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Based on the following works :

M. Carena, |. Low, N. Shah, C.W,;arXiv:1310.2248, JHEP 1404 (2014)

M. Carena, H. Haber, I. Low, N. Shah, C.W.,, arXiv:1410.4969, PRD91 (2015)
M. Carena, H. Haber, |. Low, N. Shah, C.WV,, arXiv:1510.09137, PRD93 (2016)
M. Badziak, C.WV., arXiv:1602.06 198, JHEP 1605 (2016)

M. Badziak, C.WV., arXiv: 1611.02353, JHEP 1702 (2017)

N. Coyle, B. Li, C.WV,, to appear



A Standard Model-like Higgs particle has been
discovered by the ATLAS and CMS experiments at CERN

We see evidence

Signal (m =125 GeV)
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The rates are consistent
with those expected

in the Standard Model.




Standard Model Higgs Production Channels
and Branching Ratios
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Higgs tends to decay into heavier SM particle kinematically available
A Higgs with a mass of about 125 GeV allows to study many decay channels



Higgs Boson Discovery at the LHC :

Very good agreement of Higgs Physics Results
with SM Predictions

ATLAS Prelim. |—o(stat)  Total uncertainty
my=125.36 GeV | g(§s nc- tioonp
Phys. Rev. D 90, 112015 (2014)
H- vy ‘0%
w=1.17:35['5% s
arXiv:1408,5191 [ — =
H- ZZ* - 4l -+ —
w=1.443401"0% ——
arXiv:1412.2641 [ I
H- WW* > v 138
w=1.09"933| 0%
arXiv:1409.6212 :
W,ZH - bb 103
w=05%45 —1—
ATLAS-CONF-2014-061 : I
H-o1t e .
w=1.4704 08 e
| |
0 05 1 .o 2

\s=7TeV |Ldt = 4.5-4.7 fb"
\s=8TeV |Ldt=2031b"

Signal strength (u)

released 12.01.2015

19.7fb (8 TeV) + 5.1 fb' (7 TeV)

Combined
1.00+0.13
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Relevant Higgs Decay Branching Ratios

BR(h — bb)°M = 0.575

BR(h — WW*)®™ = 0.216

BR(h — ¢¢)°™ = 0.086

BR(h — 7777)"M = 0.063

BR(h — c&)®™ = 0.029

BR(h — ZZ*)°™ = 0.027
S

BR(h — vv)°™ = 0.0023
BR(h — ™)™ = 0.0022

The bottom decay is dominant. This, in spite of the fact that the
relevant Yukawa coupling ho is only about 1/60 !

The smallness of he is the only reason why off-shell and loop induced
decays are sizable, and makes other possible rare decays relevant.



Impact of Modified Couplings

In general, assuming modified couplings, and no new light particle the
Higgs can decay into, the new decay branching ratios are given by

k% BR(h — XX)M

BR(h = XX) = S B Rih = i)™

For small variations of (only) the bottom coupling, and X #D
BR(h — bb) ~ BR(h — bb)®™(1 4 0.4(k% — 1))
BR(h — XX)~ BR(h — XX)®™(1 - 0.6(k? — 1))

BR(h —bb)  BR(h — bb)M
BR(h— XX) BR(h— XX)SM

(1+ (k — 1))

So, due to the its large contribution to the Higgs decay width, a
modification of a bottom coupling leads to a large modification of all
other decay branching ratios (larger than the one into bottoms !)

Observe that the coefficients are just given by the SM bottom decay
branching ratio and its departure from one.



ATLAS and CMS Combination

Very good agreement of production rates with SM predictions
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Direct Measurement of Bottom and Top Couplings subject to
large uncertainties : 20 deviations from SM predictions possible
Badziak, C.W."16

Low bottom coupling had a major impact on the fit to the rest of the couplings.



A few months ago, at the Planck Conference
Bottom Coupling Suppression ?

ATLAS-CONF-2016-091

ATLAS Preliminary V{s=13 TeV, [L dt=13.2 b Significance
L L L B L L BN AL IR (expected)
- — Tot. ]
I Tot. (Stat. Syst.) ATLAS (13 TeV) 0.40 (1.940)
ATLAS+CMS (8 TeV) 2.60 (3.70)
ZHH F=e=H 0-15i3'§Z (f8'23 ig'ii) -
' ' ' Tevatron 2.80
W oeen 03 (400 - oS
Combination — K84 _ | Observed p 0.91+0.17(stat)
| | ‘|u 0121_ . | 032 5.27(sYyst)
0 2 4 6 8 10 Significance  3.00 (expected 3.20)

Best fit u=c/c_ for m =125 GeV
SM

The tendency still persists in recent data,

It is important to stress that a suppression of the bottom
coupling would affect all Higgs BRs in a relevant way. Persistence of
signal strengths would demand suppression of gluon fusion rate



Things have changed in an interesting way :

There is today evidence of a Higgs decaying to bottom quarks

LI L I LI L I LI I LI L | L | LI | LI | LI | LI
ATLAS VH, H(bb) \s=7 TeV, 8 TeV, and 13 TeV
Total Stat [Ldt=4.7 6™, 20.3 fb™, and 36.1 fb"
—Tota at.
(Tot.) ( Stat., Syst.)
WH| ke 1.21 323 (%039, 0% )
0.35 0.27 +0.23
ZH| ey 0.69 "33 (02 4
Comb. ! 0.28 0.18 +0.21
:  Wo 0.90 "% (“o4ss 0710 )
1 ; 111 1 L1 1 1 I 11 1 | 11 1 1 | 1 1 1 | 11 1 1 | 11 1 1 | 11 1 1

1 0 1 2 3 4 5 6 7 8
Best fit p’® for m =125 GeV



This evidence is present at both experiments

35.9fb ' (13 TeV)

CMS Preliminary
pp = VH; H— bb

Combinedpt =1.21+ 0.4

ZH(bb)
p=09+05

WH(bb)
n=17+07

0 lept.
n=00+05

1lept.
= 1.91’0.6

2 lept.
n=18x06
N P

2 3
Best fit u

Consistency with SM results

—1

Errors are still large an admit deviations of a few tens of percent from the SM results



Projected sensitivities

CMS Projection

ATLAS Simulation Preliminary —
Expected uncertainties or —— 300 fb" at s = 14 TeV Scenario 1
Vs =14 TeV: de'[ 300 fb™ det 3000 fb™ Higgs boson signal stren¢ |—| 300 fo™'at 5 = 14 TeV Scenario 2
H—yy (comb.) = Hosyy
(0j)
(1) H— Ww
(VBF-like) -
(WH-like)
(ZH-like) Ho bb
(ttH-like)
H—ZZ (comb.) Hote
(VH-like) R R
(ttH-like) 0.00 0.05 0.10 4 015
(VBF-like) expected uncertainty
(ggF-like) CMS Projecti
H—)WW (Comb) T r?JE(\: Ic?n T T T L T | — T T
( ) Expected uncertainties onF—1 3000f"at fs=14 TeV Scenario 1
( ) Higgs boson signal strengl— 3000 fb™' at fs = 14 TeV Scenario 2
(VBF-like) ]
H—Zy (incl.) o
H— b (comb.) HoWww b—+——————
bb (WH-like)
(ZH-like) Wozz b
H—1t (VBF-like) e b
H—up  (comb.)
(|nC|) Hortt L+
(ttH-like)
1

0.00 0.05 0.10 0.15
expected uncertainty

High Luminosity LHC will lead to precision determination of couplings, below 10 percent in
many channels. Ten percent precision in bottom couplings may be obtained at the HL-LHC
by combining all channels.



The LHC sensitivity is, | believe, better than
expected from previous estimates

M. Klute et al, arXiv:1301.1322

Shuer | 68% CL: 3000 b, 14 TeV LHC and 250 b, 250 GeV LC
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Deviations with respect to the SM depend on precision of running mass
determination

AN TR N Ame(me) < 21% Al 5 N Amy(mp)
FH—)CE B 10 MeV . ’ FH—)bI_) - 10 MeV

[Denner et al, 1107.5909]
[Almeida, Lee, Pokorski, Wells, 1311.6721]
[Lepage, Mackenzie, Peskin, 1404.0319]

x 0.56%.

mg(mg) = mgﬁ(u = mg): inputs of the calculation.
From PDG particle listings:
me(me) = 1.275(25) GeV, mp(myp) = 4.18(3) GeV.

Present accuracy of 30 MeV is sufficient for LHC physics. Improvements necessary to compete
with eventual lepton collider precision.



Modified couplings in 2HDMs



Low Energy Supersymmetry : Type Il Higgs doublet models

In Type Il models, the Higgs Hd would couple to down-quarks and charge leptons,
while the Higgs Hu couples to up quarks and neutrinos. Therefore,

diag . diag
aan  Maan (—sina) G0 M a1 cos a
it v cosfB ' Hif v cosf3
Mdiag (cos o) s Mdiag gin o
. g = :
v sinfB’ Hif v sinf

Ihfs =
If the mixing is such that cos(3 — «a) =0

h = —sinaHJ + cos aH sina = — cos 3, tan 3 Uy
anp = —
H = cosaHY +sinaH cosa = sin 3 Vg

then the coupling of the lightest Higgs to fermions and gauge bosons is SM-like.
We shall call this situation ALIGNMENT

Observe that close to the alignment limit, the heavy Higgs couplings to down quarks
and up quarks are enhanced (suppressed) by a tan 3 factor. We shall concentrate

on this case.

It is important to stress that the couplings of the CP-odd Higgs boson are

aan M di
s . 1ag uu . l1ag
Jagr =7y tanfl,  gay; = v tan 3



General two Higgs Doublet Model
H. Haber and J. Gunion’03
V = m2,®®; + m2,0Id, — mZ,(B1d, + hoc.) + %Al(cb{qn)? -+ %A2(<I>;<I>2)2
F3(PT D) (DI D,) + Ay(B] D) (DI DY)
+ {%%(@1%)2 + N(DT D)) + A (DI D,) DT D, + h.c.} ,

€ From here, one can minimize the effective potential and

derive the expression for the CP-even Higgs mass matrix
in terms of a reference mass, that we will take to be mA

,/\/l2— M211 M%Z _m2 S% —SBCR +v2 Lll L12
- =Tty
M212 Mgz —S5p€Ca C% Liy Lo
Lll = )\16% + 2)\68565 + )\58% ,

L12 — ()\3 -+ )\4)8505 + )\66% + )\78% ,

Loy = )\23% + 2X\758c3 + )\50% .



Carena, Low, Shah, C.W."13

Deviations from Alighment

Choa =150, Sp_a=1/1— 157

The couplings of down fermions are not only the
ones that dominate the Higgs width but also tend
to be the ones which differ at most from the SM ones

~ [1— 1t—2 2 SR
ghvv ~ 2577 gv gavv ~lg 1 gv,
Jhaa ~ (1 —n)gs , JHda = tg(1 + 755277)91”
Jhuu ~ (]- + %277) gf s JHuu ~ _tgl(l - 77>gf

For small departures from alignment, the parameter I can be determined
as a function of the quartic couplings and the Higgs masses

A B—-A 1 2 Y 2.2 2.2 2 2 2
n:s%(l—g):sg = B—A—g(—mh—k)\gv85+)\7vsﬁt5—|—3)\6v55054—)\12}%)

5\3:>\3—|—)\4—|—>\5

M2, —m? c m2
B = 1 h — (mi + )\51)2) sg + )\1U2—ﬁ + 2)\61)205 S—
Sp tg Sp




Down Couplings in the MSSM for low values of u

In this regime, Ao ~ 0 and

2 2 2 A
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Carena, Low, Shah, CW 13
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R R
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All vector boson branching
ratios suppressed by enhancement
of the bottom decay width
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Low values of i1 similar to the ones analyzed by ATLAS

tan 3

ATLAS-CONF-2014-010

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

ATLAS Preliminary
Is=7 TeV, j Ldt = 4.6-4.8 fb

s=8 TeV, j Ldt = 20.3 fb™
Combined h — yy, ZZ*, WW*, 11, bb
Simplified MSSM [k, &, K

===Exp. 95% CL =—O0Obs. 95% CL

N

O AN R0 b v s 7l % Tl 3 o
800 300 400 500 600 700 800 900 1000
m, [GeV]

lll|llll|llll|llll|llll|llll|llll|llll|llll|llll

Bounds coming from precision h measurements



Carena, Haber, Low, Shah, C.W!’ 14
M. Carena, |. Low, N. Shah, CWI13

Higgs Decay into Gauge Bosons
Mostly determined by the change of width

Small p p/Mgusy =2,  Ai/Mgusy ~ 3
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CP-odd Higgs masses of order 200 GeV and tanf = 10 OK in the alignhment case



Heavy Supersymmetric Particles

Heavy Higgs Bosons : A variety of decay Branching Ratios
Carena, Haber, Low, Shah, C.W/ 4

m3t . Large pu. Alignment at values of tan 5 ~ 12

Depending on the values of Y and tanf different search strategies must be applied.

my™, 1 =4/3 mg, tan § = 10 mp, = 4/3 mgp, tan § = 4

1.00 1.00
hh t
t
0.50. bb f 050
020 17 | 020
an) an)
010 = 0.10
M [an)
005 005"
002 002
0 0
X iX e
0%00 300 500 0%00 300 500
my (GeV) mpy (GeV)

At large tanf3, bottom and tau decay modes dominant.
As tanf decreases decays into SM-like Higgs and wek bosons become relevant



Light Charginos and Neutralinos can significantly modify M the
CP-odd Higgs Decay Branching Ratios

Carena, Haber, Low, Shah, C.W!. |4

mp™", =200 GeV, tan f = 4 mp™, 1 =200 GeV, tan f = 4

1.00 1.00
hh 0 0
0.50 bb X iXj ] 0.50"
020" 020"
=) <
= 0.10 2 0.10
M M
0.05 0.05-
0.02" 0.02"
0000 300 s00 Yoo 300 500
mpy (GeV) my (GeV)

At small values of p (My ~ 200 GeV here), chargino and neutralino
decays prominent. Possibility constrained by direct searches.



Large Y and small tanf3

m™, u=4/3mp,tan B =4

hh 1.00
tt

my™, = 4/3 mp,tan B =4
‘ ——

0.50/
0.20/ 0.20}
T —~
010 S 010
= M
0.05¢ 0.05!

0.02¢ 0.02}

gg
//—\\Xoi)(oj

0-0)50 300 500 0%00 300 500
my (GeV) my (GeV)

Decays into gauge and Higgs bosons become important. Observe, however
that the BR(A to T T) remains large up to the top-quark threshold scale



501

Complementarity between precision measurements
and search for new Higgs going to T pairs

Carena, Haber, Low, Shah, C.W |4

40/

30

’
’/

250 300 350 400 450
my (GeV)

Limits coming from measurements of h couplings
become weaker for larger values of u

— Yy-a,u0(bb;+2gd;) X BR(¢; — 7 7) (8 TeV)
--- o(bbh+ggh) X BR(h - VV)/SM

Limits coming from direct searches of H, A — 77
become stronger for larger values of

s Bounds on m 4 are therefore dependent on the scenario
o8 500 and at present become weaker for larger u

With a modest improvement of direct search limit one would

be able to close the wedge, below top pair decay threshold



Carena, Haber, Low, Shah, CW.I15

Naturalness and Alignment in the NMSSM

see also Kang, Li, Li,Liu, Shu’l 3, Agashe,Cui,Franceschini’|3

It is well known that in the NMSSM there are new contributions to the lightest
CP-even Higgs mass,

W:ASHqu+§S3
2 207 2 2
my >~ A — sin 28 4+ M7 cos” 28 + A;

It is perhaps less known that it leads to sizable corrections to the mixing between
the MSSM like CP-even states. In the Higgs basis, ( correction to \4)

1

M2(1,2) ~ —

(m% — MZ% cos 28 — Nv?sin® B + (55)

Sdz3 = N2

The last term is the one appearing in the MSSM, that are small for moderate
mixing and small values of tan (3

The values of A end up in a very narrow range, between 0.65 and 0.7 for all
values of tan(beta), that are the values that lead to naturalness with perturbativity
up to the GUT scale

m2 — MZ cos2f3

v2 sin? 3

2 =



Carena, Haber, Low, Shah, C. W15

Coupling of the Higgs to vector bosons and quarks within
type Il Higgs doublet models.

()
: ; tan 8 = —
H = cosaH; +sinaH, Vd

h = —sinaHY + cosaH

ke = sin(8 — «) + cot B cos(8 — )
kp = sin(f — a) — tan B cos(B — «)
ky =sin(f —a) ~ 1

—1 Imi At A?
Atlarge tan 5@ tocp A~ 2 ;2 \22) 4 S (g
3o ™ g | (Mt mz = X) + S o 6112



Alignment in the NMSSM (heavy or Aligned singlets)

tan 8

tan 8

8hdd / &hddsy

8hdd / Ehddsy

tan 8

200 250 300 350 400 450 500

500
ny (GCV) my (GCV)
(ii) (iv)
8ndd / Shddsy
A =0.65
2p [}
""""""""
200 250 360 350 400 = 450 500
my (GeV)

my (GeV)

Carena, Low, Shah, C.WI3

It is clear from these plots that
the NMSSM does an amazing
job in aligning the MSSM-like
CP-even sector, provided
A\ is about 0.65



Inverting the sign of
the bottom coupling



B. Li, N. Coyle, C.W. 17 (to appear)

What about inverting the sign of the
third generation couplings ?

It turns out that is easy to achieve the inversion of the bottom
coupling in type |l Higgs doublet models

In the NMSSM, in particular, this implies to go to larger values of
lambda, since this is the parameter that allows to control this coupling.

—1
tgcan e ——— | (m?2 +m2 — \?0%) +
B h~a m2, —ms ( h 4 ) 4202 M3

3miy Ayt g - A?
6M 2

This causes problems with the perturbative extrapolation of the
theory to large scales, and also with the spectrum, since some scalars
tend to become tachyonic in the relevant region of parameters

We cured this problem by adding a tadpole term

AV = & S+ hee.



Values of the dimensionless couplings

B.Li, N. Coyle, C.W."17 (to appear) Carena, Haber, Low, Shah, C.W/15
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Effects on gluon Fusion

B. Li, N. Coyle, C.W. 17 (to appear)

Changing the sign of the bottom coupling changes the gluon fusion rate by

about 12 percent !

Assuming that no other effect is present, the LHC collaborations announce a
precision of about 5 percent for the gluon coupling by the end of the LHC
run. So, under this assumption this effect may be tested.
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B. Li, N. Coyle, C.W. ’17 (to appear)
Fixing the perturbativity problem ?

It is known that one can add two SU(2)’s at higher energies, one that couples to the Higgs bosons
and the third generation, and the other the first generation. This would break to the SM SU(2) at
energies of a few TeV.

SU(3). x SU(2); x SU(2)e x U(1)y

Batra et al’'04

-0.78
-0.84
4-0.90
4-0.96

1-1.02°

-1.08

-1.14

-1.20

-1.26




B. Li, N. Coyle, C.W. 17 (to appear)

Loss of Perturbative Consistency for different values of ¢;

_ -Agggﬂr- o

14 16 06 08 10 12 14 16

A

Contours denote the value of the cutoff at which the perturbative
consistency of the theory is lost.



B. Li, N. Coyle, C.W. 17 (to appear)

Low charged Higgs masses

Part of the reason for large value of A is the relation between the CP-odd and charged
Higgs masses in these theories, namely
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B. Li, N. Coyle, C.W. 17 (to appear)

Novelty : Decay into charged Higgs Bosons

Large values of A imply that the charged Higgs mass becomes
significantly lower than the neutral MSSM-like Higgs masses.
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Additional tests of this idea ?

Radiative Higgs Decays

Bodwin et al’14, Neubert et al’'15
L[H — Y(1S) +7] = (3.33 £0.03) — (3.49 £ 0.15)kp|* x 1071 GeV
[[H — Y(25) +7] = [(2.18 £0.03) — (2.48 £ 0.11)x,|* x 1071 GeV

-pt+q H-------

Accidental cancellation present in the SM would lead to a large enhancement in the
case of a change in sign of the bottom coupling to Higgs bosons.



B. Li, N. Coyle, C.W. 17 (to appear)

LHC Sensitivity

Branching ratios are small and therefore the number of events become
only sizable at high luminosities. The approximate number of events are

. T(15) 1(25) 1(35)
For Ky = —1 Run 2 (130 fb~1)
BR(H — Y(18) +7) = 1.1 x 107° 1 ]/0.00442 + 0.06214|0.0155 + 0.04830.0178 + 0.0414
BR(H — Y(25)+7) ~05x107°% |1 s802+032 3.75+0.15 | 2.73+0.11
BR(H — YT(35) +v) ~0.4 x 107° Run 3 (300 fb71)
1]| 0.010240.1434 | 0.358 = 0.1115 |0.0408 + 0.0956
1| 185407 8.65+£0.36 | 6.31+0.26

Therefore, at most a few hundred of events available in these channels.

Run I bound on the Branching ratios of order of a few 1073.
Improvement in search sensitivity will be required to reach
the required sensitivity at the HL-LHC.
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Conclusions

Current Higgs measurements are in agreement with the values predicted in the SM.

Determination of bottom and top couplings still lacks precision, with a few tens of
percent errors. Therefore, relevant modifications of these couplings may be present.

Bottom coupling governs the width and therefore its departure from SM values leads
to a relevant modification of all decay widths.

An interesting, even if unlikely, possibility is that the sign of this coupling is inverted.

In this talk we have explored scenarios in which relevant modifications of the bottom
coupling may be present, in well motivated low energy supersymmetry extensions of
the SM

Relevant implications for Higgs phenomenology, that go beyond the modifications of
the decay widths, and may allow to test these scenarios.






Run | Combined Best Fit

CERN-EP-2016-100 (16 Sep 2016)

Parameter | ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty Measured Measured
Parameterisation assuming Bgsy = 0
Kz -0.98 1.01 -0.99
[-1.08, —0.88]U [-1.01,-0.87]U [-1.09,-0.85]U | [-1.14,-0.84]U
[0.94,1.13] [0.89,1.11] [0.87,1.15] [0.94,1.19]
Kw 0.87 0.92 0.84
[0.78,1.00] [-1.08,-0.90]U [-0.94, -0.85]U | [-0.99,-0.74]U
[0.88,1.11] [0.78,1.05] [0.71,1.01]
0.24 0.26 0.31 0.33
K 1407557 T3 1.32755 L5175
0.15 0.16 0.19 0.18
[z 0.847) 1 015 0.97%5 19 0.77%5 15
o 049733 i orgl | 0Ty
kgl 0.785 15 o4 0.9475:13 0.67513
Ky 087559 o3 0.88713 0.89513

Apparent suppression of the bottom coupling, associated with low precision,
leads to a suppression of all other relevant couplings, with the exception of the
top. Current best fit, if performed, would lead to values closer to the SM values.

Errors are still large and precision measurements are certainly a way of testing a
modified value of the bottom coupling.



Higgs Basis

Hy Q H,y H, U Hy
S < e (S < -
U4 YU Q4 YO
- > e <« -- > R E—
Hy Q Hy H, U Hy
(a) (b)

H1 - Hl

Haber and Gunion’02

H{=H,sing8+ Hycos [
Hy = H,cos3— Hysin

In this basis, H; acquires a v.e.v., while Hy does not.
Alignment is obtained when quartic coupling ZgH; Ho
vanishes. H; and Hs couple to stops with couplings

nggg = ht sin ﬁXt, with Xt = At — ,u*/tanﬁ
95,77 = hi cos BY;, with Y, = Ay — p* tan g3

Carena, Haber, Low, Shah, C.W.’ |14

H, - Hy v
(e) (f)  3vPsihy MZ\  X,(X,+Y) XY,
T I e U By VR Ty V7
At moderate or large tan (8
o BRE[(MRY 242 ANAR - 3y)
77 1672 m? 2 M2 12M

3vlhiud (A7 .
3202 M2 \ 6M2



M. Badziak and C.W. ‘1602.06198

Away from Alignment : Enhancing tth Production

e The combination of Run | data has shown a somewhat large value of the
production of Higgs bosons in association with top quarks

® Enhancing the top coupling is simple in type || 2HDM, but the bottom
quark coupling is modified as well in an opposite direction

ke = sin(8 — a) + cot S cos(f — a)
Ky = sin(8 — a) — tan 8 cos(8 — a)
ky =sin(f —a) ~ 1

® This tendency is in agreement with the one present in the current data



Alignment in General two Higgs Doublet Models
H. Haber and J. Gunion’03
V = m2,®10; + m2,0l0, — m2,(PTd, 4+ h.c.) + %Al(cb{qn)? + %A2(<I>;<I>2)2
FA3(D1D)) (DI Dy) 4 My (B D) (BLD))
+ {%Ag)(@{qb)? + N(DT D)) + A (DI D,) DT D, + h.c.} ,

Symmetry arguments (not general) : Bhupal Dey, Pilaftsis’ | 4

€ From here, one can minimize the effective potential and

derive the expression for the CP-even Higgs mass matrix
in terms of a reference mass, that we will take to be mA

Carena, Low, Shah, C.W.’[ 3

,/\/l2— M211 M%Z _m2 S% —SBCR +v2 Lll L12
- =Tty
M212 Mgz —S5p€Ca C% Liy Lo
Lll = )\16% + 2)\68565 + )\58% ,

L12 — ()\3 -+ )\4)8505 + )\66% + )\78% ,

Loy = )\23% + 2X\758c3 + )\50% .



M. Carena, . Low, N. Shah, C.W.I3
Alignment Conditions

(?7?,,21 — )\1’02) + (m,% — 5\31}2)75% = 2}2(3)\6t5 + )\775%) ,
(mj — Xv?) + (m} — 5\3’02)7552 = v*(3\rt5" + Xet5”)

o If fqu'IIed not only alignment is obtained, but also the right Higgs
mass, m; = Agmv~, With Asy =~ 0.26 and A3+ As+ A5 = Ag

Asm = Ap cos? B+ 4)hg cos® Bsin B + 203 sin? Bcos? B+ 4\ sin® Beos B+ Aysin 8

® For A\¢ = A7 = 0 the conditions simplify, but can only be fulfilled if

A > dan > A3 oand Ay > Agu > s,

e Conditions not fulfilled in the MSSM, where both  \;, \3 < Agu



Aligning the CP-even Singlets
Carena, Haber, Low, Shah, C.W. 15

The previous formulae assumed implicitly that the singlets are either decoupled,
or not significantly mixed with the MSSM CP-even states

The mixing mass matrix element between the singlets and the SM-like Higgs is
approximately given by

2 2 ,
2 2
M§(173) ~ 2\vi (1 _ My s 5 ~ ksin 5)

4112 2\
If one assumes alignment, the expression inside the bracket must cancel

If one assumes tan 8 < 3 and lambda of order 0.65, and in addition one asks for
kappa in the perturbative regime, one immediately conclude that in order to get
small mixing in the Higgs sector, the CP-odd Higgs is correlated in mass with
the parameter (4

Since both of them small is a measure of naturalness, we see again that
alignment and naturalness come together in a beautiful way in the NMSSM

Moreover, this ensures also that all parameters are small and the CP-even and
CP-odd singlets (and singlino) become self consistently light



Stop Contribution at alignment
Carena, Haber, Low, Shah, C.W. 15

Interesting, after some simple algebra, one can show that

;= —(30825(m,2Z — M%)

A4 =125 GeV

LOp— 25007
0.9/ 2000/
, = 1500"
~ 0.8} &) '
, ~ 7
= 1000
0.7 ,
125+3 Gey 300
o6l
1.0 15 2.0 2.5 3.0 1.0 15 2.0 2.5 3.0
tan B tan B

For moderate mixing, It is clear that low values of tan < 3
lead to lower corrections to the Higgs mass parameter at the alighment values



Values of the Singlet, Higgsino and Singlino Masses
Carena, Haber, Low, Shah, C. W15

Aalt’ K = Aalt/Z,
my(GeV), tg =2, my, = 125 GeV

M (GeV), k=22, m,=125 GeV
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In this limit, the singlino mass is equal to the Higgsino mass.
K

So, the whole Higgs and Higgsino spectrum remains light, as anticipated



Carena, Haber, Low, Shah, CW.15
like Higgs bosons
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Carena, Haber, Low, Shah, C.W/I5

Significant decays of heavier
Higgs Bosons into lighter ones and Z’s

Blue : tan g = 2

Crosses: Hj singlet like Red : tan 8 = 2.5
Stars : Hs singlet like Yellow : tan 3 = 3
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BR(A>hZ)

Carena, Haber, Low, Shah, C.WI15

Heavy CP-odd Higgs Bosons have similar decay modes

Blue : tan 8 = 2
Red : tan 8 = 2.5
Yellow : tan g = 3

Crosses: H singlet like
Stars : Hs singlet like
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Significant decay of heavy CP-odd
Higgs bosons into singlet like states plus Z



Decays into top significant but may be somewhat suppressed

Carena, Haber, Low, Shah, C.W/I5

by decays into non-standard particles

Crosses: H; singlet like
. H5 singlet like

Stars

Blue : tan g = 2
Red : tan 8 = 2.5
Yellow : tan 8 = 3
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Search for (psudo-)scalars decaying into lighter ones

CMS-PAS-HIG-15-001

—~1 10~
%’ 000 g
O 900F tan(B)=1.5; cc =

T 1 ©

| I 1 | 1 I 1 1
200 400

| I 1 | 1 I | 1 1
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10°

It is relevant to perform similar analyses replacing
the Z by a SM Higgs (and interchanging CP properties) !



