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Naturalness Problem

* Fine-tuning problem of Higgs mass -
Defined by a tension between gravity and weak interaction.

* In supersymmetric models, the big hierarchy problem is translated into the
little hierarchy problem between the EWSB & SUSY breaking scale.
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Naturalness Problem

* Fine-tuning problem of Higgs mass -
Defined by a tension between gravity and weak interaction.

* In supersymmetric models, the big hierarchy problem is translated into the
little hierarchy problem between the EWSB & SUSY breaking scale.

- How do we define the Fine-tuning problem?
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Fine-tuned Higgs Mass & SUSY

- In the MSSM, it is hard to find a natural solution to the Higgs mass
2 2
MpTree < MZ

. Problem
H . MZ mj, —mj tan®f e
2 tan? 8 — 1

+ Next-to-MSSM ameliorates the situation introducing additional scalar S

. Lifts up m% more at tree level

. All mass scales are introduced at the SUSY breaking scale
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NMSSM better than MSSM

- It is generally believed that the additional F-term helps to relax the tension
between Mz and Mh.

- For CMSSM, extensive studies have suggested the problem to get a realistic
Higgs mass with low fine-tuning.

- If the singlet vev helps to increase the Mh, then it will reduce the fine-tuning.
Then will the CNSSM also be better than the CMSSM?

The 4th KIAS Workshop on Particle Physics and Cosmology 27th October 2014



Definitions of Fine-tuning

om . .
. Zh ,Or (Sm_Z : Compare the size of quantum fluctuation of ™My /7,

mp Mz  relative to its tree mass.

H. Baer, et al., PRL 109, 161802 (2012) [arXiv:1207.3343]

dln M2
Jln p?

: Sensitivity of EW observable to model parameters.

-ABsza.x‘

R. Barbieri and G. F. Giudice, NPB 306, 63 (1988)
J. Ellis, et al., Mod. Phys. Lett. A1, 57 (1986)
G. F. Giudice, [arXiv:1307.7879]

dln O?
dln p?

J—

: Counts the correlations bet. the observables.

B. Allanach, et al., JHEP 0708, 023 (2007) [arXiv:0705.0487]
M. Cabrera, et al., JHEP 0903, 075 (2009) [arXiv:0812.0536]
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Definitions of Fine-tuning

- A gw : Hierarch Based
Focus on Radiative Stability & Cancellation

M3 _ (my, +39) — (mfy, +Z3)tan® B

2 tan? 8 — 1 &

Each terms : C;
0.9 Cy, = —mY, /(tan? B — 1)/(M3/2)

H. Baer et al, PRL 109, 161802 (2012) [arXiv:1207.3343]
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Definitions of Fine-tuning

* A g : Focus on the Stable adjustment of parameters to fit data
Usually Mz, Single variable

dln M2

ABG’ — INnax

0 In p?

My |

G. F. Giudice, [arXiv:1307.7879]
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Definitions of Fine—tuning larXiv:1312.4150]

 In Bayesian Analysis

p(D|M) 1

p(D) PM) =Dy / p(Dlp:)p(p:)dp;

p(M|D) = (D)

« For CMSSM

/ Ciilli, B, ) @Bty = f L 177 | p(Mz, y, me)dM zdmadt

7.'1 : {N,Bsy} 7 {Mzatamt}

M. E. Cabrera, J. A. Casas and R. Ruiz de Austri, JHEP 1005, 043 (2010)
[arXiv:0911.4686]
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Definitions of Fine—tuning larXiv:1312.4150]

+ A j: Sameas A pg butdeals with a SET of low energy variables

(all vevs)

& the correlation among them

8 lIl 02 5Vo
Ay = i 2

O In p: A

Jio g t/
Jlégmt
JlogMZ
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Definitions of Fine—tuning larXiv:1312.4150]

« For CMSSM

Oln(Mz,tan? 8, m?)
AY,

Oln(pu?, B2, y?)

« For CNMSSM

Oln(M%, tan? 8, s*, m?)
Ay,

O1n(A2, k2, m%, y?)

Jlogt'

Jlog my

Jlog M,
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Definitions of Fine—tuning [arXiv:1312.4150]

« For CMSSM
J ICMSSM 212 Bo t2 +10Iny?
« For CNMSSM
1 by e1 [fi
Aj ‘CNMSSM =| b2 e fo
bs e3 f3
- Convergence of NMSSM to MSSM
Ak — 0
. ——  AJlenmssm 7 Aulemssm
mS/An — O
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A 1 2t 1 1 dm? —t’dm?
d\ === 2 _m2 )dt — ——dM? Hq He
e T 2)s2 (12 — 1)2 (Mg, = mi,) 4 8?2 ¢ T 2)\s? t2 -1
1 op*, 4
+2A32 oy? dy,

= byds + bodt + badM? + bsdy? + brdm?%, + bsdm?,

2 ; B
0— Ax+ns_28m2ﬁ mn f\lz dA_ZAsstB (A,\+2,gs)ds
As 9232 32
2
1— ¢+, + 2 (1+ ) de— 25820y 4 g
(1+)2 As? ~ g M +ds
1t oMz, 1 t A s o 1 1 8By
+AS2 1 +t2 g4 g-— A32 1 + t2 (deu + ded) -+ ;dA,\ v A—sé aytz dyt

= egd) + €1ds + exdt + e3dM? + e4drk + esdy; + eedg” + ergdmy; |+ eqdA,,

dm% = —4;2? [As =g -:t2 (Ax/2 + ns)] d\ — (4&23 + kA, + 2@1\;!5 3 _itz)\A,\) ds
+‘;’2‘§ ( 11+‘tt22)2 Xs(Ai/2+ ia)dt — [2,\2 /5% — :2’\3 1 j (4/2+ Ii‘,s)] dM?
- [4532 gl — 4;45 T t2] i ’;_4—23 [2,\2/g2 - :,i 1 f_ (424 ns)] i
2;”5 1 f_ A, — RsdA,+ @gidyf (2.35)

= fod) + fids + fodt + fadM? + fidk + fsdy? + fedg® + fodAx + fiodAx. (2.36)
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MSSM/NMSSM Scalar Potential

Vitiges = (| +my,) (|H? + |HE 1) + (lul? +m3,) (|HI? + |H; )

+ [Bp (HfH; — HUHY) +c.c]
2 12
g +g

+=—— (|HO? + |H? — |HI? -

8
1 . .
+59° |HHY + HOHy %
my = —|u[* + Bucot 8+ (M2/2) cos 23,

m,,d —|u|* + Butan 8 — (M2/2) cos 2.

vd;, NMSSM _ l

Sl FYH; — HJHY) + nS2|

(H.
+ (] ’\Sl2 +mi,) (|Hyl? + |H 1)
g

8
+%g2 |HFHY" + HOHS |’

+m|SP + (AA,\ (Hi Hy — HOH) S + SRAS + h.c.) ,

M?
m%. = —A%% + As(Ax + ks) cot B+ (M?2/2) cos 28 — 22 —% 7

2

= —2k%s% + 2X\(A, /2 + Ks) é—lj sin 23 —

g*s
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(IH.‘fl2 + [HE R~ | Hg* =

|Hy %)

|H7 %)

my, = —A%s% 4 As(Ay + Ks) tan 8 — (M2 /2) cos 23 — 2)\? J:[

KA,.s —

+ (IAS]? +m,) (1Hg® + |H7 %)

(2.49)
(2.50)
(2.51)

(2.52)

W D uH, Hy
V S Buhuha

W > ASH,H, + -'5-53
V D AMyhyhy

27th October 201415



Numerical Results
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CMSSM w/o Yukawa
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CMSSM w/ Yukawa
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CNMSSM w/o Yukawa
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CNMSSM w/ Yukawa

i logyg |4 16 logyg Agw ,
14 T T T T T T T T 40[] 14 T T T ¢ Jr— | T T T 4-5
s F 1H3.75 19 i I EL
= 10} 1P 33‘3 = 10} 183.2
© 43.2: ® 9 4
8 F . SH 4 Bl “
Q 3 e oy o O . :
| . .g"f’ = 4f 11408
2t ga—— 1> 2} 1H0.0
i i 533 T 1l 0s
_h | | | | | | | | 2 _9 | | 1 1 1 | 1 1 M
2 0 2 4 6 8 10 12 14 16 —2 0 2 4 6 8 10 12 14 16
My [TeV] Ay [TeV]
‘ l()glU AB(; lUgIU AJ _
l() 1 | T 1 | | ] 1 ‘1.8 16 48
i‘i - 1B 1.0 i‘i 0 1.0
S 10} 132 = 10} ij
X 42 3 2
= A 11 1: = &l 1.6
<4 18”03 S 4} 0.8
2l g 91
(-; 0.0 . ol 0.0
I |l -08 . ~0.8
L 1 [l | | 1 1 | | _2 ! | 1 | l | | ! -
—2 0 2 4 6 8 10 12 14 16 -2 0 2 4 6 8 10 12 14 16
| A
My [TeV] Ap=—1TeV,tang =10 *olleV]
The 4th KIAS Workshop on Particle Physics and Cosmology 27th October 2014

20



CMSSM w/ Yukawa
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CNMSSM w/ Yukawa
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Higgs in CMSSM and CNMSSM
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Higgs for CMSSM and CNMSSM
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- It is not a Good idea to simply extend CMSSM to NMSSM!
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Higgs for CMSSM and CNMSSM

. CMSSM CNMSSM
T T T T )\
4 > 4 ‘ {m0.6
i p— 06
<|o 25 i 1140.4
0 ol | 1{40.3
e 0 110.2
—2t . 11H0.1
| | | | | | | | . 0 O
80 90 100 110 120 80 90 100 110 120 '
m,o [GeV] myo [GeV]
Ag=-25TeV, tanpf =3
. . . A
ol | 0.5
s 2t B ] 11 0.4
1 1140.3
g o : 0.2
11H0.1
Bl ‘ — ' ' =0.0
' 80 90 100 110 120 '

80 90 100 110 120 s [GeV]
mo [GeV] Ag = —-2.5TeV, tanp =10

The 4th KIAS Workshop on Particle Physics and Cosmology 27th October 201 425



CNMSSM with other experimental data
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Qparh? 0.1187 £+ 0.0017
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Summary

- Sensitive to EW scale cancellation
Cares for the sensitivity of param. to observables
Generic in the Bayesian analysis

- The simplest initial condition of the NMSSM must not just a simple extension of
CMSSM. A-term constraints should be released in order for a flexible EWSB
compatible with the Higgs mass. Then what must be the reasonable starting point for
the NMSSM?

 This is a fine-tuning map for given models. For a systematic comparison of models, we
need to compare Bayesian evidence.

- Thisis a fixed (Ag,tanB) slice scanning
-> Complete scanning to appear soon
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Higgs for CMSSM and CNMSSM
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