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Cheers to Standard Model 9!
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Particles of the Standard Model

— governed by strong, electromagenetic, weak interactions.
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But, Beyond Standard Model Particle Physics is going a long way to explain many more " why" !!
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Still there are some concerns :

X X X X X

Non-zero neutrino mass
Dark Matte;r Candidate

EW Vacuum Stablity

P
Matter Antimatter Asymnfetry
- 'r

Interactions between Higgs & SM particles tend to make the Higgs very heavy.

Neutrinos are massless.
No viable dark matter particle candidate.
Matter-Antimatter asymmetry.

EW vacuum stability and criticality.

(IACS, Kolkata) Phenomenology of b in NHSSM

December 12, 2018

4/ 46



Overview

© Supersymmetry
@ Generalized Soft Breaking Sector

@ Non Analytic Soft Interactions
@ Mass Matrices in NHSSM
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MSSM : Different parts of Lagrangian

The general form of Lagrangian density : Sandard peiticies SUSY particles

‘ﬁMSSMZESUSY‘i‘cSOFT uc t)f ' §&ig @
d s b){ Higgs d & b (G wggino

ESUSY = Egauge + Lmatter + EHiggs— Yukawa ( \",'y‘qyy 3
#ee ot

Superpotential : _ B B
Wiussm = yu@Q - HuoU — yaQ - HgD — yel - HgE + piH, - Hy

1 . ~ o~ ~ o~
_pMssM _ 5(MsgZ + MoWW + M BB + c.c)

+ (@ hoAul + G- haPaydiz + Z,-L - hgAejj€g + h.c.)
+ q;erﬁ--éjL + ﬁLmlziijL + bpm2. i

T
uij JR + d’RmdldeR

+ Erm2 &l + m3 hihy + mp Wyhg + (Buhy.hg + c.c)
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Possible origin & type of “soft” terms
The MSSM Lagrangian is usually claimed to include all possible “soft supersymmetry
breaking” terms, i.e. terms which split the masses of the particles and their superpartners, but
which do not remove the supersymmetric protection against large radiative corrections to scalar

masses.
Nature Term  order of magnitude origin
Y E~my 1 XWWalr
* F 2 * *
soft  ¢*¢ L~ m, L [Xx*o0*]p
F
¢? o~ M TX®%F
F
¢? 7~ mw EIXP3F
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[Ref : S. Martin, Phys. Rev D., 2000; Possible non-holomorphic soft
SUSY breaking terms]
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Possible origin & type of “soft” terms

The MSSM Lagrangian is usually claimed to include all possible “soft supersymmetry

breaking” terms, i.e. terms which

split the masses of the particles and their superpartners, but

which do not remove the supersymmetric protection against large radiative corrections to scalar

masses.
Nature Term  order of magnitude origin
M E~my 1 XWWalr
soft  ¢*¢ P2 m2 L [XX* bd]
M2 w M2 D
F
¢? ”ﬁ ~ My ﬁ[X ¢2]F
F 1
¢? 7~ mw EIXP3F
[Ref : S. Martin, Phys. Rev D., 2000; Possible non-holomorphic soft
SUSY breaking terms]
Nature Term  order of magnitude origin
2 F|? mfv 1 2
oalol 7',\,,‘3 ~ 3 XX 2o ]p
2 2
“may be"soft L~ T 5 [XX* DD, @] p
my
M

AP

LFP L [XX* DO W,
M3 M3[ a]D
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NH trilinear terms and bilinear Higgsino term:

Taking these terms in account,

2 . B
— LT DG WAL + G- by AL + - hjALE" + h.c
_Clwd) = M,Hu . h~d

soft

But these interactions are not considered generally....
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NH trilinear terms and bilinear Higgsino term:

Taking these terms in account,

- z’soft D G- hSALGT G- hiALdT + 0 hEALET 4 h.c
‘C/Z:ﬁ‘ = l/l;u . h~d

But these interactions are not considered generally.... Let us see why?

High Scale Suppression:

In a hidden sector based SUSY breaking, Non-Holomorphic trilinear terms and bare higgsino

2
mass term go as ~ —% . M is a high scale, can be as large as Planck Scale.
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NH trilinear terms and bilinear Higgsino term:

Taking these terms in account,

- z’so,t D G- hSALGT G- hiALdT + 0 hEALET 4 h.c
E’Z:g = l/l;u . hNd

But these interactions are not considered generally.... Let us see why?

High Scale Suppression:

In a hidden sector based SUSY breaking, Non-Holomorphic trilinear terms and bare higgsino

2
mass term go as ~ —% . M is a high scale, can be as large as Planck Scale.

Reappearance of divergences:

If any of the chiral supermultiplets are singlets under the entire gauge group, these terms may
lead to large radiative corrections.

/n( '"X)
ms : mass of the singlet ﬂeld myx " mass of some heavy field.

If ms << mx, then the correction becomes very large. However if ms ~ mx, then there
is no problem. [ ]

v
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NH trilinear terms and bilinear Higgsino term:

Taking these terms in account,

- z’so,t D G- hSALGT G- hiALdT + 0 hEALET 4 h.c
,C/Z:g = l/l;u . hNd

But these interactions are not considered generally.... Let us see why?

High Scale Suppression:

In a hidden sector based SUSY breaking, Non-Holomorphic trilinear terms and bare higgsino

2
mass term go as ~ —% . M is a high scale, can be as large as Planck Scale.

Reappearance of divergences:

If any of the chiral supermultiplets are singlets under the entire gauge group, these terms may
lead to large radiative corrections.
X in( %)
ms : mass of the singlet ﬂeld myx " mass of some heavy field.
If ms << my, then the correction becomes very large. However if ms ~ mx, then there
is no problem. [ ]
MSSM contains no singlet under the entire gauge group, so we can always include £
& LY with the usual soft terms.

v
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Which mass scale to choose for new soft terms?

Early analyses : Hall and Randall PRL 1990, Jack and Jones PRD 2000;
PLB 2004: General analyses with NH terms involving RG evolutions.
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Which mass scale to choose for new soft terms?

Early analyses : PRL 1990, PRD 2000;
PLB 2004: General analyses with NH terms involving RG evolutions.

@ For Constrained MSSM, the suppression is of the order of
McuT = 1010 GeV.
So, ¢?¢* and 1) soft terms are suppressed in supergravity scenario.
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Which mass scale to choose for new soft terms?

Early analyses : PRL 1990, PRD 2000;
PLB 2004: General analyses with NH terms involving RG evolutions.

@ For Constrained MSSM, the suppression is of the order of
McuT = 1010 GeV.
So, ¢?¢* and 1) soft terms are suppressed in supergravity scenario.

]
v If the SUSY breaking effect is communicated at a lower energy, then

such suppression weakens.
This is the case with Gauge Mediated Supersymmetry Breaking

[ l.
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Which mass scale to choose for new soft terms?

Early analyses : PRL 1990, PRD 2000;
PLB 2004: General analyses with NH terms involving RG evolutions.

@ For Constrained MSSM, the suppression is of the order of
MGUT = 1016 GeV.
So, ¢?¢* and 1) soft terms are suppressed in supergravity scenario.

]
v If the SUSY breaking effect is communicated at a lower energy, then

such suppression weakens.
This is the case with Gauge Mediated Supersymmetry Breaking

[ 1.
v One can also work in entirely EW scale input parameters, in an

unbiased approach.
[ ]

@ Some studies have been done with NH terms in electroweak scale, but
otherwise mass spectra was generated under minimal supergravity

(mSUGRA). [ ]

(IACS, Kolkata) Phenomenology of b in NHSSM December 12, 2018 9 /46



Structures of Mass Matrices: Scalars & Electroweakinos

2 1 _ 26020 ) M2 2 2 —my(A, — Al cot
squarks:M,%: <mQL+(2 33 w) z©08 B+ my mu(Au = (1 + Ay) cot )

—(Au — (n+ Al) cot B)ymy m2 + %sin2 Ow M2 cos 23 + m?

Similarly for down-type squark and sleptons we have in off-diagonal, —mgy(Ag — (1 + A,) tan §)
The Higgs mass up to one loop :

302t ms ms X2 X2
mi’mp = m% cos® 28 + g22 2t In ( t1_2t2) + 1-— u .
87> Miy m; mg mg, 12mg, mg,

Here, X{ = A: — (1 + A}) cot B.
The Neutralino & Chargino mass matrices are,

My 0 —Mz cos Bsin Oy Mz sin Bsin 6y
Moo — 0 Mo Mz cos BcosfOy,  —Myzsin B cosbOy
X0 = —MzcosBsinfy Mz cos 3 cos by 0 —(pu+ )
Mgz sin Bsin 6y —Mz sin B cos Oy —(p+ ) 0

( M, V2Myy sin 5)
M)Zi = , .
V2My cosB (u+p')
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Overview

© Sparticle Phenomenology
@ Corrections to bottom Yukawa coupling
o Effect of NH terms in parton level yields
@ Impact on Higgs mass and top squark mass
@ Status of low-energy Observables
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Non-trivial contributions through y,

v yb has the usual dependence on tan 3 as in the MSSM case.

H;

1
1
1
1
- [ EE

- Ay SO e - (n+ Ay~ bo
N

2c v,
@ _203 V2 e 2 Am® e DV S B
am eom = P mguyb\/i/(mblymbfmg)y M NEsSM T 3o e A (m, > g, » M),
it _ Yt 2 2 I Yb / Vu 2 2 2
Amb MssM T Tor 2“Amﬁ’("’t1’"’ ) Amy NHsSM = 1672“(”+Ab)%%’('"51""52v“ )
where, I(a, b, ¢) = _ab /n(a/(i)ji;:(lrﬁl::/)(cc)ig /n(c/a)

In NHSSM, y,, becomes a function of Ab quite similar to tan 3 reliance. Neutralino loop and gluino loop has Ab dependence,
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Non-trivial contributions through y;

0.0t ‘ ‘ ‘ ‘ ‘ :
-1500-1000-500 0 500 1000 1500
Ap (Ap) [GeV]

Variation of yj as a function of A} (NHSSM
with Ap = 0; bold lines) and A, (MSSM;
broken lines) for tan 3 = 10 (in blue) and for
tan 8 = 40 (in red). Some of the fixed input
parameters are u = 200 GeV, u/ =0,

M; = 500 GeV and M, = 1.1 TeV.
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Non-trivial contributions through y;

B,--b—)"(j? coupling:

l *
G __6( 3V2g2N5 Z + 6Njzyu 2§ + V2g1Nj Z5

I
Cr= —§(3Ybe§st + V281 ZNj1)

0.0t . . . . . 3

—-1500-1000 =500 0O 500 1000 1500
Ap (Ap) [GeV] ~ . )

bi-t-X; coupling:

Variation of yj as a function of A} (NHSSM

with Ap = 0; bold lines) and A, (MSSM;

broken lines) for tan 3 = 10 (in blue) and for CL=i(yeZ3 Vj2)7

tan 8 = 40 (in red). Some of the fixed input

parameters are u = 200 GeV, u/ =0,
M; = 500 GeV and M, = 1.1 TeV.

Cr = i(—&ULZ5 + UbynZi)

Nj;, Ujj, Vjj & Zj's are diagonalizing mass matrices of neutralino, charginos and shottoms
respectively.
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Features of the couplings:

v/ Strength of sbottom state to a higgsino-like neutralino is always o y,.

v For top quark and a higgsino-like chargino, it depends on the chiral admixture it possesses.
Such a coupling for a left-like sbottom o< y; while that for a right-like sbottom o y,.

v/ A left-like sbottom dominantly decays to tY; == small branching fraction for the bf(? 2
final state when )"((1’72 are both higgsino-dominated and light.

% NHSSM = the presence of a non-vanishing AZ alters the composition of the sbottom
states in a nontrivial way.

X Another competing decay mode of by : by — £ W™ is taken to be kinematically
forbidden.
i.e. mg < my + my,—.

€2+ Co (bx%1) €2+ Co (1)
1 T T T T T 08 T r T T T r
tang = 40 075 | 1
& = 07} 4
= =
a5 o1 4 Zooss B
A
4 w06 | 1
= tang = 10 - 055 [ 8
) [¢]
+ o01f E + ost B
- o
o
(8] U o045 b tanp = 10, -
04 4
0.001 . . . . 035 . . .
2000 -1500 -1000  -500 0 500 1000 1500 2000 -1500 -1000  -500 0 500 1000 1500
Ay [GeV] Al [GeV]
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Behaviour of Branching Fractions :

1
- 0.9
0.98 - tanB =10
0.96 - 08
094
. 0.7 |-
092 Br->txs
o -
2 09 LS o6t
£088 K] os
oss - 2"
Fo84¥ 5 oal 4
f=4 f =
80081 S o3 0
- o =N 1
g‘gg r By -> by By -> b o
005 |- 02 | '\ i
004
003 [ By -> bx,° o1 b B> bxy© .-\,
002 | ~
001 , . . , . .
o . . . . h 0
2000 1500 -1000  -500 o 500 1000 1500 2000 -1500  -1000  -500 0 500 1000  150C

Ay [GeV] Ay [GeV]

(100 < p < 350 GeV, M; =500 GeV, M, = 1000 GeV.)
Branching fractions of by as a function of A} follow the same profile of
vertex strengths.
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Masses, Mixings and Mass-splittings

Higgsino Like LSP |

(1 = 200 GeV, My =500 GeV, M, = 1000 GeV.)

|Cosé] : tanf = 10 BR(B -> bx:%) : tanp = 10
1180 1 1180 , : ; ; . 004
1160 | E 1160 | 1
0.95 0035
1140 | B 1140 | 1
T 1120 oe T 1120 003
> 3
2 1100 | 1B 085 2 1100 - 1B o025
= 5
£ 1080 | B £ 1080 | 1
08 002
1060 | B 1060 | 1
0.75 0015
1040 | B 1040 | ]
1020 . 0.7 1020 ‘ . . . . . ‘ 001
2000 1500 -1000 -500 500 1000 1500 2000 -1500 -1000 -500 O 500 1000 1500
A, [GeV] and Ab [GeV] A, [GeV] and Ay [GeV]

Common Backdrop : The variation of mj as a function of A}, (Ap ) in the NHSSM (MSSM).
Flatter lines at the top of these plots illustrate the MSSM. mg = mg = 1.2 TeV. cos 0 ranges

between % ~ 0.7 (maximal mixing) and 1 signifying by to be b; dominated.
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Masses, Mixings and Mass-splittings :

‘Gaugino Like LSP-

(1 =900 GeV, M; =500 GeV, M, = 1000 GeV.)

|Cos6) : tanp = 10 BR(By -> b x1%) : tanp = 10
1200 , , . 1 1200 " , ; , . 1
1180 | B o 1180 | R 09
: 08
1160 | B 1160 | R
T 1140 0e T 1140 !
% % 06
O 1m0t I 0ss 2 1120} 1# os
oy &
£ 1100 | 1M .; £ 1100 | {15 o4
' 03
1080 | B 1080 | R
075 02
1060 | B 1060 | 18 ..
1040 . . . . . . . 07 1040 . . . . . . . 0
2000 -1500 -1000 -500 O 500 1000 1500 -2000 -1500 -1000 -500 O 500 1000 1500
A, [GeV] and Ay [GeV] A, [GeV] and Ay [GeV]

The specific choice of ‘i’ also ensures that the decay mode by — tX1
could be opened or closed depending upon varying mj, as a function of Aj.
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Masses, mixings and Mass-splittings :
v Over the range of variation of A}, mj, could vary by < 160 GeV.
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Masses, mixings and Mass-splittings :
v Over the range of variation of A}, mj, could vary by < 160 GeV.

v It is a significant variation : Corresponding number in the MSSM as a
f(Ap), reaches at most 20 GeV.
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Masses, mixings and Mass-splittings :
v Over the range of variation of A}, my, could vary by < 160 GeV.
v It is a significant variation : Corresponding number in the MSSM as a
f(Ap), reaches at most 20 GeV.

% It may appear that a comparable range of variation in myg, . in the
MSSM, could be found just by allowing ‘i’ to vary over a larger range
thereby compensating for the missing A}. However, this is not correct.

Mz, = —mu(Ap — (1 + Ap) tan )

= —mp(Ap — (ptefr — p' + Ap) tan B)
= —mp(Ap — (pterr — (1’ — Ap)) tan )
v The major effect, in the NHSSM, does not come directly from A’ , per

se, in the off-diagonal element of the mass-squared matrix. Rather, a
significant variation of y;, with A}, induces such a big change in mg, .
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Signal Strengths = Parton level yields: pp — 1315{‘, b — b)"(?, bottom squarks produced in
pairs at the LHC and each decaying to a bottom quark and an LSP.

MSSM Case : GBR?(B; -> b x1°) [fb] NHSSM Case : 6BR?(By -> b x1°) [fb]
1100 T T r - 0.0006 1100 - - T - - - 0.0025
1050 | tanp=10 -
1050 tanp=10 4[] %000 ¢ 0.002
; 1000 B
f=y 0.0005
> [}
1000
K O 950 - 1 0.0015
= 0.00045 &
5)‘? 950 | | ;f‘ 900 B
& 0.0004 & gso | | 0.001
£ 900 [ <E1
< 0.00035 800 | ]
0.0005
850 | 1 00008 750 | 1
200 L . . . . )
800 . . . - 0.00025 -1500 -1000 -500 o 500 1000 1500 2000
100 150 200 250 300 350 '
(1 + A'p) [GeV]
B [Gev]
MSSM Case : 0BR%(B; -> b x1°) [fb] NHSSM Case : 6BRZ(B; -> b x1°) [fb]
1100 T T T T 005 1100 : T T T 012
0.048 1050 |- tang=40 [ 1!
1050 tanp =40 01
1000 | 1
= 0045 = 000
1000 1
$ 0.044 O 950 188 008
o 950 1 0.042 R 1 0.07
= 3 L ] 0.06
g 0.04 g
£ 900 1 £ 0.05
< 800 J
0.038 0.04
850 | 4 750 | 1
0036 0.03
700 . . . .
800 - - - - 0.034 21000 -500 0 500 1000 1500
100 150 200 250 300 350 .
(4 + A%p) [GeV]
1 [Gev]
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Effect of ;/ :

Gives rise to a relatively heavier higgsino-like neutralino (~ 1 TeV) LSP
without requiring ‘i’ to be large.

tanB=10 : #BR(b+ ) [fb] tans=40 : cBR?(b+ x{) [1b]

1000

500 3 2.5

I~ - 2.0
& 0 ) 15
< -500 1 < —500H 1.0
0.5

—1000 —1000

—1500 —1500¢
—1500-1000 =500 O 500 1000 —1500 -1000 —500 0 500 1000

u [Gev] # [Gev]

[ =200 GeV, Ap = 0 with tan 5 = 10 (left) and 40 (right)].
(0 x BR?) as a function of yi/ and A}.
The blank vertical bands in the middle are roughly excluded by searches of
the lighter chargino at LEP. . . - _ ..
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 (op,5, % BR[b1 — b3]?)nmssm

(0'5151 X BR[El — bf(?]z)/\//ssm

a[")l

aj for By : tan = 10 aj for By : tanp = 40
1100 T T T T T T 4 1100 T T

1050 35 1050

1000 | 1000

850 -

Amgs,, 4,0 [GeV]
Ams,, .0 [GeV]
©
8
T

800 [

. s L L L L 05

750 700
-1500 -1000 -500 0 500 1000 1500 -1000 -500 ] 500 1000 1500
M+ A [GeV] M+ Ay [GeV]

24
22

18
16
14

Up to a four-fold increased rates could be possible over the expected MSSM rates

in the final state under consideration.

The largest deviation is expected for —Aj, for which y, is much enhanced.

Variations of a closely mimic that of ¢ x BR? figure

Finds similar explanations in terms of how the effective interaction strengths vary.
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Role of 152 production:

Am(by, by) [GeV]

@ We consider mg, & mj_ to be
degenerate (= 1200 GeV).

@ To check what role could Eg
possibly play in the analysis.

180
160
140
120
100
80
60
40
20

@ For the ranges of various
parameters (like Aﬁ, and tan f3),
mg, and myg, may not be too
different.

@ The mass-split is largely -
independent of tan j. A [GeV]

o For extreme value of |A}|
(=1200 GeV) in the present
analysis, the split between mg,

and mj, cannot be more than
around 170 GeV.

Contours of constant mass-split
(AmEl—Ez) between b; and by in the
Aj—tan 3 plane.
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Comparison between BR’s of 13172 :

The largest difference - around vanishing A}, where BR[b, — bxJ] peaks
while BR[by — bx?9] touches the minimum. The phenomenon could be
understood in terms of the sharply increasing dominance of bg in by as
|A}| ~ 0. This suppresses BR[by — tx7] in favour of BR[by — bx9].

NHSSM Case : tanp = 10 NHSSM Case : tanp = 40
0.2 T T T T T 0.3

0.18 B Bl

0.6 | * 4 025 - % B,
& om| ;: i <ol
: 012 ?5’ Bl : By
A o1 % B A 015 -
wx 008 - g w0
g 0.06 [ g o1

0.04 By 0.05

0.02

0 . . 0 . . . . .
-1500  -1000 -500 0 500 1000 1500 -1500  -1000 -500 0 500 1000 1500

A'p [GeV] A'p [GeV]

(100 < p < 350 GeV, M; =500 GeV, M, = 1000 GeV.)
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The Total Relative Rate : ooy

1100

1050

1000

950

900

850

Ames,, y,0 [GeV]

800

750

Qtotal =

(0,5, X BR[B1 = bR31?) + (05,5, X BR[b2 = b)) nmissm

(o3, 5,

x BR[b1 — bX9]?) + (03,5, x BR[B2 — bR31?)) mssm

Oty : tanp =10

Qrotra © tanp = 40

8 1100
147 1050
1k4 6 — 1000 |
B
[

1B 5 O 950

18 4 £, 900
bl

1B 3 & gso b
£

1B 2 < 800

il B 750

. . o

700
-1500 -1000 -500 0 500

p+ Ay [GeV]

1000 1500 2000

700
-1500 -1000 -500 0 500 1000 1500 2000

b+ A} [GeV]

The plots reveal that up to a eight-fold (six-fold) increased rates could be possible for
tan 8 = 10 (40) over the expected MSSM rates in the final state under_consideration.
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Aiorar (Ap' = -1 TeV)

1.2
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— — 1.0
2 200 3
) =2 0.8
« 1.75 o
1 18
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1.25 0.4
900k 0 900k z
900 1000 1100 1200 1300 1400 1500 900 1000 1100 1200 1300 1400 1500
m;t [GeV] mh [GeV]

= (lotal IN the NHSSM and in the MSSM in the mg, - Mg, plane for two
fixed values of A} and for tan 8 = 40. Contours of constant m; (mj,) are
overlaid with solid (dashed) lines along the right (left) edges of the plots.

o F = = == DA
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Ratio of BRs: A= -1 TeV Ratio of BRs: A,= 1 TeV

1500f 5 1500
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éff 1200} 1.2 éf 1200 0.7
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1100} 1 1100]
1000k . ' : A 1000k . ' - il
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Variations of the ratio of branching fractions for the decay f; — by in
the NHSSM and the MSSM in the t,-tr plane for A} = 41 and for fixed
values of tan § (=40) and p (=200 GeV).
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Impact on Higgs Sector:
Magenta points are of NHSSM and Cyan points are of MSSM.
e Off-diagonal term in stop sector : A; — (u + A}) cot 3
@ Correct Higgs mass obtained for reasonably smaller A; for tan 8 = 10.
o Higgs mass affected marginally for tan 8 = 40.
@ 10 < p [GeV] <500, —2 < i/ [TeV] <2, —3 < A} [TeV] <3
Figure courtesy : JHEP 1610(2016) 027 by UC, A. Dey
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-1000
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Imposing Br(B — Xs + ) constraints after Higgs mass:

@ Essentially unaltered scenario for tan § = 10.

@ for tan 8 = 40, Br(B — Xs + ) constraints always take away large A; zones of MSSM.

@ Aj recovers the discarded area via L-R mixing of top squarks in NHSSM.

@ Br(Bs — uTpT) constraints are not so important once Br(B — Xs + ) is considered.
@ 2.99 < Br(B — Xs + ) x 10* < 3.87 (20).

Figure courtesy : JHEP 1610(2016) 027 by UC, A. Dey
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Results of (g —2),

Long standing deviation (~ 3c) from SM : Aa, = a5® — a3 = (29.3 £8) x 107,
One loop contributions come from :

loops involving (fi, v, X°, ¥*) are important in analyzing the (g — 2),, in MSSM.

@ Aa B tan
@ smuon left-right mixing in MSSM ulfic, fir, B) o tan 5 2 ’"ZR
“m (Au — ptan ,6) [Ref : 1303.4256 by Endo, Hamaguchl et al]
"
v/ smuon left-right mixing in NHSSM v So, large tan 5, i and sizeable smuon
left-right mixing can help in enhancing
—mu(Au — (1 + A),) tan B)
e g (&= 2)u-
(IACS, Kolkata) Phenomenology of b in NHSSM
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(g —2), in pMSSM :

Blue points are at 1o, Green points are at 20, Brown points are at 30.
Only very light smuon can satisfy the muon g — 2 constraint at 1o for
tan 8 = 10. The upper limit of smuon mass is about 250 GeV for
tan 8 = 40.

A, =0 GeV

mg, [GeV]
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(g —2), in NHSSM :

m2 [GeV]

350

250

AL =50 GeV

Upper limit of m;, reaches 400 GeV at 1o at tan 3 = 10

500 GeV at 1o at tan 8 = 40.

and

lanB:Ib

T
my [GeV]
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(g —2), in NHSSM :

A, =300 GeV
Upper limit of m;, reaches 700 GeV at 1o at tan 3 = 10

and
800 GeV at 1o at tan 8 = 40.
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Overview

@ Non-Holomorphic GMSB
o Effect of SUSY Breaking Scale
@ NLSP Decays
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: Features of GMSB :

SUSY breaking

sector

» SUSY breaking effects are communicated to observable sector via
usual gauge interactions through Messengers.

(IACS, Kolkata)
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: Features of GMSB :

SUSY breaking Ao Messengers  |AAn MSSM
sector laVaVal m [AVAVA! sector

/k Non-SM gauge /k

interactions, G,

SM gauge
interactions, G ,,

» SUSY breaking effects are communicated to observable sector via
usual gauge interactions through Messengers.

» |Interactions are flavor-blind.
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Features of GMSB :

SUSY breaking Ao Messengers  |AAn MSSM
sector laVaVal m [AVAVA! sector

/k Non-SM gauge /k

interactions, G,

SM gauge
interactions, G ,,

» SUSY breaking effects are communicated to observable sector via
usual gauge interactions through Messengers.

» Interactions are flavor-blind.

» Whess = > AiSP®;, i = 1...N,,, The scalar and auxiliary
components of the chiral superfield S will acquire VEVs,
S =(S) + 66(F) — thereby creating a mass splitting between scalars
and fermions of ®; in the Messenger sector. This breaking of SUSY is
then communicated to the observable sector via loops.
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Features of GMSB: Continued...

» The gauginos and sfermions acquire their masses at one loop and two loop
order respectively. The loops involve messenger scalar & fermions, gauginos
& SM gauge bosons.
2
Mo = 822 ANs [1+ O(x?)]
2
m,% = 2A%N;s Za(lgjrz)z Co [1+ O(x?)] a=1,23

» x; = |F/\;S?| for each messenger coupling \; and x; < 1 implied. A = |%\
sets the scale for soft SUSY breaking felt by the low-energy sector. The
messenger mass scale Mpyess = |Ai(S)| = XA,

» The trilinear soft SUSY breaking couplings - A terms tend to rise at two
loop order. Hence, Ag = 0 at messenger scale.

» For mGMSB the set of free parameters are:
{ /\7 Mmessvtan ﬁa N5, Sgn(ﬁ')}
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Non-Holomorphic mGMSB (NHmMmGMSB)

The mGMSB scenario is augmented with Non-Holomorphic soft breaking
terms and a higgsino mass term at messenger scale, i.e.
G- hyALG*, G- hiALdS, T hiALES and p'hy.hy
o Like holomorphic trilinear ones, the NH trilinear couplings A, , _ also
arise at two loop level. Hence, A = 0 at the messenger scale.

@ With an additional free parameter at M ess, NHMGMSB can be
realized with the following set of free parameters:

{ N, Mess, tan 3, Ns, Sgn(:u)7 :U’/}'

@ We are considering i/ from a phenomenological standpoint.
i’ can take both positive and negative values.
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Ranges of Scan and Constraints for NHGMSB:

We perform uniform random scan over the following set of free
parameters: {A\, Mpess, pt’} for two fixed values of tan 3.

3.0 x 10° GeV < A < 1.2 x 10° GeV
<M,

2 x 10° GeV mess < 10° GeV
Ns =1
tan 8 = 10 and 40
Ay =0
nw>0

—4000 GeV < i’ < 4000 GeV

Experimental bounds : 122 GeV < mjp < 128 GeV, mg+ > 104 GeV,

2.99 < Br(B — Xs +v) x 10* < 3.87 (20), 1.5 < Br(Bs — "y~ ) x 10° < 4.3 (20)
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Interplay between Higgs boson and top squark:

The variation of Higgs mass with stop mass is shown, when A, Mpess, 1/
are scanned, while tan 8 = 10 & 40. The blue and coloured
regions correspond to NHSSM and MSSM spectra respectively.

128 ; 128 T
tanB=10 tanp=40

— 1,y [ NGeVI= 3x10° - 10° — 1oy | NGeV]= 3x105 - 10°

% Mimess[GeV] = 2x106-108 % Mimess[GeV] = 2x106-108

) -4000 < p'g[GeV] < 4000 1] -4000 < p'g[GeV] < 4000

: 126 : 126 -
= =4

E £

o 125 » 125 -
[2] [2]

© ©
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o 124 o 124f g
jo2) j=2)
2 2
T 123p T 123 B
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122 s L 122 L
2000 3000 4000 5000 6000 7000 8000 2000 3000 4000 5000 6000 7000
my [GeV] my [GeV]
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N\ dependence

Scatter plot of the lighter Stop mass with A for tan 8 = 10 & 40. All the scalar mass
parameters as well as gaugino mass parameters are proportional to A in this model. A}
can be obtained at the EWSB scale. With RGE running we get,

—550 (—600) GeV < A < 550 (600) GeV for tan 8 = 10 (40).

Color coding is same of the previous figure.

8000 8000 T T Ta
7000 L tanB=10 d 7000 | tanB=40 n /
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> => i
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= =
£ 13
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3000 |- R 3000 R
mMGMSB Points mMGMSB Points
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N\ dependence

Figures represent the dependence of Higgs mass with the SUSY breaking scale A. NH
terms help to get a rise ~ 0.7 — 1.0 GeV in Higgs mass for a particular value of A over

mGMSB spectrum for tan 8 = 10. For tan 8 = 40 we obtain a 0.5 GeV lift in Higgs

Mass for any given A.
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Parametric variation of Br(B — X, + 7):

In SM : dominant contribution is from t-W loops. For MSSM : t — H* and © — ¢+
loops contribute significantly.

Analytical dependence is like - Br(B — Xs + ) ~ pAstan ﬁf(m%, m?z, mfz ).

Up & down type higgsino mixing involves p + 11/,

stop left-right mixing — (A; — (u + A}) cot B).

3.40x10 T
_ 3.35¢10% E
: A = 4.0x105 GeV
¢ 3.30x10°% Mmess = 5.0x10° GeV |
x
A
h
n 3 25¢10-4 r
4
o
320x10 |- E
S15c10 . . . . . . . . i .
*%1000 -3000 2000 -1000 0 1000 2000 3000 /000 F'gure- b— s+ Yy |00p relevant to this

po [GeVvl discussion
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Results of (g — 2),:
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On the contrary, in phenomenological study of NHSSM, A
helps in the enhancement of Aaj,

Neutralino & chargino masses involve i/ and the effect is clearly seen.
Lighter electroweakino mass | = (g — 2), T
As, Ay = 0 at messenger scale, Aj, does not get a large value after RGE running.
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Impact of NH terms on higgsino like NLSP Decays

@ Gravitino is the lightest supersymmetric particle in GMSB.
The interaction Lagrangian of the gravitino with other sparticles and SM particles:
Line = —W[Dm*’@w”v"xi D¢’ X177 dbu] — ﬁ&“ 7y I A F
where,
Dy’ = 0u¢’ + igh;, Toi/
F2, = 0,A, — 9,A% — gf ™ AL A;,

Some decay widths of NLSP:

~0 = m~ . 2 m% )
r(Xlg) GZ) m| N13C05ﬁ+N14S|nﬁ| 1-— m;o
1
5 b\ 4
X : 2 _ My
r(x2 = Gh) ~ %6 m2 7 |— N3 sin o + Nia cos af (1 m%))
1

8ng 5 g AM,
where the gravitino mass is given by, mz = =Zmess —
g g Y, G — \[MPI \[Mpl
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Lifetime of NLSP

1072 < T [GeV] <1072 = 1078 < (=

rtot = r(Xl — G + Z) + r(xl
(a) Scatter plot of decay width '*°t vs. x? for a higgsino dominated NLSP over the scanned
parameter region. The higgsino fraction is shown in graded color. (b) Similar scatter plot in the

plane of I'*°t vs. F where the NLSP mass is shown with a reference color bar on the right.
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Overview

© Wrap-Up
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Discussions :-

@ In the present work we mostly adopt a scenario in which the SUSY conserving parameter
‘i has a relatively small value (< 350 GeV) which help keep the scenario ‘natural’.

@ The two important classes of non-holomorphic soft terms (u/ and Af) appear in the
NHSSM Lagrangian

@ To extract information about them, one should undertake a precision study of the
interactions of the sfermions with the electroweakinos.

v An enhanced yj, which is rather characteristic of the NHSSM scenario for large negative
AZ and large tan 3, could boost the yield in the 2b 4 E 1 final state beyond its MSSM
expectation, for similar masses of the lighter sbottom and the LSP.

v In general mGMSB models require large squark masses to radiatively generate Higgs mass
from tree level value. Here NH scalar trilinear couplings (mainly A}) may relax the
requirement.

v Unlike mGMSB, where NLSP is mostly Bino like, here bilinear higgsino term greatly helps
in achieving higgsino like NLSP throughout the canvas.

v A suitably designed multichannel study could turn out to be more efficient in search for a
powerful discriminator in the present exercise.
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Which mass scale to choose for new soft terms?

Early analyses : PRL 1990, PRD 2000;
PLB 2004: General analyses with NH terms involving RG evolutions.

@ For Constrained MSSM, the suppression is of the order of
MGUT = 1016 GeV.
So, ¢?¢* and 1) soft terms are suppressed in supergravity scenario.

|
v If the SUSY breaking effect is communicated at a lower energy, then
such suppression weakens.
This is the case with Gauge Mediated Supersymmetry Breaking.
v/ One can also work in entirely EW scale input parameters, in an
unbiased approach.

[ ]
@ Some studies have been done with NH terms in electroweak scale, but
otherwise mass spectra was generated under minimal supergravity

(mSUGRA). [ ]
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A separate higgsino mass term !!

@ MSSM Superpotential already contains pH, - Hy. This term gives
masses to both Higgs and higgsinos.

Then the presence of u "Ry - hd is questionable. There exists a reparametrization invariance in £
between u’ and other soft terms: £ D (u+ p/)hyhy + (42 + mp )| hi? + (u + mj )| ho|?

pn—=p+d
W= =9
2

Mhy /5

— m,%l/2 —2ub + 62

A reparametrization would however involve ad-hoc correlations between unrelated parameters.
[ ]
v Higgs scalar potential depends on y but is independent of 1.
So, the bilinear higgsino mass term is important in light of fine tuning. This term
sequesters fine-tuning (A, = I‘\j,—;) from higgsino mass term (u + u').

In particular, there may be scenarios where definite SUSY breaking mechanisms generate bilinear
higgsino mass terms whereas it may keep the scalar sector sequestered. [

1.
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Effect of // :

Zoomed-in on the higgsino-like LSP region < altering nature of the yield

and its extent across the region.

tans=10 : eBR?(b+ x}) [fb]

1000
500 0.035
. 0.030
> o 0.025
e 0.020
= 0.015
=
—=00 0.010
0.005

—600 —400 =200 0 200 400
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1000

500

—500

—1000

—1500

tang=40 : oBR?(b+ x?) [fb]

0.5
0.4
0.3
0.2
0.1

~600 400 —200 0 200 400
H [GeV]

@ This can be traced back to similar profile in C? + C3.

@ 5 to 7 fold variation in the yield is possible over the indicated range.

@ The blank vertical bands in the middle are roughly excluded by searches of the

lighter chargino at LEP.
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Effect of 1/ in C? + C3

Zoomed-in on the higgsino-like LSP region < altering nature of the yield
and its extent across the region.

C.2 + C2 (B> b x19) : tanB = 10, p = 100 GeV C2 + Cp2 (B> b x1°) : tanp = 40, ju = 100 GeV
1500 r 0.05 1500 0.45
i 0.045
1000 1000 04
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500
0033 500 03
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o o 02
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01
1500 00t -1000
0.005 r 0.05
-2000 - . . . . . 0 -1500 . . 0
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Again the blank vertical bands in the middle are roughly excluded by
searches of the lighter chargino at LEP.
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RGE equations for NH trilinear coupling:

B = 43T Y Ya+ TOuYS Va4 2Y Y] Ty — a4/ Yu Y[ Yo + 2V T/,
6 2 2 / i T
— gYu<<5g2 +g1)u 75Tr(T uYL,))
4
/ Yy _ * 2 2 +

+ 7 (3Tr(YaY)) - 15 (208 +87) + Tr(vex!)) (1)
8% =0 (2)
5(T1,)d =T Y Y+ 3T Y Y+ 2V Y T a4+ 2Y Y T u — 4’ Ya Y Y

6
- §<5g22 +g12)u/>
1 ! 2 T 2

+ 5T d(2g1 + 45Tr<Yu Yu) - 80g3) 3)

Ty (2Tr(T'eYJ) + 6Tr(T/de)

8% =o (4)
B =+ T eV Ve 4 2V VI T e Ve (2Te(TeVE) 4 6Tr( T4 ] ) — g(sgg +t)i)

+ T’e(3Tr(Yqu> - §g12>
aE) =0 (5)
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RGE equation for Bilinear higgsino term:

B = 3;/Tr(Yd Yj) - gu’ (5g22 - 5Tr(Yu YJ) + gf) + u'Tr(Ye YJ) (6)
2 1 2 2 2 2
B = o5 (2o7g{‘ +90g7g7 + 375¢5 — 20( — 4083 + g )Tr(Yd Y )
+ 60g12Tr(Ye Yj) T 40g12Tr(Yu v )
+800g3Tr( Y, ¥ ) — 450Tr(Ya Y] Yav]) = 300Te(Va v VoY)

- 150Tr(Ye Y. Yj) - 450Tr(Yu YiY,Y! )) @)
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