LHC searches for BSM physics

In events with multiple leptons

Olya Igonkina
(NIKHEF)
on behalf of ATLAS and CMS collaborations

O Model independent searches

® 3 or more leptons
O Model testing :

8 TeV results !

@ excited leptons
@® LRSM, Wg, heavy neutrinos
®Heavy fermion triplet

—
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Leptons beyond SM

Vector leptons

Excited leptons, £*
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Similar decay tables
L\, C7Z,\""#S$ Z, £"H#
but different Br values




first - general search, model independent

Looking for events with

multiple leptons

OCMS (8TeV): CMS-PAS-SUS-13-002
OATLAS (8TeV): ATLAS-CONF-2013-070
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CMS multiple leptons SR

A: 3 or 4 leptons (e,l,Thad)
B: 0or1 tha
C: number of Opposite-Sign - Same Flavor pairs
D: on/off-Z: m(£+¢°)<75/[75,105] /> 105 GeV
E: Large or small hadronic Ht (sum of jets pt, >30GeV)
F: 0 or 21 b-jets
G: Missing ET < 50/[50,100] / > 100 GeV

64 signal regions (AXBxCxDxExFxG)

with different number of expected events

populated with different backgrounds
Leading lepton: pr>20GeV
Other leptons : pr>10GeV
PT(Thad)>20GeV
All prompt and isolated

CMS-PAS-SUS-13-002

—
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CMS Backgrounds

_ Background composition varies
. IrrEdUC|b|e baCkgrOU nd: WZ/ZZ, tt+V Strong|y between Signa| regions

@ estimated from MC , validated on data
©Reducible background with fake lepton (W/Z/WW+jets, ft, etc)

@ estimated from data

CMS Preliminary Vs=8TeV,ILdt =195 CMS Preliminary ls=8TeV,ILdt =195fb™
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Figure 1: Distributions for EfT‘“iSS In the WZ and opposite sign ep dilepton t#control regions.
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CMS results

4 leptons
3 Ieptons Selection EFS [ N(W=0, Nojers=0 | N(W=L Ny jets=0 [ N('w)=0, Npjers =1 [ N(')=L, Ny jors =1
4 Lepton Results obs exp obs exp obs exp obs exp
Selection Emss N(m)=0, No_jous=0 N(m)=1, Np_jous=0 OSSFO Hr > 200 NA  (100,00) | 0  0.01 £005 [0 00T£006 [0 002%004 [ 0 0IT£ 008
3 Lepton Result oy op | o op oSO o200 NA 080 | 0 tetsanm| o oweor | o 0olB | 0 ooee 002
OSSFO Hy <200 NA — (100,e0) | 7 11+45 101 U154 OSSF1 Hy > 200 oft-Z (io/o oi) 0 0005£002 | 1 0255011 | 0 0135008 | 0 012% 012
OSSFO Hr <200 NA — (30,100) | 35 38£15 | 406 402 & 152 OSSF1 Hr > 200 on-Z (100,0) | 1 01006 | 0 05%027 | 0 042£022 | 0  042% 019
OSSFO Hr <200 NA (0,50) 53 S1+11 910 1035 £ 255 OSSF1 Hy > 200 off-Z (50,100) | 0  007+006 | 1 029+013 | 0 004+004 | 0  023% 013
OSSF1 Hr <200 above-Z  (100,00) | 18 13 435 25 38+ 18 OSSF1 Hr > 200 on-Z (50,100) | 0 023+ 011 | 1 07031 | 0 023+013 | 1 034 0.16
OSSF1 Hr <200 below-2  (100,00) | 21 249 41 2025 OSSF1 Hr > 200 off-Z  (050) | O  002+003 | 0 027+012 | 0 003004 | 0 031%0.15
OSSF1 Hr <200 on-Z = (100,01 | 150 152+ 26 39 48 +13 OSSF1 Hr > 200 on-Z (050) | 0  02+008 | 0 13+047 | 0 006004 | 1  049% 0.19
OSSF1 Hr <200 above-Z ~ (50,100) | 50 46 +9.7 169 139 & 48 OSSF2 Hr > 200  off-Z (100,0) | 0  0.01%0.02 | - - 0  001%006 | - -
OSSF1 Hr <200  below-Z  (50,100) 142 125 £ 27 353 355 4+ 92 OSSF2 Hy > 200 on-Z  (100,00) 1 015+ 0.16 _ _ 0 034 + 0.18 _ _
OSSF1 Hr <200  on-Z (50,100) | *773 777 £116 | 1276 1154 + 306 OSSF2 Hr > 200  off-Z  (50,100) | 0  0.03  0.02 - . 0 0.3+ 0.09 . .
OSSF1 Hr <200 above-Z 0,50) 178 196 + 35 1676 1882 + 540 OSSF2 Hr > 200 on-Z  (50,100) 0 08+ 04 - - 0 0.36 + 0.19 - -
OSSF1 Hr <200  below-Z  (0,50) 510 547 + 87 9939 8980 + 2660 OSSF2 Hy > 200 off-Z  (0,50) 1 027+013 | - - 0 008+ 005 | - .
OSSF1 Hr <200  on-Z (0,50) | *3869 41054 666 | *50188 50162 + 14984 OSSF2 Hr > 200 on-Z (0,50 5 74+ 35 ; - 2 08+ 04 . .
Selection BT T N()=0, N jers=0 | N(@)=1, Np jets=0 | N(w)=0, Ny jers=1 | N(@)=1, Np jes>1
S i 4 Lepton Results obs exp obs exp obs exp obs exp
L i;rcltll{"er;ults T Nl(fh)‘o' No—jers 21 I\L(Th)zlf No—jets 21 OSSFO Hy <200 NA _ (100,0) | 0  011£008 | 0 017101 | 0 003L004 | 0 0041004
P 005 Xp o0s p OSSFO Hr <200 NA (50,100 | 0 001+003 | 2 074033 | 0 0.07902 0  028+0.16
OSSFO Hr < 200 NA (100,00) 13 10£53 87 119 + 61 OSSF0 Hr <200 NA (0,50) 0 0014002 | 1 0.7 +0.3 0 0001+002 | 0 0.13 4+ 0.08
OSSF0 Hr < 200 NA (50,100) | 29 26 +£13 269 298 £151 OSSF1 Hr <200 off-Z  (100,c0) 0 0.06 004 | 3 0.6 +0.24 0 0.02 & 0.04 0 032402
OSSF0 Hr < 200 NA (0,50) 29 23 +10 237 240 +113 OSSF1 Hr <200 on-Z  (100,00) 1 0.540.18 2 25405 1 0.38 £0.2 0 0.21 £0.1
OSSF1 Hr <200  above-Z  (100,00) | 10 6.5+29 24 35+ 18 OSSF1 Hy <200 off-Z (50,100) | 0 0184006 | 4 21405 0  0.16 +0.08 1 0.45 + 0.24
OSSF1 Hy <200 below-Z  (100,00) | 14 20 + 10 42 54 + 28 OSSF1 Hr <200 on-Z  (50,100) | 2 12+034 | 9 96416 2 042+023 | 0 0.5+ 0.16
OSSF1 Hy <200  on-Z (100,001 | 15 14 + 48 19 234+ 11 OSSF1 Hr <200 off-Z  (0,50) 2 046+018 |(15 75+2 0 009+006 | 0 0.7 +0.31
OSSF1 Hy <200 above-Z  (50,100) | 20 18 +8 85 93 + 47 OSSF1 Hr <200 on-Z  (0,50) 4 3+0.8 i 40 £ 10 1 031+015 | 2 1.5+ 047
OSSF1 Hr <200 below-Z  (50,100) | 48 48 +23 140 133 +68 OSSF2 Hr <200 off-Z (100,00) | 0  0.04+003 | - - 0 005+004 | - -
OSSF1 Hy <200  on-Z (50,100) | 56 47 +13 81 75 + 32 OSSF2 Hr <200 on-Z (1000) | 0  0.34+0.15 | - - 0 046+025 | - -
OSSF1 Hy < 200 above-Z  (0,50) 17 18+67 | 115 94 + 42 OSSF2 Hr <200 off-Z (50,100) | 2  0.18+0.13 | - - 0 002+003 | - -
OSSF1 Hy <200 below-Z  (0,50) 34 42 +11 226 228+ 63 OSSF2 Hr <200 on-Z  (50,100) | 4 39+25 - - 0 0.5 +0.21 - -
OSSF1 Hr <200  on-Z (0,50) | *148 156424 | 906 925+ 263 OSSF2 Hy <200 off-Z  (0,50) 7 8.9 +24 - - 1 023+009 | - -
OSSF2 Hr <200 on-Z  (0,50) | *156 159 + 34 - - 4 29408 - -
Selection ErTmss N(Th)=0, Nbfjets=0 N(Th)=1, Nbfjets=0 N(Th)=0, Nbfjetszl N(Th)=1, Nbfjetszl
3 Lepton Results obs exp obs exp obs exp obs exp
OSSF0 Hy > 200 NA (100,00) | 5 37116 | 35 33+ 14 1 55122 a7 61 + 30 . .
OSSFO Hy > 200 NA (50,100) | 3 35+14 | 34 36 + 16 8 7.7 +£2.7 82 91 + 46 Data ag rees Wlth eXpeCtatlon .
OSSF0 Hr > 200 NA (0,50) 4 21+08 | 25 25497 1 36+15 52 59 + 29 i . o
OSSF1 Hr >200 aboveZ (100,00) | 5  36+12 |(2 1048 ) 3 47+16 | 19 22+ 11 One sign ificant deviation. but
OSSF1 Hr > 200 below-Z  (100,00) | 7 97+33 | T8 AT 64 8 9.1+34 21 23 +11 ) ) ! )
OSSF1 Hr >200  on-Z  (100,00) | 39 61 + 23 17 15+49 9 14444 10 12458
OSSF1 Hr >200 above-Z  (50,100) | 4 5+ 1.6 14 11452 6 6.8+24 32 30 + 15 consistent Wlth eXPeCtatlonS. g Iven
OSSF1 Hy >200 below-Z  (50,100) | 10 114+38 | 24 19 + 6.4 10 99437 | 25 32+16
OSSF1 Hy >200  on-Z  (50,100) | 78 80 + 32 70 50 + 11 22 22463 36 24+938 Iarge number Of Slgnal ReglOnS
OSSF1 Hr >200 above-Z  (0,50) 3 7342 41 33+87 4 53+15 15 23 +11
OSSF1 Hy >200 below-Z  (050) | 26  25+68 | 110  86+23 5 10425 24 26 + 11
OSSF1 Hr >200  on-Z (050) | *135 127+41 | 542 543+159 | 31 32+65 86 75 4+ 19
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¥ On-Z 3elu
¥ On-Z2elp+!

¥ Off-Z 3elu
y Off-Z 2elu+!, |

\
N

94 signal regions in total

4 signal regions X

with on-Z : [mgee- m_| < 20 GeV :1
and off-Z : |[m¢e- m,| > 20 GeV |

m

eff:
Min. p_(¢): p, of 3" lepton
b-tags: number of b-jets

H_Jets: Sum of all jet p,

H_leptons; Sum of 3 lepton p,

E_miss: Missing transverse energy

leptons jets miss
H_leptons + H_jets + E_

—

jets
HT

[GEV] -

150

0 100 200 300
ETmiss [GEV]

>

Variable Signal Region Definition Additional Requirements
HP™  Inclusive 2200 GeV =500 GeV > 800 GeV

Min. pf} Inclusive >50GeV  >100GeV > 150 GeV

EITniss Inclusive >100GeV ~ >200GeV > 300 GeV nge ¥ <150 GeV

EMss  Inclusive >100GeV >200GeV  >300GeV Hr® > 150 GeV

Ml Inclusive >600 GeV >1000 GeV >1500 GeV

Ml Inclusive >600 GeV  >1200 GeV EXSS > 100 GeV

Ml Inclusive >600 GeV  >1200 GeV m?’ > 100 GeV, on-Z
b-tags Inclusive > 1 > 2

Fewer lepton categories, but more
kinematic variables than in CMS paper

Nl.jer

Olya Igonkina

ATLAS-CONF-2013-070

Table 1: Kinematic signal regions defined in the analysis.

DIS2014

Leading lepton: pr>26GeV
Other leptons : pr>15GeV
PT(Thad)>20GeV

All prompt and isolated 9
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ATLAS Backgrounds

@ lIrreducible background: WZ/ZZ (tt+W/Z,Z') - major in 3 e/u regions
- estimated from MC

@ Reducible background with fake lepton (W/Z+jets, ft, etc)- major in 2
e/U+ T -estimated from data

NIEer

=3 e/l

® F 13elu ATLAS Preliminary  —e— 2012 Data - 105k 2elu+"1! ATLAS Preliminary  —e—2012Data -3
g 10° - off-Z (s= 8 TeV B VV(V) = g = off-Z (s= 8 TeV [ Reducible 3
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Olya Igonkina ATLAS-CONF-2013-070 DIS2014
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NP r=-ip

ATLAS multiple leptons results

ATLAS Preliminary Vs= 8 TeV fLdt=20.3 fo —e— Data 2012
B e B e G A VA S OSSR G AU U P S S
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H"°"™ [GeV]  Min. p'fp [GeV]  Db-tags m,, [GeV] m,, [GeV] m, [GeV] E™ [GeV] ET™° [GeV]
Inclusive EM°>100 GeV  mY¥>100 GeV H™®>150 GeV H"°<150 GeV

Figure 17: Deviations of observed yields from expected yields, in units of the total uncertainty on th
expected yield, for all signal regions under st able
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Number of events expected/observed

95%CL Upper Limit on
number of BSM events
(Nos/ 1 fb)

HP" 1 [GeV] | tE+V(V) | VV(V) | Reducible | Total | Observed
| 3e/u, 0! -Z
200 [ 550217 64 £1 =15 13.6 1.9 +2.3 83 £2 =16 66
500 | 0.29 +0.04 £0.09 | 29x0.2x14 | 0.29+0.23+0.69 | 3.5+0.3%1.5 3
800 | 0.02+0.01 £0.01 | 0.50.1 +0.2 0306 0.5 £0.1 +0.7 0
2e/u+! 1t,0! -Z
200 [ 1.01£0.07 +0.31 | 6.0 +0.2 1.3 121 +3 +31 128 +3 +31 123
500 | 0.02+0.01 +0.01 | 0.14 +0.02 +0.03 | 1.7 +0.4 0.8 1.9 £0.4 +0.8 0
800 | 0.00 £0.00 +0.00 | 0.01 £0.00 +0.00 | 0.02 +0.03 +0.71 | 0.03 +0.03 +0.71 0
I 3e/u, on-Z
200 | 12.1+0.2+3.6 389 +4 +98 28 +4 6 429 +6 +99 414
500 | 0.46 +0.05 +0.14 11.0 £0.6 £5.3 22 +1.3 +0.7 13.7 £1.5 £5.3 13
800 | 0.03 +0.01 +0.01 | 0.9 +0.2+0.4 0.3 £0.2 +0.7 1.2 +0.3 +0.8 3
2e/fu+! 1t,0n-Z
200 | 0.67 £0.06 +0.21 [ 20.2 0.9 +5.6 256 +4 +66 276 +4 +66 215
500 | 0.02+0.01 £0.01 | 0.50.1 +0.2 1.8 0.3 £0.9 2.3 £0.3 0.9
800 | 0.00 +0.00 £0.00 | 0.14 +0.07 £0.04 | 0.1 0.1 +0.7 0.2 0.1 +0.7 0

Tables are available for all kinematic regions

NIEer

Olya Igonkina

ATLAS-CONF-2013-070

DIS2014

H? PO GeV] Observed Expected 17 _,, *20 _,.
> 3(e, ), off-Z
Inclusive 54 4.7 17 1.3 38 2.1
> 200 1.2 1.6 0600  Mom
> 500 0.37 0.41 018 513 3% 14
> 800 0.21 0.22 0068 0 026050
2(e, )+ = 1(1), off-Z
Inclusive 24 25 7964 7
> 200 2.8 2.9 09 004 221,
> 500 0.2 025 "B g0pn 93500
> 800 0.23 025 %Moo 9325005
> 3(e, ), on-Z
Inclusive 54 50 1713 LD
> 200 8.8 9.1 295, 6254
> 500 0.9 0.89 031 007 057 a4
> 800 0.43 0.34 016 106 %010
2(e,p)+ = 1(1), on-Z

Inclusive 280 320 7 19 210139
> 200 3.9 4.9 16, 39,
> 500 0.5 0.37 016 1003 221012
> 800 0.22 0.23 0056 029 021 005

12
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>r-p

2  ATLAS multiple leptons: ULon o

Upper limits on available phase space

: : . . . : g ATLAS Preliminary Vs=8 TeV e Observed .
are also given, the fiducial efficiencies 2z 2E Y e ]
are provided as function of pr and ! = 10 #dt =20.3 b’ MExp £l

B Exp + 2"
on all leptons 1oL —— ]
g E———
3 —— 3
10-1;— 13 e/u:on-Z 2elu+! 1$had :on-Z =
| Vis 20 [
ypd_ _ Nos o5 = 1ok
95 ' o : e
. - ; —_—
$f|d Ldt $f|d L — ]
‘ | b0 13 ey : off-Z 2e/p+! 1§ :off-Z 3
Inclusive 1200 1500 1800 Inclusive 1200 1500 1800
HP™ [GeV) HP™ [GeV]

Tables, plots are available for all kinematic regions

All tables are made available as
HEPDATA and as RIVET routine (7TeV)

NBE@EF  Olya Igonkina ATLAS-CONF-2013-070 DIS2014 13
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CMS SUSY exclusions

CMS Preliminary V's=8TeV,"Ldt =19.5fb™
SmuonR ,>-\ —E|-|||||||||||||||||||||||||||||||||||||||||||||E
Selectron, 8 450F E
Lepton | = 400F E
Stau - - =
| £ 3501 3
Tau 300F =
Y Goldstino 250F Stau-(N)NLSP (GMSB) =
- observed 95% CLs Limits
200= —— Theory uncertainty (NLO)3
- YL mmmaas expected 95% CLs Limits J
150:_ . gﬁggg:gg +%##expenmental —_
e (NINESP 100- oxpocd s
50F- m E
_|||||||||||||| |||||||||||||||||||||1_—
50 100 150 200 250 300 350 400 450
[t -~ = M-
% Tt Me = mu (GeV)
P ilzii_ "-.(T_
TN . o
, " ¢ Also available for scenario with
I =+ .G _ _
P, R Fel natural Higgsino NLSP (GMSB),
R
AN slepton co-NLSP (GMSB):
I~ T1tttt (SMS) and T6HtWW (SMS)

NBE@EF  Olya Igonkina DIS2014 CMS-PAS-SUS-13-002 14
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CMS t—ch exclusion

jpn,

2+ 1R 2 < 0.2

Higgs Decay Mode obs exp 1! range
h! WW (BR=23.1%)| 1.58% | 1.57% | (1.02D2.22) %
ht ™ (BR=6.15%)| 7.01% | 4.99% | (3.53D7.74) %
13 _ 10-15 ’
SMBR <10 10 h! ZZ (BR=2.89%)| 5.31% | 4.11% | (2.85D6.45) %
combined 1.28% | 1.17% | (0.85D1.73) %

Table 7: Comparison of the observed and median expected 95% C.L. limits on BR(t ! ch) from
individual Higgs decay modes along with the 1 ! uncertainty ranges.

NBEEF  Oa igonkina D152014 CMS-PAS-SUS-13-002 .
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: ATLAS exclusions

O 0Only model independent limits are given in 8 TeV CONF note

O 7 TeV paper contained doubly charged Higgs exclusion limits

ORIVET code for 7 TeV analysis is available - very easy to apply to Monte Carlo
generation of any model

+, o +_ +
T5ts BT
~ ._..{"T"TTl"YTTYIY"T]T"?'-’TT?'TTTf[T"T[Y"T_: ~ S| -"YYY"YT1TIT"YIY"Y'TTlf'TTTYIT"T[T"T‘
é - ATLAS Observed 95% CL upper limit - é 103 : ATLAS —— Observed 95% CL upper imit _
T o100 e Expected 95% CL upper limit :; o E s=7TeV = Expected 95% CL upper limit  —
¢|=. E - Expemed Limit+ o E = : - EXDBC‘O‘G Limit + 1o :
‘T Exmawﬂumﬂ “2a . ;T 3 ILdt =46’ Expected Limit + 20 1
'._J: 107 = olpp—» H"H_ ) BR(H ™ p'u)=1 N ':]I: . L
E ; ------- olpp— H':H; ).BR(H‘;'—’p’u’)ﬂ ::: E 102 : olpp— H H )‘BR(HL —pEE)=1 E
d)% T e p'p’ search (arXiv.1210.5070(hep-ex)) CQ oo\ e o(pp— H, He ).BR(H, —p'e")=1
r % 3 I T 7
‘I :_ '.‘\-' b ST " . .. —‘ ‘I 10 ? _j
T gL =3em” N | 1 :
a s 3 o I ]
& [ {s=7TeV [Ldt=461b" ‘ ] 5 .
3 L . a b Lo s L a1y ;.;1111:.. sl 1 ......... .‘ ..... | " 1 14 LAl
10 1 00 1 50 200 250 300 350 400 450 500 550 1 00 1 50 200 250 300 350 400 450 500 550

m(H™) [GeV] m(H™) [GeV]

Updates are coming - Watch this space

DCH exclusion is also done by CMS, 7TeV
NB@EF  Olalgonkina  ATLAS: PRD 87, 052002 (2013) pis2014 CMS: Eur.Phys.J. C72 (2012) 2189 4



http://rivet.hepforge.org/analyses%23ATLAS_2012_I1204447
http://rivet.hepforge.org/analyses%23ATLAS_2012_I1204447
http://link.aps.org/doi/10.1103/PhysRevD.87.052002
http://link.aps.org/doi/10.1103/PhysRevD.87.052002
http://inspirehep.net/search?p=find+eprint+1207.2666
http://inspirehep.net/search?p=find+eprint+1207.2666

second - more focused (model-dependent) search

Looking for specific

final state

() Excited leptons: ATLAS (8TeV) _New J. Phys. 15 (2013) 09301@MS (7TeV) Phys.Lett. B720 (2013) 309

@LRSM, Wg, heavy neutrinos: ATLAS(7 TeV) Eur.Phys.J. C72 (2012) 2056CMS(8 TeV) CMS-PAS-EX0-12-017

(Majorana neutrinos: both 7 TeV (backup)

@Heavy fermion triplet: ATLAS(8 TeV) ATLAS-CONF-2013-019 CMS(7 TeV) Phys.Lett. B718 (2012) 348

[ —_ .
NI!!EF Olya Igonkina DIS2014 17



http://iopscience.iop.org/1367-2630/15/9/093011/
http://iopscience.iop.org/1367-2630/15/9/093011/
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LRSM: WRr and heavy neutrinos

CMS 8 TeV, 3.6 fb™
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| ATLAS: Eur.Phys.J. C72 (2012) 2056 CMS-PAS-EXO-12-017
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NPpr=-{>»

) Both experiments have many results on events with many leptons

© probing wide range of models
O Model-independent 3 or more lepton searches do not reveal BSM yet
©see SUSY and BSM Higgs interpretations
© your model test here ? — use our RIVET routine for quick results
O A number of model-oriented searches are performed :
@ search for excited leptons
©search for right-left SM extension, Wr and heavy neutrino

@ search for heavy lepton triplet

@ search for Majorana neutrino

_and others

Looking forward to LHC Run 2!
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CMS multiple leptons
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