Displaced multi-leptons at the LHC - probing a
125 GeV new boson in uvSSM
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Together..........
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Life after 13/12/

At last a scalar ®

Phys. Lett. B716 (2012) 1 [ATLAS]
Phys. Lett. B716 (2012) 30 [CMS]

Is this the one?....

o 2% (gg) excluded at 99.9% confidence C.L. (channel
Ny, WW*, ZZ*), 0~ ,1+(17) excluded at > 97.8%(94%)
C.L. from ZZ*... ATLAS-CONF-2013-040,013
CMS-PAS-HIG-13-005...

e Combined signal strength p = 1.30(0.80) £ 0.20(0.14)
agrees with the SM at 20 ATLAS-CONF-2013-034,CMS
PAS-HG-13-005

® My, = 1252 £ 0.2 (stat) 793 (sys) GeV,

Mscalar = 125.7 £ 0.3 (stat) £0. 3 (syst) GeV
ATLAS-CONF-2013-014, CMS PAS-HG-13-005

. Apparent excess in 7y for ggF and even for ©
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http://indico.cern.ch/conferenceDisplay.py?confId=245795

» ATLAS is here!!

l . # ¥
Channel aggF vBF vH [ wm [ mMass | sSpin Dataset
v v ~ | v | | v ~ 25 b
— a
z —~ ae v ~ 1307.4589-(hep-ex) ~ 25 fb
WW — ee + 2v v v =7 — Observed v 25 fb1
T v v 18 fo 1
bb 1o 18 fo 1
o - 21 fb!
Zv v 25 fb-1
2HDM (WW) v ~ o8 13 fb-!
Invisible BAH—im 1B G0
= a 25
Hisos Roson Decay | - f o o%) = ATLASPreIlrmnary MWW v
A‘l‘LAS-CUNl’-;UlS-Q}: d 4 2 Vs = 7 Tev:[Ldt = 4.6 b 20
VH - Vil 0410 VS = 8 TeV:JLdt = 20.7 b Y
. “2wgum) =23 15
2 wm) 6.0
S) o MWW i (201142012)
o6V Hoory 201143012) 10
- RN 6 HoZZ o 201142012)
A S Cuminosity
o \0\ elivered s
e \‘Q’}, S ATLAS Recorded
ATLAS Preliminary x Total Devero: 23.3 " 8 o
F oz o R Teerrd 5180 145 150 i8S
VE=7Tov:[Lat=4610"
RlaTevifialsare 15 — Gonoines

Arbitrary normalizatior

EHoyy :
84w
W s evav/uve

G arania S

z
o

Integra

Tot

“““ Cono
11110 17112
Dayin 2012

oo
06/08

Pradipta Ghosh (IFT/UAM

)

g L7 T

% Best it



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

» CMS is here!!

i . \
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG

Beyond the SM with SUSY

Need two Higgs doublets.. e Cure to gauge hierarchy problem of
Hy, Hy the SM with superpartners....
SUFERSYMMETRY e Stable lightest SUSY particle —>

DM candidate

e Enhanced FV — stringent
constraint

=i T8 O = e e e gauge coupling unification

Standard particles SUSY particles

e Fast proton decay through

YOU'RE OK.
YOUR CASE,
Q0D FNOLGH !

e m, = 0 unless R—parity or extra

superfields
e u-problem with bilinear eab,uHoa,Hf]

Kim and Nilles, Phys. Lett. B 138, 150 (1984)
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e Replace uI:If,I:If,’ by )\gl:ljl:lfl’.. after EWSB, piesr = )\<§>
g, a SM gauge singlet superfield... = NMSSM... Extra tree level contribution

Higgs
lightest

to m ox 3.62 m% |)\\2sin22ﬁ.. Drees 1989, Ellis, Gunion, Haber, Roszkowski, Zwirner, 1989

e However, m,, still zero.. unless Rp or extra superfields added..

e Simplest is bRp, i.e. through i - Next possibility is tRp, free
eiliH, .. from any naturalness

e One m, # 0 at the tree level.. problems

need one more at least for three e Neutrino masses appear
flavour global data  Forero, Tortola, through loop calculations

Valle, Phys. Rev. D 86, 073012 (2012); Schwetz, e Large number of parameters

Tortola, Valle, New. J. Phys. 10, 113011 (2008)

— less predictive

e Why not the gauge singlet right-handed neutrinos, v¢ 77
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|ntr0d UCIng /,LVSSM Lépez-Fogliani, Mufioz

A

Itis ANDFH3AL e Natural entry of Y, A2[20¢
—_———

Rp with AL=1
Rp with AL=1 Rp with AL=3
b
T c

1
<t vipa L, &) Bl cap (Y7 H LT0F — )\'A‘:H"H)+ ;n

N———— N——
o =Yl (f) e =N TP m,c=2 wiik (7€)

ij
Lépez-Fogliani, Mufioz, PRL 97, 041801 (2006)

Escudero, Lépez-Fogliani, Mufioz, Ruiz de Austri JHEP 12 (2008) 099

PG, Roy JHEP 04 (2009) 069; Fidalgo, Lépez-Fogliani, Mufioz and Ruiz de Austri JHEP 08 (2009) 105;

Y, oc (7;), with TeV scale seesaw Y, ~ 107°
Similar Rp in Lot = (7)) = vi, (PF) = vf # 0 sneutrino VEVs
Three ©¢, natural from family symmetry, even with Y/ —
correct neutrino physics at the tree level
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The neutrinos in purSSM
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Correlations between neutrino mixing angles and LSP decay
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Significance of Lepton number
(L) is lost

With small Y, ~ 107° (and ;) ...

e 2 from MSSM + 3 f + 3 7 —> 8
CP-even states hg,

o 1 from MSSM + 3 o€ + 301 =7
CP-odd states P,

o 1 from MSSM + 3 & + 38, =7
charged states 53:

o 4 from MSSM + 3 vf + 3 i = 10
neutral fermions X2
e 2 from MSSM + 3 e] p = 5 charged

fermions 5{;‘:

=i o =i :
V[, € g, € R are practically decoupled

Although decoupled, I/i owe their mass to Yy, vi... € Rp and TeV seesaw
A and Ay = key ingredient for singlet-doublet admixing
At the limit A — 0, vf decoupled from the doublets...

Pradipta Ghosh (IFT/UAM)

pnv'SSM with multi-leptons



A unique signal. The proposal .

= 10k
e Low mass ( < mw) unstable LSP (X°) decays ==
mainly through (=WT", vZ* while R
~1/m* &
IDL 1/mX°... _i 1071
o When m o < 20 GeV... /p > 100 m Q 102
o darras ~ 25 m = light X° ( < 40 GeV)... 10°
Rp is an impostor to R, C 10
e Pronounced for mgo < 20 GeV 105 ‘ ‘ ‘ s ‘
2 40 60 80 100 120 140
m(x}) [GeV]

Bartl, Hirsch, Vicente, Liebler, Porod, JHEP 0905, 120

v g g i, i ar€ possible..
A light X° through X° — h;/P; + vi can yield mesoscopic DV
(Iem < lpr <3 m)
A very light X° ( < 20 GeV) is detectable at the LHC!..

How about Higgs— x°x° at the LHC

Pradipta Ghosh (IFT/UAM) pvSSM with multi-leptons



An unique signal setting up the convention

e With small \; small doublet-singlet mixing = h;, P;, )??+3 (1=1,2,3)

are with leading 7 composition

e XY are practically left-chiral neutrinos

e hy is the lightest doublet-like Higgs while X9 is the lightest neutralino
Fidalgo, Lépez-Fogliani, Mufioz, Ruiz de Austri JHEP 1110, 020 (2011)

e Displaced yet detectable multi-leptons at the
LHC

Py ® 2m: < my, p; S 2my...for clean final states

e 7's are the best... n,, = 3 for hadronic 7

Our signal..... gg — hy — %222 — 2h;/P; +2v — 27127720
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A little price to .. correlation lost

e Correlations among 3 decay and neutrino mixing angle = n,, > ne

PG, S. Roy, JHEP 04, 069 (2009)
e These correlations are absent in usual trilinear £ models...

Choi, Chun, Kang, Lee Phys. Rev. D 60, 075002 (1999)
e The correlations survives even with isolation (¢4, {jet) cuts

P. Bandyopadhyay, PG and S. Roy, Phys. Rev. D84, 115022 (2011)

@
8

1200

o
8

1000

o
8

Number of events
8

® = ny is practically independent of Y, v
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An unique signal Looking for the spectrum

A generic idea....
o X° — h/P + v with mzo < 20 GeV = we
need lighter mj,, /mp;
e Light m, p & small \... we fixed \; =0.11 ;
Ellis et al. Phys. Rev. D 39, 844 (1989) < A
e Small A\ = 1° ~ 1 TeV & lighter Y+
mass..~> p(~ 3Av<) > 100 GeV... we fixed D2
vE =780 GeV

<

o With 2m, < |mgo (2k0°)| $ 20 GeV and vf ~ 1 TeV = 1072 < [x]| S 1072.. we took

~

k111 = —0.0073, K222 = —0.0075, k333 = —0.0077
o Small A = mZ ~ —3mg0Ai/2... So2m; < mp $2mp = 0.4 S |Ax(GeV)| < 30

o m2 ~ m;‘, + mgoAx/2 in the same limit.. we fixed A; =5 GeV

PG, Lépez-Fogliani, Mitsou, Mufioz, Ruiz de Austri, PRD 88, 015009 (2013)
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Looking for the spectrum......contd...

e Large A, and mye, meg = My ~ 125 GeV for smaller \
®With smaller \.... an extra piece of contribution to tree level my, is irrelevant...even
with small tang

Drees, Int. J. Mod. Phys. A 4, 3635 (1989)
e Y, ,v are constrained to reproduce correct neutrino data
e Variation in Y,,v = change in absolute m, ... change in I';g... altered /p.
e Flavour information of the signal is practically independent of Y, , v since leptons are
from h/P decay.... missing correlation with neutrino mixing angles ®

Bandyopadhyay, PG, Roy, Phys. Rev. D 84, 115022 (2011)

e 1 > 0 yields mainly hy — X2x2... followed by X2 — 22,5;["“_... hardly detectable soft

... with small A’"szg,-" < Ak,up — 0... . thus >0

Br(hs — X9x9) ~ 6% at chosen benchmark... while X — 77— v ~ 99%

VRS Values in GeV

mp,, Mp,, Mp, 36, 38, 5.5

mso, Mg, M

~ 9.6,115,11.9
Xe

PG, Lépez-Fogliani, Mitsou, Mufioz, Ruiz de Austri, PRD 88, 015009 (2013)
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Following the footsteps.....

Wl
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e All SM (e.g. ZZ*)/SUSY backgrounds

(e.g. h1 — P1P; — 2¢12¢=@NMSSM), with
prompt £ are effaced ... also long-lived b/c meson
decays

o NMSSM with 1073 < A < 1072... light NLSP —
LSP + h/P, with h/P — £T¢~ = a possible
impostor.. Ellwanger, Hugonie, Eur. Phys. J. C 5, 723
(1998); Eur. Phys. J. C 13, 681 (2000)

e NLSP — LSP + h/P, never produces mesoscopic
decay length.... Eur. Phys. J. C 13, 681 (2000)

Stand-alone muons...

e Options.. e.g. MSSM +1\Uk[;[;E¢ . hardly possible
in reality... with Iz, LEP (and LHC) results...

mnv
o Barbier et al. hep-ph/0406039

% decays outside Detee

Jeca
Wispiac:
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e All SM (e.g. ZZ*)/SUSY backgrounds

(e.g. h1 — P1P; — 2¢12¢=@NMSSM), with
prompt £ are effaced ... also long-lived b/c meson
decays

o NMSSM with 1073 < A < 1072... light NLSP —
LSP + h/P, with h/P — £T¢~ = a possible
impostor.. Ellwanger, Hugonie, Eur. Phys. J. C 5, 723
(1998); Eur. Phys. J. C 13, 681 (2000)

e NLSP — LSP + h/P, never produces mesoscopic
decay length.... Eur. Phys. J. C 13, 681 (2000)

Stand-alone muons...

e Options.. e.g. MSSM +1\Uk[;[;E¢ . hardly possible
in reality... with Iz, LEP (and LHC) results...

mnv
. Barbier ct al. hep-ph/0406039

» 60 70 80 90
MGo) (Gevre?)
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Lepton multiplicity... @8 TeV @20 fb~*

No. of Events

s
'
1
3 II.
0 2 1 6

8 1

o multiplicity for Pr > 10 GeV =10 GeV

e e, us are from leptonic T decay.. although h;/P; — pu*u™ is possible

o 4e, 4us from 7 ~ 0.1% while 47724 ~ 18%

e Highly collimated QCD jets faking 718d..... = n™*" > 4... disappears
with higher p%had cut

o 7124’5 are clearly the best bet... next one is of course p
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E1and DL distribution

10° 10° )

i R — e Moderately high MET & > 6
10 § 10° TLLATLAS [~ 12m . ~0

w s w neutrinos from X, and 7 decays...
10" SRR PP

w S w ® cT30 ~ 30 cm.... large number

107! 107! . .

e m I 10 of events appear inside charge

107 0%

1
0 5001000 150 2000 250 300 107!
Fr(GeV)
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X9 decay kinematics

By vsm

e Low momentum in the central
region, single hy at the LHC

e High boost leads to collimated
tracks ... hard to disentangle
from PV

|zpv| vs pDV

1
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Probing DVs

Charge track mass vs ng

- oo e A very useful event selection

f F e criteria

gl - ® Sensitive for ng, > 4 and

iE - vertex mass > 10 GeV... 6. Aad et al.
§ . oo [ATLAS], Phys. Lett. B 719, 280 (2013)

e ot omage e el ' e Room for development...

sensitivity to low vertex mass

Vertex mass [GeV]

preliminary
Signal region vs v

Teat-aam |

- pata 2011

Signal MC

3 4 5678 10 20 30 40
Number of tracks in vertex

ATLAS-CONF-2012-113
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Summary and conclusion...... and beyond

e uvSSM.... solves p-problem and reproduce correct neutrino
physics

e Novel signals are well expected with enriched mass spectrum and
broken R,

e Displaced objects at the LHC =- lesser backgrounds.. new signs
are well envisaged

e Sophisticated analysis of displaced objects are expected in near

Dreaming the future..

Day is over, night has come.

With new data and Cibir ke e s, |
up-gradation to 14 TeV...... T
more phenomenological

wonder with ;vSSM are
awaiting.....
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Loop corrections in SUS

Tuw
‘ L@ frm (b)
e d e
ho X RO B wAs vy RO
fL(R)
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@ R, a discrete symmetry = prevents too fast proton decay through
sparticle mediated process

@ R, = (—1)L¥3B%25 with L(B) as lepton(baryon) and S as spin

N Ry=+1 oF Bp=+1

& &

Sparticles Sparticles

R,=—1

%&y Ry= -1 %”% R, =+1
R, conserved R, violated

® R, conservation = stable Lightest Supersymmetric Particle (LSP)
@ Most general MSSM superpotential with bilinear and trilinear Rp
W = eop(YIHEQ7 0 + Y] H3QPds + YIH3Lbes — uH3HE)

AL=1,AB=0 AL=0,AB=1
——  AL=1AB=0, ———

o 1 mn RN ik oo
—ean( LAY+ SNFLTLeE + X L2QPag) + ™ agdsds
~—— —_——

AL=1,AB=0
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-problem

MSSM superpotential
W = eap(YIHEQ70E + VI H3QPdS + YiH3LbeS

Since p € superpotential — p respects supersymmetry (SUSY)

(v appears in EWSB, generates TeV-scale higgsino masses

SUSY respecting p ~ SUSY breaking TeV-scale soft terms
= p-problem

J. E. Kim and H. P. Nilles, Phys. Lett. B 138, 150 (1984)
o Alternatively,

2 2 g
—my, tan® 3 » | 2|
tan2 5—1 (s
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The soft terms

@ The Lagrangian L, containing the soft-supersymmetry-breaking terms is

given by

— Lot = (m3)1Q7F" Q7 + (m2e) V" i + (m2,)Vds"df + (m?)iLe" (2

H PP * * [ ~c* ~
+ (m2)IEE 5 + i, HE M3+ iy ' H2 R (m2.) ¢ i

+ can | (Au V) THEQPTE + (AgYa)THIQPAS + (A Ye)THILEE + H.c |

€an(AL Y, VTHPL25¢ — e, (AN) PEHAH? + L(A. k) D€5¢5¢ + H.c.
u=i%j i'd 3 i 7] Yk

(HO) =vg, (H) =vu, (B)=vi, (55)="0f.
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Neutrino mass generation in uvSSM

“TeV - scale” Type | + Type lll seesaw, even with flavour diagonal
neutrino Yukawa couplings = tree level masses for all three neutrinos

PG and Roy, JHEP 04, 069 (2009)

o ‘ N
~
&

: 'S

; ;
91,921 M1, My g1, g2

v ~ - v
//BO BO\\
wo  wo

AL=2 AL=1 AL=1

YZ(H3)® 2 -
my, ~ ~22L TYPE-| f m, ~ Sy Mo = My, My TYPE-I+11I

Lo}
v X
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@ Approximate analytical expression for entries of M.~ matrix

(Mree ) ~ 23 (1 36if) — 52— [C,Cj'i‘ (aicj+ajci) + 9)\a,a; }

seesaw 6rLC 3\tanB 2tan?f3

PG and Roy, JHEP 04, 069 (2009)

2

where B/ [1 — 2M(2V— ("'ﬂ/C2 sin2(3 + %)} 7%

KU+ Avgvu)p

v =3+ vZ tanf ==, aj =Y va, G =vi, i =€ pu,7

In the limit »° — oo and v — 0, equation one reduces to

C,C
(Mie..)ii = —55 = Gaugino seesaw or Type - Ill seesaw

(Miree, Vi ~ 225 (1 — 36ij) = Ordinary seesaw or Type - | seesaw.

seesaw 6KLE
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