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125 GeV Higgs in the NMSSM and 2HDM

Outline

® SM Higgs Boson Physics

e Higgs boson in the SM

e 125 GeV Higgs-like signal at the LHC and the Tevatron
® 125 GeV Higgs in the NMSSM

e Single Higgs Scenarios: hy or hy ~ 125 GeV

e Degenerate Higgs Scenarios: hy and hy ~ 125 GeV

e 98 GeV + 125 GeV LEP-LHC Higgs Scenario
® Enhanced Signals of 125 GeV Higgs in the 2HDM

e Single Higgs Scenarios: h or H ~ 125 GeV

e Degenerate Higgs Scenarios

© Conclusion and Outlook
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125 GeV Higgs in the NMSSM and 2HDM

Higgs — God particle — has been attracting worldwide attention over the years.

A faded Chinese article published in the public daily newspaper in 1980s.
The title is “God, you DO really exist!”
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SM Higgs Boson Production

LHC:

Preliminary Background

e gluon fusion (ggF) and vector boson fusion (VBF) — main production.

e V¥ VH (V =W or Z) with H — bb and VBF — H with H — 7+ 7~

Tevatron: V* — VH (V = W or Z) with H — bb only.

gg Fusion

tt Fusion
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gg — H: Good for WW, ZZ, ~ final states; Bad for H — bb (overwhelming QCD

backgrounds!)

qq — V* — VH: Good for H — bb final states in the Leptons + Jets search (W/Z boson

decays to leptons which are straightforward to select).
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Preliminary Background

SM Higgs Boson Decay
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ZZ, ~7y, Z~: small branching ratio but clean signatures and NO missing energy.
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WVV: more sizable branching ratio; two leptons + missing energy.
bb: largest branching ratio; quark hadronization into jets.
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Preliminary Background

SM Higgs Search Overview (Prior to July 4th, 2012)
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SM Higgs mass my excluded regions:
LEP: < 114 GeV (1989-2000).
Tevatron: 100 GeV — 106 GeV and 147 GeV — 179 GeV.
CMS: 127.5 GeV — 600 GeV.
ATLAS: 110 GeV — 117.5 GeV, 118.5 GeV — 122.5 GeV and 129 GeV —539 GeV.
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Preliminary Background 125 GeV Higgs-like signal

125 GeV Higgs-like signal at the LHC

After over thirty years of waiting, this summer, CMS and ATLAS both saw a “new
boson” decaying into two photons, with a mass at around 126 GeV:
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Preli

inary Background 125 GeV Higgs-like signal

A HISTORIC moment in science.
It is a privilege to witness the Higgs discovery, on July 4th, 2012.
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Preliminary Background 125 GeV Higgs-like signal

125 GeV Higgs-like signal at the LHC
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CMS and ATLAS provide an essentially 70 and 60 signal, respectively, for a Higgs-like
resonance with mass at 125.8 GeV and 126.5 GeV, respectively.
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Preliminary Background 125 GeV Higgs-like signal

125 GeV Higgs-like signal (shortly after HCP 2012)

Question: whether or not it is the SM Higgs? how to distinguish?

e reduced coupling
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° i i i
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Tevatron: the evidence for the Higgs boson is based principally on the W + H with H — bb decay mode, the observed

enhancements relative to the SM rate by a factor of 1.56:00'_7723.
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125 GeV Higgs in the NMSSM

Part I: 125 GeV Higgs in the NMSSM

Yun Jiang (U.C. Davis) 125 GeV Higgs in the NMSSM & 2HDM 11 / 67



125 GeV Higgs in the NMSSM

Hierarchy Problem with the Standard Model

The Higgs mass is essentially a free parameter, but the Higgs boson hasn’t been discovered yet ...

Quantum correction to the Higgs mass

h W+ 7 .
,,,,,,,,,,,,,, s
2 2,2 2,2
+ g - ye N
1672 gn2’t
q ically-divergent radiative correction
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125 GeV Higgs in the NMSSM

Hierarchy Problem with the Standard Model

The Higgs mass is essentially a free parameter, but the Higgs boson hasn’t been discovered yet ...

Quantum correction to the Higgs mass

a W=z .
m —m? 4 2, 2N 3 J2A2
ZH T Thare T 162 1672 gr2t
2
~Av quadratically-divergent r correction

e IfA~O(v), v
® However, the SM is assumed to be an EFT with very heavy particles, so A > v (i.e.,
A ~ MguT, Mpy).
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125 GeV Higgs in the NMSSM

Hierarchy Problem with the Standard Model

The Higgs mass is essentially a free parameter, but the Higgs boson hasn’t been discovered yet ...

Quantum correction to the Higgs mass

a W=z .
m —m? 4 2, 2N 3 J2A2
ZH T Thare T 162 1672 gr2t
2
~Av quadratically-divergent r correction

e IfA~O(v), v
® However, the SM is assumed to be an EFT with very heavy particles, so A > v (i.e.,
A ~ MguT, Mpy).

= HIERARCHY PROBLEM
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125 GeV Higgs in the NMSSM

Hierarchy Problem with the Standard Model

The Higgs mass is essentially a free parameter, but the Higgs boson hasn’t been discovered yet
Quantum correction to the Higgs mass

—
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TH = Moare ¥ 1o 2 Nt 1o 28N T gl
~av2 1 lly-d
a y-clivergent ¢

o If A~ O®V),

® However, the SM is assumed to be an EFT with very heavy particles, so A > v (i.e.,
A ~ MguT, Mpy).

= l HIERARCHY PROBLEM

tree
Fine-tuning

® The fine-tuning is_neede
for examplue, /\g: 10 Te\ﬂ—) gauge

3
® The fine-tuning required is much greater as A miy
increases

Higas

® The fine-tuning completely disappeared at A = 1
TeV.
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125 GeV Higgs in the NMSSM

Hierarchy Problem with the Standard Model

The Higgs mass is essentially a free parameter, but the Higgs boson hasn’t been discovered yet
Quantum correction to the Higgs mass
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® However, the SM is assumed to be an EFT with very heavy particles, so A > v (i.e.,
A ~ MguT, Mpy).

= l HIERARCHY PROBLEM

tree
Fine-tuning

® The fine-tuning is_neede
for examplue, /\g: 10 Te\ﬂ—) gauge

3
® The fine-tuning required is much greater as A miy
increases

Higas
® The fine-tuning completely disappeared at A = 1
TeV. NEW PHYSICS (SUSY)
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125 GeV Higgs in the NMSSM

Supersymmetry and MSSM

Supersymmetry is a generalization of the space-time symmetries of quantum field theory
that transforms fermions into bosons and vice versa.

e allows the unification of gauge couplings.

e solves the hierarchy problem by introducing superpartners

Yun Jiang (U.C. Davis) 125 GeV Higgs in the NMSSM & 2HDM 13 / 67



125 GeV Higgs in the NMSSM

Supersymmetry and MSSM

Supersymmetry is a generalization of the space-time symmetries of quantum field theory

that transforms fermions into bosons and vice versa.
e allows the unification of gauge couplings.
e solves the hierarchy problem by introducing superpartners

In a theory with unbroken supersymmetry, for every type of fermion there exists a
corresponding type of boson with the same mass and internal quantum numbers, and

vice-versa.

MSSM=SM+SM-Superpartners 'E
3

fermion  <+— sfermion g \'/ .-.

gauge boson = +— gaugino B ..

: - sell
Higgs — Higgsino ’ "
Spin % 1 0
Yun Jiang (U.C. Davis) 125 GeV Higgs in the NMSSM & 2HDM
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125 GeV Higgs in the NMSSM

NMSSM=MSSM+Singlet Brief Review

I will focus on the discussion within the (semi-unified)! NMSSM perspective in which both a
Higgs mass of order 125 GeV and significant vy mode enhancements are easily obtained.

Wimssm = Wussu + fitlyH + ASHuHa + 55°

with the additional m|S|?, AA\H,H4S and 1A, S? terms in the soft SUSY-breaking
Lagrangian. The NMSSM s very attractive:

® it solves the u problem of the MSSM: piefr = A(S) — Msusy /.

® The three CP-even Higgs fields, H,, Hs and S mix and yield
NMSSM Higgs Sector

3 CP-even neutral scalars: hy, ha, hs

2 CP-odd neutral pseudoscalar: ay, ax

2 charged scalars: HE

© The lightest CP-even Higgs mass (m§ ~ mj,)

tree level

2 a 2 2 2

~ s A 3m m A A

m2 M3 eos® 28 4222 sin? 28— v2(A — ksin28)? 4 L fIn [ =2 | ¢ L (1 £
1 K2 ar2y2 m? m2 12m§

14Semi-unified” we mean a model which has universal mo, my /2, and Ap at the GUT scale with NUHM
relaxation for m,zlu, m,zlj and mé, and general Ay and A, together with the paramet@rs v; tan 3, X
r
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125 GeV Higgs in the NMSSM

Basic Constraints

e Having a proper RGE solution, no Landau pole and a neutralino LSP.

e Higgs mass limits are from LEP, TEVATRON, and early LHC data; SUSY mass
limits are essentially from LEP.

e B-physics constraints

Observables Constraints

AMy 0.507 £+ 0.008 (20)

AM, 17.77 + 0.24 (20)

BR(B — Xsv) 3.55 £ 0.51 (20)

BR(BT — 7Fv) (1.67 4 0.78) x 10~ (20)

BR(Bs - ptp~) < 4.5x107° (95% C.L.)

o Regarding dark matter constraints, we accept all points that have the relic density

Qh? < 0.136, particularly, is the

e 2011 XENON100 bound on the spin-independent LSP—proton scattering cross
section. 2

o (discussed shortly).

2For points with Qh® < 0.094, we rescale these bounds by a factor of 0.11/Qh>.
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Yun Jiang (U.C. Davis)

125 GeV Higgs in the NMSSM

Single Higgs Scenarios

e hy or h either lies in the 123-128 GeV mass window.
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125 GeV Higgs in the NMSSM

~v Enhancement Realization

~7 enhancements appear to be possible only if

R

R

e the Ja, constraint is

123<m, <128

123<m;, <128

Single Higgs Scenarios

o the superpotential coupling X is large (and tan 8 is preferably small)
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125 GeV Higgs in the NMSSM  Single Higgs Scenarios

~~ Enhancement Mechanism

123<m, <128 123<m;, <128
3 : : ————
A J
2.5 faa . J
a ]
ha a
o 2 1 s 1
ER e £ ]
. o
= ogshe 2 4 0= 1
A 4
19 * - 4
* -
05 ; ; PR S—
0 05 1 1.5 2 25 0 02 04 06 08 1 12 14 16 18
(@’ ()

The enhancement happens when the partial width of a 125 GeV Higgs boson into bb is
strongly reduced.
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125 GeV Higgs in the NMSSM  Single Higgs Scenarios

~+ Enhancement Dependence on the Higgs Mass

123<m, <128 123<m; <128
3 ; — , 24 : :
22 1
25 . 2 b 1
18+ 1
- 2 1 = 16f 1
£ St 1
&= s 1 = 2t 4 1
" L ]
1 08 1
06 1
05 ) 01 ¥ 4 04 . . . . .
200 300 400 500 600 700 800 900 1000 40 60 80 100 120 140
my, [GeV] my, [GeV]

In addition to large A (and preferably small tan 8), enhanced ~~ rates are most natural
when the h; has mass similar to the second lightest CP-even Higgs, h2, (with one of
them being primarily the doublet-like H, while the other has a large singlet S
component) with enhancement particularly likely if the hy and h» are degenerate.
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125 GeV Higgs in the NMSSM

D

Higgs S

e h1 and hz both lie in the 123-128 GeV mass window.
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125 GeV Higgs in the NMSSM Degenerate Higgs Scenarios

Individual v+ Rates

123<im;, g, <128

2:5 T T
. mh-mh >3[]GeV .
S ‘
\ 20 GeV <my-my, =30GeV
fwe 15GeV <m,-m, s20GeV o . .
(Te } b, M,
3 . 10 GeV <my-my % 15 GeV ol We combine h; and ha signals as

05 GeV <y m;, s10GeV o follows in defining
mh-m,, <0.5GeV

o effective Higgs mass:

iy
Rz o)

h h.
Ryt (X)mpy +Ry2 (X)mp,
h: h
Ry (X)+Ry? (X)

o effective Higgs signal:
RY(X) = Ry (X) + Ry2(X)

Jr,
Ry ()

The extent to which it is appropriate to combine the rates from the hy and hy depends upon the
degree of degeneracy and the experimental resolution, estimated to be of order ores ~ 1.5 GeV.
The widths of the hy and hy are very much smaller than this resolution.
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125 GeV Higgs in the NMSSM Degenerate Higgs Scenarios

Combined Signal Rates

omp, — mp < 1GeVi o1 GeV < my, — mp, < 2 GeVi o2 GeV < my, — mp < 3 Gel

123<m;, m; <128 123<my, ,mj, <128

J
Rl (bb)

0 I I I I I I I I I
0 02 04 06 08 1 12 14 16 1.8 2

m(bb) [GeV] Rt vv)

e Enhanced v and VV rates from gluon fusion are very common.

e There is a very strong correlation between Ré’g(vv) and Rgg(VV) described approximately
by Ré_’,’g('y'y) ~1.25 Rg,’g(VV). In particular, if Ré',’g('y'y) ~ 1.5, as suggested by current
experimental results, then in this model Ré',’g(VV) >1.2.
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125 GeV Higgs in the NMSSM

Degenerate Higgs Scenarios

Enhancement Mechanism — Degenerate Scenarios

123<m;, m, <128

—
25 .4, 1
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E: 2r -": 1
.
S5t RELY oo . —
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0.6 08 1 12

Ry (0

04

The

primary mechanism:

large net vy branching ratio is achieved by reducing
the average total width by reducing the average bb
coupling strength.

aniti-correlation between Ré’,’g(y'y) and
Rcv*ﬁWh(bb) = R{pp(bb).

125 GeV Higgs in the NMSSM & 2HDM

In general, the larger Ré’g(w) is, the smaller the
\ _
value of R}/« _, \,(bb).

Enhancement of Wh production with h — bb is
rather limited; indeed the maximal value of

Rb g (bb) = Rh,. ., 4 (bb) is of order 1.2.

There are parameter choices for which both the vy
rate and the W* — Wh(— bb) rate can be
enhanced relative to the SM. This is an unique
feature as a result of there being contributions to
these rates from both the h; and hs.
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125 GeV Higgs in the NMSSM Degenerate Higgs Scenarios

Implication for SUSY Particles

123<m,, ,mh‘<1 28

3000 P ‘
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125 GeV Higgs in the NMSSM Degenerate Higgs Scenarios

Correlation on Other Higgs Bosons

123<m, ,m,L<128 123<my, ,mh‘<128
3 3
4 25 F O 4
&
- 2 F : 4
E o“ . L4
1 :%g; 1.5 F oe,e 1
* A 1F Y ';’-\'g..c.' o% 0 o
. .
1 0.5 | 1
.
0 L L L L L L L 0 |_.\ L L L L
0 100 200 300 400 500 600 700 800 0 500 1000 1500 2000 2500 3000
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(note that may ~ my, >~ m, 1)

e The general trend is that the maximum Ré’g('y'y) possible decreases rapidly as ma;, and my+
increase.

e Values above 1.7 are associated with masses for the ap, hz and HE of order < 500 GeV
and for the ay of order 70 < ma,; < 150 GeV, 250 GeV being the lowest allowed my,+ .

e Although ma, ~ 125 GeV is common for points with Rgg(’yy) > 1, the contribution of the
a1 to the 7 signal is always small, typically Rg:(vy) < 0.01 (due to large singlet
component of the ay for all R, (vy) > 1 points).
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125 GeV Higgs in the NMSSM Degenerate Higgs Scenarios

Dark Matter Properties

123<m), m, <128 123<m), m, <128
l le-08 — T
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o WMAP-window points have a rather limited range of LSP masses, roughly
mgo € [60,80] GeV.
1
e Corresponding ogy values range from few x 10~2 pb to as low as few x 10~1 pb.

° Qh?: , with a singlino component of the order of 20%.
low Qh?: the LSP is dominantly higgsino (owing to small pieff).
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125 GeV Higgs in the NMSSM Degenerate Higgs Scenarios

What is the Status on da,,?

123<m;, m), <128

0
-2e-11 0 2e-1M4e-116e-118e-111e-10.2e-104e-106e-1Be-10

It is not possible to find scenarios of this degenerate/enhanced type while predicting a value of
day, consistent with that needed to explain the current discrepancy. In particular, the very largest
value of §a, achieved is of order 1.8 x 10719 (§a, < 6 x 10711 for the WMAP-window).

Large day, only be possible if A < 0.1, for which the Higgs signal in the vy and VV* (V = W, Z)
final states for Higgs in the 123-128 GeV window is very SM-like.

Interpretation: implicitly assume that the observed discrepancy in a;, comes, at least in part,
from a source other than the NMSSM.
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125 GeV Higgs in the NMSSM  Degenerate Higgs Scenarios
double ratio

Let us now take a look in more detail.

2 T(hi = X) Teot(hsm) _ | b2, ~hiy2
M(hsvt — X) Teos(h) = ()2 ..

h; _ O'(Y — h;)BR(h,‘ — X) _ hi
Ry (X) = (Y — hsm)BR(hsm — X) (&)
where Y = gg for gluon fusion and Y = WW, ZZ for W, Z fusion and W, Z strahlung, this
latter also implies R(’,’BF(X) = R\h/i*—WH(X) and le”' is the ratio of the h; total width the SM

Higgs total width.

The diagnostic tools

we propose the double ratios to reveal the existence of a second, quasi-degenerate (but
non-interfering in the small width approximation) Higgs state are :

each of which should be unity if only a single Higgs boson is present but, due to the
non-factorizing nature of the sum, are generally expected to deviate from 1 if two (or
more) Higgs bosons are contributing to the net h signals.

Of course, the above three double ratios are not all independent. Which will be most useful depends upon
the precision with which the R"'s for different initial/final states can be measured. « 5 =)
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125 GeV Higgs in the NMSSM Degenerate Higgs Scenarios

double ratio examination — NMSSM (i)
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o |11) is very like 1) due to the correlation between the Rgg('y'y) and Ré’,’g(WW) values.

® Any one of these double ratios will often, but not always, deviate from unity.
e The probability of such deviation increases dramatically if we require Ré’g(w) > 1.
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125 GeV Higgs in the NMSSM

Multiple Higgs Scenarios
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125 GeV Higgs in the NMSSM  Multiple Higgs Scenarios

LEP Excess around 98 GeV

The LEP excess is clearly inconsistent with a SM-like Higgs boson around 98 GeV, being
only about 10 — 20% of the rate predicted for the hsn.
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An interesting question:

whether the LHC signal and the small (~ 20) LEP excess in e"e™ — Zbb in the vicinity
of M,z ~ 98 GeV using the h" with m; ~ 98 GeV could be simultaneously explained?
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125 GeV Higgs in the NMSSM  Multiple Higgs Scenarios

98 4+ 125 GeV LEP-LHC scenarios

98 4125 LEP-LHC scenario

o Consistency with such a result for the h’ is natural if the h’ couples at a reduced
level to ZZ, which, in turn, is automatic if the h has substantial ZZ coupling, as
required by the observed LHC signals.

e To describe the LEP and LHC data under the NMSSM framework, the h; and h»
must have mp, ~ 98 GeV and my, ~ 125 GeV, respectively, with the h; being
largely singlet and the h> being primarily doublet (mainly H, for the scenarios we
consider).

o A 125 GeV Higgs state ho with enhanced ~+ signal rate is easily obtained for large A
and small tan .

v
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125 GeV Higgs in the NMSSM  Multiple Higgs Scenarios

LEP-LHC Fit (mp, € [96,100] GeV, my, € [123,128] GeV)

0.3

R:"EF (bb)
= =N
w - w

=

005

e Those points with RI%_(bb) between about 0.1 and 0.25 would provide the best fit
to the LEP excess. (Rykg(bb) is equivalent to R\@}u(bb) as relevant for LEP.)

e A large portion of such points have Rj2(yy) > 1 as preferred by LHC data.
In all the remaining plots: Rggz(“m) >1and 0.1 < RM_(bb) < 0.25.

VBF
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125 GeV Higgs in the NMSSM  Multiple Higgs Scenarios

Enhanced v+ Rates
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® hy can easily have an enhanced ~~ signal for both gg and VBF production.

e The ~~ signal arising from the h; for both production mechanisms is quite small and
unlikely to be observable.
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125 GeV Higgs in the NMSSM  Multiple Higgs Scenarios

SM-like bb Rates
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° Rgg(bb) and Rf\'/ZBF(bb) values that are associated with reduced bb width (relative to the
SM) are reduced to have enhanced Réi,'g2 (yv) and RCZBF('W).

° R&}(bb) and R'\’/}SF(bb) values are such that the h; could not yet have been seen at the
Tevatron or LHC.
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125 GeV Higgs in the NMSSM  Multiple Higgs Scenarios

Correlation between enhanced ~~ rates and SUSY particle properties
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125 GeV Higgs in the NMSSM

Expectation for Other NMSSM Higgses

Yun Jiang (U.C. Davis)
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Mpy ~ Myt ~ m,, for the scenarios considered.
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125 GeV Higgs in the NMSSM  Multiple Higgs Scenarios

LSP Composition

The composition of the X% and the iit are crucial when it comes to the relic density of
the X3 (LSP dark matter candidate).
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in the WMAP window

* Low mgo group (1) , the X3 can have a large Higgsino fraction since the
X3X2 — WT W™ annihilation mode (mainly via t-channel exchange of the light
Higgsino-like chargino) is below threshold.

® mzo > 93 GeV group (I1), the points can lie in the WMAP window only if the X3
does NOT have a large Higgsino fraction, in the other words, the LSP is dominantly
singlino (under the approximation that the singlino fraction = 1 - Higgsino fraction).
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125 GeV Higgs in the NMSSM  Multiple Higgs Scenarios

Dark Matter Properties
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Why the relic density Qh? too small?

e The main mechanism is rapid Y3%5 annihilation to W W™ due to a substantial
Higgsino component of the X3. Indeed, the relic density of a Higgsino LSP is
typically of order Qh? ~ 1073 — 1072

e Qh? increases as the Higgsino component declines.

Incidentally, the 2012 XENON100 limits on the spin-independent cross section og; are obeyed by
all the WMAP points. Experiments will probe some of the ogy values that survive 2012 limits
relatively soon, especially the Mgo > 93 GeV points that are in the WMAP window. However, it
is also noteworthy that the mgo ~ 75 GeV WMAP-window points can have very small og;y.
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125 GeV Higgs in the 2HDM

Part II: 125 GeV Higgs in the 2HDM
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125 GeV Higgs in the 2HDM

Two Higgs-Doublet Model (2HDM)

+ %)\1 (¢1¢1) + 2/\2 (4> q>2) + 23 (¢ ® ) (¢Td>2) T (¢T¢2) (¢§¢1)
T {;AS (0102)" + [1o (0101) + 1, (0592)] (#02) + e }

¢+ ¢+
oo omns) s Sams)
(vcos B+ p1 + im)/V?2 (e’€vsin B+ pa + i) /2
0<B<w)2, —w/2 < a<7/2.

@ NO CP violation: all \; and m%z are assumed to be real.

® NO spontaneous CP breaking: take £ = 0.

©® NO severe tree-level FCNC.

O "soft" Z, symmetry (1 — ®1 and $2 — —b3) breaking: m%z #0.
2HDM Higgs Sector

2 CP-even neutral scalars: h = —pysina + pacosa, H = pjcosa + pasina

o} 1 CP-odd neutral pseudoscalar: A = —nq sin 3 + 12 cos 3

2 charged scalars: HE

Yun Jiang (U.C. Davis) 125 GeV Higgs in the NMSSM & 2HDM
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125 GeV Higgs in the 2HDM

Basic Constraints

e implements precision electroweak constraints (denoted STU).
—0.3<5<0.33 —0.34 < T <0.35and —0.25 < U < 0.41 (30)

e limits coming from requiring vacuum stability, unitarity and coupling-constant
perturbativity (denoted jointly as SUP).

o LEP constraints on Higgs mass limits.

e B-physics constraints (from BR(Bs — Xsv), Rs, AMp,, ex, BR(BT — 77v;) and
BR(B" — Dttv;)).
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125 GeV Higgs in the 2HDM

Single Higgs Scenarios

e hor H either lies at 125 GeV.
that is definitely present at 125 GeV.

The signal at 125 GeV cannot be pure A since the A does not couple to ZZ, a final state

Yun Jiang (U.C. Davis)
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125 GeV Higgs in the 2HDM

Single Higgs Scenarios

~~ Enhancement dependence on the levels of constraints imposed
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The B/LEP and STU leave the maximum Rgg(ww) unchanged. In contrast, the SUP constraints
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greatly reduce the maximum value of Ré’g('y'y) that can be achieved .
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125 GeV Higgs in the 2HDM  Single Higgs Scenarios

~7 enhancement achieved (Type I)

H ~ 125
F N

tan B RF .. [y7) Bg,(2Z) R:,(ETEVBEF('T'T] Ripp(ZZ) Byjpp(Bb)[ms ma mgs mu[sina]Ax, JA[Sa,
20§ 1 1.02 .50 0.00 T.00 [125 400 350 &0 | 0.0 | -0.05 [-Z1
3.0 [ N 0.89 0.96 0.88 125 400 350 50 N

40 [N 0.89 0.97 1.09 -0.03 [-1.
50 [ 0.03 0.98 1.06 1
T [ UEE 3 n K
10.0 [N 0.89 0. -L.6
15.0 ‘ 0.90 ' 0
20.0 0.90 | 254008500 | -1.0 [ -0.05 [-1.5

TABLE V: TableVgf haxifum ¥ DM with myr = 125 GeV and associated R values for other
initial and/or final states. input parameters that give the maximal RE,(yy) value are also tabulated.

h~ 125
a0 A Ry (77) RoglZ27) R (00)| REwr(77) Rver(#Z) Resr(bh) [ma ma mgs maa[smal Ay JA[da.
10 0.98 100 102 0.96 0.98 1.00  [875 750 800 500|-0.7 | -0.01 |-2.3
7.0 .08 008 009 T4 T0d G08 |45 500 350 200|-0.5] 001 |18
30 102 008 009 108 T4 008|295 400 150 100|-04| 001 |-1.7
10 133 009 Lo7 124 0.53 099 [225 200 90 100|-0.1] 0.4 |-1.7
5.0 0.08 008 106 0.90 0.01 008 [295 400 150 100|-0.0]| 001 |-1.6
70 104 000 008 106 01 009|135 5000050 [-02] 002 |-16
10.0] 0.0 08 0.74 0.09 0.80 081|175 500 150 50 |-0.5]| 004 |-15
150 046 050 066 041 0.53 050|295 400 350 50 | 0.6 | 0.1 |-14

TABLE 11I: Table of maximum RE (y7) values for the Type I 2HDM with mj, = 125 GeV and associated 12 values for other
initial and/or final states. The input parameters that give the maximal Ri;('r’r) value are also tabulated.
The maximal Rhg(’y'y) is of order of 1.3, as found if tan 3 = 4 or 20. In these cases,

R!.(ZZ) and RL,(bb) are of order 1 as fairly consistent with current data.
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~7 enhancement achieved (Type II)

125 GeV Higgs in the 2HDM

Single Higgs Scenarios

h~ 125
120 B Rigre (77) FULZE) Rog(05) [ Ranr(vy) Renr(27) Wonr(B8)[mur ma mp: muz[sina
05| 156 269\ 131 | 052 0.59 0.61 |45 500 600 100]-0.7
10| 107 336 | 049 | 065 11 0.13_[125 500 500 _100]-0.2
2.0 2.59 3.36 0.00 1.48 1.92 0.00 225 200 340 100 |-0.0
30| 2.8 329 | 000 | 201 237 0.00 |25 200 320 100]-0.0
10| 284 325 | 000 | 231 2.57 0.00 |25 200 320 100]-0.0
5.0 2.87 3.23 0.00 2.37 2.66 0.00 225 200 320 100 |-0.0
70| 283 321 ) 000 | 242 2.75 0.00 [135 300 32050 |-0.0
100] 034 043 ] 189 | 022 0.28 123 [325 200 320 100] 0.2
15.0 0.02 0.03 4.06 0.00 0.01 0.87 225 200 320 50 | 0.6
00| 289 1 000 | 257 283 000|225 200 320 50 [-00

TABLE IV: Table of maximum

ag

(1) values for the Type 11 2HDM with ms =
initial and /or final states. The input parameters that give the maximal % (yy) value are also tabulated.

125 GeV and associated R values for other

H ~ 125
tat B[ Ry (77) f,(}@ Hgy (00) [ Rnr(17) Hvne(22) Rysy(h) [ma ma mys mia|sine|Ag= /Al bau
10 109 o\ 057 | o071 116 0.10_ |15 500 500 100] 1.0 | -0.06 [ 0.
2.0 2.56 3.36 0.00 1.46 1.02 0.00 |125 300 340 50| 1.0
3.0 2.73 3.20 1.97 2.37 0.00 [125 300 320 50| 1.0
4.0 2.78 8.25 2.20 257 0.00 125 300 320 50 [-1.0
5.0 2.81 3.23 2,32 2.66 0.00 |125 300 320 50 |-1.0
7.0 T80 3.21 240 2.75 0.00 |65 300 320 10 |-1.0
10.0 2.81 3.20 . 2,46 2.79 0.00 45 300 320 0 [-1.0
15.0 2.82 3.19 0.00 2.49 2.82 0.00 25 300 320 O [-1.0
20.0 2.82 3.19 0.00 2.50 2.83 0.00 25 300 320 O [-1.0

TABLE VI: Table of maxi
initial and for final states.

:‘L('n} values for the Type II 2HDM with mg = 125 GeV and associated R values for other

Input parameters that give the maximal Rf, () value are also tabulated.

At the points that maximize Rgg(v7) in the Type Il model, Rg(ZZ) is typically large. In
fact, Rl (ZZ) > Rl (77), thus the Type Il models seem to be disfavored.
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125 GeV Higgs in the 2HDM

Degenerate Higgs Scenarios

e hand A both lie at the 125 GeV mass.
e H and A both lie at the 125 GeV mass.

e h and H both lie at the 125 GeV mass.

Yun Jiang (U.C. Davis)
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125 GeV Higgs in the 2HDM

~7 Enhancement achieved (Type I)

2HDM (typel) m;=125 GeV, m,=125.1 GeV
1000 T

Degenerate Higgs Scenarios

h B . e
e e For the Type | model, R (v7) is significantly
- BILEP okiy enhanced only at tan 8 = 4 and tan 3 = 20 that
L STUokay ™ ] . . A
100 BLEPSSTU the pse'udoscalar contribution Rz, () turns out
S SUP okay to be tiny.
=~ B/LEP+SUP okay @ . o
LE 10¢ alky +« 1 ® The A can contribute even more to the bb final
i state rate than the h if tan 3 is small.
. .
Lpes® o @ . i e Only tan 8 = 20 yields both an enhanced ~v
2 .
rate, RIF . (yv) = 1.31, and SM-like rates
0.1 : ‘ ‘ for the ZZ and bb final m
o P 0 s o for the and bb final states
tanf

tan B[ Riie. (17) Ryg(11) Rag(11) Rig” (22) Rt Ah)| Rynr(17) Ryar(Z22) Riap(®h)|mu my+ mas[sinal Al /Al o,

2.0 1.07 0.92 0.15 0.98 1.73 (.98 1.04 008  [325 250 100]|-0.5] -0.04 [-22
3.0 .08 1.02 007 .08 1.28 T.08 1.04 U085 (735 150 00| 04| 001 |10
4.0 1.356 1.33 € 003 ) 099 121 | 1M 0.93 099 [225 90 100(-0.1] 014 [-1.8
5.0 0.96 0.95 0.01 1.00 L07 0.95 1.00 1.00 [135 90 50 [-0.2| -003 [-1.7
7.0 1.04 1.04 0.01 0.99 1Lou 1.06 1.01 099 [135 90 50 [-0.2] 002 [-1.6
10.0 0.01 .00 .01 .81 077 10.90 .80 081|175 150 50 [0.5| 0.04 [-1.5
15.0 0.42 0.42 0.00 0.50 (.67 0.37 0.53 059 [225 250 50| 0.6 | -007 [-1.4

TABLE VII: Table of maximum R;‘;"‘(ﬂ) values for the Type I 2ZHDM with my, = m4 = 125 GeV and associated R values
for other initial and/or final states. The input parameters that give the maximal R}, () value are also tabulated.
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125 GeV Higgs in the 2HDM Degenerate Higgs Scenarios

~7 Enhancement achieved (Type II)

2HDM (typell) m;=125 GeV, m,=125.1 GeV

1000 T
mo constnts X e For the Type Il model, RA+A(vyy) reaches
100 F swohi 1 maximum values of order 2 — 3. The
Lo A .
s B/LEPfZL;:g ] pseu.d9scalar contribution RZ,(vY) is also
< 0p B/LEP+SUPokay  ® negligible.
=1 o e o : . all oka - . .
3-SR o ] ® A substantial enhancement of Rg;A('y'y) is most
& . .
. often associated with Ré’gA(ZZ) > Rg;A(q/’y)
01 ¢ ] contrary to the LHC observations). But this is
A y
001 ‘ ‘ . not always the case.
o 5 10 15 20
tanf3
tan BIRETE. (1) Rgg("r"r) Rgg("r”r) I Z) Ry () Roe(17) Byar(Z22) Ripg(B0)[my my: mi[sinal AR [Alda,
1.0 2.05 2054 39 .03 1.22 .65 [525 500 100 05[ -0.06 [L.3
2.0 1.18 1.14 O.Dl ' 1.31 1.68 1.07 1.20 0.87 [325 340 100(-0.4] -0.05 [1.5
3.0 2.78 2.78 0.00 N 329 0.27 2.01 2.37 0.00 [225 320 100(-0.0] -0.05 [2.3
4.0 2.84 2.84 0.00 § 335 0.23 2.24 2.57 0.00 [225 320 100(-0.0] -0.04 [23
5.0 .50 1.50 0.00 @ 219 0.05 1.41 1.64 0.47 [235 30 10| 0.1 -005 (27
7.0 0.04 0.04 0.00 I 0.06 2.85 0.01 0.02 075 [325 320 100| 0.6 | -0.15 |52
10.0 0.34 0.34 0.00 | 0.43 3.66 0.22 0.28 1.23 [325 320 100| 0.2 | -0.08 [4.7
20.0 2.89 2.89 000 §319) 8.03 2.57 2.83 0.00 [225 320 50 [-0.0] -0.04 [5.6

TABLE VIII: Table of maximum R;‘;“M’:ﬂues for the Type II 2HDM with my = ma = 125 GeV and associated R values
for other initial and/or final states. The input parameters that give the maximal R;‘;"‘{T}') value are also tabulated.
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125 GeV Higgs in the 2HDM

vy — ZZ rate correlation (Type Il)
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Degenerate Higgs Scenarios

Only the points having Rgg‘A(ZZ) < 1.6 are plotted.
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e As seen here, for tan 3 = 1 there exist points (blue diamonds) such that r, > 1 and
REFA(yy) > 1 (or even > 1.5). However, the R (bb) values that correspond to
those points are greater than 3.5, a result that is disfavored by the LHC data.
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125 GeV Higgs in the 2HDM Degenerate Higgs Scenarios

H =125 and A~ 125

The case with ma ~ 125 GeV and my = 125 GeV is less attractive.

©® For the Type | model, the maximum value achieved for Rg“'étﬁax(v'y) is rather modest
reaching only 1.04 at small tan S.

® For the Type Il model, there are NO parameter choices for which the H and A have
a mass of 125 GeV while all other constraints are satisfied.
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125 GeV Higgs in the 2HDM Degenerate Higgs Scenarios

h =125 and H ~ 125

2HDM (typel) m;=125 GeV, my=125.1 GeV 2HDM (typell) m;=125 GeV, my=125.1 GeV
1000 T 1000 T
no constraints x no constraints x
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We find that some of the previously available tan 3 values are ruled out by the full set of
constraints.

® In the Type |, there is NO gain in maximal Ré'.’;H('y'y) values, and often some loss,
relative to the cases where only the h or only the H was required to have mass of
125 GeV.

® Type |l models suffer from that the ZZ signal is badly larger than the v signal.
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Conclusions

o It seems likely that the Higgs responsible for EWSB has emerged. Perhaps, other
Higgs-like objects are emerging.

e We have assessed the extent to which various semi-unified NMSSM scenarios with
at least a ~125 GeV Higgs hy are able to describe this LHC signal.
e We have also analyzed the Type | and Type Il pure 2HDM with regard to

consistency with a significant enhancement of the gluon-fusion-induced v+ signal
observed at the LHC at ~ 125 GeV.

e The SUP play the key role in limiting the maximal possible enhancement in the Higgs
to di-photon decay rate.

e The Type Il model is unable to give a significantly enhanced gg — Higgs — 7~ signal
while maintaining consistency with other channels, particularly with the SM-like ZZ
rate and somehow suppressed bb rate.

o While the Type | models could provide a consistent picture if the LHC results converge
to only a modest enhancement for Rgg(fy'y) < 1.3.
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Future Work and Outlook

e The phenomenological NMSSM is a natural extension.

e But, if Rgg_(yy) is definitively measured to have a value much above 1.3 while the
ZZ and bb channels show little enhancement then there is no consistent 2HDM
description. One must go beyond the 2HDM to include new physics such as

supersymmetry.

o 2HDM+singlets and 2HDM+-triplets with a dark matter candidate is also an natural
extension that worths studying.

Instead of being the end of story, the recent discovery of
the 125 GeV Higgs-like signal has brought particle physics
research into the start of a new era. We are in the midst
of an exciting debate on the nature of the 125 GeV state.

We are currently waiting to see if the future LHC data
supports the various multi-Higgs proposals outlined earlier,
or, alternatively, suggests that alternative theories are
Nature's choice.
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Back Up

1 Problem of the MSSM

The MSSM superpotential contains the bilinear coupling H,Hq of the two Higgs MSSM
doublet superfields and. The b parameter arises from the soft SUSY breaking term
bH,Hg.

Higgs VEV Minimization conditions

|u|? + m,2_,u = bcot 8+ (M2 /2) cos 28
|u|? + m,2_,d = btan 8 — (M2/2) cos 283

® Ifp~O(Mz),
o However, if SUSY derives from an underlying string theory, then

1~ Mpy, Metring > Msysy, | FINE-TUNING

= large m,z_, s m,2_,d —> large cancellation
u

1 PROBLEM

Yun Jiang (U.C. Davis) 125 GeV Higgs in the NMSSM & 2HDM 57 / 67




Back Up

Dependence on NMSSM Parameters
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The largest Rg’g(ww/) values arise at large A, moderate «, small tan 8 < 5 (but note that
Ré,’g('y'y) > 1.5 is possible even for tan 8 = 15) and small peg < 150 GeV. Such low values of
Lefr are very favorable in point of fine tuning, in particular if stops are also light.
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Implication for SUSY Particles
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NMSSM Parameters

Back Up
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No particular regions of these parameters appear to be singled out aside from some
preference for negative values of Ag. Low jiefr = not much fine-tuning.
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LEP Constraints
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Flavor Physics Constraints
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Various Types of the 2HDM

Model
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vy — ZZ rate correlation (Type |)
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vy — ZZ rate correlation (Type Il)
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~~ Enhancement mechanism in the 2HDM
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One sees that the tan 3 values of 4 and 20 associated with R (yv) ~ 1.3 are associated
with large Ay+ /A. Indeed, in these two cases, the relative charged Higgs contribution
reaches nearly ~ 0.2 and is as large as the fermionic contribution, but of the opposite

sign.

In fact, although the dominant loop is the W loop, the H* loop may contribute as much

as the dominant (top quark) fermionic loop.
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~~ Enhancement mechanism in the 2HDM
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The charged Higgs contributions are small when SUP constraints are imposed, preventing

the quartic couplings from violating the perturbativity condition.

In fact, the enhancement of Rgg('w) observed in the plots earlier prior to imposing SUP

is caused just by the charged Higgs loop.
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