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NMSSM Supersymmetry is a generalization of the space-time symmetries of

Yun Jiang quantum field theory that transforms fermions into bosons and vice
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versa.
Preliminary, @ allows the unification of gauge couplings.
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@ 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 ‘

fermion +— sfermion

Leptons Quarks
< QCc

Leptons Quarks

gauge boson <+—  gaugino
Higgs <+— Higgsino b
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2 _ 1.2 2 2 22 _ 2 2 2
m? =3 [m3 + M3 — \/(m3 + M2)2 — aMZ m2 cos z‘aJ

MSSM Higgs Sector

2 CP-even neutral scalars: h, H 5 B 2

1 CP-odd neutral pseudoscalar: A AT MHy, T MHY T s5ep
P 2 2 2
Preliminary 2 charged scalars: H* mys = ma tmiy
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MSSM Higgs

Higgs at 125 . .
GeV and the @ nggs Famlly

MSSM Higgs Sector m2 =1 [m2 + M2 — \[(m3 + M2)2 — aMZm3 cos? 25
(UC Davis) 2 CP-even neutral scalars: h, H 5 , 5 .
1 CP-odd neutral pseudoscalar: A MA T MHy T MHy T sgeg
Preliminary 2 charged scalars: H* me = mA+miy
Backgrounds

@ Tree level upper bound: m, < |cos23|Mz
— radiative corrections (at one-loop level)

T
R
i ( ) (S

S Yy

! O s o
ﬁ"Q"iﬁ T o U i A aa A A
no squark mixing with squark mixing

—_——f
3g2m? M2 A2 A2
2 2 N s t t
mp< Mz S (=2 ) + 1- | <130Gev
h ="z grznz, mz M2 12M2
finite contributions of the order of the SUSY breaking scale

where Mg = /Mg, M,




i Problem of the MSSM

Higgs at 125

GeV and the The MSSM superpotential contains the bilinear coupling uH,Hy of
NMS.SM the two Higgs MSSM doublet superfields and. The b parameter
NN arises from the soft SUSY breaking term bH,Hy.

Preliminary

Backgrounds Higgs VEV Minimization conditions

|u|? + mf;, = beot B+ (M2 /2) cos 23
|l + mi,d = btan 8 — (M2/2) cos 23

o If p~O(Mz), v
@ However, if SUSY derives from an underlying string theory, then

i~ Mpi, Mstring > Msusy, | FINE-TUNING

2 2 :
= large my,, miy, = large cancellation

1« PROBLEM
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The Scale-invariant NMSSM

Higgs at 125

GeV and the NMSSM solves u-problem by adding one singlet S, at the cost of adding 3 more particles )
NMSSM

Yun Jiang

NMSSM
(UC Davis) LnmssM = Liinetic + Lint + Leog
et The interactions are generated by the superpotential

Backgrounds

Wimssm = Y, QH, — dY 3 QHg — 8YeLHy + ASH,Hy + £S3

W=

and the soft SUSY breaking terms are

Lgaugine = —3 (:67Ga + M2 W Wy + M1 BE) + hic.
L feremions = —sz% Qu—Limll, — bpmiig — dgmidr — &xmiér
Looft | Lriiggs = —miy, His Hu — miy HjHy — m3S*S
Leilinear = *(flRAu QuHy — drAJQLHy — 8rALLHy + MA\H,H4S + 1kA.S? )
+h.c.

Zs-symmetry: a multiplication of all components of chiral superfields by a phase e2mi/3,
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NMSSM Parameters

WIOEECM o GUT scale parameters (assume unification)
GeV and the

© Gaugino masses: my;» — My, Mz, M3

2 2 2 2 2
g My, Mg, My, My

m (Ge¥)

© Squark masses: mg — m

QL d [o—
Preliminary © Trilinear couplings: Aq — A, Ay, Ac b e ]
Backgrounds el
108 108 109 1012 1015
@ SUSY scale parameters son
2 2 2
)‘7 AA7 AH» Ky, Mg, mH,_,> de
Vu, Vd, S
.................... ,
N
va (my, g+ 232G+ EL 82 (2 — v3)) = vguegr(Ax + rs) =0
2
vy mi’d + uzﬂ-+ 222 31152 ("5 - vj) - vuue“(A/\ + rs) =0

(Higgs VEV Minimizations)

l s (mg + kAgs + 2k2s2 4 Az(v;‘: + chl) — kavuvd) — AvuvgAy =0
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@ GUT scale parameters (assume unification)

© Gaugino masses: my;» — My, Mz, M3
2 2 2 2
g Mg, Mg, My

© Trilinear couplings: Aq — A, Ay, Ac

© Squark masses: mg — m

@ SUSY scale parameters

2 2 2
)‘7AA7AH7“£7 msg, mH,_,> de

(Higgs VEV Minimizations)

m (Ge¥)

2
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A AN AL, v, tan B, m,z.,u, m,z.,d Various choices for different scenarios
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(UC Davis) o Higgs Family
;;eclli';ri::;{is NMSSM Higgs Sector

3 CP-even neutral scalars: hi, ha, h3
2 CP-odd neutral pseudoscalar: aj, as

2 charged scalars: H*

@ The lightest CP-even Higgs mass

tree level
—_—— 2 4 2 2 2
A 3m m A A
mi = M3 cos® 26 +2%vZ sin® 26— vZ(A — nsin26)% + t fn|— |+t [1- =%
1 w2 an2y2 = mg 12m2

2 2
where mg ~ mo,
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ATLAS and CMS excess around 125 GeV Higgs

2 10T Lo T T T
Higgs at 125 & [ ATLASPréliminary | 2011 Data { & [ ATLAS Preliminary 2011 Data ]
GeV and the ° s F —Ob y 1
—— Observed serve -1
NMSSM § 105 . Expected J Ldt=1.049f"'3 & | - Expected I Ldt=1.0-49 fb ]
€ [ Eitio ] = r W+ic - |
£ [ Do s=7Tev |1 £ | U Ons Is=7TeV |
3 r | a
o o
b [ 7 X 1 -
8 v f 1
i3 E r ]
Motivations E E L ]
".9!‘.‘7!‘}@?1. ] | ‘CLSLimIitS ) ) ) ‘
110 115 120 125 130 135 140 145 150 10 100 500 300 200 500 500

M, [GeV]

—=— Observed
= Expected + 10
Expected + 20
LEP excluded
Tevatron excluded
207 cMs excluded

CMS Preliminary, \'s = 7 TeV
Combined, L_ = 4.6-4.7 fo™

ATLAS-CONF-2011-163

@ Excess around 125 GeV seen by
both ATLAS and CMS.

@ ATLAS exclusion:
112.7-115.5;131-237;251-468 GeV

(95% C.L.)

@ CMS exclusion:
127-600 GeV (95% C.L.)

95% CL limit on o/ay,,

300 0 500 600
CMS PAS HIG-11-032 Higgs boson mass (GeVi/c?)




Best-fit for a near 125 GeV Higgs (H — 77)

Higgs at 125
GeV and the

NMSsSM e T T T
m,, = 124 GeV/c? CMS Preliminary, \/s = 7 TeV
F T T T T 3 i Combined, L =4.6-4.7 fb™*
% af ATLAS Preliminary Hosyy 3 | Combinedzio OmbInea. L
g £ —Bestiit Ldt= 49" ] - Single channel 1o
2 25 [M#io =
[ E /.\ \s=7TeV ] H - bb
()] - 4
»n 1 -
Motivations r i
ob /\\// \ A\//\ = H-t
i \/ \/ \ E o —
27 f H - ww
-3:— L 2011 Data _ = Hozz- 4] =
9707115120 125 130 135 140 145 150 R T S S
 [GeV] Best fit o/ay,,
ATLAS-CONF-2011-163 CMS PAS HIG-11-032

1.3 o excess w.r.t. the SM 1 o excess w.r.t. the SM
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The Constrained NMSSM Models

e b Find the most constrained version of the NMSSM consistent with a

NMSSM fairly SM-like Higgs at 125 GeV and implications thereof.

Yun Jiang
(UC Davis)

We have examined the following models:

@ Model I: U(1)g imposed, constrained NMSSM (cNMSSM)
tan 3, A\, mg, my 2, Ao =Aepr Ax=A.=0

@ Model II: U(1)g imposed, NUHM
tan 8, A, mg, myy2, MH,, MH,, Ao = At,b,r: Ayn=A.=0

Methodology

© Model Ill: NUHM, with general Ay and A,
tanﬁv A, Mo, My/2, MH,, My, AO = At,b,Tv A A

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

@ U(1)r symmetry is only imposed on the Higgs sector of the scale-invariant
NMSSM. The R charge for the superfields H,, Hy and S is 2/3.



Flow Chart

Higgs at 125
GeV and the ; NMSSM Random Parameters SM Parameters
my /2, Ao, tan 3, sgnm medeyAA M(Mz as(Mz), me, Mz, my(myg), m

(UC Davis) [ [ N

| Spectrum |
Methodology

MCMC Scan Random Scan

<o >

Predictions
| EWPOs ||F|avor Physicsl

global minimum fitting

|Higgs Physicsl | Dark Matter |

| Indirect low-energy observablesl

Experimental Constraints |

Random Scan: most points, 5 x 10% points for each scan
Markov Chain Monte Carlo (MCMC): (almost) good points arenind 125, Ge\£



Constraint Categories

Higgs at 125

GeV and the LEP/Teva | B-physics Qh% >0 63, (x10%0) T mp, Remark
. [ ] v X X X X
(TJucn Sf\::) u Vv A X X X
+ v V/ <0.136 X X
X N4 Vi X 5.77-49.1 X
A V/ V <0.136 5.77-49.1 X
A v v 0.094-0.136 | 5.77-49.1 | <123
Methodology  |IN IV v 0.094-0.136 | 5.77-49.1 >123 perfect
almost perfect

@ All points give a proper RGE solution, have no Landau pole, have a
neutralino LSP.

@ 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 4+ 0.51 (20)

BR(B" — 7tv) (1.67 £ 0.78) x 1074 (20)
BR(Bs — putp™) < 1.1x107% (95% C.L.)
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R™M () Figures

. For mp, ~ 124 — 125 GeV,
Higgs at 125

GeV and the [ 1 Model I: NO perfect points
NMSsSM

- MODEL 1 +
. . . . . . .
it 112 114 116 118 120 122 124 126 128
my, [GeV
n, [GeV] 1.6 —r
14+ A E
L | 12k
L | b
* S
L . O X S
24
L R 0.6 |
*
L R R 04 |
- R 02 |
.
- MODEL Il -
112
. . . . . . .

112 114 116 118 120 122 124 126 128



R™M () Figures

Higgs at 125 For mp, ~ 124 — 125 GeV,
GeV and the : .
NMSSM Sl 4 Models Il, 1ll: have perfect points

- = . 1 @ Typically, R"1(y7) of order 0.98.

@ Almost perfect points (small da,,
- 1 relaxation) emerge more easily.

@ NO (almost) perfect points with
L MODEL! - Rh1(yv) > 1 for mj, =123 — 128

L L L L L L L GeV.
112 114 116 118 120 122 124 126 128
my, [GeV] 1.6 T T o)

14+ A E

Results

RM o)

r o T

" 0 L= I I I I I

- MODEL Il + 112 114 116 118 120 122 124 126 128

112 114 116 118 120 122 124 126 128




BR(h; — aya;) Figures
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Yun Jiang
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0.8
0.6
Results

04

02 "

MODEL Il +

120 122 124 126 128
mhl[GeV]

-aa)

BR (,

0.8

0.6

0.4

0.2

Are there any perfect or almost perfect points with measurable
hy — aja; decays? NO! (not surprising given R (y7) ~ 1.)

MODEL Il

208 CAA A

118 120 122 124 126
m,ll[GeV]

Large BR is possible while satisfying basic and B-physics constraints.
However, BR < 0.2 once additional constraints are imposed. Thus, a
light Higgs has nowhere to hide in these models.

128



SUSY Searches

Higgs at 125 Are such points consistent with current LHC limits on SUSY
e and the

NMSSM particles, in particular squarks and gluinos?
4500 4500 T
*
4000 R 4000 ]
3500 | 1 3500 1
3000 41 = 3000 1
2
2500 4 9O 2500 | 1
-
Results 2000 1 2000 1
1500 1 1500 1
1000 MODEL Il A 1000 MODEL Il A
00 o 00 o
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500
my [GeV] my [GeV]

@ All the (almost) perfect points with mp, 2 123 GeV have squark
and gluino masses above 1.5 TeV and thus have not yet been
probed by current LHC data sets.
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SUSY Searches

Are such points consistent with current LHC limits on SUSY

particles, in particular squarks and gluinos?

4500

4000
3500
3000 |
2500
2000
1500

1000

500

MODEL Il

0 500 1000 1500 2000 2500 3000 3500 4000 4500

g [GeV]

my [GeV]

4500
4000
3500
3000
2500
2000
1500
1000

500

MODEL Il

0 500 1000 1500 2000 2500 3000 3500 4000 4500

g [GeV]

@ All the (almost) perfect points with mp, 2 123 GeV have squark
and gluino masses above 1.5 TeV and thus have not yet been
probed by current LHC data sets.

o It is quite intriguing that the regions of parameter space that
yield (almost) perfect points with a Higgs mass close to 125 GeV
automatically evade the current limits from LHCSUSY searches.




More Analysis (da,, vs

mp, = 125+ 1 GeV

Higgs at 125 NUHM2: 1 >0, m,, = 125 +1 GeV, m, =173.3 GeV
-

GeV and the [

NMSSM 3

«

le-09 T

e le-10 E
10"
Results
107 le-11 a—
0 0 500 1000 1500 2000 2500 3000
m, (TeV) my [GeV]
CMSSM, Baer 1112.3017 NUHM-NMSSM

@ Slightly relaxing the da,, requirement to almost perfect makes it
much easier to find viable points with mp, ~ 125 GeV. Thus
there is a mild tension between good da,, and large mp,.




More Analysis (da,, vs

mp, = 125+ 1 GeV

Higgs at 125 NUHM2: 1 >0, m,, = 125 +1 GeV, m, =173.3 GeV
-
GeV and the
NMSSM

le-09 r T

Results

le-11 I I 5 I I
0 500 1000 1500 2000 2500 3000

mg [GeV]
CMSSM, Baer 1112.3017 NUHM-NMSSM

m, (TeV)

@ Slightly relaxing the da,, requirement to almost perfect makes it
much easier to find viable points with mp, ~ 125 GeV. Thus
there is a mild tension between good da,, and large mp,.

@ The tension between da, and my, = 125 GeV is less in the
NMSSM with NUHM relaxation than in the MSSM with NUHM
relaxation.




Spectrum

Model Il

Model 111

Hi, t 125
GeV and the l Pt. # [ 1T [ 2 [ 3 1 4 T 5 [ 6 [ 70 ]
I 400 447 472 368 421 472 477
mg 2048 | 2253 | 2397 | 1876 | 1699 | 2410 | 2497
(UC Davis) mg 1867 | 2020 | 2252 | 1685 | 1797 | 2151 | 2280
my, 1462 | 1563 | 1715 | 1335 | 1217 | 1664 1754
mg, 727 691 775 658 498 784 | 1018
ma, 648 581 878 520 1716 653 856
meg, 771 785 1244 581 997 727 905
mizy 535 416 642 433 784 443 458
_ m_+ 398 446 472 364 408 471 478
esults X1
mso 363 410 438 328 307 440 452
da,(x1071°) 6.01 5.85 4.48 6.87 5.31 4.89 4.96
Qh? 0.094 | 0.099 | 0.114 | 0.097 | 0.135 | 0.128 | 0.101
os1 [x10~2pb] 43 3.8 3.7 45 5.8 4.0 4.0




Spectrum

Higgs at 125 Model 11 Model T
GeV and the [ Pt. # [ 1 7T 2 [ 3 | 4 T 5 [ 6 [ 7]
NMSSH it 400 447 72 368 421 472 477
Yo dfme mg 2048 | 2253 | 2397 | 1876 | 1699 | 2410 | 2497
(UC Davis) mg 1867 | 2020 | 2252 | 1685 | 1797 | 2151 | 2280
mg, 1462 | 1563 | 1715 | 1335 | 1217 | 1664 | 1754
mg, 727 691 775 658 498 784 1018
ma, 648 581 878 520 1716 653 856
map, 771 785 1244 581 997 727 905
M, 535 416 642 433 784 443 458
_— m 398 446 472 364 408 471 478
mso 363 410 438 328 307 440 452
5a,(x10710) 6.01 5.85 4.48 6.87 5.31 4.89 4.96
Qh? 0.094 | 0.099 | 0.114 | 0.097 | 0.135 | 0.128 | 0.101
os1 [x10~8pb] 43 3.8 3.7 45 5.8 4.0 4.0

@ mz and mg above 1.5 TeV and # mass is distinctly below 1 TeV. But detection of
the #; as an entity separate from the other squarks and the gluino will be quite
difficult at 0.5 — 1 TeV. Thus discovering SUSY may require the 14 TeV upgrade.



Spectrum

Model 111

Hi, t 125
e g b o | Pt. # 1 [ 2 [ 3 | 4 [ 5 [ 6 [ 7™ |
mg 2048 | 2253 | 2397 | 1876 | 1699 | 2410 | 2497
(UC Davis) mg 1867 | 2020 | 2252 | 1685 | 1797 | 2151 | 2280
mg, 1462 | 1563 | 1715 | 1335 | 1217 | 1664 | 1754
mg, 727 691 775 658 498 784 | 1018
ma, 648 581 878 520 1716 653 856
map, 771 785 1244 581 997 727 905
M, 535 416 642 433 784 443 458
_— m_+ 398 446 472 364 408 471 478
1
m_o 363 410 438 328 307 440 452
1
5a,(x10710) 6.01 5.85 4.48 6.87 5.31 4.89 4.96
Qn? 0.094 | 0.099 | 0.114 | 0.097 | 0.135 | 0.128 | 0.101
os1 [x10~8pb] 43 3.8 3.7 45 5.8 4.0 4.0

@ mz and mg above 1.5 TeV and # mass is distinctly below 1 TeV. But detection of
the #; as an entity separate from the other squarks and the gluino will be quite
difficult at 0.5 — 1 TeV. Thus discovering SUSY may require the 14 TeV upgrade.

@ i is small for all points, = EW fine-tuning problem may not be severe.



Spectrum

Model 111
| 1 [ 2 [ 3 [ 4 [ 5 [ 6 [ 7

Higgs at 125
GeV and the

3
3

2048 2253 2397 1876 1699 2410 2497
1867 2020 2252 1685 1797 2151 2280
1462 1563 1715 1335 1217 1664 1754

727 691 775 658 498 784 1018

(UC Davis)

648 581 878 520 1716 653 856
771 785 1244 581 997 727 905
535 416 642 433 784 443 458
398 446 472 364 408 471 478

Results

5a,(x10710) 6.01 5.85 4.48 6.87 5.31 4.89 4.96
Qh? 0.094 | 0.099 | 0.114 | 0.097 | 0.135 | 0.128 | 0.101
os1 [x10~8pb] 43 3.8 3.7 45 5.8 4.0 4.0

@ mz and mg above 1.5 TeV and # mass is distinctly below 1 TeV. But detection of
the #; as an entity separate from the other squarks and the gluino will be quite
difficult at 0.5 — 1 TeV. Thus discovering SUSY may require the 14 TeV upgrade.

@ i is small for all points, = EW fine-tuning problem may not be severe.

@ Neutrilino LSP mass is rather similar, =~ 300 — 450 GeV.



Spectrum

Model IlI

Higgs at 125
GeV and the
NMSsSM

Results

5a,(x10710) 6.01 5.85 4.48 6.87 5.31 4.89 4.96
2 0.094 | 0.099 | 0.114 | 0.097 | 0.135 | 0.128 | 0.101

@ mz and mg above 1.5 TeV and # mass is distinctly below 1 TeV. But detection of
the #; as an entity separate from the other squarks and the gluino will be quite
difficult at 0.5 — 1 TeV. Thus discovering SUSY may require the 14 TeV upgrade.

@ i is small for all points, = EW fine-tuning problem may not be severe.
@ Neutrilino LSP mass is rather similar, =~ 300 — 450 GeV.

@ All the points yield a spin-independent direct detection cross section of order
(3.5 — 6) x 1078 pb, i.e. well within reach of next generation of direct detection
experiments for indicated X masses.
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Conclusions

Higgs at 125
GeV and the

e U(1)g imposed CNMSSM is NOT able to yield a fairly SM-like
125 GeV Higgs once all constraints are imposed.

e U(1)g imposed NUHM allows quite perfect points with a
SM-like Higgs near 125 GeV satisfying all constraints.

Conclusions

@ Direct detection of SUSY may have to await the 14 TeV upgrade
of the LHC, but direct detection of the LSP will be possible with
the next round of upgrades.
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Future Work

Higgs at 125
GeV and the
NMSSM

Yun Jiang

(UC Davis)

@ How to enhance the ratio R up to 1.4?

@ The random scan of the full parameter space for the general
NMSSM without any GUT unification is in progress.

Future Work o If future data confirms a 7y rate in excess of the SM prediction,
then it will be necessary to go beyond the constrained versions
of the NMSSM considered here.
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Thank you for your attention!

Thanks to Profs. Gunion and Kraml for their patient guidance and help.
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The Standard Model

Type Notation Generation (SUB)c, SURW)u@)

Higgs at 125 . Y
GeV and the Q = (u,_) (CL) ( L) (3,2)
NMSSM L dp s. by 21
ui = ug, <R t 3,1)
Yun Jiang ‘? R R R ( %
Fermion* ‘R = dg, SR, bg (3,1) 1
3
©o= () () () e
L eL s L @ )*%
ek = R VR, TR (1,1)_4
+
Scalar H = (740)' 1,2),
2
[ A=1,2,...,8 (8, 1)
Gauge Boson W: a=1,2,3 (1,3)0
By (1,1)0
The hypercharge Y is defined ¥ = Q@ — T}, where T3 is the third SU(2) g . For the
Terminology charge conjugate spinors, ¥ = — 2 for ufy, ¥ = 1 for dg and ¥ =1 for e§.

*Moreover, all fermion spinors are 2-component Weyl spinors.
Lsm = Lgauge + Liermion * LHiggs T Fyukawa

2
g69

S : EGHVAPGAHUGAAp
™

1 1 1
A ~Auv a auv v
Lgauge :7;(: L, GARY ;www - ;B L BHY —

o o™ oL i o T i
Lfermion = @LaiPRL" + L oiPLY' + bR;iPuR + dp;iDdp + &g;iDep
Liiiggs = (D¥ H) D H — v(H)

Lyukawa = ~ 00 @paaiHG <P ull — (ya i QpaniH™dY — (velilpoiH ey + he.



Naturalness

Higgs at 125
GeV and the
NMSSM

t'Hooft (1979)

Yun Jiang
(UC Davis)

At any energy scale 11, a physical parameter or set of parameters
a;(p) is allowed to be very small only if the replacement o;j(p) =0
would increase the symmetry of the system.

Difficulties with the naturalness occur only in theories with scalar
fields, Higgs fields in the SM.

Terminology

o If A~ v, m? is not small (compared to the energy scale A).

o If A> v, mi, is small so that we could set my — 0. However.
it does not increase the symmetry due to the presence of the

quartic Higgs self-interaction A\¢* and gauge interaction as well.
This is what is called unnatural.



Superpotential

Higgs at 125
GeV and the
NMSSM

Yun Jiang
(UC Davis)

. 1 .
W = El¢; + EMJka + = Jk"dqun

j_ oW
o W/ = 96, -
k . . . .
Terminelogy o W/ 8¢ 8¢ is analytic (holomorphic) in the complex fields ¢,.

e M’k and y/k are totally symmetric under interchange of indices.

e E/ +# 0 leads to SUSY breaking.
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Yun Jiang
(UC Davis)

. 1 .
W = El¢; + EMJka + = Jk"dqun

j_ oW
o W/ = 96, -
k . . . .
Terminelogy o W/ 8¢ 8¢ is analytic (holomorphic) in the complex fields ¢,.

e M’k and y/k are totally symmetric under interchange of indices.

e E/ +# 0 leads to SUSY breaking.



MSSM Lagrangian

Hi t 125 MSSM
G and the Lnmssm = Liinetic + Lint + Lo
NMSSM

Yun Jiang The interactions are generated by the superpotential

(UC Davis)

Wissm = TY . QHy — dY4QHg — 8YeLHg + 11HyHy
and the soft-SUSY breaking terms are

Lgaugine = —3 (V26" Gy + MW W + 111BB) + hec.
Lofermions = —QrmE QL — L[{m?L, — ipmiir — dgmidr — &zmiér

Lot >

Higgs = —miy, His Hy — mi,d HjHy — (bHuHy + h.c.)

Terminology

Lerilinear = — (aRAuQLHu — drAsQLHy — E‘RACZLH,;) +h.c.

Procedure for generating the full Lagrangian

@ Expanding the superfield ® = ¢ + /201 + 6> F.
Q Applying [ d*xd*0W(®) + h.c. = [ d*xLine to generate Line.
Adding F; F;* for each superfield to get full F-part Lagrangian.
Eliminating F by virtue of the equation of motion.
Obtaining the Higgs mass term, cubic and quartic scalar interactions among
squarks, sleptons and Higgs.




MSSM Higgs Sector

Higgs at 125
GeV and the
NMSSM

_ 2 2 + 2 0,2 2 2 — 2 0,2 + = 0,0
Vhiges = (+° + miy,) (IH512 + [H31%) + (u +de)(|Hd\ +[HYI )+[b(Hqu — HOHY) + h.c]

2 2

g * . g g /
b HYHY HSHd*zxi(Hz

0,2 0,2
o (Mg 1HG® — WG

P
Hy %)

Expanding the Higgs fields around the VEVs
Hf o Hf
Hu = (H',_d,) - (Vu/\/i) * (R=H2 +uilmHg)

<H§) . (vu/\/f) N (ReHg +7iImH3>
Hd o H

Terminology

d

Higge mass eigenstates

(mofh) = () () 2 ('5®). () 2 (8.

Ht



Upper Bound for my,

GeV and the (Prachi

The function of rn,z' increases monotonously with rni.

2
mh

1
; (""i + Mi = \/m4A aF Zmng aF M4z = 4M§mi cos? 25)

1 2M2 (1 — 2 cos? 23) M 4
== mi+M§—mi 1 —Z° - 2=
2

m2 ma
2 2 2 4
1 1% 2M5 (1 — 2cos® 2/3) M
=Cmd (142 - |14z S TP (T2
2 m?2 mi mpa

At the limit mpy = co, we use (1 + x)1/2 =1+ %x + O(x) to expand the square root

1 M2 MZ(1 - 2cos228) 1 [(Mz\4 M4
mp="mg 1+ —Z - 1y MZZ2cet28) 1 Mz = M3 cos® 25 + —Z-
2 mi m2 2 mp dmi

Terminology

A

Dropping the second term, we obtain the upper bound on my

mp < | cos 28 |Mz




my, Radiative Corrections

Higgs at 125
GeV and the
NMSSM

@ direct diagrammatic calculations

e renormalization group methods

w W L
L3 [N
A X
N \
Hy !

e my W

(2 ta
@ in the absence of I, — tg mixing, only the diagrams below the SUSY scale
Terminology contributes to the § function for the quartic coupling: (4m)%8x = —4Nc|ye|*.
This leads to a shift in the physical Higgs mass squared of

AR =25x2 =202 [ F Badinp
m¢

@ in the presence of ¥, — tg mixing, only the left diagram contributes to 3
running from m, to myg, and all diagrams contributes to 8 running from
mg, to mg,.

© -effective potential techniques



MSSM Higgs Minimization Conditions

Higgs at 125
GeV and the
NMSSM

= (u?

VHiges

2
4 - g
Yun Jiang FE IO 4 KO
2

F = (IR 12+ HY
(UC Da

Hy s UHu u d
from D-term potential Vp = %(D’Da + D' D’) with
D?|iggs = —8 [(H3)* (- (Hu)g + HD* (=) L (Hg)g].

’
D' |higgs = — & (IHS 12 + [HQ12 — [HG12 — |H] |2)

@ Only electrically neutral components of the Higgs acquire VEV. ((H}) =0 = (Hy) =0)
@ For the purpose of finding the minimum potential, we can simply take b, HO and Hg in the neutral
potential to be real and simplify the b-term.

Absorb the phase b into the phase of the fields, for example, taking b = \b\e"g and redefine the Higgs fields
HY — HE’ = efong, Hg = HS’ = eiﬁHg with o + 8 = 0.

Terminology

In order to occur a stable minimum of V at non-zero VEV of HB and HY, we require

.
= [(n12 4 mE)+ 362 + &0 HE 12 = (HY ) B)] (MG — 1bICHT ) — 0

Since the coefficients of VEV (HSI*) and <H3/> are real and do not have any phase, so the VEV (HS/*)
and (Hg,) have the same phase, or equivalently, the VEV (Hgl) and (Hgl) must have equal and opposite
phase so that HO, Hfl/ in the b-term is real. Thus,

VG, HY) = (101 + iy Y(HE)? + (1ul? + miy )(HY)® — 2bHOHG + 3 + &/®)(H))? — (HYPP O

<




What is "Soft"?

Higgs at 125
GeV and the
NMSSM

Yun Jiang

(UC Davis)

@ In general, the terminology “soft” in particle physics refers to
“low energy” or “low frequency” while “hard” refers to “high
energy” or “high frequency”.

@ In SUSY theory “soft” means the modification of physics at high
energies is so small.

o Soft SUSY breaking is type of supersymmetry breaking that
does not cause ultraviolet divergences to appear in scalar masses
such as the Higgs. However, it obviously allows - and does cause
- finite loop corrections to the Higgs mass.

Terminology



NMSSM Higgs sector

s DI iggs — —£ [(H*) L Hu) g + B L (Hp g + 1512,

NMSSM
D/‘Higgl:**(“'ﬁ»'z*“"%z*|H ‘2*“" | )

2 2 0,2
= (e A vmiy) (1HG 12+ 1HG12) 4 (e w2812 e miy ) (1012 4+ 1HGI®)
2 2 2
& o 0,—+2 & +& 2 02 02 —12\2
+?|H:Hd*+Hqu*l +f(IHII + [Hyl™ — [Hyl *“"d‘)

_ 2 — 1
+m3|s1? +|ns% + x (HHT — HOHY)|® + [(b+ AALS) (HiH] 7HSH3)+7NA,QS3+I1.C.]

3

Expanding the Higgs fields around the VEVs

Hf [ H

Hy = — u
el Gy N (H?,) - (Vu/x/i) * (ReHE + ilmH}j)
0 0 0
Hy = Hd . (v,_,/\/f) N ReHd + lIde

Hd [} d

S — vy /V2 + ReS + ilmS

Higge mass eigenstates

ReH® hl ImH® a -
ReH§ =, (I-z) ) |mH§ ER (N.G.B) , (H** u H+) B, (N’.ﬁ.s)
Res hs Ims ay r y



Higgs Production and Decay Overview

Higgs at 125

GeV and the ) V&= 7 TeV ‘-E § e 5! ! = - ;
NMSSM Qwij_ El 5 A
: T+ 1% = —8
Yun Jiang T | | b1
(uuc D:vi:) T K 1 e / s
3 'K < 107 2/ .
Tk E| ] 3
s : § 1
107} T \-
: 102 E
107} : 1
100 200 300 400 500 . 1 3 !
M, [GeV] 10300 120 140 160 180 200
M, [GeV]
Terminology WZ
q H @ gluon-gluon production
W.Z Bremsstrahlun;

mechanism is dominant at

LHC.
> @ v channel is of our interest
i< in this talk.
L

1t fusion



Loop-induced h; Decays

Higgs at 125
GeV and the
NMSSM [J Decays into two gluons rH — gg) =

2.3
Gpagmy

hy 3 4
36723 |5 Fhiaa?1/2070) * 34susy

i . Oo00E00000
q q.-]
,,,,,, q ,,,,,,4/ :f
N
q q‘m

[J Decay into two photons

Terminology

T(H — ~vv) = R
GraZm? > hy h Mw ot by h
Trevans |of NeQFep, AT} (Te) + &by vy A T2 (TW) + 2‘§V;"2i At (Ty£) + Aghsy
H
LAWY
, <OF g
------ 144 seeeee L H




How to Read Higgs Exclusion Plots

Higgs at 125
GaV and the o +1o (green) and bands from Monte Carlo

Tty 0

@ 95% CL upper limit

n m I
EmiO,SSUP ;l;lq'/m =1-95%
m=0 '

=g




How to Construct the Best-fit Plot

Higgs at 125
GeV and the
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RGE solution & Landau pole

Higgs at 125
GeV and the
NMSSM

Yun Jiang

(UC Davis)

@ In theories that are not asymptotically free, the coupling grows
when it is run up higher energies. The Landau pole is the
momentum (or energy) scale at which the coupling becomes
infinite.

o In general, any parameter with the mass dimension goes either
up or down in scale. The running is governed by the

Terminology renormalization group equation (RGE). Proper RGE solution

means there is no divergence appearing along with the running

integration.



LSP and R Parity

Higgs at 125
e @ LSP means the lightest supersymmetric particle. It is electrically

neutral and colorless. For most typical choices of model
parameters, the lightest neutralino is the LSP.

Yun Jiang
(UC Davis)

@ The supersymmetric particles must be produced in pairs and
they are unstable and decay quickly into lighter states—LSP.

@ LSP is absolutely stable if R-parity is conserved.

o R = (—1)3B-D+25 for a particle of spin S.

o All the ordinary Standard Model particles have even R parity and
superpartners have odd R parity.

o If R parity was conserved, starting from an initial state involving
ordinary particles, it follows that superpartners must be
produced in pairs and the LSP is absolutely stable.

Terminology




B-Meson Leptonic Decay

Higgs at 125
GeV and the

rem(Bt—=7tvr)

G2 2 m2\? m3, 2
2 2
Terminology BR(BJr — T+IJT) = —FfB|Vub| mpm’. — —; 1 — tan® BTB B
87 mg my.

for pion decay, see Griffith, Introduction to Elementary Particles, p322

fg: B meson decay constant

V,p: CKM mixing suppressed

mf_: helicity suppression
2

t:1"27‘3: tree-level sensitivity to HZE, so provide important constraints on this ratio
HT




B-Meson Radiative Decay

Higgs at 125 =0/ 4T
GeV and the B%(db) — Xs~y
NMSSM

—_ b — s decay proceed via flavor changing neutral current (FCNC) penguin diagrams
(UC Dauis) @ forbidden in the SM at tree level.
@ sensitive to the contributions of heavy particles in loop diagrams.

) b H s b s
. . \4 ~ 7
éy u,c, i iu ot \H;’*
“ i ¥

Technique: Operator product expansion

10 W
Terminology L ~ Vt*d Vis Z C:O; b s
i=1

C;: Wilson coefficients — encode the hard-gluon exchange
O1_¢: 4- quark; O7: EM dipole; Os: gluonic dipole; O10: axial-vector EW

GEa @ 1
F(b— sv) = =" mp |V Ves|® \C.f“|2 + =5 corrections + +— corrections
3274 my mZ




Higgs at 125
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NMSSM

Yun Jiang
(UC Da

Terminology

' =s,d) Mixing

Strong interaction eigenstates B:?,(d[_y)7 B?(sb)
CP|BS o= 7|Bg 4)» B's are neutral peudoscalars

CP eigenstates B B .
|Buy) = pil BY) + il BY), |Br,) = pil BY) — ;| BY) with % 1

GZ M3
_ FMw * 24 (2 .S
AM; = mp, —mp, =2[Mg g | = ?"B"'B?‘Vtivtb‘ Bg, 3, Fer

npg = 0.55: short distance QCD correction
Vt*i Vb top quark mixing dominant
(89| /2BI=2 o
o N - i1 Lot i
Bp.: scale-invariant departure from the vacuum saturation with Bg. = W
! T(BRILly TTIBO ) vac
fg.: decay constant
i

Ftst = (So(m¢ /M)y ) + charged Higgs and chargino box-diagrams + double penguin diagrams)

w- H- t

t t )
W HY t

P _ 4

R




Rare Bs Decay

Higgs at 125
GeV and the
NMSSM

Yun Jian
(UC Davis)

et

Terminology et

w-
wet CRES
w
" <

GZa2mp_f2
BR(B? — ptuT) = —& s B,

2

TB, am?2 4m
34, Ve Vesl® |1 - > 1- MzM IFs|? + |Fp +2myuFal?

1673 sin? 0y, M3 z,

where Fg, Fp and Fp are scalar, pseudoscalar and axial vector form factors associated with the Wilson
coefficients.

Nucl. Phys. B630(2002)87



Muon Anomalous Magnetic Dipole Moment

Higgs at 125 Classical: the dipole moments can arise from either electrical charges or currents.

CeMianciths i= gMTBg, ug = _:'fe (circulating current)
V=—ji-B
(UC Davis) QFT: our interest is the motion of a lepton in an external electromagnetic field under

consideration of the full relativistic quantum behavior.

I
= —ieu(p"yu(p )A”l iM

Q
Expanding the vertex I, in terms of the linear combination of v, (p — p’),. and
(p+ p')u, taking A‘“ ;) =(O, ﬁd(?))and using the Gordon identity,

iM = ieAl(§)a(p’) [v Fi(q?) + 258 Fy(q? )] u(p)

In the classical limit (g> — 0),

iM = i€’ (—ieq A (d)ok[F1(0) + F2(0)]) € = ie€' B (@) [F1(0) + F2(0)]
with the identification iM = —i2mV/(§), we obtain the Lande factor

Terminology

N =

g = 2[F1(0) + F2(0)] =2+ 2F2(0) or | a = = (g — 2) = F2(0)

where F1(0) = 1 defining the electric charge and F2(0) is contributed from the loop

calculations.



Muon Anomalous Magnetic Dipole Moment

(Diagrams)

Higgs at 125

GeV and the h \
RItTeem SM QED (up to 6-loop) Acta Phys. Polo B 38(2007)3021; NPB 699(2004)103

A A A A KA A A

@ SM Electroweak (up to 3-loop)
Acta Phys. Polo B 38(2007)3021; PRD 67(2003)073006; PRD 58(1998)053007

N

@ SM Hadron (up to 2-loop)  Acta Phys. Polo B 38(2007)3021

.
7 Y
Terminelogy éx /ﬁx A /& ;@
By e H h e h h h 5

@ SUSY contribution (up to 2-loop)
Acta Phys. Polo B 38(2007)3021; PRD 64(2001)111301, 64(2001)035003, 65(2002)075002;
NPB 699(2004)103; J. Phys. G: Nucl. Part. Phys. 34(2007)R45

§ .
: D ]
N 2.5 0, ' e
Ry . W=
el v v v "/ - 'Y " ]
TN ; : :
e Caar—— e




Relic Density

px = myny(Tg): present CDM energy density

A 3
Higgs at 125 — Px _ ™ My sp h * — 3H2MZ2 - criti .
Qy = =40 T R oy — pc = 3HGMZ: critical density
o f TannV) &s
Pl sp: present entropy density of the Universe

GeV and the Pe
NMSSM
S L The larger the annihilation cross-section, the smaller the relic density.
(UC Dav
Freezing temperature T at H(Ty) ~ ny(T¢)(cannv)
N—— —
rate ihilati rate

® cold relic (nonrelativistic at T¢: kT; < m): n(T() = g (%) exp[—m/(kT{)]

@ radiation dominant: H(Ty) = 3T, /T 1/2 kal)
Mp,

-
T e o T 5 S el e o 7 %:0) ~ %{}) 20 that
3
kTo H(Ty)
To) = ‘o) TP
x(To) = mx (ka)

3 in terms of sp and gs with

Terminology
(Tannv)

The last step is to express (kTp)
2 3
so = —gso T, cis black body constant

T \3 4 7 T\

8; - y Bk = &; 4= 8gj £

T T

8 fermion o boson 8 fermion o
O
4

e-Z o(2)

boson




LSP Annihilation

Higgs at 125 PO . .
GeV and the @ Assumption: LSP is the lightest

NMSSM neutralino x2.

t——T——f 1 Fox f
@ 2 is not at rest at the time of 7l A z
freezing. I _ _
& t T 1 oo ;
2
(CannVv) = @ + b(v7) +-.--
X AVAVAYAYAYY I 3 PSS T
x decay  yy scattering R )
x!
x w X Larnnanane Z
oot -
ooon ]
occor ]
10 F X MAAAS WK W
L 10 E o A {_r‘r
= 10 Increasing <o,v> | 1 -=-1
§ 100
I A N ! g——L - Ay '
Terminology 15 o ]
VT
0t 1 x W ] z 1 z
Fo ] s
3 u i/ 1 2 _‘__4_‘_\"4
o 1 : N .
S ] x x “HE g S Hb
o ]
o ]
o= : t—— A A o
™ oo z . P
x=m/T (time - 1 A
N N
N R
Dodelson, Modern Cosmology, p78 x x Hh X Hir




Cosmological Data Measurement

Friedmann equation

Higgs at 125

GeV and the k 2
NMSSM Rz = Hp (Qtor — 1)
0
Yun Jian
(UC Davis) The subscript 0 indicates the present-day value. The total cosmological density Qtot has several

contributions:

@ O,.: pressureless matter density of the Universe
@ Q,: CMB radiation density of the Universe (very small T = 2.73K)

Q 9, = A/3H2: cosmological constant term

CMB: Cosmic Microwave Background
Terminology BAO: Baryonic Acoustic Oscillation
SNe: (Type la) Supernova

Qp 0.74 4 0.03, Om 0.27 0.03

Qot = 1.006 + 0.006 slightly closed Universe

00 T os 10
O
o Q¢ baryonic matter density, measured by Big Bang nucleosynthesis (BBN)
" 1 Qcpm : cold dark matter density



WIMP-nucleus Interaction

Higgs at 125 o Elastic scattering of the neutralino off a nucleus can occur via
eV and the . N
NMSSM spin-dependent/independent channels.

Yun Jiang

(V€ Bav) @ How does a weakly interacting massive particle (WIMP) interact
with a nucleus?

x rox X A X x>m<.,
NXN pgp qKq X q
Spin-independent Scattering

@ The scattering amplitudes from individual nucleons interfere.
o For zero momentum transfer collisions (extremely soft bumps)

they add coherently:

Terminology

4 2
og) =~ M a2
T

where m, = XTI is the reduced mass, f is coupling constant
X

and A is the atomic mass. )




DM Direct Detection

Higgs at 125

GeV and the ) T
XENON100 (2011)
» CHDAMANa — observed limit (90% CL)
10 L
o § N CoGeNT Expected limit of this run:
E - DAMAJT + 1 0 expected
= = N + 2 ¢ expected
§ 1o ?\ - CDMS (2011)
o = +
9 E
“ c
8 0% =
g = XENON100 (2010)
i —
| Z 109
Terminology E‘ E
104 =
- Buchmueller
I | L 1 R N
6 78910 20 30 40 50 100

WIMP Mass [GeV/c]

1pb = 10~36cm?
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Model Parameter Counting

Higes at 125 © The SM has 19 independent parameters

GeV and the
NMSSM

- @ Gauge and fermion sectors: 4 real parameters (3 gauge couplings g, g’
(UC Davis) and gs and the QCD vacuum angle fqcp)

o Higgs sector: 2 real parameters (42 and A or conventionally the
vacuum expectation value v and the physical Higgs mass my,)

o Yukawa sector: 12 real parameters (6 quarks + 3 leptons + 3 CKM
parameters) and 1 imaginary parameter (CKM matrix phase)

© The MSSM possesses 124 independent parameters
e 19-2 (Higgs sector) from the SM

o 10542 genuinely new parameters

Gaugino: 5 (complex My, M> and real M3)
o 2 2
Higgs: 5 (real b, Mt M, and complex u)
or (v,tan 3, ma and complex p)
Sfermion & trilinear: 57 (12 squarks, 9 sleptons + 36 mixing angles)
40 imaginary (new CP-violating phases)



Literature Survey

Higgs at 125
GeV and the
NMSSM

@ The MSSM has been explored in numerous papers with a
(U Do general conclusion that the MSSM—especially a constrained
version such as the CMSSM—is hard pressed to yield a fairly
SM-like light Higgs boson at 125 GeV when satisfying all the
constraints including a,, and QA%
arXiv:1112.3017; 1112.3021; 1112.3026; 1112.3032; 1112.3068; 1112.3123;
1112.3142; 1112.3336; 1112.3564; 1112.3645; 1112.3647; 1112.4391; 1112.4835;
1112.5666; PLB 708(2012)162

@ The NMSSM has also been explored showing that for completely
general parameters there is less tension between a light Higgs
with mass ~ 125 GeV and a lighter SUSY mass spectrum.

arXiv:1112.2703; 1112.3548; 1201.2671; 1201.5305

@ However, none of these studies were done for a constrained
version of the NMSSM.



Scan Parameter List

Higgs at 125
GeV and the NMSSM Random Parameters SM Parameters
ma 2. Ao, tan . SN (), (M iy, Ax. Ac\agd (Mz), as(Mz) ey Mz, my(mp), m

MCMC Scan @ Random Scan
mg € [0, 3000] : mg € [0, 2000]

my /5 € [0,2000] my /> € [50,2000]

Ag € [—6000, 6000] | Spectrum | Ag € [—4000, 4000]
§ tan 3 € [0, 60] @ SUSY : tan 3 € [1,50] @ SUSY
E sgn(p) = +1 @ sgn(p) = +1
=i 6 et 2 6
1S my, € [—25,25] x 10° @ GUT : my, € [-9,9] x 10° @ GUT
mi’d € [—25,25 x 108 @ GUT Predictions nf_,d € [-9,9] x 10° @ GUT
S :
o0 | EWPOs | |F|avor Ph sicsl

X € [0,1] @ sUSY Y X € [1074,0.7] @ SUSY

A, € [—6000, 6000]

|Higgs Physicsl | Dark Matter | A) € [—4000, 4000]

A, € [—6000, 6000] A, € [—4000, 4000]

| Indirect low-energy observablesl

Experimental Constraints |

Random Scan: most points, 5 x 10% points for each scan
Markov Chain Monte Carlo (MCMC): (almost) good points arenind 125, Ge\£



x2/Likelihood Definition

i . I
s @ Type |: with a central value g,?)

NMSSM

Yo s M) exp)?
(UC Davis) 2,401 (61 5,- )
X =D ——a—
Z o2(¢") +72(¢")
Examples: BR(Bs — X.s'y), AMs, AMy, BR(BT — 771;),
BR(B — Xsp" ™), m®" and ATLAS signal strength best-fit.

exp

@ Type Il: only having an upper/lower bound limit 5_5“)

Ef-“)—é,g") -1
Likelihood(¢™) =T | (1 + eio>

i

in the exponent + for upper limit/- for lower limit
Examples: BR(Bs — putp™) and QA%

o(&;): experimental (statistical and systematical) uncertainty
7(&): estimate of theoretical uncertainty

2(¢(1)
Total Likelihood=Likelihood(¢(")e~ g




R definition

Higgs at 125
GeV and the

@ Higgs production @ LHC: gluon-gluon to Higgs

RMi(X) = ,
X) = Flag = hon) BR(hsw = X)

@ SM denominator computation:
1) NMHDECAY computes the reduced Higgs couplings
Ch;y = 8h;v/8heyy Where Y = gg, VV bb, 7777 7y, ...
2) Ths(Y) = Thi(Y)/[CY]? = T BR(hi = Y)/[CYT?
3) Mgt = 30, Th(Y)
4) BR(hsu — Y) = [ (Y)/Tsy

. BR(h1 — Y
Rh‘ (X) = CiiggCIiX Z (C12 )
% hiY




R (VW = WW, ZZ) Figures

Higgs at 125
GeV and the
NMSSM

Yun Jiang

(UC Davis)

0.6
b 0.4

02 " MODEL Il - 0.2 MODEL Il

.
0 L L L L L L L 0 L= L L L L L
112 114 116 118 120 122 124 126 128 112 114 116 118 120 122 124 126 128
my, [GeV] my, [GeV]

@ As for the v+ final state, for mj, 2 123 GeV the predicted rates
in the VV channels are very nearly SM-like for perfect or almost
perfect points.

o We did not find perfect or almost perfect points with mass
above 126 GeV.




BR(h; — aja1) Figures (log scale)

Higgs at 125
GeV and the Are there any perfect or almost perfect points with measurable

NMSsSM .« . .
hy — aja; decays? NO! (not surprising given RM(yy) ~ 1.)
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Large BR is possible while satisfying basic and B-physics constraints.
However, BR < 0.2 once additional constraints are imposed. Thus, a
light Higgs has nowhere to hide in these models.



R"(~~) Figures

Higgs at 125 How about the next lightest Higgs, hy?
eV and the
NMSSM

Yun Jiang 1.2 12 T
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@ In the mp, € [110 — 150] GeV region, points only pass the basic
constraints and the B-physics constraints and not the others.

@ Thus, it appears that within these constrained models with GUT
unification conditions it is the h; that must be identified with
the Higgs observed at the LHC.




More Analysis (Q2h? vs m;sp)

Higgs at 125
GeV and the
NMSsSM

L 4 Fa s
0.01 a-""'" -

10° T Ll I ! 1 Ll 1 0.0001 | | I I I I I I

0 100 200 500 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Mz (GeV) LSP mass [GeV]
CMSSM, Baer 1112.3017 NUHM-NMSSM

@ There is a lower bound on Qh? for each LSP mass.

@ The maximum LSP mass increases a bit if the da, constraint is
relaxed to the almost perfect level.

@ No obvious difference with CMSSM.




More Analysis (Qh? vs da,,)

Higgs at 125
GeV and the
NMSSM

Back Up

le-11 1e-09

No tension between 2h? and da,, in the NUHM-NMSSM.




GUT Scale Parameters

Higgs a:] 1E5 Model Il Model 111

el [ P # | 1 | 2 [ 5 | 4 | 5 [ 6 [ T |

N - tan 8(mz) 17.9 17.8 21.4 15.1 26.2 17.9 24.2

(UC Davis) A 0.078 0.0096 0.023 0.084 0.028 0.027 0.064

K 0.079 0.011 0.037 0.158 -0.045 0.020 0.343

my 2 923 1026 1087 842 738 1104 1143

mo 447 297 809 244 1038 252 582

Ao —1948 —2236 -2399 —1755 -2447 -2403 -2306

-251 ' -385 ' -86.8 '

Ax 0 0 0 -2910
-920 ' 883 -199 '

A. 0 0 0 -5202

mf,d (2942)% | (3365)% | (4361)% | (2481)% | (935)% (3202)% | (3253)°
my (1774)% | (1922)% | (2089)% | (1612)% | (1998)% | (2073)> | (2127)?

mp, 124.0 125.1 125.4 123.8 124.5 125.2 125.1

@ Modest Ay and A, from MCMC scan due to our setting |Ay | < 1 TeV, while
almost perfect point (#7) from completely random scan has quite large Ay and A,
values.

@ However, the general random scan over Ay and A, did not find any perfect points
with mp, 2, 124 GeV, whereas such points were fairly quickly found using the
MCMC technique.

@ This suggests that such points are quite fine-tuned in the general scan sense.



Higgs Content

Model Il Model IlI

Higgs at 125

GeV and the ‘ Pt. # ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7* ‘
NMSSM ihy 1240 | 1251 | 1254 | 1238 | 1245 | 1252 | 1251
mp, 797 1011 1514 1089 430 663 302
Man 66.5 | 9.83 | 307 | 1317 | 430 | 352 | 302

RM () 0.977 0.970 | 0.980 0.980 0.971 0.768 0.975
RM (Z2Z, WW) 0.971 0.962 | 0.974 0.974 0.964 | 0.750 | 0.969

0.59 ' 0.72 '
e 127 | 1.47 157 | 1.34 | 1.20

@ For the (almost) perfect points with mp, 2 123 GeV, the hy is very SM-like since
all C's (and R's) are close to 1.

How well do the points above describe the ATLAS Higgs data?

@ The smallest x3_as. of order 0.6 to 0.7, is obtained for mp, ~ 124 GeV because
at this mass the ATLAS fits to Rt (~v7v) and RM (4¢) are very close to 1.

@ For my, ~ 125 GeV, the RM1's for the ATLAS data are somewhat larger than 1

leading to a discrepancy with the NMSSM SM-like prediction. Roughly, Xlz-\TLAS is
of order 1.3 to 1.6.




Spectrum

Model Il Model Il

Higgs at 125 [Pe.# | 1 T 2 [ 3 1 4 ] 5 [ 6 [ 7™

GeV and the
. mg 2048 2253 2397 1876 1699 2410 2497
(UC Davis) mg 1867 2020 2252 1685 1797 2151 2280
mi”l 1462 1563 1715 1335 1217 1664 1754
mg, 727 691 775 658 498 784 1018
ma, 648 581 878 520 1716 653 856
Mag 771 785 1244 581 997 727 905
mzy 535 416 642 433 784 443 458

398 446 472 364 408 471 478

0.914 '
g 0.506 | 0.534 | 0.511 0.529 0.464 | 0.370
fuv 0.011 0.009 | 0.008 | 0.012 0.002 0.009 0.009

0.083
iy 0.483 | 0.457 | 0.482 | 0.459 0.528 0.622

fs 107* | 107® | 10°° | 107* 10~° 10~* | 10°°

@ mz and mg above 1.5 TeV. even above 2 TeV. Although f; mass is distinctly below
1 TeV, detection of the #; as an entity separate from the other squarks and the
gluino will be quite difficult at 500 GeV — 1 TeV. Thus discovering SUSY may
require the 14 TeV LHC upgrade.

(] mgo is rather similar, &~ 300 — 450 GeV. And the ig has an approximately equal

mixture of higgsino and bino except for Pt. #5.
@ g is small for all points, = EW fine-tuning problem may not be severe.



da, and Dark Matter details

Higgs at 125
GeV and the
NMSsSM

Prim. Ann. Channels
Xoxe — WTW™(31.5%), ZZ(21.1%)

XaXs — WTW™(23.9%), ZZ(17.1%)

Xaxe — WTW™(36.9%), ZZ(23.5%)

531 | 0.135 XO%° — bb(39.5%), hy a1 (20.3%)
489 | 0.128 | TaTa — 77(17.4%), Xax9 — W W™ (14.8%)
7* 4.96 | 0.101 XIX9 — WHW—(17.7%), ZZ(12.9%)

@ There is some variation in the primary annihilation mechanism, with 737, and )Zg)zg
annihilation being the dominant channels except for Pt. #2 for which v, 7, and
v,v, annihilations are dominant.

@ In the case of dominant 7171 annihilation, the bulk of the X¢'s come from those 7's
that have not annihilated against one another or co-annihilated with a )zfl’

@ All the points yield a spin-independent direct detection cross section of order
(3.5 —6) x 1072 pb, i.e. well within reach of next generation of direct detection
experiments for indicated )zg masses.
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