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Outline

o Generalized Soft Breaking Sector:
@ Supersymmetry: in its Minimal Model
@ soft terms : where do they come from?

© The Model : MSSM with Non-Holomorphic soft terms
@ minimal GMSB
@ Non-Holomorphic GMSB
@ Structures of Mass Matrices

e Numerical Results
@ Impact on Higgs mass and top squark mass
@ Effect of SUSY Breaking Scale
@ Status of low-energy Observables
@ NLSP Decays

e Summary & Outlook
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MSSM : Different parts of Lagrangian

The general form of Lagrangian density : Siendard paricies SUSY pericies

uctgo

Lmssm = Lsusy + LsoFT D)D) @ =

ESUSY = Egauge + Ematter + EHiggs— Yukawa wg

Superpotential (Wyssy) and LQ;’%SM are as follows:

@

Higgsino
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Wssm = YuQ - HyU — yaQ - HyD — yeL - HyE + pH, - Hy

1 R -
—LGiM = S(Msgg + MoWW + My BB + c.c)

+ (Gie - huBujlig + i - haBajdiz + li - haBe;&r + h.c.)
+ 57,TL“13|--‘~7JL + 0 mf 0 + tipm2 il + diemd;d

+ 8rM2 8l + mP Wiy + m? hiyhg + (Buhy.hg + c.c)

Samadrita Mukherjee (IACS, Kolkata) Phenomenology of NHSSM May 24, 2018 3/25



Possible origin & type of “soft”terms

Nature Term order of magnitude origin
AN Flm, [ XWWolr
soft (o) ‘,\%2 ~ g, ﬁ[XX*CDd)*]D
¢? b~ M X ®%F
3 £~ my L[X 0%

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.
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Non-Standard symmetry breaking terms

Nature Term order of magnitude origin
2 m? * *
626" o ~ T s XX 9207
“may be’soft i Ly L [XX* D0 D, )
F? 2 * Do
At L~ T [ XX DO W,]p
W e Xoe
2 m?2 * *
“hard” ¢3¢ P~ L XX 930+
2 m2 * *
¢2¢*2 ‘I\’—;TL ~ Vg ﬁ[XX ¢2¢ 2]D
2 m? * o4
P 1L~ XX OD*OD, ]
[Ref : 1
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NH trilinear terms and bilinear Higgsino term:

Nature Term order of magnitude origin
2 2
“may be" soft
2 2
b P~ T L [XX* DD, ]

Taking these terms in account,

LT S G WAL+ g AL+ T BEALE + hc

soft

_ﬁlfolﬁt = :“thU : hNd

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

High Scale Suppression

In a hidden sector based SUSY breaklng Non-Holomorphic trilinear terms

and bare higgsino 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.
I'I'l2 m
~ o In(GE
ms : mass of the singlet field, mx : mass of some heavy field.

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

A,
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Reappearance of divergences

| \

If any of the chiral supermultiplets are singlets under the entire gauge
group, these terms may lead to large radiative corrections.
2
~ —/n(
ms : mass of the singlet field, 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 £
& L£*Y with the usual soft terms.

A,
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Overview

© The Model : MSSM with Non-Holomorphic soft terms
@ minimal GMSB
@ Non-Holomorphic GMSB
@ Structures of Mass Matrices
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Features of GMSB

SUSY breaking

sector

Samadrita Mukherjee (IACS, Kolkata)

AYAYA
aVaval

Messengers
m

IAVAVA
NN

/& Non-SM gauge /K

interactions, G j,

1671'2

)2C. [1+ O(x

MSSM Mo = 167r2/\N5 [1 + O( )]
sector m% — /\2 N5 Z (
a=1,273
SM gauge

interactions, G,

Phenomenology of NHSSM

May 24, 2018

“)

9/ 25



Features of GMSB

2
—— o Mo = 122 ANs [1+ O(<*)]
reakin; Messengers
sector w "’g w sector m% == 2/\2 N5 Z (1671—2) C [1 + O( )]
/& Non-SM gauge A\ SM gauge o = 1, 2, 3

interactions, G j,
interactions, G,

» Flavor blind gauge interactions through Messengers.

> Winess = S\ SO;®;, i = 1...Npy,.

S = (S) + 06(F) — 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.

» 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.

> x; = |F/\;S?| for each messenger coupling \; and x; < 1 implied. A = \ 05 | sets the scale
for soft SUSY breaking felt by the low-energy sector. The messenger mass scale
Mumess = [Ni(S)| = 2.

Xi
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Non-Holomorphic mGMSB (NHmMmGMSB)

» 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:
{ A7 Mme557tan ﬁa N57 sgn(u)}
The mGMSB scenario is augmented with Non-Holomorphic soft breaking
terms and a higgsino mass term at messenger scale, i.e.
g- hyA,U*, §- hiALd*S, 0 hiALE" and p'hy.hy
o Like holomorphic trilinear ones, the NH trilinear couplings A, , _ also
arise at two loop level. Hence, A6 = 0 at the messenger scale.

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

{ /\7 Mme557 tan ﬁa N57 5gn(:“’)7 ,U//}-
@ We are considering i/ from a phenomenological standpoint.
i’ can take both positive and negative values.
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Structures of Mass Matrices: Scalars & Electroweakinos

squarks = M2 — mij + (% - %sin2 0w )M2 cos 283 + m?2 —my(Ay — (p + Al) cot B)
“ —(Ay — (u+ Al) cot B)Ymy, m2 + %sin2 Ow M2 cos 23 + m?

Similarly for down-type squark and sleptons we have in off-diagonal, —me(Ae — (1 + AL) tan 3)
The Higgs mass up to one loop :

3g2m? m;, m; X2 X2
2 2 2 2 My
My top = M7 COS 283 + 87r2M§V |:In ( r177% 2 ) 4+ t 1 t .

m;l m;2 12m;1 m;Z
Here, X{ = Ar — (u + A}) cot 8.
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Structures of Mass Matrices: Scalars & Electroweakinos

squarks = M2 — <mé~L + (% - %sin2 0w )M2 cos 283 + m?2 —my(Ay — (p + Al) cot ,8))

—(Ay — (u+ Al) cot B)Ymy, m2 + %sin2 Ow M2 cos 23 + m?

Similarly for down-type squark and sleptons we have in off-diagonal, —me(Ae — (1 + AL) tan 3)
The Higgs mass up to one loop :

3g2m? m;, m; X2 X2
2 2 2 2 My
My top = M7 COS 283 + 87r2M§V |:In ( r177% 2 ) 4+ t 1 t .

m;l m;2 12m;1 m;z

Here, X{ = Ar — (u + A}) cot 8.
The Neutralino & Chargino mass matrices are,

My 0 —Mz cos Bsin Mgz sin Bsin Oy
Moo — 0 M, Mz cos BcosfBy,  —Mgzsin B cosbOy
X0 = —MzcosBsinfy Mz cos 3 cos by 0 —(pn+ )
Mgz sin Bsin 6y —Mz sin B cos Oy —(p+ ) 0

Mos — ( Mo ﬁMWsinﬁ)
7 \VaMycosB (utu) )
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Overview

© Numerical Results
@ Impact on Higgs mass and top squark mass
o Effect of SUSY Breaking Scale
@ Status of low-energy Observables
@ NLSP Decays
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Interplay between Higgs boson and top squark:

Uniform random scan over : {A, Mmess, 1’} for two fixed values of tan 3.
3.0 x 10° GeV < A < 1.2 x 10° GeV, 2 x 10° GeV < Mpess < 10° GeV
Ns =1, tanfB =10 and 40, Aj; =0
>0, —4000 GeV < i’ <4000 GeV
The blue and coloured regions correspond to NHSSM and MSSM spectra
respectively.
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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.
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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 7 — ¢+
loops contribute significantly.

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

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 . . . . . . . . . .
*%1000 -3000 2000 -1000 0 1000 2000 3000 /000 F'gure i b—s+ Yy |00p relevant to this

po [GeVvl discussion
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Imposing Br(B — X; + ) constraints after Higgs
mass in pMSSM:

@ Essentially unaltered scenario for tan § = 10.
@ for tan 8 = 40, Br(B — Xs + «y) 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 — ptp~) constraints are not so important once Br(B — Xs + ) is considered.
@ 2.99 < Br(B — Xs +7) x 10% < 3.87 (20).
Ref : arXiv [hep-ph] : 1604.06367

tanf=40

115

TR .. ... <Al
“90()0 2000 -1000 0
A, [Gev]

I O A N

-3000 2000 -1000 1000 2000 3000

0
A, [GeV]
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Results of (g —2),

Long standing deviation (~ 3.7¢) from SM : Aa, = a%% — a7 = (27.0 £7.3) x 107'°.
One loop contributions come from :

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

“ JWAN B)xt
@ smuon left-right mixing in MSSM 2 (fie, fir, B) o tan 3 2 m2R
-m (AH _ utan /6) [Ref : 1303.4256 by Endo, Hamaguchl et al.]
i
v smuon left-right mixing in NHSSM v So, large tan 5, i and sizeable smuon
left-right mixing can help in enhancing
—myu(Ay — (1 + A)) tan B)
. " (& =2
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Results of (g — 2),:

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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6%10°10

4x10°10
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0

-2x10710
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-4000

On the contrary, in phenomenological study of NHSSM, A

SUsYy

tanB=40
tanB=40 10 - A[GeV] = 3x105-106
[ 1 MmesslGeV] = 2x10%-108
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- i 1>
y 3 .
r tanp=10 1= °r il
x e ——— 3
L ] - -
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| |
(g-2)y within3g =
‘ ‘ . ‘ ‘ ‘ ‘ s . ‘ ‘
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/

.. is a free parameter. So, it

helps in the enhancement of Aa;, " significantly. (g — 2), is within 1o range for Aj, as
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(g —2), in NHSSM :

Blue points are at 1o, Green points are at 20, Brown points are at 30

A, =300 GeV

Upper limit of mj, reaches 700 GeV at 1o at tan 3 = 10

800 GeV at 1o at tan 5 = 40.

and

(Ref : arXiv [hep-ph] : 1604.06367)
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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 Dud' X" 7 ] — ﬁ&“ [v*, 77 Iy A2 {2
where, _ _ _
D.¢' = 0.9 + igA}, Taij¢!
Fiiy = 0uAL — A, — gf " ALA,

Some decay widths of NLSP:

~0 = m~ . 2 m% )
Nxy — GZ2) ~ m| Ni13 cos B + Nia sin 3] (1— m;0>
5 . m; 4
F(x) — Gh) ~ m |— N3 sin o + Ny4 cos o (1 - mé’o)
1
where the gravitino mass is given by, mgz = ’\\'fw’l\";: = \fMp/

v
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Lifetime of NLSP

10722 < Tpor [GeV] < 10712 —= 1071 < =
r(Xl -G+ Z)+ r(Xl

rtot

107

102

Tt [GeV]

102

102
0

Scatter plot of decay width °t vs, X? for a higgsino dominated NLSP over the scanned
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parameter region. The higgsino fraction is shown in graded color.

1400
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Similar scatter plot in the plane of I'°t vs. F = A.Mpess where the NLSP mass is shown with a

reference color bar on the right.
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Overview

@ Summary & Outlook

Samadrita Mukherjee (IACS, Kolkata) Phenomenology of NHSSM May 24, 2018 23 /25



Final Words

v/ We consider most general soft SUSY breaking sector in context of
MSSM.

v/ Keeping aside any suppression related issues arising out of a given
SUSY breaking mechanism,it is interesting to explore
non-holomorphic soft SUSY breaking terms in the context of MSSM.

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" The non-standard soft terms have definite effects on low energy
observables (viz : BR(B — Xs + ), Br(Bs = p" ™), (g — 2), etc.)
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Backup Slides : 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.

o 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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Back up slides : Mass generation of gauginos and

scalars in GMSB

Figure : Contributions to the MSSM gaugino masses in GMSB models come from one loop

graphs involving virtual messenger particles

SO 0 o
S BT S S 3 ,,,,,,,,,, %Hff

FIgU e . MSSM scalar squared masses in GMSB models arise in leading order from two loop graphs. The heavy dashed
May 24, 2018

lines are messenger scalars, the solid lines are messenger fermions, the wavy lines are ordinary SM gauge bosons, and the solid

lines with wavy lines superimposed are MSSM gaugions.
Phenomenology of NHSSM
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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’h~u . h~d is questionable. There exists a reparametrization invariance in L
between i and other soft terms: £ O (u + p/')hihe + (12 + mp )i |* + (4® + m} )| ho|?

w—=pu+d
W=y =6

2 2 2
Miy 1y = My, — 2ué6 + 0

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

2
sequesters fine-tuning (A, = ﬁ) 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. |
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Back up Slides : b — s + v diagrams

b t §
B P et ‘

tg » Lp

Figure . Diagrams contributing in b — s + -y process in SUSY theories.

Apart from this we also have diagrams with charged Higgs(Hi) similar to SM diagrams. But those are not special for our
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Decay width vs. neutralino mass

mgo is a function of 1+ p'. Hence decay widths of mgo also have a strong effect on that.

M; = 630 GeV. So the neutralino is dominantly hlggsmo like upto say 500 GeV. Decay
width increases rapidly in magnitude compared to the 200-300 GeV mass of the same.

1.6x10°16 T T 1.6x10°16 T
<y S
o L4x108 | tanB=35 HH 1 _isacu | tanp-3s H> |
3 S
O 12x10°16 A =45x10° GeV 1 8 Loxios | N=45x10° GeV i
o baor Mimess = 8x107 GeV/ 1 o vaosf Miness = 8x107 GeV |
+ ot B T g0 | B
< N
A ex10Y7 1 AN gagv |
— —
QU 1o 1 9% s} |
L [
2x10°%7 = N 2x10°Y7 = N
o Y N -
150 200 250 300 350 400 450 500 550 600 650 150 200 250 300 350 400 450 500 550 600 650
myo, [GeV] myo, [GeV]
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Two peaks at same mass !!

The two peaks appear as a result of p < |u/| and p > ||

For our analysis, Sgn(u) is fixed 4 ~ 1500 — 1600 GeV. But myo being | + '] is the
same for same |u/|.
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Two peaks at same mass !!

The two peaks appear as a result of p < |u/| and p > ||
For our analysis, Sgn(u) is fixed 4 ~ 1500 — 1600 GeV. But myo being | + '] is the
same for same |u/|.
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2 ! £ 407 | B
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g 7 L 1 ¢
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2x107 1
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Figure : The decay widths for [(x? — G + h) and rexd — G + Z) as a function of p+ .
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Why two distinct peak? Same mass but different height !!
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Figure : The decay widths for I'(x% — G + h) and res — G + Z) as a function of the vertex
factor. It involves neutralino mixing matrix. Specifically N3 plays the role. For the heigher peak
Ny3 is positive for I'(XY — G + Z) & negative for [(X{ — G + h) decay.
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RGE equations for NH trilinear coupling:

BE) = 13T Y Ya+ TV Ve 2V Y Ty — 4 Yo Y Ya +2Y, Y T,

- gn((ng +g2)u = 5Te(T'uv)))

+ (3T (vav)) - o (208 + 62) + To(vevd) M
57/ =0 ()
BE) = T gV Yat 3T VI 4 2Yg Y[ T a4+ 2Yg YT s = 4/ Yo Vi

+¥a(2me(Tevd) +eme(TeY)) - §(5g§ +82)u')

n i T’d(2g12 +45Tr(Y, Y[ ) — 80g3) 3)
5T, =0 (4)
B =+ T eV Ve 4 2V VI T e Ve (2Te(TeVE) 4 6Tr( T4 ] ) — g (583 + &) )
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RGE equation for Bilinear higgsino term:

Y = 3M'Tr(Yd Yj) - gﬂ’ (5g22 - 5Tr(yuvj) + gf) + u'Tr(Ye YJ) (6)
%) = % i (2078t + 9087 g3 + 37583 — 20( — 4083 + &7 ) Tr (YY)
+60g7Tr(veYd ) + 408l T (VoY)
+ 800g32Tr(Yu v) ) - 450Tr<Yd YivVaY) ) - 300Tr<Yd viv.y])

- 150Tr(Ye Yiv. vj) - 450Tr(Yu Yiv,vi )) @)
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