Searching evidences of new physics in the light
of the ©vSSM
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PG, Daniel E. Lépez-Fogliani, Vasiliki A. Mitsou,
Carlos Muiioz and Roberto Ruiz de Austri

Hunting physics beyond the standard model with unusual W+ and Z decay
* arXiv:1403.3675 [hep-ph] %

Probing the u-from-v supersymmetric standard model with displaced multileptons from
the decay of a Higgs boson at the LHC
% Phys. Rev. D 88 (2013) 015009, arXiv:1211.3177 [hep-ph] %
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odel, The LHC and us .

% At last a new scalar PLB 716(2012) 1, 30

—= * pu (ATLAS) = 1.307%8,
g & 1 (CMS) = 1004513
w r ATLAS-CONF-2014-009, CMS-PAS-HIG-14-009
2\ 5 7’ * Muiggs (ATLAS) = 125'36t%j‘11’
- A Miiggs (CMS) = 125.03+%2%)
e = PRD 90 (2014) 052004, CMS-PAS-HIG-14-009
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The Sta Model, The LHC and us .....

S * My < 22 MeV  PLB 736 (2014) 64

t"‘ Masses > Br(H — XBSMXBSM) < 041 (ATLAS),
conge| y F L AN <0.58 (CMS)
Hierarchy 3 / ATLAS-CONF-2014-009, EPJ. C74 (2014) 2980

* Large window for p(H — bb)

7 b
c v T }
e b{ ‘.x";
= ~ “ﬁ % An extension beyond the SM is still
AN \ necessary
Dark
Matter
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Beyond the SM with supersymmetry....

% Need two Higgs doublets...
% Higgs mass is protected with

, “” ¢ super-partners
. ® z ] "\ % The lightest supersymmetric particle as
/--/ ¢ 5 g % / cold dark matter candidate
& e @& U « 4
N H '\\/' G
T e SUPERSYMMETRY
uj ch t ud ch t
sg b d s b
L AL
O cuis @ lesors (@ Fooe s e O s O suriree

Standard particles SUSY particles
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Not the end of story....

WMSSM = e, (YIHEQ2af + YiF3QPds + YIR3Lber — A3 HD)

% 1 determine EW-scale higgsino masses..
enters into EWSB =~
p must be around EW scale

2 / % 1 belongs to superpotential.. respects
> * SUSY = i can be as high as Mpjanck
¥ 4 Sr vestzine S0 why the scale of 1 < Mplanck =
Wopooblen (@ H « T, " w=~_ p-problem Kim, Nilles. PLB 138 (1984) 150
P T \ % m, = extra fields or broken R,
y s B<%% / e
<3 - @ ¢ '/ bilinear Rp, MSSM + ei2ht

~—— i 1Y/ e-problem... Loop corrections are essential..
— * trilinear Rp, MSSM + ;i L2L0ef
and/or A;J-kl:;? O}’&f Loop generated m, ...,
Many parameters, Less predictive....

Need an economic way to accommodate
everything together...
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Introducing uvSSM

_ 0 : _
mDij_Y"ij(HM) Rf with AL=1 Rg with AL=3

. = 1
W = WMSSM — ¢, uHAHE + eqp (Yo HELIDF — NDFHZAD) + 3 ik wf OF Df

—,_/
=\: c
b=V (of) MR ep ko)

Lépez-Fogliani, Muiioz, PRL 97 (2006) 041801
Escudero, Lopez-Fogliani, Muiioz, Ruiz de Austri, JHEP 12 (2008) 099

VEVs after EWSB: (H%) =vq, (HY) =vu, (&) =v;, (@F)=0f
V. RP =+1
p-problem is solved with Rp term =
H% Rp ==1
Same as Y,
107{ 102 Gev (L) 10 1Gev
s o
m,, ~ (Y,;VZ) m, ~ (81.27)

MMy >
103 GeV 103 Gev
m, ~~ 101" Gev — 0.01 eV
EVV-scale seesaw

PG, Roy JHEP 04 (2009) 069; Fidalgo, Lopez-Fogliani, Muiioz, Ruiz de Austri JHEP 08 (2009) 105;

PG, Dey, Mukhopadhyaya, Roy JHEP 05 (2010) 087
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Particle spectrum of the uvSSM

Rp + new superfields = enhanced mass spectrum

* h%, H® + 3 vf + 3 D;'_ — 8 CP-even states h,

0
<Hu>:vu
Noshaip | Bp =+l
' * HE 4+ 3@ + 3 &, — 7 charged states SI
Rp =-1 /“\RP =+1 * FIS d W:,?, BO +3 VR, + 3 v, = 10 neutralinos )?g

~0 e ' -
Hq VR * Hfd, w* +3 e g = 5 charginos X

* A%+ 3 0f 4+ 3 17,"_ — 7 CP-odd states P,

<0 — ~+ _
X1,2,3 = VL; and Xi,2,3=6 M T

Lightest neutralino X9 and Lightest chargino )?flt
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Novel signals with the puSSM

= 1
e Low mass ( < my/) unstable LSP (X°) = g
decays mainly through (X WT", v.Z* while = ®
IDLN1/mio--- 2 .
T
o When m,o < 40 GeV... Ip, 10 m 5 °2
e daTrAs ~ 25 m = light Y0 ( <40 GeV)... =
Rp is an impostor to R,C 10°
10
10»5 L L L L L
20 40 60 80 100 120 140
m(xY) [GeV]
Bartl, Hirsch, Vicente, Liebler, Porod, JHEP 0905,
120

Figure . Deeay length of the lightest neutralino v in m as a function of its mass m(}) in GeV. Note
that the different colors stand for SPS1a’ (real singlino, [Nys|* > 0.5) (gray), SPS1a’ (mixture state)
(black), SPS3 (real singlino) (blue), SPS3 (mixture state) (red) and SPS4 (mixture state) (green).
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Novel signals with the puSSM

* A light X° through X° — h;/P; + v} can

yield mesoscopic DV (1 cm < Ip. $3 m)

% Light h;, P; are possible in the ;vSSM...
A very light X° ( <20 GeV) is detectable!..
PG, Lopez-Fogliani, Mitsou, Muiioz, Ruiz de Austri, PRD
88 (2013) 015009

~0
Xi+3

f=4¢ q3t

“hy

PG et al. to appear in arXiv

PG, Lépez-Fogliani, Mitsou, Muiioz, Ruiz de Austri, arXiv:1403.3675 [hep-ph]

And finally Higgs— x°X° at the LHC and further...
PG, Lopez-Fogliani, Mitsou, Muiioz, Ruiz de Austri, PRD 88 (2013) 015009
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Setting up the convention... the signals

e Small k, A, \; = light singlet-like h;, P;, )A{?+3 (i=1,2,3)
Formulas are coming.... PG, Lépez-Fogliani, Mitsou, Mufioz, Ruiz de Austri, to appear in arXiv

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

0 "~
e AZ e, g " e AXAD g, OF
A2 g

Prompt + Displaced yet detectable multi-leptons/jets/photons at the LHC
Z — )22)22 — 2h;/P; +2v — ZEEEE /2qpqp + 2v
Z — hiPj — 2050, , €58, qpip...etc..
WE — X3x553 — €h¢p /apio + v + £
T or b-jet rich signals with 2m, < mgo po < Mz/2

PG, Lépez-Fogliani, Mitsou, Muiioz, Ruiz de Austri, arXiv:1403.3675 [hep-ph]
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Probing new W= decays....

Challenges... 7/b — jet rich signal.... Detection of soft, collimated and often displaced
objects.... Need better statistics... better detection

© Br(W* — xpyp + Er + £5) ~ O(10~13) or less..
o Difficult at the LHC... also in future.. MegaW (linear collider) and OkuW (TLEP) mode

e 2 x 10° (MegaW).. 7 x 108 (OkuW) W= events/year = need much lower
sensitivity.. @

PG, Lépez-Fogliani, Mitsou, Mufioz, Ruiz de Austri, arXiv:1403.3675 [hep-ph]

Hope... techniques from flavour observables... ©
LHCb Br(B? — ptp~) ~ O(10-10)

sensitive to 7).... work in progress..
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Probing new Z decays....

Challenges... 7/b — jet rich signal.... Detection of soft, collimated and often displaced
objects.... Need better statistics... better detection

% Br(Z — 2xp2yp + E7) or Br(Z — 2xp2yp + E7) < O(107%).... x,y =€, T, q, v

Z — 4b with Br ~ 10~ %, Ecm = 8 TeV, £ =20.3 fb—!
1% detection efficiency Neyent = 52 events
The same with SM = Nevent = 1853 4= 669 events

Similarly Z — 42 from Z — 47 (i.e. with 7 — £, 1) with Br =~ 105 at parton level

Nevent =~ 77 events while from the SM Ngyent ~ 2161ti6131

Lost within the errors of the SM.... ® without proper detection
% Detection is possible at the LHC... novel future with LC-GigaZ and TLEP-TeraZ modes

* 2 x 10° (GigaZ).. 7 x 10! (TeraZ) Z events/year = sensitive to much lower Br

hep-ph/0102083; hep-ex/0106057; JHEP 01 (2014) 164

Experimental attention is needed to constrain 2m, < mgo po < Mz/2 region

Pradipta Ghosh (IFT/UAM) New physics with uvSSM



The signals...contd.. back with Higgs

Masses Values in GeV
mp, 125.7
mp, , mp,, mp, 3.6, 3.8, 5.5
" mhl,mhz,mh3 7.5, 80. 19.6
T mgo, mgo, myo 9.6, 11.5, 11.9

Displaced yet detectable multi-leptons/jets/photons at the LHC
g8 — ha — XX — 2h; /P; + 2v — 27127 20

Prompt multi-leptons/jets/photons or mixed states are also possible from Higgs to Higgs
cascades... hy — h;hj, P;P;... like the NMSSM
Cerdefio, PG, Park, JHEP 1306 (2013) 031
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7 multiplicity... @8 TeV @20 fb™!

Thad multiplicity

10°
Lo e ¢, us are from leptonic 7 decay.. although
T h;/P; — p*Tu~ is possible
i 18? o 4e, 4us from 7 ~ 1.5% while 47724 ~ 18%
S ° Highl{a((:iollimated QCD jets faking 7"2d.....
107 = n7 > 4... disappears with higher
12:: pi}had cut

0 2 4 6 8 10
rhed multiplicity for Pr> 10 GeV

224 distribution for 15t and 3" leading Thaa
100 hardest 7T ——
10" 3 hardest 7' =
10*
10%
10!
10°

o 7P2d’s are clearly the best bet... next

one is of course 4...... careful about PLB 726
(2013) 564

No. of Events [ 10 GeV =y
2

H
S
5

H
9
L

0 50 100 150 200 250 300
prof tau" (GeV)

PG, Lépez-Fogliani, Mitsou, Muiioz, Ruiz de Austri, PRD 88 (2013) 015009

Pradipta Ghosh (IFT/UAM) New physics with uvSSM



£+ and DL distribution
e

o

3 .
= G o Moderately high MET & 2>6
T o0 .

o i neutrinos from X9 and 7 decays...
=
g s o e cTzo ~ 30 cm.... large number of

10° S0 & . R
qu = events appear inside charge tracker
= m 1072

107 1073

0 50 100 150 200 250 300 107! 10° 10! 10%
Br(GeV) Decay length (m)

|zpv| vs pDV

e A large fraction of DVs appear within
lzpv] $2.5 mand ppy <1 m, i.e, in the
range of inner tracker

P

PG, Lépez-Fogliani, Mitsou, Muiioz, Ruiz de Austri, PRD 88 (2013) 015009
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E1and DL distribution

W 10°
S w 10!
s @
0 30
2o S 1
§ S 0
3 i
S S
S0t 107!
= m 10
107 107%

o Moderately high MET & 2>6
neutrinos from X9 and 7 decays...
e c730 ~ 30 cm.... large number of
events appear inside charge tracker

0 50 100 150 200 250 300
Er(Ge)

e A large fraction of DVs appear within
|zpv] $2.5 mand ppy <1 m, i.e, in the

range of inner tracker
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10°

10! 10?

Decay length (m)

|zpv| vs ppoVv

ATLAS simulation preliminary ys =8 TeV

ATLAS-CONF-2013-092

New physics with pSSM

Vertex reconstruction efficiency




Squark and Slepton pair production... in the pvSSM

@ # PRD 90 (2014) 052001
ATLAS-CONF-2013-092

Also possible with the ;SSM, following similar

% No longer required light q, £ decay = —
u

hi, P; and X? , = moderate to

large values of A\, x and A, / /

parameters remain feasible X9 ~. 4 X9 Z. v
ﬁ:t‘\Xch l"i‘\}fuvc

q vL

PG,Kpatcha, Lépez-Fogliani, Mitsou,Mufioz,Ruiz de Austri
Work in progress
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% Light singlet-sector can produce novel and/or indirect (decays of heavier SM particles)
evidence of new physics —> need experimental attention

* puvSSM.... least extension beyond the MSSM to solve the p-problem and reproduce
correct neutrino physics

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

% Displaced and/or soft objects at the LHC =- lesser backgrounds.. new signs are well
envisaged but with sophisticated collider analyses of soft and/or displaced objects

% Unique SUSY signatures (7, g) are also possible

Day is over. night has come.
Today is;gone. what's dobe is dobe.
Embrace your dreams through the nighe.
Tomorrow comes with a whole bew Ught!

Pradipta Ghosh (IFT/UAM) New physics with uvSSM



Pradipta Ghosh (IFT/UAM) New physics with ©pvSSM 14 / 20



Loop corrections in SUSY

fum)

L (@ Fum ()
B R . o
o by RO hO wAs vy RO

frm

New one-loop radiative corrections to Higgs boson in SUSY

@ Certain restrictions on masses and couplings of new states —> radiative correction
vanishes

@ Symmetry between states of different spin quantum numbers —> Higgs (scalar)
mass is protected
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R-Parity

@ R, a discrete symmetry —> prevents too fast proton decay through sparticle
mediated process

@ R, = (—1)-+3B+25 with L(B) as lepton(baryon) and S as spin
\6@ R,=+1 o8 Bp=+1
&

Sparticles
%’%y R,=-1 %”% Rp=+1

R, conserved R, violated

@ R, conservation —> stable Lightest Supersymmetric Particle (LSP)
@ Most general MSSM superpotential with bilinear and trilinear Rp
W = (Y HEQR 0 + YIH3QPds + YIR3Lber — uh3HE)

AL=1,AB=0 AL=0,AB=1

/1—’\% AL=1AB=0, —N——

—eap( LFAY + OXLzLPe] + X LFQPAY) + N bfdfaf
~— S —

AL=1,AB=0
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The soft terms

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

Lo = (m3)5 Q7" QF + (m2e)yus 5 + (m2,)gds " df + (m2)L7 17
+ (m2o)y& & + miy HiTHG -+ mpy HEHE + (m2o)yvf of

T e [(A,,Yu),-,-Hgé,az; + (AgYa)yH3QEdE + (Ae o) H3LbES + H.c.]
+ [ean(Au Vo) HEL3TS — ean(ANN)TEHIHE + 3(Acr) 755 + Huc.]

1 [I\/IIEE + Mo WW + MsgE + H.c.]
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a broader perspective

Br(Z — 4¢) < 4.274% x 10-¢
Br(Z — 4b) < 3.6713 x 104
PDG, PRD 86 (2012) 010001
Latest LHC reporting... only e, n
Br(Z — 4¢) = 3.27C% x 10-°
PRL 112 (2014) 231806

Pradipta Ghosh (IFT/UAM) New physics with pvSSM 18 / 20



The W* and Z decays... a broader perspective

B [MSSM + bRp

v /IF

flvrorgq

DISPLACED W, z

. Fiitorq

decays outside detector
for myo < 40 GeV

decays between 1 cm — 3 m
for mgo < 40 GeV

MSSM + tRp
I¥/q
e, p, T, jets

‘1 Lorg/q
QignLiilije/ N LiQjdi

vr or g/l

DISPLACED w*, Zz

Aj ~ O(1072)

Phys.Rept. 420 (2005) 1

Nothing for W=
Bo

DISPLACED & PROMPT

decays for Z

IT/q

.S

H&r{.*’mﬂv‘"
F o Z, NN S
wd g AxAvg or

“.‘.)\zvgvu’d

s

Rich in 7, b — jets

e NMSSM + 32¢.. DISPLACED & PROMPT Z decays, DISPLACED W decays....

Pradipta Ghosh (IFT/UAM)
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The W* and Z decays... a broader perspective

The puvrSSM.. minimal extension beyond the
MSSM — distinctive collider signatures +
correct neutrino physics

PG, Lépez-Fogliani, Mitsou, Muiioz, Ruiz de Austri, arXiv:1403.3675 [hep-ph]
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To kill the backgrounds......Higgs

Mesoscopic displaced vertex....

Displaced charge tracks.... e All SM (e.g. ZZ*)/SUSY backgrounds

(e.g. hy — P1P; — 2€+267@NMSSM), with
Irreducible impostor NMSSM + 30°.. prompt ¢ are effaced ... also long-lived b/c meson
Kitano, Oda, PRD 61, 113001 (2000) decays

o NMSSM with 1073 < X < 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)

A A A Stand-alone muons...
e Options.. e.g. MSSM +I\Uk{;[;Ec.. difficult RN
with, LEP (and LHC) results... but not impossible
Dreiner, Kim, Lebedev, PLB 715 (2012) 199

Barbier et al.Phys.Rept.420(2005)

10%
— | x decays ouside Detector

% decays within Lem

Bandyopadhyay, PG, Roy, PRD84, 115022 (2011)

el i

0 10 20 30 20 350 60 70 S0 90
M@ (GevicT)
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To kill the backgrounds......Higgs

Mesoscopic displaced vertex....

Displaced charge tracks.... e All SM (e.g. ZZ*)/SUSY backgrounds

(e.g. hy — P1P; — 2€+267@NMSSM), with
Irreducible impostor NMSSM + 30°.. prompt ¢ are effaced ... also long-lived b/c meson
Kitano, Oda, PRD 61, 113001 (2000) decays

o NMSSM with 1073 < X\ < 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)

A A A Stand-alone muons...
e Options.. e.g. MSSM +I\Uk[;[;Ec.. difficult RN
with, LEP (and LHC) results... but not impossible
Dreiner, Kim, Lebedev, PLB 715 (2012) 199

1. ot =l.Phy=. Rapt 420(Z005)

2% decuys outside Detector

X decuys within o
Large Brof ;> X1X7) Bandyopadhyay, PG, Roy, PRD84, 115022 (2011)

Wl P

0 10 20 30 40 50 60 70 B0 90
MO0 (GeV/c®)
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Probing DVs

HL (=3 p%) distribution
° H% is moderately high for larger 250 e E—
lepton muiltiplicity 200

e H% + Ercan be used as a differentiator 3

e
@
3

T T T T T T

Iepton e+ u + phady multlpllclty wuh F' >10 Gev
Charge track mass vs ng

o000 e A very useful event selection criteria
10 L)
E = 50000 ® Sensitive for n;,, > 4 and vertex mass
F : 00 > 10 GeV... ATLAS-CONF-2013-092
I o000 e Room for development... sensitivity to

N

low vertex mass

20000

[ e Life is better with jets

10000

Invariant mass of charge tracks (GeV)

o

o

-

A
Number of charge tracks in eah vertex

n vertex

verteX|max = 12, four 3-prong 7 decay
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Probing DVs

HL (=3 p%) distribution

o HL is mm.ier.a.tely high for larger 20
lepton multiplicity 200
e HY + Ercan be used as a differentiator ~ §

———

iy
@
=

T T T T T T

<

Ieplan (e+p + Thady mumphcuy wllh P>10 GeV

ATLAS—CONF—2013-092
T

e A very useful event selection criteria

-

® Sensitive for ny, > 4 and vertex mass
> 10 GeV... ATLAS-CONF-2013-092

e Room for development... sensitivity to
low vertex mass

e Life is better with jets

ATLAS
preliminary
nal region s =8 Tev
Iml =203f"

@ Data 2012

Vertex mass [GeV]

s signal MC

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