stated process!

CMS Preliminary, 19.5 b, Vs = 8 TeV

—~1200 =
% pp—99,9— qa')“(? |JLO+NLL exclusion 10 £
91000 = Observed+ 10, IS
% =22 Expectedt 16,, ¢ iment g
S : :
goolGlUINO pair \ Signal efficiency
-production increases away
i from diagonal
600
e -t s D excluded o faIIs
- R
400 = 1 g
- >
e
200 4 ©
i 2
_ 7 O
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 II 1 _J 10'3 O)
400 600 800 1000 1200 1400
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o

—
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600
pp—49,9— q%? IiILO+NLL exclusion
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500| ::: Expected + 10 oy periment
400 —_— 5L+q 6) Squark pa] r

___________
-

------
Py -

300

200~

100

iy
||||||||||||||||||||

See F Golf t

e®

| Illlllllg_)l IIIIIII|
ax

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

“’
cle e
—

Q
ro

—i
Q
[e)

300 400 500 600 700 800 900 1000 |

GeV
rnrc15'7f(s.qe u%rks' 26



CMS

* Simplified model exclusion plots
1. Compute excluded cross section for each model in param space

Search for generic jets and MET: results

CMS PAS SUS-13-012

2. Compare to reference cross section to see if model excluded

* Assume 100% branching fraction for stated process!

CMS Preliminary, 19.5 b, Vs = 8 TeV

CMS Preliminary, 19.5 fo'!, Vs = 8 TeV

—~1200 - & < 600 ')
S . ; o S 0 . a
D PP+ G5, qad%, NLO+NLLexclusion| =10 £ @ PP—q0,q— qX, NLO+NLLexclusion |F =19 &
S —Cpservedt 1o ] S S —Observed+ 16, ] S
2. 1000| --. theory 1 £ o 500 ::: Expectedt 1o 1 B
gl) ===z EXOeCted i 1 Gexperiment i 8 EZ) - - peC eax Ge)(periment | 8
S o - . 0
- 131 3 I = -~ =1 @
800 Glyiino pair production 7§ © 400}~ 6,40, (@d d5%) Squark pair =g
I Expected lifnit] c - production 1 <
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Outline

* Big themes and challenges for
SUSY searches

* Inclusive (generic) searches

* Naturalness-inspired searches:

i-V?b?g

e Search for EWKinos & sleptons
Xi> Xj > !
e SUSY decays with Higgs
CMS PUBLIC SUSY RESULTS

 Multi-lepton and R-parity https://twiki.cern.ch/twiki/bin/

: . . view/CMSPublic/
V|0Iat|ng signatures PhysicsResultsSUS

Drawing courtesy Sergio Cittolin

e Conclusions
New results in all of these areas.

Analyses use 19.5 fb' (Vs =8 TeV). og
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The focus on natural SUSY signatures

* With the discovery of the/a
Higgs boson, the problem of the
stability of m(H) against
radiative corrections has
become urgent.

[Zoe

* Many searches designed for
signatures motivated by a
“natural SUSY” solution to the

gauge hierarchy problem.

N. Arkani-Hamed,
http://indico.cern.ch/getFile.py/access?
contribld=7&sessionld=2&resld=0&materialld=slid
es&confld=157244

M. Papucci, J.T. Ruderman, and A. Weiler,
Natural SUSY Endures, ;
http://arxiv.org/abs/1110.6926 natural SUSY §  decoupled SUSY
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Search for direct stop production: pp — 'flt:l

SUS-13-011 Parallel talks: Mariarosaria D’Alfonso, Frank Golf

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS13011  http://arxiv.org/abs/1308.1586
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Search for direct stop production: pp — ¢, t:

SUS 13-011 Parallel talks: Mariarosaria D’Alfonso, Frank Golf

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS 13011 httD://arxiv.orq/abS/1 308.1586
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Search for direct stop production: pp — t,1,

SUS 13-011 Parallel talk: Mariarosaria D’Alfonso

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS13011  http://arxiv.org/abs/1308.1586
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Search for direct stop production: pp — t,1,

CMS Simulation Vs =8 TeV, (Ldt = 19.5 fb™
SUS'13'O11 Para _‘I““\““_\“"\““\““\J‘L“\““\““_ SO
https:/twiki.cern.ch/twiki/bin/viey 1 4o0f Preselection + g 4 1op 1 v.org/abs/1308.1586
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_— Search for direct stop: initial state radiation
SUS-13-011

* The effects of initial-state radiation are important for the
signal efficiency in the region where MET is small.

* Does the simulation get this right (MADGRAPH) ?
e Study in Z+jets and ttbar.

> L B B I B LB LR B > RN RN RN LR IR AR R RRREN ERRRE ERRR 3
8 1O7E ee/un Combined - data 8 - eu Events - data 3
o " E : [1Z+jets S Ll : Ot |
" Z*jets Si S0 ttbar(*F) + jets s °
o E - _ 3
e F : O = Hiv .
D 10° pT(JetS) Eléire AT

10%

10° &

IIIIIIIIIIIIIIIIIIII
0 100 200 300 400 500 600 700 80(

pT(jet system) [GeV]

IIIIIIIIIIIIIII IIII|-|||||||||||E
0 50 100 150 200 250 300 350 400 450 50(
pT(jet system) [GeV] 34
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'SUS-13-011

* The effects of initial-state radiation are important for the

Search for direct stop: initial state radiation

signal efficiency in the region where MET is small.
* Does the simulation get this right (MADGRAPH) ?
e Study in Z+jets and ttbar.
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Q ];‘21‘ Z‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S5
Y ke £ - S ~
O 06_ 4444444 .
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SUS-13-004

m(y,

S
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Search for pp — 1,1, : results

t-t production
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CMS

Search for direct stop: dependence on BF

\'s =8 TeV, [Ldt = 19.5 fb"
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Search for b-jets, same-sign dileptons, MET

SUS_1 3_01 3 https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS 13013
Parallel talk: Marco-Andrea Buchmann
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SUS-13-013

~
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Same-sign dileptons: search for pp
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M

Examples for pp— g8, g§—bbj .8 —tt .

b-Jets + MET b-Jets + 1 lepton + b-Jets + 2 same-sign
(all hadronic search) leptons + MET

Require 23 b jets, nob Require 1 lepton, Ia?ge Classic SUSY signaturre.
isol leptons, large MET. MET, large N(jets), b Key issue is “fake”
jets. leptons.
Off-shell ~t, but also have on-shell interpretation.

* For many SUSY searches, ttbar is the dominant background.
* Lots of real MET from W decays
* b-tagging suppresses Z + jets, W + jets.

40
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SUSY search for b-jets, 1 lepton, and MET

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS 13007

CMS PAS SUS-13-007

Parallel talk: Marco-Andrea Buchmann
Lepton spectrum method: for leptons produced in W decay,

the lepton spectrum can be used to measure the v spectrum.
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Makes use of W helicity fractions in t>bW

PHYSICAL REVIEW D 81, 111503(R) (2010)
Helicity fractions of W bosons from top quark decays at next-to-next-to-leading order in QCD

Andrzej Czarnecki™
Department of Physics, University of Alberta, Edmonton, Alberta T6G 2G7, Canada
and CERN Theory Division, CH-1211 Geneva 23, Switzerland

Jiirgen G. Korner”
Institut fiir Physik, Universitdt Mainz, 55099 Mainz, Germany

Jan H. Piclum*

Department of Physics, University of Alberta, Edmonton, Alberta T6G 2G7, Canada
(Received 13 May 2010; published 18 June 2010)

Decay rates of unpolarized top quarks into longitudinally and transversally polarized W bosons are
calculated to second order in the strong coupling constant «. Including the finite bottom quark mass and
electroweak effects, the standard model predictions for the W-boson helicity fractions are F; = 0.687(5),
F+ =0.0017(1), and F_ = 0.311(5).

...and W helicity fractions in W+jets

PHYSICAL REVIEW D 84, 034008 (2011)
Left-handed W bosons at the LHC

Z. Bemn,' G. Diana,” L.J. Dixon,>* F. Febres Cordero,” D. Forde,*® T. Gleisberg,*
S. Hoche,* H. Ita,' D. A. Kosower,” D. Maitre,>” and K. Ozeren'

The production of W bosons in association with jets is an important background to new physics at the
LHC. Events in which the W carries large transverse momentum and decays leptonically lead to large
missing energy and are of particular importance. We show that the left-handed nature of the W coupling,
combined with valence quark domination at a pp machine, leads to a large left-handed polarization for
both W™ and W~ bosons at large transverse momenta. The polarization fractions are very stable with
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SUSY search for b-jets, 1 lepton, and MET

- https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS 13007
CMS PAS SUS-13-007 Parallel talk: Marco-Andrea Buchmann

Ag(lepton, W) method: strong suppression of 1-lepton
background (similar to MT). Also use ST = pT(lep) + MET.
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Optimized for gluino pair production: N(J)=6 and N(b)=2. 42
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SUS-12-024 http://arxiv.org/abs/1305.2390
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS 12024

CMS Expenment at LHC, CERN HT = 1009 GeV

Data recorded: Wed Jun 13 21:51:54 2012 PDT
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Search for b-jets and MET with razor variables

SUS-13-004 nhttps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS 13004

* “Razor” kinematic variables  c rogan, axiv1006.2727
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Searches for gluino pair production (- b-jets)

4b + MET final state: 4t + MET final state:
hadronic searches most sensitive. single lepton search most sensitive.
m d-g production, g— tt%.
1 g g productlon g—bb¥x x g9 pro uction, g— tty,
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No exclusion for M(LSP) = 750 GeV. No exclusion for M(LSP) = 600 GeV.
Strongest limit: m(~g) 2 1375 GeV. Strongest limit: m(~g) 2 1320 GeV. 45
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Outline

Big themes and challenges for
SUSY searches

Inclusive (generic) searches
Naturalness-inspired searches:

Zabag

Search for EWKinos & sleptons
Xi> Xj» L

SUSY decays with Higgs

Multi-lepton and R-parity
violating signatures

Conclusions

Drawing courtesy Sergio Cittolin

CMS PUBLIC SUSY RESULTS
https://twiki.cern.ch/twiki/bin/
view/CMSPublic/
PhysicsResultsSUS

New results in all of these areas.
Analyses use 19.5 fb-! (Vs =8 TeV), .



Z Electroweak production: X )(J,and 0*

SUS-13-006 https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS 13006
Parallel talk: Ben Hooberman

XX = 3€+V+256f’ XX > WZA27, ;’z‘)x;’ %ZZ+2(~}
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@ Results: Electroweak production of Xi - X;

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS 13006

SUS-13-006 Parallel talk: Ben Hooberman
GMSB Z-enriched Chargino-Neutralino
higgsino scenario production/decay
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@ EWK production of ¥*,%": Higgs final states

SUS-13-017 https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS 13017
e Parallel talk: Ben Hooberman

Natural SUSY models suggest higgsinos are light.
Search for WH +MET in three channels (1 lepton, SS dilepton, multilepton)
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Z EWK production of 7*,%": Higgs final states

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS13017
SUS-13-017 Parallel talk: Ben Hooberman

1-lepton channel Same-sign dileptons Multilepton channels

W(/ nu) + H(bb) + MET W(I n) + H(WW) + MET | W(l nu) + H{(WW, ZZ, t7)+MET
1 lepton, exactly 2 jets, 2 same-sign leptons, 2-3 Mainly: 3 leptons, low HT, and
both b jets, kinematic jets, no b-jets, kin. cuts, no b-tagged jets.

cuts, MET, SIGNAL: m(bb) SIGNAL m(l, J1, J2) <120

.. - — -1

1 lep, MET > 150 GeV . CMS Preliminary (s=8TeV, [Lat =105
............................................ 1 T J ‘111 111 1 1 11 1t 1. 1 Tt [ 1 1 T T H
% 12 oS Preli —e— Data 7] ;9 = E
(D rel |m|nary - 2l top : N - . —
o \E.=8Tev,_[Ldt=19.5 " i top 4 © B Comblne a” %f %Z - (Wi?)(HjZ?), combined ]
X 10 Er"™>150 Gev B vz hob N 10t three search observed 95% CLs Limits |
[2] I w+bb 4 SN @ 2 elinitl expected 95% CLs Limits 3
o B w-+iight jets ] " channels. I expectedtic 3
Lﬁ S I g N a| - Rare i Theoretical 6, 5 .
. 7777 Total Uncentalnty 7 - - - - Theoretical uncertaint ]
bin C 77— WEHE) (200/1) 10° y ]
o ~ (%, — W) (250/1) | =
i [ )%~ W (HY)) (30011) ]

102 3

- Limit is very close to the theoretical :
- cross section. Exclusion below 204 GeV. |
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@ Search for 7 and %' in H>yy final states

SUS-1 3-014 https://twiki.cern.ch/twiki/bin_/view/CMSPuinc/thsicsResuItsSUS13014
Parallel talk: David Morse

* Up until now, CMS searches for GMSB photon signatures
have been searches for inclusive Jets + MET + 1-2 photons.
* Now look for naturalness motivated signature in GMSB

- {v[ Sllmullatlo? Prelhml llllllll '-IL d : b {s=8TeV -
> - 0

(D) — —
/ b c 350~ Strong +EWK producti I =
te L LUET do T
X oo G 2™ 4
“H->vyy g Z
{C(l) . H Y 28 250 _ :
A XL G = a3
N R ] m 2
Z' ........ TJET : §
R JET  ©

b T30 400  s00 107

Stop Mass (GeV)

* oxB(H—=2>yy) can lead to significant number produced events!
« QCD background: yy + bb & 1y + bb + jet faking y. -



" Searchfor 7 and ¥’ in H>yy final states

SUS-13-014 https://twiki.cern.ch/twiki/bin_/view/CMSPuinc/thsicsResuItsSUS13014
Parallel talk: David Morse

« Selection: 2 photons (isolated, ET>40, 25 GeV), 22 b-jets
(pT>30 GeV).

 Use H->yy mass sidebands to predict background MET distrib.

* Normalize to number of events obtained from fit to M(yy).

« 3 samples: 2 b-jets with M(bb)~M(H); =3 b-jets; other.

CMS Preliminary is=8TeV, |L dt=19fb" CMS Preliminary Ldi=19fb" (3=8TeV
:g : .Hgg M ‘R‘g LN L L L B ) L L % 350_| (;(}F:Xplectéd)
ES 30 - DB[(E SDg al: I\]z& kg350 %/Inggsino 135 _ (D 0 (EXpeCted t 1o eXp_) -8
o, o MC Signal: My =400, M, =300 - - =0 (Observed) 1.6
é - -+ MC Signal: Mg, =300, My 00290 2 -0 (Observed + 16 theory )
5 25; / Data in nggs = 300 14
C ©)
ok mass wmdow £ 1.2
88 250
T 0.8

05630 60 80 100 120 140 200 300 400 500
ET™ (GeV) Stop Mass (GeV)
MC signals peak at high MET
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CMS

Big themes and challenges for
SUSY searches

Inclusive (generic) searches
Naturalness-inspired searches:

ta ba g
Search for EWKinos & sleptons
Xi> Xj > /L

SUSY decays with Higgs

Multi-leptons and R-parity
violating signatures

Conclusions

Outline

Drawing courtesy Sergio Cittolin

CMS PUBLIC SUSY RESULTS
https://twiki.cern.ch/twiki/bin/
view/CMSPublic/
PhysicsResultsSUS

New results in all of these areas.
Analyses use 19.5 fb-! (Vs =8 TeV).53



% Multi-lepton and R-parity violating processes

SUS-13-002, 13-008 Andrea Gozzelino (multilepton)
SUS-13-003, 13-010, 13-013, EXO-12-049 Matthew Walker (R-parity violating)

CMS Experiment at LHC, CERN | | _
Data recorded: Mon Dec 3 07:19:18 2012 CEST \MET =34 GeV
Run/Event: 208429 / 387533924

b-tagged jet
P = 78 GeV

b-tagged jet
pT: 47 GeV

b-tagged jet
p;=152 GeV




% Multi-lepton and R-parity violating processes

SUS-13-002, 13-008 Andrea Gozzelino (multilepton)
SUS-13-003, 13-010, 13-013, EXO-12-049 Matthew Walker (R-parity violating)

CMS Experiment at LHC, CERN _
Data recorded: Mon Dec 3 07:19:18 2012 CEST \MET =94 GeV
Run/Event: 208429 / 387533924

b-tagged jet

=78 GeV
b-tagged jet Pr
a /! o

S

Common theme: powerful signatures that strongly suppress ttbar
and other SM backgrounds. Typically have loose/no MET cuts!

- Access to compressed spectra and R-PV SUSY. 55




Multilepton searches with R-PV interpretations

Matthew Walker (R-parity violating)
Same-sign >3 leptons + b- 4 leptons

dileptons + b-tags tags

(SUS-13-013) (SUS-13-003) (SUS-13-010)

~ gluino RPV decay t direct stop with neutrallno RPV decay
RPV decay W

1
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CMS

SUS-13-002

Search for anomalous lepton

production
23 |leptons (e, u, 7)
e Binning in

N(lep), N(z), N(b-jet)=0, 21,
MET, HT, OSSF pairs,

on Z/off Z

GMSB natural higgsino NLSP scenario

CMS Preliminary

Vs=8TeV, [Ldt=1951b"

- Natural Higgsino NLSP (GMSB)

7001 Br(z° s &) = 1, Strong and Weak Production

- — observed 95% CLs Limits

E?Pg 600 —— Theory uncertainty (NLO+NLL)
| ==---. expected 95% CLs Limits

eeeeeeeeeeee

500 600

400
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il R I I
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L L 17
700 800
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SUS-13-008

Multilepton searches: general

Andrea Gozzelino talk

Search for events with
>3 |eptons, 22 jet, 21 b-jet.

* 3(e, )
* Binning in

* N(lep), N(jets), N(b-jets),

MET, HT,

on Z/off Z

Sbottom pair production b1 — f)?f

CMS Preliminary, 19.5 fb™, {s = 8 TeV

—~ 350 —200
> pp—b 5", B> W3] NLO*NLL exclusion| | €
g 300 EObservedimtheory .5
% =22 Expected+ 16, qiment mi?/m:/;‘. =0.5| —160 ‘8
E 2]
250(- — 140 @

] o

—120 ©

2001 — c
T | —100 2

: £

150 : — —fso0 =

: : | 8

O —60 o

100~ — 5

1 40

o

S0 =20 2

i 7o)

L_O S

|
300 350 400 450

R NN
500 550 600 650
msbottom (GeV)

57



CMS

Conclusions

Over the first 3 years of LHC running, we have developed
a broad SUSY program, with an extensive set of searches.

There is no evidence for a signal in any search.

The overall behavior of SM backgrounds in the data
sample appears to be well understood.

Searches for gluinos and squarks are highly developed.

There is significant progress in developing searches for
EWKinos.

Compressed spectra represent a challenge.
Interpretation is complex; much ongoing work.

We expect very substantial gains in the discovery reach

for the upcoming run. ”



Backup slides



from Frank Golf talk

Snowmass Projections

® Scale signal and background by cross section ratios (T14Tev/OgTev) and luminosity (300/20 ~ 15).

® Estimate 50 discovery reach for two scenarios:

® Scenario A (conservative): Scale background uncertainty by ratio of o x L.

® Scenario B (optimistic): Reduced background uncertainty relative to conservative scenario.

¢ Caveat emptor:Projections assume constant performance. We have not attempted any optimization
nor accounted for potential degradation due to effects such as increased pile-up.

Process Decay Search Current (TeV) |Scenario A (TeV)] |Scenario B (TeV)|
~ ~0U —
0P 53 g—)tfxl (+b+Er 1.1 TeV 1.9 TeV

G — bby? b+ Er 1.1 TeV 1.9 TeV -
pp— b botxy 5 tWRY  EE 4 b+ Bp 0.45 0.6 0.75
pp — tt* f—tx? (+b+Er 0.25-0.5 0.75 0.95
. WZx3%3 3¢ 0.25 0.45 0.6

PP = X3 e +Er

WH? (+b+Erp 0.2 0.4 >0.5

27 August 2013

SUSY 2013 21




from Frank Golf talk

Stop Projection R

Nuig 50 discovery curves

Significance = —————
g , / Nikgd + ggkg " CMS Preliminary

0T ! T T T T T T T T°T ! L . ! LI | LI | LI [ LI | L™
% 600 [ pp—it Tty 8 TeV, 20 fis" _-
1) C 1deptonchanmel @ | w=eeee 14 TeV, 300 b (scenario A) -
gx— - | Based on SUS-13-011 = === 14 TeV, 300 ft' (scenario B) -
| Estimated 5o di h J
Bkgd scaling: Roxa= (o 1 Jrai TV - S ]
g- kgd — 20 fb_l 0'&(8 TeV) - ,/6: v ,/&‘\ L, - - ~ .
KGR 400 |- Rl E
965 fb g ST T 1
300 | P —
=15x ~39) = 60 - \ :
249 fb C AT : ]
200 R -
C ‘; ‘;:}‘ ;./"' N
100 o™ sl _
N\ BT 70 ]
Signal scaling: Reio = (300 o ) o U2 ’T’K—l\u\ TP TN 8 :
. 819 — -1 o 0 ral P A L1 [N 11 11
20 fb o (8 TeV) 200 300 400 500 600 700 900 1000
m; [GeV]
~4-20 for M
=15x toP) = 60'300 Red b k d
of 0.2-1 TeV educe backgroun

uncertainty by Vv Rbkgd
relative to Scenario A.
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"~ Electroweak production: ¥;, %7, !

SUS-13-006 https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS13006

WZ+MET: search
complementarity

CMS

Slepton exclusion region
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