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Ratios to the cross sections of SM Higgs are being
measured for various channels.
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The hierarchy problem
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* We need extreme fine tuning to give the cancellation

« Introduce Supersymmetry : Automatic cancellation
guarantees the naturalness of values of parameters.
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e SUSY is broken in nature.

e Soft Supersymmetry breaking gives different masses
to the SUSY particles and their SM partners.

- It gives different contribution to the
Higgs potential.

1 !
V= (P4 mi)lhgl® + (W24 miy) |ha|? — (Buhg'hi +h.c. )+ (g% + g'%) (|hal? — |hal?)?

Radiative correction :
(- 1>

AV =Y

(251+1) c;mi (D) [logm (D) E]

> | i . all fields couple to Higgs



LHC SUSY searches

Summary of CMS SUSY Results™ in SMS framework EPSHEP 2013
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How can the heavy SUSY particles accommodate the Higgs boson of mass 125
GeV ?



Natural SUSY

2
— % = UZ + mlz—lu(/\) + 6m12-1u(MSUSY)

2
* Fine-tuning measure A; = C;/ (%)

C; = w2, mgy(N), —=8mpy (Msysy)
Requring allA; <5 (A™1 =20%tuning: —1=4-5)

\ 4

Low Higgsino mass : |u|< ~300GeV is required.

3h{ A mj,
—8mf (Msysy) = -5 (mgs + miz + A7 ) log < (—h) 5

Msysy 2
mh
2 2 .2 2 8n” 5 O A 2 3 A
> mg +mi (= mes tmys) < g ooy 25 (700 GeVv)” - s
SUSY SUSY

Light 3@ generations : Stop mass < ~700 GeV .

Kitano and Nomura’06



Natural SUSY

~10 TeV 15t 2" squarks

e 1 =100-250GeV

« m(t;, t,, b{) =~ 500 GeV

° m(g) < 1.5TeV ~1.5TeV gluino
* m(§, 1) =10-20TeV

Arkani-Hamed, Pappuci et al., Brust et al., Essig et al.,

Baer,Barger, Huang,Tata, Wymant... ~500GeV stop

Low High-Scale fine-tuning A;< 20%

~200GeV Higgsino

What about the Higgs mass
in this scenario?



MSSM Higgs mass

* Two Higgs doublet model : H,, and H,
* D-term  2(g® + g IHL — [HY)’
> Tree-level bound My, <M, |cos 2B |

Large quantum correction is needed to
reproduce M, = 125 GeV .

the largest contribution comes from
stop and top loop



Loop correction to MSSM Higgs mass

e Stop squared mass matrix h o~ h
1,2
M2 = m?+mé3+DL m Xy A |
t mX, m¢ + mg, + Dy ! !
| canoellation |of oo
S - — L |

Mqysy = \/ MMz Stop mass gives SUSY breaking scale

2

* Higgs mass formu/a

x2
M? = MZcos?2f SRLL S " v2 [log —SUSY 4 x 2 ( —1—;)];
Logarithmic dependence of stop mass Mgysy

. . . X
polynomial dependence of stop mixing parameter x; = v L
SUSY

Large CP-odd higgs mass m, , moderate and large values of tanf

Tremendous efforts to calculate M, in MSSM.

Carena,Wagner,Heinemeyer,Hempfling,Espinoza,Zhang,
Degrassi,Hollik,Zhang,Weiglein,Zwirner,Okada,Yamaguchi,Ellis,Brignole,Martin,... .



MSSM Higgs mass

3-loop analysis of M,
by H3m package

Analysis by Isajet

Natural SUSY scenario has
great difficulty in accomodating
a Higgs at 125 GeV.

Stop masses M5y < 600 GeV is
inconsistent with M, = 125 GeV
too small b—>s y ratio .
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SUSY searches at LHC

g-g production, g— tfi?
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stop mg > ~0.65 TeV
gluino mg > 1.4(0.9) TeV when mz~(>>)myg,

—> Natural SUSY seems to be incorrect .



A weaker condition

 We do not know exactly what is the High-Scale
SUSY model at present.

e Some cancellation mechanism between
m?.(\) and 8m?,(Mgysy) 1S NEeeded in the HS model.

We stand on a phenomenological viewpoint:
don’t specify HS model, and
require Naturalness only at EW scale .



Radiaitve Natural SUSY (RNS)

* Akind of SUSY GUT model : A= Mgyt .
* m&,(Mgyr) is adjusted to reproduce a small negative

MZ
My (Msysy) (= M (Mgyr) +8mfy, ) ~ =2 <0
EW symmetry breaking occurs by large radiative correction &m#,, < 0.
Non universal Higgs mass model

2 parameters : m%, (Mcyr) » mé, (Mgyr) , traded as pand my .
The model specified by the parameters: mg, mq,,, tanB, u, my , 4y

m¢ (TeV)




How to get Electroweak Naturalness

Minimization of Higgs potential gives another relation.

2 d 2 2 u
Mz  MpggtXg—tg (Mpy+Xu) 2 u 2

~ —m2. — YU _
o - 21 — W My u— M

ElectroWeak Fine-Tuning measure:

Agy, = max C;/ (MT%)
C; = mia/(th — 1), X3/(tF — 1), mfy,, T4, W
Requring Low Apgy,,<10-30, 3-10% FT
- Small Higgsino mass |u|~ 100—300GeV



Radiative correction

.y d AV
L a(hyl®

includes stop and other SUSY particle loop effects.

gives the largest Agy, in the relevant parameter region.

* The largest contribution comes from stops.

_ h2A%2-8g2(-2xy)A
MAANE H( ) X[hi—g; F t zZ 3 t]

me—Mmg

2
H(m?) = mz(log% —1), Q%= Mg M-

Low Agy, requires fairly light stops.
larger Mg than that of NS is due to cancellation by A;.

larger t,: its contribution canbe suppressed in large mass splitting.



Predicted Mass spectra in RNS

parameter RNS2 ° =1~ . . . .
mO(L2) 70250 mg- 1~2TeV heavier light stop than that in generic NS

mO0(3) 7025.0 9
m1/2 s68.3 | g, 2~5TeV
AO -11426.6 1.
tanp 8.55 mg 1~4Tev
! 150« Light higgsino-like W, Z, , have masses ~ |u| = 100 — 300GeV
mA 1000 from Naturalness.
m-°g 1562.8
~ul 7020.9 :
ENSR 19560 " 1st 2nd generation squarks & sleptons masses 1-8 or 20-30TeV.
m~eR 6755.4
m~t1 1843.4
m~t2 4921.4
m~ b1l 4962.6

mb2 69149 Successfully reproduces the Higgs mass 125 GeV.

23 3212;‘ Consistent with the present LHC data.

m~ vt 7128.3

m~W2 513.9

m'wi 1527 Consistent with BF(b—=>sy)

m~Z4 525.2 .

m"z3 268.8 (because of the heavier stops) .
m~Z2 159.2

m~Z1 1354

mh 125.0

Baer,Barger,Huang,
Mustafayev,Tata, PRL



Bs 2> utu~
 Recent measurement by LHCb:  (3.2713) x 10™° time-integrated cross section

Consistent with the SM prediction
BFgy,(Bs > ptpu~) =(3.544+0.30)x 107°
CP-averaged branching fraction R.Fleischer arxiv:1212.4967

Vs = % = (0.088 + 0.014 light/heavy mass eigenstates
BF(Bs 2 ptpu™) =(3.5340.38)x 1077

using C;5 = —4.16 £+ 0.04 A.Arbey, M. Battaglia et al., arXiv:1212.4887
- New physics contributions must be small.
- G%O(Z 2 03 * 12 4m12’- 4ml2’- 112 / ry M :
BF(Bs —» p™u™) = mesmlevthtsl Tps [1— mZ_ X3l 1- m_és |Co1 — Co1l” + |(Co2—Co2) + 2(C1p—Cip) —
. = tan3p mimymy, 1 tan3p . u A __x x
Cor™ ~loa ™ Tl (1+eptanB)” 4xywMimi (l_lz) x mg = Msysy’ 4= Msysy ' fo) = 1-x (1—x)210gx >0

Large tanB(> ~50) and small m, < 0.5 TeV region is disfavored.
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LHC gg—>A - bb,tt
Enhanced compared with
Standard model in large tanf
LEPII pair production of H+ H-

— s TR Y
—---- CMS W 228"

Combining Bs2>uu, ol — S
Small my region has 5E N MSSM ™ socnario, My, = 1 TeV
been almost excluded . o o0 200 260 200 300 00 150

m, [GeV]

Figure 15: The 95% C.L. MSSM execlusion
contours my-max benchmark seenario obtained
by the ATLAS [234], CMS [138], and
D@ [232] collaborations. The LHC collabora-
tions contribute searches for H — 777~ and
9 mA ~ 500 Gev H* — 1v, while D@ combines H — 77~ with
H — bb searches for these results. Also shown

3 < tanB S ~ 30 is the region excluded by LEP searches [34].

assuming a top quark mass of 174.3 GeV.

June 18, 2012 1523



Cross section ratios of 125 GeV Higgs in MSSM/RNS

\s=7TeV,L<51f" \s=8TeV,L<19.6fb"

ATLAS +GE:::)] Total uncertainty
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Its cross sections have no deviation from SM predictions at

present.

- We must wait for future measurements with higher statistics to get a
definite conclusion.

 RNS can be tested from Higgs cross section ratios.



Cross section ratio: op
* Production and Decay Cross section of XX > h = PP
0(XX - h—> PP) = oyx_, X BF(h = PP)

Prod.cross sect. from XX X Branching Fraction to PP

Oy
BF(h — PP) =% , Oxx—hn € Ihoxx

- o(XX > h—> PP)  1gxThp
~ o(XX > hgy, > PP) R

Ratios of the couplings:

Op

Ratio of the total width: Assuming no exotic channels

tot
h

l" tot
hom

R =

= 0.57r3, + 0.067% + 0.257%, + 0.0977, + 0.037%



Tree-level Higgs mass matrix
MSSM : a kind of 2 Higgs Doublet Model(2HDM).

H; Hi
’ Hu=\ 0 _ , Lo, 40 Hy =
hu—(Hu‘l'lAu)/\/E hd_(Hd+lA )/\/_
H, couples to up-type quarks, H, couples to down-type quarks.
( MZsg +mjicg  —(MZ + mj)sgcg

- (H2, HY) base
—(MZ + m3)sgcg  Mzcg +mj3sg ) (Hu, Ha)

hy, VN, 1(c s\(h\,i[(s c.\ (G
(1) = () =) (s ()
two CP-even neutral Higgs : h and H v, /vy = tanP

with mixing angle o defined in (hY, hg) basis.

a CP-odd neutral Higgs : A , a charged Higgs : H*

* Whenm, is large, a — B—% decoupling limit.



Couplings to weak gauge bosons

Close to the decoupling limit o — B—%

Moderate value of tan8 >5, (where [ = %).

_ Ynvv _ VuCa —V4gSa __ . _ ~
* Ty = = . =sin(B—a) =sg_q =1
hepVV

No deviation from SM prediction.

Couplings to up-type fermions

a ~

L 7" _— = .
tt —
Sp
No deviation from SM prediction.

Couplings to down-type fermions
* Tpp = _C—S“ =1 in tree-level. But —s,, cp<<1.
B
13, can deviate from unity by quantum correction.



Loop induced gg and yy couplings

c

gg fusion  r,===1, Tpp
B g
1.03(%)+(=0.059+i0.081) (1) h-
Tgg = X t

1.03+(—0.059+i0.081)

t
top bottom g _99939—‘

top loop is dominant.

YY production

yy =
(3)1.19 sin(,B—a)—(g)1.03(:—2)—(1/9)(—0.059+i0.081)(rbb)
(7/4)1.19—(4/9)1.03—(1/9)(—0.059+i0.081)

W top bottom ’J_rrr“
Y
t

W loop is dominant
_h

t

0 ant!



Sum rule of Cross section ratio 6p

* Inlarge m,(= 500GeV) region close to the decoupling limit,

IT IT
a=f . €<0, €<§_B<<1’ —a K1
Tww =Sp—q =1, rttzrcc=$51+¥zl,

I

IR
p—

1;

Tgg = Tyy

't 2
) R| = Ttot = 0'6Tbb + 0.4

hsm
Prediction for cross section ratio:

2
1 o — rbb
0.617,+0.4’ b =" 0.6r7,+0.4
0.40,+060,=1
It can be used to check MISSM.

vV enhancement/suppression

GYZGWZGZ=

means bb suppression/enhamcement



bb and tt couplings

o= e loety =15
B

o~ 1 ~ 11— 1 i

<1

-S, . Ay
Tbb - 1 1+Ab (1 +

a=—€gt+e€, E—B:eB_

tanf

zas /\

2
Ay = utBl I(mg mblz, Iy, 2) + TenZ atl(u mt12 mtzz)]

sbottom-gluino + stop-chargino loops

* Ay o« p :small, but not negligible in Natural SUSY

€ >0 : bbsuppression, €<0 : bbenhancement

L] e L
Its correction - small/small delicate problem!
B



Improved 2LL formula

M3sg +mjzcg + 814
(M7 + mg)sgcg + 81,

(.

3m,*
* 811=F34-I]2—172$é t(l_Gl_st)‘I'atxt(

2

3m,*
* 013 = 1%
F, = : Higgs WF ren.
L™ 1 +1n2t/(8n2) &8
_ 1 2

G = — T (L hf — 32na;)
Xt =N PG =y

SUSY SUSY

2

—_ K _ 1.. Msysy
n = M , = ln—z

SUSY myg

In decoupling limit

—4

mj; = Mzc5g + F3——

_ AX
12

516;"2—”25% [(1 - 265t) Cxel) ]

[ (1—6175t)+xt2(

130

g ) (1- zagt)]

128

— (M2 + mﬁ)SBcB + 84,
M2 CB + mASB + 6,,

L
(126 -

) (1)

%Sé(l —F3)

= —F SHZ"‘;Sé [(1 - 26st) xe i ( “f’“f)] + MZsgep(1— )

-y,

mproved formula (17)

L
0.5

1

2

S e
3 45 10

Msusy(TeV)

1
20

M3sg(1 = F3)...(17)

1
30




Decoupling base and Flavor-Tuned (FT) Higgs boson.

* a=—€g+tE

RSO L SAY (G OR WA G

Rotating —e€g : decoupling base

2.2 2 2 2 2
. 1 (Ca _Sa) < Mzsg +mycg + 8, —(Mz +my)sgcg + 512>i( C, Sa) (h)
V2 s, ¢, —(M; + mj)sscs + 8, Mzzcé + mjsé +8,, )V2 —-s, ¢ H

My czp+ 81155 + 8225 (MP)? \
_L(Ce _Se)l +28,,5p¢p |_( Se) (h)
a m? + M2
235 € (MP )2 +Mzsjp+ 8555 (V2\—s_ ¢/ \H
12 +811c8 28,,sp¢8
Mz 2MZ+84,—8
(=~ o)+ (= ey + 00 - o = - iy,
B 2
> S a (M12) ~ _ 2MZ+811-8,,—8,tanp
€g  mieg m2
2M3

In tree-level, = = -2 . € to be small negative = bb enhancement.

EB my

When large u, Cancellation by the off-diagonal element §,,tanf3
is possible. = bb suppression.
Flavor-Tuned (FT) Higgs boson. Barger, Huang,Ishida,Keung, PRD (2012)
Carena et al.,PRD62, 055008(2000)

0;p = —% [(1 — Zth) xtu( azxt)]

For small pin RNS, its effect is small, but not negligible.



Prediction for the cross section ratios

* 124GeV <my :constraint.
By using Improved 2LL formula

= 1.95< |x;| <2.86 : nearby the maximal mixing V6
m,=500GeV, tanp=20.
* x;>0is favored in RNS : the running down from the GUT scale.

i
Msysy

of Oy, Op, Oq

e predict p = dependence
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Xt>0

Xt<0

—_—

1.0

q0

05
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n
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Xt<0

-2

-4

0.0

[ in unit of Msusy

L in unit of Msusy



 FT Higgs boson can give yy enhancement oy ~ 1.5
when gt ® —3 2 p = —3 TeV (Large!) when Mg, 6y = 1 TeV case.

e Natural SUSY which requires small i always predicts yy

suppression.
oy
mA = 500GeV 0.827~0.91
mA =1000 GeV 0.95~0.98

Its deviation from unity is
negligible for mA > 1 TeV case.

ob

1.01~1.03

H— bb
n=1.15+0.62

Ho1t
w=1.10+0.41

H— vy
u=077+0.27

H— WW
1 =0.68+0.20

H— 2727
n=0.92+0.28

ot

1.06~1.12 1.04~1.08

1.01~1.02

\s=7TeV,L<51f" \s=8TeV,L<19.6fb"

CMS Preliminary m, = 125.7 GeV
Pgy = 0-65

15 2 " 25
Best fit 6/



Other method of testing RNS

* Light Higgsino-like chargino and neutralino are

main feature of RNS. (Small p ~ 150GeV.)

- RNS can be fully tested by future ILC
experiment.

I~

et e” > W*W, ,Z,Z,  ILCis Higgsino factory.

« W,Z,, W,Z{, W,W,, Z,Z,, Large production cross section at LHC.
My, —mgz and mz. —mg; are typically
5 ~20GeV : Higgsinos are almost degenerate.

Very low visible energy release from W, and Z, decays.
- beneath SM background at LHC.



Other method testing RNS

* Assuming M; = M, = M3 = ma1 at GUT scale.

2
>M;:M,: M; = 1:2:7 at weak scale.
* mgz > 1.4TeV at LHC.
2> M, > 400 GeV, M; > 200 GeV.

* Wino-like W, Z, production.

and Same-sign diboson signals at LHC is promising.
Baer,Barger,Huang,Mickelson,Mustafayev,Sreethawong,Tata arXiv:1302.5816

Wit Zy > W Zi, + W W
For integrated luminosity 100(1000) fb~1
M, can be tested up to 550(800) GeV at LHC14.



Concluding Remarks

MSSM and Natural SUSY can be tested by the Measurements of
the Cross section ratios of the 125GeV Higgs boson to the SM
preditions at LHC.

Test of MSSM: sumrule: 0, =0y, =0;, 040,+060, =1
Radiative Natural SUSY requires small |p| < ~0.5 TeV.

2 Mechanism of leading yy enahncement : Iarge L required
FT model o, = 1.5 possible for large u=2 TeV for M;s,=1TeV.
light stau p tanp =30 TeV or more is needed.

Rad. Natural SUSY (RNS) always predicts yy suppression.

oy ob ot
mA= 500GeV 0.82~091 1.06~1.12 1.04~1.08
mA=1000GeV 0.95~0.98 1.01~1.03 1.01~1.02

Light higgsino contribution is expected to be negligible in higgs
yy decay in RNS.
Wino-like W, Z, production.

and Same-sign diboson signals at LHC is promising



SUSY RGE

2(O+g"%(t
L= aMfysy)®Mysy)*,  R(Mdysy) = o )4g =

U= Mgysy
L= (MS_USY)CD(MS_USY)4
= A (Msysy) @ (Msysy)* + A)\Eh (Msysy) P (Mgysy)*
non-SUSY does not run by RGE
2HDM RGE “Frozen’ at Mgy ¢y
L= A(my) ®(mp)* + AN (Mgysy) P (Mgysy)*
W= my

Scaledown fromt=>0 ( u= Mgysy 2 m; )

3h?
CID(mt)4 = (1 + t8_ng

ecl)(1\/1.'5_U5Y)4= : CD(mt)4=

8n2

) ®(Mgyey)* :  Higgs WF renormalization factor

1
1-2v,t d(m)* # (1+2y,t) P(my)*

improvement
AN (Mgysy) @ (Msysy)* = Fs AN (Mgysy)@(my)*,  Fz=—

1+t3h%
8n2




Exotic loops : Effect from stop

h —h W —h .
t
3995’) \
Lty £, Y
“1,2 1.7
A — = | —~
t1 n - ~ b2
399?’” = tl'ZLLL"w
mt (Xt ? _mfi) mt (m +mt2)

Tyg = 1— mZmZ ~1-— o m? where X7 = 6(mt +mt )/ 2

1 t2 2

2 2
|_8Ft t(Xt_mt mg )Fs
3Fw 3m%im%2, Fw 1 + m% (m%+m%)

i = P
YY 1_8Ft 7.28 mZmZ

3Fw 1 2

mt (m~+m ) 2

r.Tvv =~ 1—0.36 ~1—036=L=099 form~=1TeV << m~
9gg'yy m? mt t t1 t2
1 t2 1

Negligible



Exotic loops : Effect from stau

F(xE-mE-mE
1+ 0052™L st )

My My

Vacuum stability of Scalar Higgs potential. Hisano,Sugiyama2011
||J. tanB| < 76.9\/mL3m53 + 387(mL3 + mE3) — 10.4TeV

|ntanB| <

2 0y, < 1.25 for mz>100 GeV  Kitahara,arXiv:1208.4792
Oy < 1.5 for very large tanB~ 100, Carena,Gori,Low,Shah,Wagner,arXiv:1211.6136



