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One or more scalar bosons!?

|. Is the observed |25 GeV boson alone, or is it a member of an

extended scalar sector?
2. May the extra scalar bosons be the lightest new particles!?

3. Sketch a search strategy for the extra states

e Directsearches: pp — hpge+ X

| > decay products

* Precision measurements of the couplings of the
125 GeV (standard-like) boson A e

/. Supersymmetry: at least 2 doublets H,, H,.



A natural supersymmetric spectrum

Softly broken SUSY: quadratic UV corrections to the scalar
mass cancel, only logarithmic above the s-particle scale.

I”

» Is a“natural” supersymmetric spectrum still allowed!?

other scalar bosons?
wino, bino
mz
stop, sbottom
0 0.5 1.5 TeV

Natural spectrum: t1 g, 3, Hy. 4 light!
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NMSSM: W D ASH,H, Fayee 75

» Adds an extra contribution to the tree-level scalar mass
my;, = mycsg + A7 + Avs34 = allows for lighter stops
» Alleviates fine-tuning in v for A > 1 and moderate tan (5

v K dv? 4
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Parameter space in a general NMSSM

Assume:

® No CPV in the scalar sector

® Neglect loop effects from sparticles other than A,

H = (Ha Hy,S)" = RS R RS (hs, ha, ha)' = R Hphys

M=R- diag(mhgamh17mh2) R

M:
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Parameter space in a general NMSSM

Assume:

® No CPV in the scalar sector

® Neglect loop effects from sparticles other than A,

H = (Ha Hy,S)" = RS R RS (hs, ha, ha)' = R Hphys

: T 3 unknown
./\/l — R . dlag(mh3 . mh1 , mhz) ) R parameters
m7cs + m% sy (2A202 — m2 — m2)sscs (oM
M = | 2Nv® —m3 —mz)sgcg  miycs +mysy + A7 /s5

v M, v Mo



Parameter space in a general NMSSM

Assume:

® No CPV in the scalar sector

® Neglect loop effects from sparticles other than A,

H = (Hg, Hy, S)' = Ry R Ry* (ha, by ha)' = R Hphys

B : T 3 unknown
M = R dlag(mhg y TR th) R parameters
. , ?Zc ;_ mASQB (2>‘2 UQ o m2A ) mZ)SBCB
— 2 /o2 §
M = |\@X\07 —miy —myz)spcs  macs tmysyt Ai/sy) |
’UM 1 UM 2

% 3 relations

(Oé, s U) — &, 7, a(m?, m?{i 9 )\7 tanﬁy At)

3 mixing angles 6 independent parameters



Modified scalar couplings

» Take hi = cy(—saHg+ coHHy) + 545 = hruc

» No SUSY loops or invisible decays, e.g. h1 — xX
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Two limiting cases

S decoupled H decoupled
(both MSSM and NMSSM) (NMSSM only)

h3

H = S@Hd — CBHu .7

L 4

h =cgHg+ SBHUV~“~\ hi=hruc




Two limiting cases

S decoupled
(both MSSM and NMSSM)

hs

H = S@Hd — CBHu .7

L 4

h =cgHg+ S@Hu\\\ hi=hruc

H decoupled
(NMSSM only)

(unlikely: H* too light)




Singlet decoupled

M2 > M v and ¥,0 — 0

Only 0 nonzero = 3 independent parameters: 9, A\, m g+ (mp,, tan 5, A)
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S decoupled: h3 production and decays

Mp, > Mp,

BR(hg — tt_)
500 - 500 T T T w/‘ T // A s e
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» Small values of A: h3 decays mainly into fermions (bb, 77, tt) ~ MSSM



A projection from the measurements

Now o | .
(LHC8 with 20 fb!) * i
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A projection from the measurements
of the signal strengths of h Hc
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A projection from the measurements
of the signal strengths of h Hc

S decoupled

Mpy < Mpy,
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mp,,(GeV)

The MSSM for comparison

LHCS

Limit A = 0 with S decoupled

excluded by LEP excluded at 95% CL by excluded by CMS

searches for hs — bb hLHe couplings searches for hy — 77
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The MSSM for comparison

LHCI4
. : sensitivity up
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Doublet decoupled

2 2
. 9 Mpn — mh1
sin® v = —5 5

th - mhl

where m

2
hh — T

m2 > A*v? and 6,0 — 0

22(3%5 4 Af 1 2 )\?

One relation less w.r.t. S decoupled case: one more free parameter.
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my, (GeV)

H decoupled: direct searches ,, .,

Small cross-section, but... hy — hih; — bbbb may be observable
(no big improvement on sin? v at 14 TeV)

A=0.8
O'(gg — hz) at LHC14 BR(hQ — hlhl)
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Other relevant decay mode into a vector boson pair



my, (GeV)

H decoupled: direct searches ,, .,

Small cross-section, but... hy — hih; — bbbb may be observable

(no big improvement on sin? v at 14 TeV)
A=14

(g9 — h2)at LHC14 BR(hy = hihy)
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H decoupled: modified h? coupling

9h1hihy
Significant deviations from | of gSM  are possible. Mhy < M,
hhh

(There is a dependence on the parameters of the S potential...)
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All

120

100 -

What if hiHc is not the lightest one!?

mMp, > Mp,
+

In MSSM and S-decoupled very disfavored by light

H decoupled (small and large A) excluded by hirc couplings

A=0.1, 4 =85 GeV / A =08, Ay = 75GeV \

I/ kI T | T T T “ T Ia

tan tan 8

the signals scale like 1i;(h2) = sin® v u; (hsm ), difficult search at the LHC



What if hiHe is not the lightest one!?

» 3-state mixing: U’s are different than in the SM, search for

ho — ~7y may be possible. see also Badziak et al.‘|3
=P Badziak’s talk
)\201, At = 85 GeV )\208, At = 75 GeV
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Conclusions and outlook

Are there extra scalar bosons? How to answer this question in natural SUSY?

® NMSSM insisting on physical parameters, 2 limiting cases.
e Fit of Higgs couplings still allows for light hz, h3 (not in MSSM)

» almost entire parameter space covered by LHCI14 in S
decoupled and MSSM (not in H decoupled),

» no substantial changes to the fit in full 3-state mixing case.
® Discovery looks challenging: need improved collider studies

» ho — hih; if H decoupled,

» hs — ff ifS decoupled ( ~ MSSM).

® Still possible that mp; < mpy (or muz < mpy).



Backup



General case: 3-state mixing  ms, < ma,

® Milder bounds when both 0 and v are different from zero

® Ifalso o # 0, h; and h3 are not decoupled, their masses are correlated

mps = 750 GeV, A=14
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General case: 3-state mixing  ms, < ma,

® Milder bounds when both 0 and v are different from zero

® Ifalso o # 0, h; and h3 are not decoupled, their masses are correlated

mp, = 750GeV, A =14 Naive exclusion from ¥ only
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ElectroVWeak Precision Tests

A e/ - 2 m%bz
AS = 18752 sin” v log 3
LHC
. 3 ms
AT = 2 sin? v log — ho
167c?, my
LHC

S decoupled: larger effects
possible in general,

but limits on the mixing angle
0 ~ (0 = no new constraint

500

Relevant contribution from loops of the new Higgses!?

e H decoupled: couplings scale as sin® v (cos? ~)

Barbieri, Tesi ‘| 3




ElectroVWeak Precision Tests

A e/ - 2 m%bz
AS = 18752 sin” v log 3
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. 3 ms
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General solutions for the mixing angles

detM? + mj (mj —trM?)

v (mil o m%g)(m%u o m%b:%) |

2 _ My, = My, detM* +mj (mj,, — trM?)

g m% m% detM?2 — mh mh +mh (mh +mh — trM?)’
Sin 2cx = (:_2\5750\\/1—8 \/1—SH122§( —m%m)

+ [my, — mh23 +52(1+s )(mi2 —mj, ) —(1— Sg)mil} sin 2§)
2
< ([mf, —m, +s2(mf, —m,)]" + (m, = m},)(1— 52)s2
—1/2
X [Qmil (1 + S,Qy) — 2(m%3 + S?Ym%m) + sg(mig — th)(l — S,ﬂ])

where M is the 2x2 submatrix of M in the |-2 sector
(contains the dependence on A and A)



Sketch of a model for A ~ |

® Field content: NMSSM + vector-like F, ~ 5, F4 ~ 5 of SU(5)

Fo D hy, FgqDhg withsame quantum numbers as Hy, Hqd
® PQ-symmetric superpotential W, SU(5) broken only by mixings my, md
W = AgSF,F;+ MuFuFu + MdFdFd —+ muHuﬁu -+ dediLd -+ )\tHth
® S, Flu = c,Hy, + suhu, Fld = cqH4 + s;hy are massless

® W — )\Sﬁuﬁd + ytf{u@ta A= )\Ssusda Yt — )\tCu

® Add PQ-breaking soft terms at the Fermi scale

Growth of A cured above Myq¢,muqd < 1000 TeV (A < 1.5)



