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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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Preliminary Background 125 GeV Higgs-like signal

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 50 and 60 signal, respectively, for a Higgs-like
resonance with mass of order 123-128 GeV.
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Preliminary Background

125 GeV Higgs-like signal

125 GeV Higgs-like signal

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

e reduced coupling

o(Y—h;) BR(h;—X)

e signal strength as defined R\”,"(X) =

CMS  f5=7TeV,L=51fb" (5=8TeV,L=53"

o(Y—hsn) BR(hsym—X)
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ATLAS 1.840.5 +0.6 1.26 + 0.45 2.7+1.5 0.447 555 0.5+ 2
T0.47 T0.47 T0.45 F0.78 F0.
CMS 1557055 0.7375%5% 0.6 % 2.6 + 1.3 0.097% 7 0.570%
Combined 1.66 £ 0.36 1.02 £ 0.38 X >1 very small X
high resolution poor resolution

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 1.9
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Preliminary Background NMSSM Review

NMSSM=MSSM+ Brief Review

| will focus on the discussion within the NMSSM perspective in which both a Higgs mass of order

125 GeV and significant vy mode enhancements are easily obtained.
Wimssm = Wiissm + fiffiitl + ASHuHg + £s3

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

@ it solves the p problem of the MSSM: pesr = A(S) — Msusy  +/-

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

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

2 CP-odd neutral pseudoscalar: ay, a2

2 charged scalars: HE

® The lightest CP-even Higgs mass

tree level
—_—— 2 a 2 2 2
A 3m m A A
mP =M% cos? 28 +3%vZ sin? 28— vE(A — nsin26)? 4 Efln | =2 )+ 2t (1
1 K2 an2y2 m? m2 12mZ

2 .2
where mg mQy
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Preliminary Background

Purpose

Study the semi-unified version of the NMSSM consistent with at least a fairly SM-like
Higgs at 125 GeV and implications thereof.

e “Semi-unified” we mean a model which has universal mg, my 2, and Ap at the GUT
scale with NUHM relaxation for m,z.,u, mi,d and m%, and general Ay and A,,
together with the parameters v, tan 3, \.

e The constraints are imposed at the GUT scale and then low-scale parameters are
obtained by RGE evolution.
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Preliminary Background

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.

B-physics constraints

Observables Constraints

AMy 0.507 & 0.008 (20)

AM; 17.77 + 0.24 (20)

BR(B — Xs7) 3.55 + 0.51 (20)

BR(BY — 7tv) (1.67 + 0.78) x 104 (20)

BR(Bs » ptp~™) < 4.5x1079(95% C.L.)

e 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. 1

o (discussed shortly).

1For points with Qh? < 0.094, we rescale these bounds by a factor of 0.11/Qh>.
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Single Higgs Scenarios

Part |: Single Higgs Scenarios

e hy or hy either lies in the 123-128 GeV mass window.
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Single Higgs Scenarios

~v Enhancement Realization

hy ~ 125 or hy ~ 125

~7 enhancements appear to be possible only if

R

R

o the superpotential coupling X is large (and tan 8 is preferably small)

e the Ja, constraint is
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Single Higgs Scenarios  h; ~ 125 or hy ~ 125

~~ Enhancement Mechanism
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The enhancement happens when the partial width of a 125 GeV Higgs boson into bb is
strongly reduced.

Yun Jiang (U.C. Davis) Multiple/Degenerate 125 GeV Higgs Scenarios 14 / 70



Single Higgs Scenarios  h; ~ 125 or hy ~ 125

~+ Enhancement Dependence on the Higgs Mass
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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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Degenerate Higgs Scenarios

Part |I: Degenerate Higgs Scenarios

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

Individual v+ Rates

123<im;, g, <128

T T
mh-mh>3[]GeV .

\ 20 GeV <imy, m,,]s3OGeV *
\ lSGeV<mh iy, =20GeV o
IOGeV<m,, m,,slSGeV I
05 GeV <my, m,,leGeV .
”"h -my <0.5GeV

Jr,
Ry ()

hy ~ 125 and hy ~ 125

We combine h; and h2 signals as
follows in defining

o effective Higgs mass:

h h

o R 1(X)mh +R 2(X)mh
th(X) =" hy ' Fa 2
Ry (X)+Ry? (X)

o effective Higgs signal:

RY(X) = Ry (X) + RY(X)

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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Degenerate Higgs Scenarios  h; ~ 125 and hy ~ 125

Combined Signal Rates

omh2 — ml'l < 1 GeV; o1 GeV < mhz — ml‘l < 2 GeV; 02 GeV < th — m’"l 3 GeV
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® Enhanced v+ and VV rates from gluon fusion are very common.
® There is a very strong correlation between Rgg('y'y) and R;’g(VV) described approximately by
h h : . h .
Rgg (vY) ~ 1.25 Rgy (VV). In particular, if Rg () ~ 1.5, as suggested by current experimental
results, then in this model RA_(VV) > 1.2,
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Degenerate Higgs Scenarios  h; ~ 125 and hy ~ 125

Enhancement Mechanism — Degenerate Scenarios

123<my, ,m,y‘<128

primary mechanism:

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

aniti-correlation between Rgg('y*y) and
RCv*aWh(bb) = R\h/BF(bb)'
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In general, the larger Rgg(y'y) is, the smaller the
b _
value of R}, ., 1 (bD).

Enhancement of Wh production with h — bb is
rather limited; indeed the maximal value of
R{’,BF(bb) = R\%*-»Wh(bb) is of order 1.2.

There are parameter choices for which both the v
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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Degenerate Higgs Scenarios

Various Types of Enhancement ||

123<my, my, <128; R" (yp>1.3

123<m), m;,<128: R" (yp)>1.3

hy ~ 125 and hy ~ 125
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Two mechanisms to
realize the enhancement:
@ one Higgs “steals"
(through mixing)
some of the bb
width of the other
Higgs to make the
latter enhanced.

either the v+ or the
bb signal receives
substantial
contributions from
both the hy and the
ha for the v~ final
state) while the
other final state is
dominated by just
one of the two
Higgses.

NO points where the v and bb rates both receive substantial contributions from both h; and ho.
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Degenerate Higgs Scenarios  h; ~ 125 and hy ~ 125
Dependence on NMSSM Parameters

123<my, m, <128 123<my, m, <128
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tan B
The largest Rgg(vv) values arise at large A\, moderate «, small tan 8 < 5 (but note that
Rgg('y'y) > 1.5 is possible even for tan 8 = 15) and small pe < 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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Degenerate Higgs Scenarios  h; ~ 125 and hy ~ 125

Implication for SUSY Particles

123<m;, m, <128

2500 - . . @ Indeed, the few points which we found in
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® A good fraction of our points with

2 \“k degenerate hy, ho and R(vy) > 1.3

B “ - 1 features light stops with

Msusy = /mg, myg, <1 TeV.

The stop mixing is typically large in these
cases, (At — pefrcot 8)/Msusy = 1.5-2.
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© Squark and gluino masses are above about
1.25 TeV ranging up to as high as 6 TeV
(where our scanning more or less ended).
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Degenerate Higgs Scenarios  h; ~ 125 and hy ~ 125

Correlation on Other Higgs Bosons
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(note that ma, ~ mp, = myt)

e The general trend is that the maximum Rgg(fyfy) possible decreases rapidly as m,, and
mpy+ increase.

o Values above 1.7 are associated with masses for the a», h3 and HE of order < 500 GeV
and for the a; of order 70 < ms;, < 150 GeV, 250 GeV being the lowest allowed my,+ .

e Although ma; ~ 125 GeV is common for points with Rgg(y'y) > 1, the contribution of the
a1 to the v signal is always small, typically Rg%(v7) < 0.01 (due to large singlet
component of the a; for all Rgg(WV) > 1 points).
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Degenerate Higgs Scenarios

Dark Matter Properties
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o WMAP-window points have a rather limited range of LSP masses, roughly
mso € [60,80] GeV.

e Corresponding ogy values range from few x 10~2 pb to as low as few x 10~1 pb.

° Qh2:

, with a singlino component of the order of 20%.

low Qh?: the LSP is dominantly higgsino (owing to small pieff).
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Degenerate Higgs Scenarios  h; ~ 125 and hy ~ 125

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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Degenerate Higgs Scenarios  Diagnosing Degenerate Higgs Scenarios

double ratio

Let us now take a look in more detail.

O'(Y — h,)BR(h, — X)
" o(Y = hsy)BR(hsm — X)

> T(hi = X) Tot(hsm)
(hSM — X) Ftot(h,)

where Y = gg for gluon fusion and Y = WW, ZZ for W, Z fusion and W, Z strahlung, this
latter also implies R(’,’EF(X) = R‘h/"*_WH(X) and le" is the ratio of the h; total width the SM
Higgs total width.

= (ch) = (CUP(chy ...

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 Rh’s for different initial/final states can be measuted, < 7 » < =
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Degenerate Higgs Scenarios Diagnosing Degenerate Higgs Scenarios

double ratio examination — NMSSM (i)
| 1 "
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o |11) is very like 1) due to the correlation between the Rgg('yfy) 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 Rgg(WW) > 1.
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Degenerate Higgs Scenarios Diagnosing Degenerate Higgs Scenarios

What does current LHC data say about these various double ratios?

e Obviously, current statistics are inadequate to discriminate whether or not the
double ratios deviate from unity.

e For a /s =14 TeV run with L = 100 fb~* (300 fb™?), the number of Higgs events
will be about a factor of 25 (77) larger than the number produced for L ~ 5 fb™" at
/s =T7TeV plus L ~6 fb™" at \/s =8 TeV. It means the error bars should be
reduced by roughly a factor of 5 (9), levels that could indeed reveal a deviation from
unity, or at least remove some model points if no deviation within that error is seen.

e Of course improvements in the experimental analyses may further increase the
sensitivity.

We thus conclude that our diagnostic tools will ultimately prove viable and
perhaps crucial for determining if the ~ 125 GeV Higgs signal is really only
due to a single Higgs-like resonance or if two resonances are contributing,
the latter having significant probability in model contexts if enhanced ~~
rates are indeed confirmed at higher statistics.
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Multiple Higgs Scenarios

Part Ill: Multiple Higgs Scenarios

e hy ~ 98 GeV (LEP) and ha ~ 125 GeV
e hy ~ 125 GeV and hp ~ 136 GeV (Tevatron)
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Multiple Higgs Scenarios

136 GeV Higgs-like signal
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hy ~ 125 + hy ~ 136 LHC-Tevatron Scenario

June 2012

Tevatron Run I Preliminary
L <10.01b"

m,, = 135 GeV/c*
[ combined (68%)

-m- Single Channel

3 4 5
Best Fit o/cg),

CMS observed an additional excess corresponding to My ~ 136 GeV in the v~ decay mode.

CMS observed a deficit for My ~ 125 GeV for the VBF-tag class of events, but an excess for
My 2 132 GeV in the 777~ decay mode.

The best fit to the measurement of My at the Tevatron corresponds to My ~ 135 GeV with an

enhanced signal rate 3.53711'2166 in the bb decay mode with WH-tag.
gg fusion VBF VH
my = 136 ~y Z7* — 4t WW* — Luly T bb
ATLAS 0.070-4
CMS 09F0.4
Combined | 0.45 £ 0.3 < 0.2 X < 1.81 X

high resolution

poor resolution

WW®) channel (with VH-tag) is ignored due to its low mass resolution.
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Multiple Higgs Scenarios  h; ~ 125 + hy ~ 136 LHC-Tevatron Scenario

Effective bb Signal

The central value 3.53 in the bb is difficult to explain.

e the VH production cross section o (C\’}‘V)2 cannot be enhanced with respect to the
SM.

e the SM Higgs branching fraction of ~ 40% for mpg,, = 135 GeV can be enhanced at
most by a factor of 2.5 in the unphysical limit C:Lf, — 00.

125+136 LHC-Tevatron scenario

o If RIL_(77) is as small as observed by CMS, the values for Ryy(bb) measured at
the Tevatron should originate primarily from h> with mp, ~ 135-136 GeV. /

e However, the contribution of h; to the signal rate Rys(bb) obtained assuming
Mpgy, ~ 135 GeV can still be sizable, since the production cross section of h; is
~ 30% larger.

RUL(bb) ~ R{2,(bb) + 1.3 x RUL,(bb)

e In addition, the contribution from h, to the signal rate RVH(bl_J) assuming
Mpg,, ~ 125 GeV should be as large as possible.
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Multiple Higgs Scenarios  h; ~ 125 + hy ~ 136 LHC-Tevatron Scenario

What are the consequences on the reduced couplings?

gg fusion VBF VH

mp, =125 Ay ZZ* — 46 WW* — 2020 ~y E i bb

Combined | 1.66+0.36 | 1.02+0.38 x >1 | very small | 1.07 7%
high resolution poor resolution

@ keeping Cgé ~ C,f’; not be small, "]j reduced = I'(h; — bl_)) = ot (h1)

{ enhanced R (vy) /
enhanced Rf2(ZZ),together with a slightly reduced C2% \/

(2} C:; reduced = C’ reduced = small RlL (77) \/ = small R{},(bb)

gg fusion VBF VH

Thy = 136 Sl 22" >4t | WW* 5 twev | oo bb

Combined 0.45 + 0.3 <0.2 X < 1.81 3.534:11-.2165
high resolution poor resolution

©® then need C:]j enhanced — large R?ff,(bl_v) \/, in addition that C"}ﬁ/ is not small.

© small Cf2 ~ Cf2 = small Ri2(yv) and R2(Z2Z) /
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Multiple Higgs Scenarios  h; ~ 125 + hy ~ 136 LHC-Tevatron Scenario

General NMSSM DOES Work—an exemplary point

NMSSM parameters (The dimensionful parameters are given in GeV):

[ X [ r [ tanB [ peg | Ax | A
[ 0617 | 0253 | 177 | 143 | 164 | 337 |

general NMSSM specific:

M1 Mz M3 m;u’z, ITILR mly, I‘I‘IE,3 At = Al: AT
220 400 1100 1500 1000 -2500 -1000

Higgs masses and component decompositions:

lm’u[m"zlm"slmallmazlmHil
[125 | 136 | 280 | 95 | 282 | 272 |

Higes | Sig | Siu | Sis chio | ki |l ]
hy —0.24 —0.48 —0.77 —0.70 0.77 0.85
ho 0.54 1.09 0.58 0.54 0.66
hs | 081 | 054 | 024 | 1.64 | 062 | 0.07 | 0.65 | 0.28

Signal rates:

Higgs | Reg(vv) | Rver(vY) | Ree(VV) | Rvu(VV) | Rvh(bb) | Regg(7T)
h1 1.30 1.09 0.90 0.75 0.36 0.42
ha 0.16 0.27 0.18 0.31 0.74 0.43
hs 0.58 0.01 0.04 0.004 0.23 19.6

R?};f_,(bf_))w 1.20. Note that RVBF(VV) = RVH(VV) and RVBF(TT) ~ RVH(bI_)).
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Multiple Higgs Scenarios  h; ~ 125 + hy ~ 136 LHC-Tevatron Scenario

How about in the semi-constrained NMSSM?

e Can find scenarios where h; and h2 have masses of about 125 and 136 GeV,
respectively.

e However, we did NOT find any points where the slightly enhanced Ré’él,(ZZ), the
substantially enhanced R (v~), the suppressed Rf2(yv) and very small RE2(ZZ)
are all satisfied simultaneously. at least one of the last three conditions has to be
relaxed to find valid points.

h h h h h h2 (1%
Reg(77) | Reg(22) | Rgg(7) | Reg(2Z) | Rype(77) | Ryjy(bb)
case | N v/ < 0.06 v/ v/
case |l <13 NV 4 v NV never large

Maybe case | is a good thing in the end?
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Multiple Higgs Scenarios h; ~ 98 + hy ~ 125 LEP-LHC Scenario

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 hgn.

2 s S 1 1 !
jE=== > L
= [FOPAL LEP
E [ V5=91,183.209 GeV v/ N Vs =91-209 GeV
; = ) H->bb
1 e 2
| mp, 2, 115 GeV
= S S A -1
10
1 i i
10 (CL=95%)
|mh282GeV| o 5
2 i 2 my (GeV/c")

i L L L

10 Lo y 10 . . -
10710 20 30 40 50 60 70 80 90 100 20 40 60 8 100 120

An interesting question:

whether the LHC signal and the small (~ 20') LEP excess in e"e™ — Zbb in the vicinity
of Mg ~ 98 GeV using the " with my ~ 98 GeV could be simultaneously explained?
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Multiple Higgs Scenarios h; ~ 98 + hy ~ 125 LEP-LHC Scenario

98 4+ 125 GeV LEP-LHC scenarios

98 4125 LEP-LHC scenario

e Consistency with such a result for the A’ 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 h, with enhanced ~+y signal rate is easily obtained for large A
and small tan .

v
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Multiple Higgs Scenarios h; ~ 98 + hy ~ 125 LEP-LHC Scenario

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

0.3 T T

025 |

02 |

L

Kf."'sv (bb)

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

e A large portion of such points have Rg;('w) > 1 as preferred by LHC data.

In all the remaining plots: Rgé(ij) >1land 0.1< RC}BF(bb) < 0.25.
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Enhanced v+ Rates

006
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002

Multiple Higgs Scenarios

hy ~ 98 + hy ~

R ()

0 02 04

Ry (6b)

0 01 02 03 04 05 06 07 08 09

ks (bh) Ry (0b)
h;
Rg2(vv) mgo Mgy
| ~ 1.1 > 93 GeV > 1.8 TeV
1 ~ 1.6 ~ 77 GeV | 197 GeV — 1 TeV Vv
If Rg2 (v7) ends up converging to a large value, then masses for all strongly

interacting SUSY particles would be close to current limits if the present
98 + 125 GeV LEP-LHC Higgs scenario applies

Yun Jiang (U.C. Davis)

Multiple/Degenerate 125 GeV Higgs Scenarios

125 LEP-LHC Scenario

ha can easily have an enhanced
~+ signal for both gg and VBF
production.

The ~~ signal arising from the h;
for both production mechanisms
is quite small and unlikely to be
observable.

Rgé(bb) and I."\’"’/%F(b.b) values
that are associated with reduced

bb width (relative to the SM) are
reduced to have enhanced

Rg (vy) and Ry (17).
Rgé(bb) and R('/%F(bb) values
are such that the h; could not
yet have been seen at the
Tevatron or LHC.

For WMAP-window points the

largest R‘h/}g,_-(bb) values occur
for the Iight—m%g point group Il.
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Multiple Higgs Scenarios h; ~ 98 + hy ~ 125 LEP-LHC Scenario

Expectation for Other NMSSM Higgses
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Mpy >~ My+ ~ m,, for the scenarios considered.
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Multiple Higgs Scenarios h; ~ 98 + hy ~ 125 LEP-LHC Scenario

Prediction for SUSY Particles
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o Low values of mgo are typical for the scan points, but more particular to this model

1
are the rather low values of me+.
1

e ATLAS and CMS are currently performing analyses, but the difficulty in isolating the
leptons or jets associated with )ﬁt — X%+ X decays would arise when me+ — myo is
1
small.

e For the WMAP-window points Mo+ — Mgo is typically quite substantial, at least
1

35 GeV for the Iow—mﬁ points.
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Multiple Higgs Scenarios h; ~ 98 + hy ~ 125 LEP-LHC Scenario

Prediction for SUSY Particles
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o Of particular interest is the very large range of m;, . We observed the possibility of
mz, as small as 197 GeV and mostly modest values of the mixing parameter

(Ae — pcot 3)/ /i, .
e For lighter values of my, (typical of the Iow—mig WMAP points), the #; always
decays via f1 — X7 b or 1 — X3t, the latter being absent when m;, < Mo + me.

o At high m;,, these same channels are present but also & — %2,3,4,51‘ can be
important, which channels being present depending upon whether

My — Mg~ M > 0 or not.
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Multiple Higgs Scenarios

NMSSM Parameters
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No particular regions of these parameters appear to be singled out aside from some
preference for negative values of Ao.

Low ieff = not much fine-tuning.

® Large mgo group (N): tan B € [5,7] and X € [0.37,0.48].

e Low mso group (1): large Higgsino component with tan 8 € [2,2.6] and A € [0.53,0.6].
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Multiple Higgs Scenarios h; ~ 98 + hy ~ 125 LEP-LHC Scenario

LSP Composition

The composition of the X% and the yf 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 () , the X3 can have a large Higgsino fraction since the
X3X2 — WTW™ annihilation mode (mainly via t-channel exchange of the light
Higgsino-like chargino) is below threshold.

* mgo > 93 GeV group (1), 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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Multiple Higgs Scenarios

Dark Matter Properties

on’

100

hy ~ 98 + hy ~ 125

LEP-LHC Scenario

Why the relic density Qh? too small?
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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? ~ 10
o Qh? increases as the Higgsino component declines.

—3_10"2

Incidentally, the 2012 XENON100 limits on the spin-independent cross section gy 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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Multiple Higgs Scenarios

hy ~ 98 + hy ~ 125 LEP-LHC Scenario Future Test
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Multiple Higgs Scenarios

hy ~ 98 + hy ~ 125 LEP-LHC Scenario Future Test

LHC Test — Direct Higgs Production and Decay
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Yun Jiang (U.C. Davis)

m, (GeV]

Multiple/Degenerate 125 GeV Higgs Scenarios

® singlet dominant, so rather small
production rates

e The largest oBR(X): X = bb final state
(have huge backgrounds)

e oBR(X) for X = X9%? can be significant
(when allowed)

e doublet dominant, so better discovery
prospects

® ma, > 2my, tt final state: cBR > 0.01 pb
for m,, < 550 GeV

® ma, < 2my, aphs final state with both ag
and hy decaying to bb might be visible.

o the possibly visible final states are tt for
mp, > 2me and hyhy for mpy, < 2my

For both the a> and hsz, o BR(X) is substantial for
X = )}2 \\(2, but to isolate this invisible final state

would require an additional photon or jet tag.
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Conclusions

We have assessed the extent to which various semi-constrained NMSSM (scNMSSM)
scenarios with at least a ~125 GeV Higgs h; are able to describe this LHC signal.

e we proposed a novel idea — “degenerate Higgs' and examined scNMSSM scenarios
in which both h; and hy have mass near 125 GeV. As what we expected, very
substantially enhanced v and other signals are possible.

e we developed diagnostic tools that would provide incontrovertible evidence for the
presence of more than one Higgs near 125 GeV in the LHC data.

o In addition, we studied interesting multiple Higgs scenarios: (i) 1254136
LHC-Tevatron scenario, the best fit to the Tevatron results in the bb channel and
the mild excesses at CMS in the v channel at 136 GeV and in the 77 channel
above 132 GeV can be explained by h> in this mass range, together with h; at
125 GeV discovered at the LHC. (ii) 984125 LEP-LHC scenario, h; is consistent
with the small LEP excess at 98 GeV and h» has the primary features of the LHC
Higgs-like signals at 125 GeV, including an enhanced v+ rate.
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Future Work and Outlook

e The phenomenological NMSSM is a natural extension.

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 sup-
ports the various multi-Higgs proposals outlined earlier, or,
alternatively, suggests that alternative theories are Nature's
choice.
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Thank you for your attention!

Thanks to Profs. Gunion and Kraml (and etc.) for their patient guidance and help,
and also for their strong recommendations for my 2013 LHC-T| Fellowship application.

Happy Thanksgiving!
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SM Higgs Boson Production

LHC:
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.

9g Fusion tt Fusion 10? E T — gt
‘ g \s=8Tev ¢
! < [ 1L
-H £ 10 E = ¢
! T F 1
Q . -
o
¢ ° 1E 3
10" —
107 ‘ .. 3
80 100 200 300 400 1000
My [GeV]

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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SM Higgs Boson Decay
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ZZ, ~7y, Z~: small branching ratio but clean signatures and NO missing energy.
WIW: more sizable branching ratio; two leptons + missing energy.
bb: largest branching ratio; quark hadronization into jets.
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Higgs Production Comparison
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the expected increase in the number of Higgs events at /s = 14 TeV for integrated
luminosity of 100 fb~! will be a factor of roughly
100 x 49.85/(5 x 15.32 + 6 x 19.52) = 25

larger than for the (5 fb™*,7 TeV + 6 fb™',8 TeV) results.
This implies a decrease in the error bars by a factor of order 1/4/25 ~ 1/5 based just on

AP '
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More on Rs in the doublets+singlets Models

b o(Y = hi)BR(h; = X)

i _ 2 I'(h — X) rtot(hSM)
Ry (X) = o(Y — hsm)BR(hsy — X)

(hSM — X) rtot(hi)

h; h;
=(cy) = (G262
where Y = gg for gluon fusion and Y = WW, ZZ for W, Z fusion and W, Z strahlung, this

latter also implies R‘h/"B,_.(X) = R\”/"*HVH(X).

Assumptions:

® in SUSY models, C., ~ Cyq (up to radiative corrections relevant for very large
tan j3).
o CC&W = C;’Z < 1 (the custodial symmetry stored in any doublets+singlets models).
® The radiatively induced coupling to gluons originates mostly from top quark loops,
Chim Cl.
©® The radiatively induced coupling to photons originates mostly from the W loop,

C.',’L, ~ C(,’&W, neglecting the much smaller top loop contribution and loops involving
non-SM particles.

A complete set: Rgg(WW) (bb) (77) Rb g (WW), Rbo-(bb), Rb e ()
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The Scale-invariant NMSSM

NMSSM solves pi-problem by adding one singlet S, at the cost of adding 3 more particles

NMSSM
Lnmssm = Liinetic + Lint + Leoft

The interactions are generated by the superpotential
Wimssm = 0YuQHy — dYsQHy — 8YcLHy + ASHuHa + 5S°

and the soft SUSY breaking terms are

Lgaugino = — 3 (V367G + M2 W W + M1 BB) + hec.

L gfermions = —QEME QL — Lim?L, — ugmiir — dgmidg — egmier
Eeoft | Liggs = —mi, Hi Hu — miy HjHg — m3S™S
Leilinear = 7(aR QuHy — drAGQLHy — 8rALLHy + A HuHgS + 1rA,.S3 )
+h.c.

Z3-symmetry: a multiplication of all components of chiral superfields by a phase e27i/3,
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NMSSM Parameters

e GUT scale parameters (assume unification)

@ Gaugino masses: my;, — §
. 2 2 2 2 2 H
® Squark masses: mg —> mg, Mg, mg, ms, mg
- . H,, 7,
© Trilinear couplings: Ag — S et
i Ao=0; teng=4; u>0 |

1 1 1
103 108 108 1012 015
Q (GeV)

e SUSY scale parameters

. 2 2 2
A AN, Ak, K, mg, My,» de

: Vu, Vd; S

2 2 2,2 512+8§ 2 2
vu mHu+/,Le“+>\ vyt (vg Vd) — Vg heff(Ax + rs) =0

&? +g
A2v2 - B1782 (2 vj) — Vuligg(Ay + ks) =0

vd mi’d + ui“ +

( Higgs VEV Minimizations )
2

s (m§ +rAgs+ 26282 + A2 +v3) - 2)\nvuvrl) — AvuvyAy =0

A, Ay, Ak, v, tan 3, m,2_, X mlz_,d Various choices for different scenarios
u
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NMSSM Higgs sector

D% iggs = —8 [(H3)*(+) L (Hu)g + (H* () L (Hg) 5 + 1513],
/ —

D' lniggs = — & (IH5 12 + [H3I2 — |HG 12 — |H7 2)
2 2 2 0,2 2 2 — 2 0,2
V= (u+ 2812+ mig ) (IH512 + 1HY12) + (i + As) +de)<|Hd\ +HJ1?)
2 2 2
g o 0o,—x2 & t&
+?\H3Hd*+HuH 2z =

+2 02 0,2 —2)\2
r (1HS 12+ 1H) 12 = [HG 12 — 1 %)

1
+m3|8|1? +|ns® 4+ A (HEHT - ngg)\z + {(b+ XAyS) (HiH] — HJHY) + —rALS® + h.c.
3

Expanding the Higgs fields around the VEVs
H 0 H
H, = - u
u (Hu) - (vu/\/i) * (ReHg + ilmHg)

o 0 ; 0o
My = Hd . (v,_,/\/§> . ReHd +7llde
Hd o Hd

S — vy/V2 + ReS + ilmS
Higge mass eigenstates

ReH9 hy ImH®, ay H

N.G.B
ReH§ o, <h2>, ,mH§ B, <N.G.B) , (H,* u H+) N ( o )
ReS h3 ImS d d
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NMSSM Higgs Sector

The Higgs sector of the NMSSM is described by the six parameters

A, Kk, Ax, Ag, tanf = /v, peft -
The couplings of the Higgs states depend on their decompositions into the CP-even weak
eigenstates Hy, H, and S, which are given by

hy S1,d Hi+ S1,u Hi+ 515 S,
h2 = 52,d Hd + 52,u H, + 52,5 S.

Then, the reduced couplings of h; are

T i Siﬁu
dd ™ cos 3’ Y sing?

m _ Sid h:

Coi, =cosBSig+sinBSi.,.

The loop-induced reduced couplings Céz, and Cf]iY have to be computed including
contributions from SUSY particles in the loops, including scalar T-leptons, charginos and
more.
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Implication for SUSY Particles
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@ Indeed, the few points which we found in

the WMAP window always have

A good fraction of our points with
degenerate hy, ho and R(vy) > 1.3
features light stops with

Msusy = /mg, myg, <1 TeV.

The stop mixing is typically large in these
cases, (At — pefrcot 8)/Msusy = 1.5-2.

Squark and gluino masses are above about
1.25 TeV ranging up to as high as 6 TeV
(where our scanning more or less ended).
The WMAP-window points with large
Rgg('w) are located at low masses of

mg ~ 1.3 TeV and mg ~ 1.6 TeV.
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Dark Matter Properties

123<m;, m, <128 R, (rp>1.3
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LSP singlino component

o WMAP-window points have a rather limited range of LSP masses, roughly

m_g € [60,80] GeV.

e Corresponding ogy values range from few x 10~2 pb to as low as few x 10~1 pb.

° Qh2:

, with a singlino component of the order of 20%.

low Qh?: the LSP is dominantly higgsino (owing to small pieff).
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double ratio examination — NMSSM (ii)

X
3

i

/v

VB

(IR COVIR,

VBE

[R

® For the NMSSM, it seems that double ratio |) provides the greatest discrimination for the majority of
the degenerate scenarios that have enhanced ~~ rates.

® |t particularly, being sensitive to the bb final state, singles out degenerate Higgs scenarios even when
one or the other of hy or ho dominates the gg — ~+ rate.

04 L L L L

123<m, m;, <128

05 o
04 . . . .
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h
Rgg (1)

123<m, my, <128

0.5 1 15 2 25 3
i
iy

i

99

(bb)/R,

i
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3

90
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123<m;, m;, <128

L L L
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i, i, it
max [Ryy ()R (00 VRY (1Y)
123<m), m;, <128

05 06 07 08 09 1
max (R, (10).Res OVl ()

® In comparison, double ratio Il) is most useful for scenarios with R:g(’y'y) ~ 1.

Yun Jiang (U.C. Davis)

Multiple/Degenerate 125 GeV Higgs Scenarios



double ratio examination — NMSSM (iii)

As illustrated below, the greatest discriminating power is clearly obtained by measuring
both double ratios.

123<m, m;, <128

= 12 T 123<m, my, <128
i% L1k 4 z o T T
B g
= 1 <8
£ % 1005 |- R
= 09F 4 S
S osf B < |
% 07 b B B °4
2 i <8
%; 0.6 | . q ‘é 0995 - i’. 1
& 05 ° 4 A ’0
<E i B ;
S ol = 0w L e .
04 05 06 07 08 09 1 1.1 1.2 0.99 0.995 1 , 1-005/ 1.01
(R COIRLy COOVIR. . (VIR (V)] (Rl COOVR, CopVIR. (VIR (V1)
123<m, 1, <128
— 12 . .
5 2 [opomily et b sohal o 3 In fact, a close examination reveals that
=2 1 there are no points for which both
= 1 .
g double ratios are exactly 1!
=T 1 Of course, experimental errors may lead
E il , . . .
<& “"(g to a region containing a certain number
= 06 F H | . . . .
£ Ll ] of points in which both double ratios
¥o.L i are merely consistent with 1 within the
04 05 06 07 08 09 1 1.1 1.2

(R COVRy (O R (VWY (VW] errors.
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Prediction for SUSY Particles
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e The predicted mg and mz are beyond current experimental limits, although the
lowest values (as found in particular in the low-mge WMAP-window scenarios) may
soon be probed.

e Note that mg can be below m;_ (as common in constrained models when mo is
large) for some points, including the Iow—mig points in the WMAP window.
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Able to describe the Fermi-LAT data?

Whether or not any of the points are such as to describe the monochromatic signal
(ov)(AXE — vy) ~ 107* cm?®/sec at 130 CeV observed in the Fermi-LAT data?

10?7 . . .
125 GeV<mxﬂ<135 GeV
28 . 1
— 10 E ]
3
E 02 b 4
B
30 L 4
B 10 I.
g AT
= IO"!I Le 4
T
€ 2
Vool ]
lor'ﬂ L L L L L L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

o’

For points with mso € [125,135] GeV, it is the s-channel a; diagram that can give a large (ov).

e In the WMAP window, they have values of (ov) four orders of magnitude below that
required to explain the excess.

e Those points with the largest (ov) always have quite small Qh? and hence ppp.
o Incidentally, all the points in our plots are fully consistent with the current bounds from the
continuum -y spectrum as measured by Fermi-LAT.
If the 130 GeV gamma ray line is confirmed, then a fully general NMSSM model (no GUT scale
unifications) might be simultaneously consistent with all experiment measuregents.
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LHC Test — Direct Higgs Production and Decay

A final possible detection mode is gg — a2, hs — T,
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in the effective down-quark coupling, 0.1 is a reference value of BR(H,A — 777)
implicit in the MSSM limit plots discussed below.

e Noting that ma, >~ my, and the fact that the two plots are nearly identical shows
that we may sum the a» and hs signals together in the same manner as the H and A
signals are summed together in the case of the analogous plot of tan 5 vs. ma >~ my
in the case of the MSSM.

o Limits from CMS 4.6 fb~* data are of order C3*"*(eff) < 7 — 8 for
Mmay, ~ mp, € [150,220] GeV rising rapidly to reach ~ 50 at degenerate mass of
order 500 GeV.
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LHC Test — Charged Higgs Decay

Regarding the HT, prospects for its discovery at masses for which H* H™ production has
substantial cross section appear to be promising in the bt final state provided
reconstruction of the bt mass is possible with good efficiency and one or more b tags are
sufficient to reject SM background.
Also very interesting would be detection of H* — hy W™ in the hy — bb final state using
mass reconstruction for the bb and a leptonic trigger from the W? to reject

backgrounds.

BRH —X)

Yun Jiang (U.C. Davis)

08 [ o 1
D o o
°
06 R 1
°
% 00
L & 4
0.4 &, 8 ° o
o o
o
] Oo
° &
0.2 4 ¥ 2 ]
gg&m 4 e o &
o 89, L3
: 8 oo T e
OM“WW i i

200 400 600 800 1000 1200 1400
my [GeV]

Multiple/Degenerate 125 GeV Higgs Scenarios

o

o

bt

e
h,w*
e
W
e
e

66 / 70



LHC Test — Higgses from Neutralino Decays

Whether some

of the Higgs bosons can be detected via ino-pair production?
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Linear Collider Test

An e"e™ collider would be the ideal machine to produce the additional Higgs states and
resolve the scenario.

scenario | scenario |l scenario Il

o(fb)
olfb)
o(fb)

e

ahs” Lana7
10” 107 ; oy 101 ahy o
[T ashy .
ot : 10 L T e Ty TR - !
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Vs(GeV) Vs(GeV) Vs(GeV)
Sce. mp, Mp, Mp, Ma, May, my+ mig Qh? LSP-S LSP-H R;'E ()
[ 99 124 311 140 302 295 76 0.099 18% 75% 1.62
1 97 124 481 217 473 466 92 0.026 20% 74% 1.53
11l 99 126 993 147 991 989 115 0.099 75% 25% 1.14

With an integrated luminosity of 1000 fb~?, substantial event rates for many Z+Higgs
and Higgs pair final states are predicted. Of course, Zh; and Zh, production have the
largest cross sections and lowest thresholds. The next lowest thresholds are for a; hy
production, but the cross sections are quite small.

In the eTe™ collider case, it would be easy to isolate signals in many final states.
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Photon Collider Test

In the v collider, the +'s are obtained by backscattering of laser photons off the energetic e's. A
huge range of energies is possible for such a v~ collider, ranging from low to high center of mass
energies depending upon the center of mass energy of the underlying electron collider.
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e The fairly SM-like h, at ~ 125 GeV can be studied easily at such a collider since its
~ coupling is close to SM strength.

e Even though the h; and a; are largely singlet, both have vy couplings-squared that
are often of order 0.1xSM and above (at the same mass). Indeed, this coupling
becomes stronger as \ is increased.
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Muon Collider Test

A muon-collider with /s close to the Higgs mass in question would be a particularly i
machine to study any Higgs boson with 1~ coupling that is not too different from
that of a SM Higgs boson of similar mass.
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