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Introduction: Beyond the MSSM

@ The LHC (ATLAS and CMS) data indicate that the properties of the
observed Higgs boson are mostly compatible with the Standard Model
(SM), although details from different production and decay modes are
needed to understand.

@ Calls for detailed phenomenological studies on the extended Higgs
sector of different beyond Standard Model (BSM) scenarios.

@ Supersymmetric (SUSY) extensions are most popular BSM
candidates, resulting a comparatively richer Higgs sector with various
features distinct from the SM.

@ The Minimal Supersymmetric Standard Model (MSSM) is the
simplest SUSY extention of the SM.

@ MSSM super potential is not conformal invariant.
Waissm = yuQ@H, U — ygQHaDE — yelHyEC + puHHy. - (1)
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Introduction: Beyond the MSSM

@ u-problem of MSSM: Difficulty to generate 1 parameter which is
naturally of order the EW scale.
a 2 tan?s — 1
@ For 125 GeV Higgs boson at the LHC, MSSM requires large values of
A:.

4 2 2 2
amf = 0 [n(MBux) o S (1o FE ]
4mev m; Msusy 12M& gy

@ The LHC Run 2 data severely constrain the parameter space of the
MSSM, by excluding tang above 7.6 for maq = 200 GeV in 77 final
state. (ATLAS Col., arXiv:1608.00890)

@ Some unique phenomenological possibilities in the NMSSM, precluded
or excluded in the MSSM: Any one of the two lightest Higgs bosons
could be the observed one, or both may lie around 125 GeV.
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CPV-NMSSM Higgs sector

@ NMSSM contains an extra Higgs singlet S in addition to the two
MSSM Higgs doublets.

@ NMSSM superpotential:
AA A K A
Wssm = WARSS™ + ASHuHa + 357 (4)

Solve p-problem: peg = Avs (At EWSB scale)
@ 5 new parameters: A\, k, Ay, Ax, Vs
@ 5 neutral Higgs bosons and 5 neutralinos.

@ Enhanced tree-level mass of the SM-like Higgs with reduced fine
tuning

2~ m2cos2? 221 2sin22 )\2V2)\ in2 Ax\12
My, ~ M7cos“2[ + A“v7sin“2f8 — 2 [ — sin ﬁ(/@—l——sﬂ
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CPV-NMSSM Higgs sector

@ CP violation could be a necessary condition for EW baryogenesis.

@ CP violation can be invoked at the tree-level of the NMSSM Higgs
sector, unlike the NMSSM.
A=| \| e, k=|k|e®,

@ Two Higgs doublets
“5(Va + Har + iHar) : H
Hy=| V2 H, = e’ d
d ( H; ’ ¢ 5 (Vu + Hur + iHur)
ei®s

and a singlet S = %(Vs + Sr +iS)) (6)
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CPV-NMSSM Higgs sector

@ The tree-level Higgs mass matrix can be given as

Mg | Msp

T
(M2) | M2
in the basis H' = (HdRH Hur, Sr, Har, Hur, 5/)

o M2/ M?3: Represents mixing between the CP-even/CP-odd states
and of the Higgs fields.

M%P: Represents mixing between CP-even and CP-odd states.
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CPV-NMSSM Higgs sector

@ Physical Higgs mass eigenstates from the interaction states:

The massless Goldstone boson field G is separated out through a
rotation by R®

(Hars Hur, Sk, Hi, S1, G) T = RC (Har, Hur, Sry Hat, Hut, S1) T, (8)
and then using another rotation by R

(Hy, Ho, H3, Hy, Hs, G)T = R" (Har, Hur, Sry HIL S, G)T . (9)
where the diagonalised squared mass matrix

T T

diag (m,z_,l,m%_b, m%,g,m,zﬂ, m%_,s,O) =RM [RGM%<RG> ] (RH) .

(10)

@ Hi, Ho, Hs, Hy, Hs: Five physical neutral Higgs bosons in the

CPV-NMSSM.
@ In ascending order of their masses: my, < my, < my, < my, < my,.
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Two Higgs bosons around 125 GeV

@ CPV phases can modify the Higgs mass and decay widths. Thus
non-zero CPV phases are strongly constrained by the LHC
measurements. Mass-degenerate scenarios were not considered. [S.
Moretti, et al., Phys. Rev. D 89, 015022 (2014)]

CPV scenarios where the observed Higgs resonance, can actually be
explained by two mass-degenerate neutral Higgs states, give improved
fit to the LHC data, compared to (a) the CPC-NMSSM. (b)
Scenarios with a single Higgs boson ~ 125 GeV. [S. Moretti, S.
Munir., Adv. High Energy Phys. 2015, 509847 (2015)].

Objective: To study the effect of CPV phases on the cross-section of
the process gg — H; — H;j — vy, i,j =1,..,5, for scenarios with
two mass-degenerate Higgs bosons ~ 125 GeV in the CPV-NMSSM,
with possibilities of mixing in the Higgs propagator.
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Diphoton production through gluon fusion: NWA and

beyond

@ The squared amplitude for gg — H; — vy, i=1,2,..,5

IMP= 3" MpaMp, [DH(3) MpeMp, (11)
Ao=%

A,0 = +£1: the gluon and photon helicities, Dy(3): Higgs propagator.

@ The amplitudes for the production and decay [J. Lee et al.,
Comput.Phys.Commun. 156 (2004) 283317]

2
Mpy = Z Mp\ = Z %{SﬂmH’.)+i}\Pf(mHi)}, (12)

i=1-5 i=1-5

m2
Moy = Y Mpy =Y. “S28{G)(my) + ioPj(my) }. (13)

. ) 4ty
i=1-5 i=1-5
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Diphoton production through gluon fusion: NWA and

beyond

@ For the scalar and pseudoscalar form factors we refer [J. Baglio et al.,
arXiv:1312.4788 [hep-ph]].
@ The full propagator matrix [J. Ellis et al., Phys.Rev. D70 (2004)

075010]
miq + iJmlly(3) iImllyo(3) iImlly3(3) iImlly4(8) iImlly5(8) -1
iImflyy (3) mag + iTJmlly(3) iIml1p3(3) iImlp4(3) iImflys(3)
Dy(3) =3 iImfls; (3) iImfl3;(3) m33 + iJmll33(3) iImll34(3) iImfl35(3) ,
i3mflgy (3) i3mflyn(3) iImfly3(3) mgy 4 iImllgg(3) iImflys(3)
iImflsy (3) iImfls(3) iImfls3(3) iIml54(3) mss + iJmllss(3)

with mj; = § — mj, , and Jml1;(8): the absorptive parts of the Higgs
self-energies, for i, j =1 —5.
@ CPV phases turned on = Non-zero off-diagonal terms
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Diphoton production through gluon fusion: NWA and

beyond

@ Larger splitting between the Higgs boson masses than the sizes of
Jml;(5), = NWA in the ith Higgs boson propagator

2
1

~ 2 .
§—my + imy. I h,

[E. Fuchs et al., Eur. Phys. J. C75 (2015) 254]
@ The partonic cross section [J. Ellis et al., Phys.Rev. D70 (2004)

™

D (3)|* = o(8 —mi,).  (15)

mH,.FH,.

075010]
. 1 2
oles > H > = e 3 <Z |Mea|* % P B) X z Mo, ) )
@ The total cross-section for the process pp — H; — v in the NWA
m2
_ [ 1 gla)e(— /x1)
o(pp — H; HWW)—/@ dxy W 2 (Ag ‘MPA‘ Z ‘Moo) ) Y (17)
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Diphoton production through gluon fusion: NWA and

beyond

@ Beyond the NWA: 3mﬁ,y(§) become comparable to the Higgs mass
difference. i—th Higgs state can undergo resonant transition to the
j—th state, invalidating the NWA

g
H; H,
a9 - -

Figure : Leading order (LO) Feynman diagram for gg — H; — H; — 7.

v

£ foWE o+

9 v

@ The total cross section

olpp = H = y7) = / /l dxlm {Z EEPNREYETE Z Moo} s

1024733

g(x1) and g(7/x1) are the pdfs of the two gluons.
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Diphoton production through gluon fusion: NWA and

beyond
@ The differential cross section wrt 7
dx1 g(x1)g(7/x
dx1 g(x)g(r/x1) Z {Z’M’”’ D;(3)2 Z|MDU|}

do /
P 100423
dr - x1 102475 Sl

(19)

and then substituting 7 = % gives

2V/5 dxq g(x 5/sx:
dxf / xllg 1102571; 1 ZI:S{AZJMPH 1D;(3)[? Z Moo | }
(20)

@ Packages used: (a)The above cross sections are calculated by a
locally developed fortran program, (b)NMSSMCALC to compute
Higgs mass spectrum, decay widths and branching ratios (BRs),
(c)LAPACK for propagator matrix inversion, (d)VEGAS for two
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Diphoton production through gluon fusion: NWA and

beyond

@ Model parameters: Following supergravity-inspired universality
conditions are used on the model parameters
Mo = MQ1,2,3 = MU1,2,3 = MD1,2,3 = ML1,2,3 = ME1,2,37

1 (21)
M 2/\/’1:/\/’2:5/\//3, AfEAt:Ab:AT.

NI

@ Thus the set of CPV-NMSSM model parameters in our analysis:

Mo, [My]. |A¢l, tanB, A, |

1 MBH‘V |AA

1 |AI€|1 ¢%' ¢f¥ /)\7¢;,

@ Mass-degeneracy condition: my, — my, < 2 GeV (LHC mass
resolution). [G. Aad et al. Phys. Rev. Lett. 114, 191803 (2015)]

Biswaranjan Das (IITG)

Higgs Couplings 2016

November 10, 2016 15 / 21



Diphoton production through gluon fusion: NWA and

beyond

o CPV-NMSSM Parameter set: ¢, = 3°, 10°, 30°. All other phases
are set to zero. [J. F. Gunion, et al., Phys. Rev. D 86, 071702 (2012),
S. Moretti, S. Munir., Adv. High Energy Phys. 2015, 509847 (2015)]

] NMSSM parameter \ Scanned range ‘

Mo(GeV 200-2000
M1 (GeV 100-1000
Af(GeV) -3000-0
tang 1-8

A 0.4-0.7

K 0.3-0.6
fierr (GeV) 100-300
Ay Ge\/’g -1000-1000
A (GeV -1000-1000

Table : Ranges of the scanned CPV-NMSSM parameters, with fixed ¢,.
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Diphoton production through gluon fusion: NWA and

beyond: Differential cross sections wrt v/3 vs
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Diphoton production through gluon fusion: NWA and

beyond: Differential cross sections wrt /3 vs. /3

nnnnn

{dord) [pb]

uuuuu

Mo M /o Ao tang A Ax A Heft

[ BP |
6 | 1121.3 462.13 -18495 3.10 0.6624 196.51 -73.12 101.25
g 12248 209.70 -2624.0 4.35 0.6869 480.86 -286.99 145.43
9
10

1329.5 206.00 -2854.8 5.43 0.6743 640.54 -288.23 144.02
1166.5 158.97 -2940.7 2.48 0.6761 306.89 -456.92 193.89
1044.7 124.67 -1835.1 2.46 0.6602 441.92 -633.05 265.67

Table : All dimensionful parameters are in GeV.
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The NMSSM Higgs sector contains interesting scenarios which are
precluded or excluded in the MSSM.

Particularly, we focus on the scenarios where the experimentally
visible peak can actually be explained by two nearly mass-degenerate
neutral Higgs boson states.

Its important to consider the full propagator when the mass difference
between the two Higgs bosons is comparable to their widths.

The combined CMS result in the WW and ZZ decay modes, for the
Higgs boson off-shell production in ggF and VBF processes, at 7 and
8 TeV, puts the observed and expected upper limits of 13 and 26
MeV, respectively on the total Higgs decay widths at 95% CL [CMS
Col., arXiv:1605.02329].

This combined result on the Higgs total decay widths serves as a
stringent constraint on the choices of our benchmark points.
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@ Some points corresponding to these scenarios give an overall slightly
improved fit to the data, more so for non-zero values of the CPV
phase, compared to the scenarios containing a single Higgs boson
near 125 GeV, invalidating the NWA.
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Thank You
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