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PECCEI-QUINN SYMMETRY

U(1) ANOMALOUS GLOBAL SYMMETRY THAT GIVES THE
MOST PLAUSIBLE SOLUTION OF STRONG CP PROBLEM.

IN QCD
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VAFA-WITTEN SHOWED THAT ENERGY MINIMUM
IS ALWAYS AT (f) =0. Phys.Rev.Lett. 53 (1984) 535
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2S5 "GEV HIGGS AT THE LHC
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S "GEV HIGGS AT THE LLHEG
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125 GEV HIGGS IN MSSM

IN MSSM, TREE-LEVEL HIGGS MASS IS BOUNDED FROM
ABOVE BY Mz. WE NEED RADIATIVE CORRECTIONS...

N[ 4 Tk | DK X7
m; = M7 cos28 + Fmt{log—g+—'52(1_ ¢ >}+

TO MAKE HIGGS MASS 125 GEV, LARGE STOP MASS IS
NEEDED.
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125 GEV HIGGS IN MSSM

IN MSSM, TREE-LEVEL HIGGS MASS IS BOUNDED FROM
ABOVE BY Mz. WE NEED RADIATIVE CORRECTIONS...

N[ 4 Tk | DK X7
m; = M7 cos28 + Fmt{log—g+—'52(1_ ¢ >}+

TO MAKE HIGGS MASS 125 GEV, LARGE STOP MASS IS

NEEDED.

NATURALNESS PROB. IS ON RISE TO OBTAIN WEAK SCALE.

NEED SOME EXTENSIONS TO MAKE MORE NATURAL MODEL
FOR 125 GEV HIGGS
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RAISING THE HIGGS MASS

WE CAN ADD HIGGS QUARTIC COUPLINGS BY SOME WAYS...

B NEW GAUGE SYMMETRY THAT GIVES ADDITIONAL D-
TERM QUARTIC POTENTIAL, E.G. U(1)x

B SINGLET EXTENSION THAT GIVES ADDITIONAL F-
TERM POTENTIAL, E.G. NMSSM: ASHyHp
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RAISING THE HIGGS MASS

WE CAN ADD HIGGS QUARTIC COUPLINGS BY SOME WAYS...

B NEW GAUGE SYMMETRY THAT GIVES ADDITIONAL D-
TERM QUARTIC POTENTIAL, E.G. U(1)x

WE FOCUS ON THIS POSSIBILITY
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PQ-NMSSM AND
PHENOMENOLOGY
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PQ-NMSSM: MODEL |

WE INTRODUCE AXION SUPERFIELD X OTHER THAN
SINGLET SUPERFIELD S.

JEONG, SHOJI, YAMAGUCHI

* 2

X
L= / d°O\SH, H,; + / d* 0k & L i s

Mp
WITH PQ-CHARGE (X,S,Hy,Hp)=(1,2,-1,-1).

PQ SYMMETRY BREAKING CAN BE GENERATED BY SUSY
BREAKING (f, ~ /msots M) ).

= (1 + msoftHQ), k— k(1 4+ Mot 02 + Meonn0° + mgoft04)

a
€F o Kfmsoftﬁ

p
2
2 fa
soft
M,

WE OBTAIN EFFECTIVE SUPERPOTENTIAL

Weg = ASH, Hy + (€F + 0°£5)S

SIMILAR TO NMSSM

Ca= g

PANAGIOTAKOPOULOS, TAMVAKI;
PANAGIOTAKOPOULOS, PILAFTSIS
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PQ-NMSSM: MODEL |

HIGGS SECTOR

M%)H — m?, cos® 8 + m* sin’ f3,

/\/%722 =M sin”. 8+ m5 cos” B,

M% 15 = (2X°v? — m3 — m%) sin S cos B,
M 35 = mg 4+ X0,

M%,B = 2\ lteg¥ cOS B — AA v sin 3,
M%’Qg = 2\ lerv sin B — NA v cos 3,

i L o ,ueffBeff 55 7/7\13
Gl | — :
sin 3 cos (3
o SO (A,\ sin Scos f 1) s
Heff Heft
eff — AS
By = A,

M3 = M.
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PQ-NMSSM: MODEL |

HIGGS SECTOR 2X2 DOUBLET PART
ROTATED BY ANGLE [3

9 B

./\/lS B0 cos2 5 - m sin’ B,

./\/ls N sin 5 m5 cos B,

\/\/ls ) m- — m2 ) sin B cos B’)
S,33 = Mg + A"v7,

MS’]_S = 2\ [LeffU COS B — MAvsin (3,

M%,% = 2\ lerv sin B — NA v cos 3,

L o ,ueffBeff 55 7/7\13
Gl | — ,
sin 3 cos (3
o SO (A,\ sin Scos f 1) s
Heff Heft
Peff = AS
Bem =1 A

—>

TREE-LEVEL HIGGS MASS

A< ma cost 26 - e yAsTIE g
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PQ-NMSSM: MODEL |

HIGGS SECTOR 2X2 DOUBLET PART
ROTATED BY ANGLE [3
(M2 2 $
Qs £ e TREE-LEVEL HIGGS MASS

./\/1522 Ll B cos B,

» = 2 2 1N
MS 12 = (2A%v* —m% — m%) sin B cos B, mj, < my cos® 26 + Mv?sin® 23
b i/

S,33 = Mg + A™0%,
MS’]_S = 2\ lbeffU COSB — MAvsin (3,

M%,Qg = 2\l Sin B — AA)v cos (3,

WE CAN HAVE 125 GEV HIGGSs
o | e FOR MODERATE 1<TAN[P<3

il O(100) GEV
5 i o b (A)\ SiﬂﬁCOSB ) )\55 AND ( ) E STOP
mS — )\ v = 1 .y
Heft Heft
R )\ s WE TAKE A=0.7 BECAUSE IT IS MAXIMUM
B A VALUE ALLOWED BY LANDAU POLE
EI00 A

CONSTRAINT
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NEUTRALINO SECTOR

—glfUal/\/§ glvu/\/?
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NEUTRALINO SECTOR

PR e O T
My  gug/vV2 —govu/vV2 0

Sl = 0 — Heff
0

ZERO MASS —» GENERATED BY MIXING

b A2 sin 213 (1 b 2?2 +O<)\4v4>>

1 2 4
Heft lueff Iueff
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NEUTRALINO SECTOR

/M1 0 —giug/V2  giv, /v 2 0 \
My  govg/V2 —gov/V2 0

My = 0 — Heff
0

ZERO MASS —» GENERATED BY MIXING

b A2 sin 213 (1 b 2?2 +O<)\4v4>>

1 2 4
Heft lueff Iueff

RELATIVELY LIGHT (SINGLINO-LIKE) NEUTRALINO INDUCES
INVISIBLE DECAYS OF Z BOSON AND HIGGS BOSON,

CONSTRAINS THE MODEL AND REDUCES HIGGS SIGNALS AT
COLLIDER.

RELIC NEUTRALINOS ARE OVERPRODUCED BUT IT CAN BE
DILUTED BY LATE-TIME ENTROPY PRODUCTION. OR IT CAN
DECAY TO LIGHT AXINOS.
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LEP CONSTRAINTS

Z BOSON INVISIBLE DECAY

gg(JVﬁa_‘ﬁﬁi)2
4 24 cos? Oy

F(Z AR X1X1) ~ MZ

FrRoMm LEPI, | \n\v<3 MEV,

A2
2
lueﬁ:

FRoM LEPII (s=(208 GEV)?),

i i Ml 95
e ~
2L 1287s cos* Oy

Vi e R~ | cos 28| < 0.13

(N13Naz — N14Nay)? < 70 fb

o(e

|N13Nag — N14Noy| S 0.2

Friday, February 24, 2012



HIGGS INVISIBLE DECAY

2 POSSIBLE WAYS TO AVOID HIGGS INVISIBLE DECAY

LARGE SINGLINO-HIGGSINO MIXING CAN MAKE
NEUTRALINO MASS ABOVE My/2.

HOWEVER, eTe¢™ — y1x2 IN LEPII CONSTRAINS THIS SINCE
L SHOULD BE SMALL(~ 110 GEV) FOR LARGE MIXING.

EVEN FOR LIGHT NEUTRALINO, 9gy,x;CAN VANISH IN THE
PARAMETER REGION THAT GAUGINO PART AND
HIGGSINO PART CANCEL.

IF Hy-Hp MIXING VANISHES, H->YY SIGNAL IS
ENHANCED FOR SMALL INVISIBLE DECAY REGION.

IF Hyu-Hp MIXING IS SIZABLE, H->YY SIGNAL IS AT
MOST SM ONE FOR VANISHING INVISIBLE DECAY
REGION.
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RESULTS: NO Hyu-Hp MIXING

200 —— 400
350 350
i 3 ’
300 300
=1 =ik ye|
250 g 250
200 | - 200
2
HiIGGs MASS NEUTRALINO MASS

A — 146 GGV, M3 = 3M2 == 6M1 = 900 GGV,
Mas = Ma3 = 500 GeV, X; = -1 TeV

Friday, February 24, 2012



RESULTS: NO Hyu-Hp MIXING
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RESULTS: NO Hyu-Hp MIXING
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RESULTS: NO Hyu-Hp MIXING

WE PREFER THIS REGION!
400

3501 ||

300+

Meff

250 ¢

invisible Z decay |

200

maA = 146 GGV, M3 — 3M2 — 6M1 = 900 GGV,
még = Mgz3 — 500 GGV, Xt = —1 TeV
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RESULTS: Hy-Hp MIXING

400 400

350 350

300~

Meft
Meff

250+ 250+

200 200

HiGGs MAss O0(GG->H->VY)/Osm

ma = 500 GeV, Mz = 3My; = 6M; =900 GeV,
Mg = M3 = 1 TeV, X;=-2TeV

Friday, February 24, 2012



RESULTS: Hy-Hp MIXING
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ma = 500 GeV, Mz = 3My; = 6M; =900 GeV,
Mg = M3 = 1 TeV, X;=-2TeV
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PQ-NMSSM: MODEL Il

TO AVOID SUCH PARAMETER CHOICE, WE CAN EXTEND THE
MODEL.

X3T, i X115 + YT,

S
My, M,y |

W =ASH,H; + YT\ T5 + T55% +

() ERrEAta il pi A 2

(e
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b —
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U(l)pQ 2SS LR ) —2
Lo O [§ 7 = o Ok 3p i

R By R R ()
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X3y €
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PQ-NMSSM: MODEL Il

HIGGS SECTOR IS SIMILAR TO MODEL 1.

NEUTRALINO SECTOR IS

(Ml 0 —q1vg/V2 give/V2 0
My  govg/vV2 —gavu/V2 0
0 — Heff _)\Uu

0 —)\vd

NON-ZERO SINGLINO MASS

THE %1 CAN BE BOTH SINGLINO-LIKE OR HIGGSINO-LIKE
(ALSO GAUGINO-LIKE).

INVISIBLE DECAY OF Z AND HIGGS CAN BE KINEMATICALLY
FORBIDDEN FOR SIZABLE |l .
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COLLIDER
PERSPECTIVE
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PQ-NMSSM: MODEL |

LIGHT SINGLINO-LIKE NEUTRALINO (~20 GEV)

HEAVY PARTICLES MAKE LONG DECAY CHAIN.

g
rper 40, MANY JETS AND SMALL MET
q
g / . EVADE SUSY DIRECT SEARCHES
B
— H/Z — qq
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PQ-NMSSM: MODEL Il

DEPENDING ON THE PARAMETER SPACE (SIZE OF M‘),

SINGLINO-LIKE (i < My, Ma, 1) MSSM-LIKE (¢ > M; or M, or )

HEAVY SINGLINO (~70 GEV) HIGGSINO-LIKE OR

IS POSSIBLE. GAUGINO-LIKE.
MET IS NOT MUCH 2,3,4 JETS AND MET CAN

REDUCED. CONSTRAIN THE MODEL.

MANY JETS FROM LONG SIMILAR TO MSSM.
CASCADE.

NOW IN PROGRESS...
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SUMMARY

® PQ SYMMETRY CAN SOLVE STRONG CP PROBLEM.

@ To MAKE 125 GEV HIGGS IN SUSY, SINGLET
EXTENSION IS NEEDED.

B SIMPLE PQ-NMSSM CAN SATISFY ALL CONSTRAINTS
ONLY IN SPECIAL PARAMETER SPACE (DOUBLET
MIXING VANISHES).

@ INCLUDING SINGLINO MASS TERM IS NEEDED TO
AVOID SPECIAL PARAMETER CHOICE.

® LIGHT SINGLET OF PQ-NMSSM CAN MAKE MANY
JETS AND SMALL MET.
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