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2013年诺贝尔物理学奖被授予比利时物理学家Franc̨ois Englert与英国物理学家Peter W. Higgs为他们解释基本粒子质

量起源机制的贡献及其预言的新粒子Higgs玻色子，该粒子被欧洲核子中心的大型强子对撞机上的ATLAS和CMS两实

验组同时探测到。
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两个最干净的道支持下的诺贝尔奖

Higgs-like Boson→ Higgs Boson
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标准模型Higgs? Likely

Signal strength 

• Combination of 
• :�=�+�ĺ�EE������������(4.7 fb-1 + 13 fb-1) 

• +�ĺ�ĲĲ                     (4.6 fb-1 + 13 fb-1) 

• H ĺ�WW(*) ĺ�lȞlȞ   (4.6 fb-1 + 20.7 fb-1) 

• +�ĺ�ȖȖ                    (4.8 fb-1 + 20.7 fb-1) 

• +�ĺ�==(*) ĺ��l        (4.6 fb-1 + 20.7 fb-1) 

• Signal strength ȝ = ı/ıSM measured assuming mH=125.5 GeV 
• Only ±4% change to combined ȝ for ±1 GeV 

• Combined ȝ = 1.30 ± 0.13 (stat) ± 0.14 (sys) 
• Compatibility between measurements and SM (ȝ=1) 

• Common ȝ vs SM:                                                 9% 
• with rectangular QCD scale/PDF constraints:     40% 
• All ȝbb, ȝĲĲ, ȝWW, ȝȖȖ, ȝZZ vs ȝ=1:                             8%  (5 d.o.f) 
• All ȝbb, ȝĲĲ, ȝWW, ȝȖȖ, ȝZZ vs ȝ=1.30:                     13%   (4 d.o.f) 

• ATLAS also sets limits (95%CL; not used in combination): 
• +�ĺ�ȝȝ:    ȝ<9.8                          (20.7 fb-1) 

• +�ĺ�=Ȗ:    ȝ<18.2     (4.6 fb-1 + 20.7 fb-1) 

Tim Adye - RAL Higgs Boson Properties in ATLAS 6 

Update today! 

Update last  week! 

Update last  week! 

New last  week! 

New last  week! 

浙浙浙江江江大大大学学学浙浙浙江江江近近近代代代物物物理理理中中中心心心王王王凯凯凯 Higgs精精精细细细测测测量量量与与与味味味物物物理理理



标准模型Higgs? Likely

Signal Strength

13Higgs Properties - Moriond QCD3/14/2013

σ/ σSM = 0.88 +/- 0.21

ggH VBFH VH ttH
H→γγ  

H→ZZ 

H→WW   

H→ττ   

H→bb  

浙浙浙江江江大大大学学学浙浙浙江江江近近近代代代物物物理理理中中中心心心王王王凯凯凯 Higgs精精精细细细测测测量量量与与与味味味物物物理理理



Higgs精细测量与超越标准模型寻找

Higgs工厂项目启动会(CEPC-SPPC)

利用Higgs耦合的精细测量，特别是Yukawa耦合的测量，以检验
超越标准模型的存在性。
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Yukawa耦合

iQ̄iL��DQ
i
L + iūiR��Du

i
R + id̄iR��Dd

i
R + ...

QiL → U ijQQ
j
L, uiR → U iju u

j
R, diR → U ijd d

j
R

三代费米子, U(3)Q × U(3)u × U(3)d × U(3)` × U(3)e

−yiju Q̄iLεH†ujR − y
ij
d Q̄

i
LHd

j
R + ...

Yukawa耦合破坏手征对称 [U(3)]5 → U(1)B × U(1)Lep

QiL → eiθ/3QiL, uiR → eiθ/3uiR, diR → eiθ/3diR
`iL → eiφ`iL, eiR → eiφeiR

标准模型费米子质量的产生是[U(3)]5手征对称性和弱电对称性同
时破缺的结果。

浙浙浙江江江大大大学学学浙浙浙江江江近近近代代代物物物理理理中中中心心心王王王凯凯凯 Higgs精精精细细细测测测量量量与与与味味味物物物理理理



味物理
味物理中的稀有衰变过程常见

Loop压低
Helicity压低

e

16π2
mb(s̄σ

µνFµνPRb)

Helicity flip要求手征对称性U(3)Q × U(3)d破缺和弱电对称性破
缺，在标准模型中意味着mb。
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质量的修正与Higgs扩展：一个超对称的例子

mb = ybvd + ∆mb

超对称标准模型是Type-II 2HDM (Glashaw-Weinberg)

A[SU(2)L]2U(1)Y =
Nf

2
(3q + `) +

1

2
(h+ h̄)

QucHu +QdcHd + `ecHd
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µ-term in 2HDM

W 3 µHuHd

If µ = 0, MH̃± = 0

If µ→MPl, mh →MPl

µ ∼ O(TeV)

假设
W 3 SHuHd +((((

(MPlHuHd

要求存在一个对称性U(1)X来禁止bare的µ-term

s 6= 0, s+ hu + hd = 0

〈S〉 = µ 6= 0

非零的〈S〉破坏了U(1)X对称性
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Peccei-Quinn对称性

A[SU(3)]2U(1)X =
Nf

2
(2q + u+ d)

U(1)X对称性下

QucHu : q + u+ hu = 0

QdcHd : q + d+ hd = 0

SHuHd : s+ hu + hd = 0

A[SU(3)]2U(1)X =
Nf

2
(2q + u+ d) = −Nf

2
(hu + hd) =

Nf

2
s

s 6= 0→ A[SU(3)]2U(1)X 6= 0

Not necessary the same PQ symmetry proposed for Strong CP
problem.
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Peccei-Quinn对称性破缺

W = µHuHd �
�PQ

Higgsino质量混合 µH̃uH̃d

ydµ
∗Q̃d̃cH∗u

FHd
=
∂W

∂Hd
= ydQd

c + ye`e
c + µHu

V 3| FHd
|2= ydµ

∗H∗uQ̃d̃+ yeµ
∗H∗u ˜̀̃e

Bµ项 BµHuHd
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超对称软破缺

m2
f̃
| f̃ |2 +

1

2
M 1

2
λλ+AuQ̃ũHu +BµHuHd

标量粒子的质量 m2Q̃†Q̃
∫
d2θ̄d2θQ†QZ†Z : Q→ UQ

A-term AQ̃ũcHu

要求手征对称性破缺
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Bµ-term BµHuHd
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R-对称性

R : θ → eiαθ, θ̄ → e−iαθ̄

Q→ e−iαQ,Q† → eiαQ†

{Q,R} = −Q, {Q†, R} = +Q†

Chiral超场

Φ = φ+ θψ + θ2F : φ→ eirΦαφ, ψ → ei(rΦ−1)αψ, F → ei(rΦ−2)αF

Vector超场
V (x, θ, θ̄)∗ = V : λ→ eiαλ

Suprion场Z (RZ = 0)
∫
d2θWαWα Z

MX
→
∫
d2θθ2

〈FZ〉
MX

λλ
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类质量项的SUSY修正

W = −yuQucHu − ydQdcHd − ye`ecHd + µHuHd

SUSY修正 QdcH̄u

Field Q uc ec dc ` Hu Hd θ

R-charge 1
5

1
5

1
5

7
5

7
5

8
5

2
5 1

PQ 0 0 0 -1 -1 0 1 0

R[QdcH̄u] : 1
5 + 7

5 − 8
5 = 0

PQ[QdcH̄u] : 0 + (−1) + 0 = −1

SUSY修正必须破坏PQ对称性和R-对称性
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类质量项的SUSY修正

手征对称性破缺: y
弱电对称性破缺: vu,vd
例如H̃ − W̃混合

N =




M1 0 −g1vd/
√

2 g1vu/
√

2

0 M2 g2vd/
√

2 −g2vu/
√

2

−g1vd/
√

2 g2vd/
√

2 0 −µ
g1vu/

√
2 −g2vu/

√
2 −µ 0




Peccei-Quinn对称性破缺: µ, Bµ
R-对称性破缺: M1, M2, M3, Ai, Bµ

浙浙浙江江江大大大学学学浙浙浙江江江近近近代代代物物物理理理中中中心心心王王王凯凯凯 Higgs精精精细细细测测测量量量与与与味味味物物物理理理



b夸克质量修正 ∆mb

mb = ybvd + ∆mb
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b夸克质量修正 ∆mb

mb = ybvd + ∆mb

| Fd |23 ydµ∗H∗uQ̃d̃
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b→ sγ : vd贡献
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b→ sγ: vu贡献

g2W̃ H̃u〈H0
u〉
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b→ sγ: vu贡献

| FHd
|23 ydQ̃d̃cµ∗H∗u

δ223 : ydµ
∗v∗ub̃

∗
Rs̃L
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How to interprete the 125 GeV resonance

Standard Model Higgs boson?
Composite Higgs?
........
Higgs boson in MSSM

the light Higgs boson h at 125 GeV? (push the limit)
the heavy Higgs boson H at 125 GeV? while h evades all
direct searches (or h around 98 GeV?)

A. Belyaev, Q. -H. Cao, D. Nomura, K. Tobe and C. -P. Yuan, Phys. Rev. Lett. 100, 061801 (2008).

N. D. Christensen, T. Han and S. Su, Phys. Rev. D 85, 115018 (2012).

K. Hagiwara, J. S. Lee and J. Nakamura, arXiv:1207.0802 [hep-ph].

R. Benbrik, M. G. Bock, S. Heinemeyer, O. Stal, G. Weiglein and L. Zeune, arXiv:1207.1096 [hep-ph].

G. Belanger, U. Ellwanger, J. F. Gunion, Y. Jiang, S. Kraml and J. H. Schwarz, arXiv:1210.1976 [hep-ph].

M. Drees, arXiv:1210.6507 [hep-ph].

P. Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak, G. Weiglein and L. Zeune, arXiv:1211.1955 [hep-ph].
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LEP exclueds a SM-like Higgs to 114.4 GeV
(in both SM and MSSM)

Higgs Mass Lower Bound

LEP excludes a
114.4 GeV Higgs
boson @ 95% CL.
(expected 115.3

GeV)

Exp. Obs.
ALEPH 113.5 111.4
DELPHI 113.3 114.1

L3 112.4 112.0
OPAL 112.7 112.7

10
-6
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-5
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-4

10
-3

10
-2

10
-1

1

100 102 104 106 108 110 112 114 116 118 120
mH(GeV/c

2)

C
L s

114.4 115.3

LEP

Observed
Expected for
background

Pierre Lutz /SACLAY LEP Jamboree (page 18) 07/22/2002
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MSSM is a natural 2HDM

Superpotential is holomorphic and H̄ is forbidden in
superpotential.
H̃u, H̃d contributes to anomaly [SU(2)L]2U(1)Y ,.... and
Witten Anomaly

W = yuQu
cHu + ydQd

cHd + ye`e
cHd + µHuHd
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To evade the LEP bound: reducing gZZhTo evade the LEP bound: reducing gZZh

Since mt arises from Hu, vu >> vd (a large tan�).
A simple realization: to make h Hd-like, then gZZh / a small vd

✓
h
H

◆
=

✓
cos↵ � sin↵
sin↵ cos↵

◆✓
Re Hu

Re Hd

◆

✓
Re Hu

Re Hd

◆
=

✓
sin� � cos�
cos� sin�

◆✓
HSM
H?

◆

large tan� ) � ! ⇡/2; h is Hd-like ) ↵! ±⇡/2. So

gZZh / sin(� � ↵) ! 0

YYY___'''fffYYY___———„„„iii⌃⌃⌃---√√√ãããOOO⁄⁄⁄ Liucheng Wang, ZIMP, Zhejiang University

A simple realization: to make h Hd-like and take a small vd
(

h
H

)
=

(
− sinα cosα
cosα sinα

)(
Re Hd

Re Hu

)

tan 2α

tan 2β
=
M2
A +m2

Z

M2
A −m2

Z

In the limit of small vd (large tanβ, sinβ → 1)
Taking MA → 0, sinα→ −1

β → π

2
, α→ −π

2
, gZZh ∼ sin(β − α)→ 0
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40 A. Djouadi / Physics Reports 459 (2008) 1–241

Fig. 1.8. The normalized couplings squared of the CP-even MSSM neutral Higgs bosons to gauge bosons as functions of MA for two values
tan � = 3 and 30, in the no mixing (light lines) and maximal mixing (thick lines) scenarios. The full set of radiative corrections is included with
the same inputs as in Fig. 1.7.

These couplings are renormalized by the same radiative corrections which affect the neutral Higgs boson masses.
For instance, in the ✏ approximation which has been discussed earlier, the corrected angle ↵̄ will be given by

tan 2↵̄ = tan 2�
M2

A + M2
Z

M2
A � M2

Z + ✏/ cos 2�
, �⇡

2
 ↵  0. (1.144)

The radiatively corrected reduced couplings of the neutral CP-even Higgs particles to gauge bosons are then simply
given by

ghVV = sin(� � ↵̄), gHVV = cos(� � ↵̄), (1.145)

where the renormalization of ↵ has been performed in the same approximation as that for the renormalized Higgs
boson masses. The squares of the two renormalized Higgs couplings to gauge bosons are displayed in Fig. 1.8 as
functions of MA for the two values tan � = 3, 30 in the no mixing and maximal mixing scenarios. The SUSY and
SM parameters are chosen as in Fig. 1.7. One notices the very strong variation with MA and the different patterns for
values above and below the critical value MA ' Mmax

h . For small MA values the couplings of the lighter h boson
to gauge bosons are suppressed, with the suppression/enhancement being stronger with large values of tan �. For
values MA & Mmax

h , the normalized h boson couplings tend to unity and reach the values of the SM-Higgs couplings,
ghVV = 1 for MA � Mmax

h ; these values are reached more quickly when tan � is large. The situation in the case of the
heavier CP-even H boson is just opposite: its couplings are close to unity for MA . Mmax

h [which in fact is very close
to the minimal value of MH , Mmin

H ' Mmax
h , in particular at large tan �], while above this limit, the H couplings to

gauge bosons are strongly suppressed. Note that the mixing Xt in the stop sector does not alter this pattern, its main
effect being simply to shift the value of Mmax

h .

In the case of the Higgs–fermion couplings, there are additional one-loop vertex corrections which modify the
tree-level Lagrangian that incorporates them [71–74]. In terms of the two-Higgs doublets H1 and H2 which generate
the couplings of up-type and down-type fermions, the effective Lagrangian can be written at one-loop as [118]

�LYuk = ✏i j

h

(�b + ��b)b̄R Hi
1 Q j

L + (�t + ��t )t̄R Qi
L H j

2 + (�⌧ + ��⌧ )⌧̄R Hi
1 L j

i

+ 1�bb̄R Qi
L Hi⇤

2 + 1�⌧ ⌧̄R Li Hi⇤
2 + 1�t t̄R Qi

L Hi⇤
1 + h.c. (1.146)

Thus, at this order, in addition to the expected corrections ��t,b which alter the tree-level Lagrangian, a small
contribution 1�t (1�b) to the top (bottom) quark will be generated by the doublet H1 (H2). The top- and bottom-
quark Yukawa couplings [the discussion for the ⌧ couplings follows that of the b-quark couplings], defining

Qualitatively, smaller MA → smaller gZZh
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Lower bound of MA from LEP bound on charged Higgs

Charged Higgs, H±

Assume B(H+ → cs̄) + B(H+ → τ+ν)
.= 1

� e +e− → H+H− → cs̄sc̄, cs̄τ−ν̄, τ+ντ−ν̄

• L3 observe a large excess in the 4-jets channel
� compatibility with ALEPH, DELPHI, OPAL

is being investigated.

0

0.2

0.4

0.6

0.8

1

60 65 70 75 80 85 90 95

charged Higgs mass (GeV/c2)

Br
(H

A
oi

)
LEP 189-209 GeV

LEP combined search excludes (95%CL)

mH± < 78.6 (78.8 exp.) GeV

for any B(H+ → τ+ν)

Pedro Teixeira-Dias

July 10, 2001

Higgs boson searches at LEP Page 20

non-decoupling limit (MA → mZ) may survive the LEP direct
search bound (via Zh) and charged Higgs search
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At tree level, MA → mZ , Mh →MH : nondecoupling
With radiative corrections:
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Large tanβ and sinα→ −1 lead to Mh 'M11,MH 'M22

M2
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t t
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M. S. Carena, J. R. Espinosa, M. Quiros and C. E. M. Wagner, Phys. Lett. B 355, 209 (1995) [hep-ph/9504316].
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Consequences of Non-decoupling

Non-decoupling scenario may evade all constraints from direct
search experiments but ....

H± are around (M2
H± = M2

A +m2
W at tree level)

Is the scenario flavor safe?

Light Higgs bosons can enhance spin-independent
neutralino-nuclei scattering
If DM consists of only neutralino, how about bounds from
direct detection?
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Tree level H±: Bu → τν in 2HDM and SUSY

Farvah Mahmoudi and Oscar StalBu ! ⌧⌫ in general 2HDM and SUSY

⌧ ⌧

⌫ ⌫

b b

W� H�

BR(B+!⌧+⌫)MSSM

BR(B+!⌧+⌫)SM
=

����1 � m2
B

M2
H+

tan2 �
(1+✏⇤0 tan�)(1+✏l tan�)

����
2

nondecoupling: MH+ ⇠ 130 GeV� tan� ⇠ 10
MSSM prediction: 20% � 30% smaller than the SM,
consistent with the new Belle data
SM prediction: (0.95 ± 0.27) ⇥ 10�4

Belle: 0.72+0.29
�0.27 ⇥ 10�4

Similarly, the charged Higgs contribution to B ! D(⇤)⌧⌫⌧
and µ ! e� are not very significant in the interesting region
of MH± and tan�.

YYY___'''fffYYY___———„„„iii⌃⌃⌃---√√√ãããOOO⁄⁄⁄ Liucheng Wang, ZIMP, Zhejiang University

BR(B+→τ+ν)MSSM

BR(B+→τ+ν)SM
=

∣∣∣∣1−
m2

B

M2
H+

tan2 β
(1+ε∗0 tanβ)(1+εl tanβ)

∣∣∣∣
2

tanβ ∼10: ε∗0 and εl below 1%
MSSM corrections to d-type quarks and lepton mass
matrix have been neglected
nondecoupling: MH+ ∼ 130 GeV
MSSM prediction: 20%− 30% smaller than the SM value
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Tree level H±: Bu → τν in 2HDM and SUSY
Farvah Mahmoudi and Oscar Stal
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Figure 5: Constraints on (mH+ , λbbλττ ) from BR(Bu → τντ ). The highlighted region is excluded
at 95% C.L. The y-axis normalization corresponds to tanβ in the 2HDM II (for positive values
only).

where ρV (ρS) are vector (scalar) form factors and t(w) = m2
B + m2

D − 2wmDmB. It has been
shown [48] that comparing differential distributions directly would be a superior method to
extract the charged Higgs contribution. However, since the collected statistics is still too low,
this method has so far not been pursued experimentally. To reduce the uncertainty from the
vector form factor, we consider the ratio [47]

ξD"ν =
BR(B → Dτντ )

BR(B → Deνe)
, (25)

where the 2HDM contributes only to the numerator. The resulting constraints based on ξD"ν

are shown in Fig. 6 for mH+ = 100, 200 GeV. Similarly to the result for Bu → τντ , the 2HDM
contribution in Eq. (24) can be twice the SM contribution with opposite sign, leading to the
two disjoint exclusion regions as observed in Fig. 6. When λcc # λbb – like in the 2HDM II at
high tan β – the effective constraint on λbbλττ can be combined with that from Bu → τντ to
cover fully the cancellation region observed for low mH+ .

The last B decay we consider is Bs → µ+µ−, which has so far not been observed experi-
mentally. The SM prediction for the branching ratio is

BR(Bs → µ+µ−)SM = (3.2 ± 0.5) × 10−9, (26)

while the current experimental limit, derived by the CDF collaboration, is [49]:

BR(Bs → µ+µ−) < 5.8 × 10−8 (27)

at 95% C.L. The gap between the SM prediction and the current experimental limit makes
this observable particularly interesting in SUSY, since this difference leaves room for SUSY
contributions. In the 2HDM however, we found that the experimental limit can be reached only

13

BR(B+→τ+ν)MSSM

BR(B+→τ+ν)SM
=

∣∣∣∣1−
m2

B

M2
H+

tan2 β
(1+ε∗0 tanβ)(1+εl tanβ)

∣∣∣∣
2

nondecoupling: MH+ ∼ 130 GeV， tanβ ∼ 10
MSSM prediction: 20%− 30% smaller than the SM,
consistent with the new Belle data
SM prediction: (0.95± 0.27)× 10−4

world average before 2012: (1.65± 0.34)× 10−4

Belle: 0.72+0.29
−0.27 × 10−4 (new)
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B → Xsγ in general 2HDM
Farvah Mahmoudi and Oscar Stal

B ! Xs� in general 2HDM and SUSY

b bs s

� �

t t
W� H�

light H+ enhances B ! Xs�

type-II 2HDM: MH+ > 300 GeV almost independently of
the value of tan�

nondecoupling: MH+ ⇠ 130 GeV
non-trival SUSY setup may cancel H+ contribution

YYY___'''fffYYY___———„„„iii⌃⌃⌃---√√√ãããOOO⁄⁄⁄ Liucheng Wang, ZIMP, Zhejiang University
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Figure 2: Constraints on (λtt, λbb) from BR(B → Xsγ) for fixed mH+ = 150 GeV (left) and
mH+ = 400 GeV (right). The highlighted region is excluded at 95% C.L.

mH+ = 150 GeV, we find that a large fraction of the parameter space is excluded, with a
preference for smaller values of the couplings in the allowed region. We also see allowed regions
in Fig. 2 with simultaneously large and equal sign values for λbb and λtt. For these fine-tuned
values, a cancellation occurs in the new physics contribution to the Wilson coefficients. The
situation is similar for mH+ = 400 GeV, except that the size of the allowed region increases.
As expected from Eq. (17), taking λbb → 0 is in general not enough to avoid generating a large
H+ contribution, but λtt → 0 always is.

Another quantity measured in b → sγ transitions is the degree of isospin asymmetry in the
exclusive decay mode B → K∗γ, defined as [40]

∆0− ≡ Γ(B̄0 → K̄∗0γ) − Γ(B̄− → K̄∗−γ)

Γ(B̄0 → K̄∗0γ) + Γ(B̄− → K̄∗−γ)
. (19)

This observable gives more stringent constraints on the model parameters than BR(B → Xsγ)
in several MSSM scenarios [41]. Using the NLO prediction we investigate, for the first time,
constraints from ∆0− on the Yukawa sector of the general 2HDM. The excluded region in
(λtt, λbb) is presented in Fig. 3. To facilitate a comparison with the results for the branching
ratio, the same values as in Fig. 2 are chosen for mH+ . From Figs. 2 and 3, one notices a
similarity in the regions excluded by BR(B → Xsγ) and ∆0−. This results from the common
dependence of both observables on the Wilson coefficient C7: BR(B → Xsγ) is proportional
to C2

7 , while ∆0− varies like C−1
7 to first order. The isospin asymmetry results exclude the

large-coupling solution observed in Figure 2 for same-sign couplings.
The ∆MBd

and ∆MBs mass differences measured in B0–B̄0 mixing are sensitive to charged
Higgs exchange through box diagrams involving internal top quarks. Including the leading

10

light H+ enhances B → Xsγ

type-II 2HDM: MH+ > 300 GeV
nondecoupling: MH+ ∼ 130 GeV
non-trival SUSY setup to cancel H+ contribution
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B → Xsγ in MSSM
Helicity must be flipped in the involved quark states: mb insertion
in SM

U(3)Q × U(3)d chiral symmetry breaking
Electroweak symmetry breaking

W = QucHu +QdcHd + `ecHd + µHuHd

SUSY correction QdcH̄u

Field Q uc ec dc ` Hu Hd θ

R-charge 1
5

1
5

1
5

7
5

7
5

8
5

2
5 1

PQ 0 0 0 -1 -1 0 1 0

R[QdcH̄u] : 1
5 + 7

5 − 8
5 = 0

PQ[QdcH̄u] : 0 + (−1) + 0 = −1

SUSY correction must break PQ and R-symmetry
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2HDM has Peccei-Quinn symmetry

(DFSZ axion, 1981).

A[SU(3)C ]2U(1) = 3α+
3

2
(2(q − α) + (u− α) + (d− α))

= 3α− 3

2
(hu + hd)

q + u+ hu = 2α, q + d+ hd = 2α

hu + hd 6= 2α→ A3 6= 0 MPQ ∼ MIntermediate , Kim-Nilles
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Peccei-Quinn symmetry breaking in MSSM

W = µHuHd �
�PQ

Another��PQ source, (proportional to µ)

FHd
=
∂W

∂Hd
= ydQd

c + ye`e
c + µHu

V 3| FHd
|2= ydµ

∗H∗uQ̃d̃+ yeµ
∗H∗u ˜̀̃e
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Chiral R-symmetry in SUSY

Lsoft 3 m2
f̃
| f̃ |2 R− invariant

+ M 1
2
λλ+AuQ̃ũHu + ... ��R

+ BµHuHd ��R,�
�PQ

SM Gaugino Masses

A-term and B � L gaugino induced Gluino Mass

At =
↵

4⇡
M� log

✓
M

M�

◆
=

⇣ ↵
4⇡

⌘2 F

M
log

✓
M

M�

◆

Mi = 2Ci
↵i↵t

(4⇡)2
At log

✓
M

Mf̃

◆

University of California, Riverside 06/01/2005 Kai Wang Split Supersymmetry
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B → Xsγ in MSSM
6.2 The Magnetic and Chromomagnetic b ! s� Operators 59
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Figure 6.2: Leading order chargino contributions to the Wilson coe�cients C7,8. The photon/gluon
is attached to the loop in all possible ways.
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⇤
b

m̃2

◆
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d )32 g
(3)
7,8(xg)
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4GFp
2

V ⇤
tsVtb C 0g̃

7,8 =
g2

s

m̃2


(�RR

d )32 g
(1)
7,8(xg) +

Mg̃

mb

(�LR
d )32 g

(2)
7,8(xg)

+

✓
Mg̃µ

⇤

m̃2
tan � +

Mg̃Ab

m̃2

◆
(�RR

d )32 g
(3)
7,8(xg)

�
. (6.11)

While diagrams a) to c) of figure 6.3 contribute to C7,8 and are sensitive to (�LL
d )32 and

(�RL
d )32 mass insertions, contributions to C 0

7,8 are induced by the diagrams d) to f) that
are instead sensitive to (�RR

d )32 and (�LR
d )32 mass insertions. As a matter of fact, gluino

contributions are the only ones that can lead to non-negligible e↵ects in C 0
7,8 at the leading

order.
We mention that diagrams c) and f) involve a double mass-insertion along the down-

squark propagators and can lead to sizable contributions that are proportional to µ tan �.

Light stop helps to cancel the H± contribution [Top right figure]
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B → Xsγ in MSSM

60 6 SUSY Contributions to Low Energy Observables
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Figure 6.3: Leading order gluino contributions to the Wilson coe�cients C7,8. The photon/gluon
is attached to the loop in all possible ways.

Furthermore, the terms proportional to (�LR
d )32 and (�RL

d )32 in (6.10) and (6.11) are chirally
enhanced by a factor Mg̃/mb and one expects therefore strong constraints on these mass
insertions coming from the experimental data on the BR(B ! Xs�).

Finally we note that the mass insertions required for gluino contributions can also arise
in MFV frameworks. In fact, (�LL

d )32 and (�RL
d )32 mass insertions are generated through

the b1 and b7 coe�cients in the MFV expansion of the soft masses (4.32) and, as discussed
in [277, 276, 326], gluino contributions to the b ! s� transition can be sizable also in MFV
whenever µ tan � is large.

The case of large tan� and a flavor blind soft sector

In case of a completely flavor blind soft sector, i.e. for squark soft masses that are propor-
tional to the identity and trilinear couplings that are proportional to the respective Yukawa
couplings, there are only Higgs and Higgsino contributions to the Wilson coe�cients CNP

7,8 at
the leading order. However, for large values of tan � also beyond leading order corrections
have to be taken into account and we refer to [295, 124] for details on the consistent treat-
ment of these corrections. As the charged Higgs contributions are not tan � enhanced, we
only report the chargino contributions here

C �̃±
7,8 =

2m2
t

m̃2

tan �

1 + ✏⇤0 tan �

Atµ

m̃2
f

(5)
7,8 (xµ) . (6.12)

The ✏ tan � factor appearing in (6.12) resums the tan � enhanced beyond leading order
corrections to all orders in perturbation theory and its analytical expressions has already
been discussed in section 5.1.

Light stop helps to cancel the H± contribution [Top right figure]
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B → Xsγ in MSSM

Helicity must be flipped in involved quark states
Breaking U(3)Q × U(3)d chiral and electroweak symmetries

mb insertion
wino-stop contribution suppressed by Super-GIM if
degenerate squark masses.
vd insertion (not important due to large tanβ)
vu insertion (effectively 10 · 5c ·H∗u-like coupling)
chargino penguins from vu insertion destructively interfere
with the SM and charged Higgs if µAt < 0
light stop helps the cancellation as µAt

M2
t̃

gluino penguins important: enhanced by µ tanβ, Mg̃/mb
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Contribute to mb at the same time!
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Bs → µ+µ− in MSSM
62 6 SUSY Contributions to Low Energy Observables
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Figure 6.4: Leading order chargino contributions to the Wilson coe�cients CS,P . The neutral
Higgs propagators have to be attached to the external quark legs.

coming from scalar and pseudoscalar operators. Therefore in NP models that induce scalar
operators, the BR(Bs ! µ+µ�) can be strongly enhanced. In fact in the MSSM, Higgs
penguin diagrams can lead to contributions that are proportional to tan6 � at the level of
the branching ratio and easily lead to order of magnitude enhancements compared to the tiny
SM prediction. SUSY contributions to Bs ! µ+µ� have been extensively discussed in the
literature. In particular, the Higgs penguin contributions have received a lot attention [327,
290, 328, 292, 329, 330, 295, 293]. A collection of the full set of 1 loop contributions can be
found in [331].

Before presenting in detail the most important MSSM contributions we make some general
comments. In the e↵ective two Higgs doublet model description of the MSSM at large tan �
as briefly described in chapter 5, the MSSM contributions to Bs ! µ+µ� arise from 1 loop
exchange of a charged Higgs and already at tree level from e↵ective flavor changing b̄sH0

and b̄sA0 vertices. However, these e↵ective vertices are induced at the 1 loop level through
the exchange of SUSY particles. Therefore, following a standard loop expansion, the Wilson
coe�cients of the scalar and pseudoscalar s̄bµ̄µ operators (see (3.75)) can be decomposed
into Higgs top quark, chargino up squark, gluino down squark and neutralino down squark
contributions

C
(0) SUSY
S,P = C

(0) H±

S,P + C
(0) �̃±

S,P + C
(0) g̃
S,P + C

(0) �̃0

S,P . (6.14)

As usual, neutralino contributions are basically always negligible and we do not consider them
here. The leading e↵ects come from chargino and gluino diagrams that lead to contributions
to the Wilson coe�cients that are proportional to tan3 �. Charged Higgs diagrams on the
other hand give contributions that are only proportional to tan2 � [332] and also those we
do not consider here.

In the following discussion of the chargino and gluino contributions we neglect the small
mass di↵erence between the heavy scalar and pseudoscalar Higgs bosons M2

H ' M2
A. In that

case one has
CP ' �CS , C 0

P ' C 0
S , (6.15)

and it is su�cient to discuss only C
(0)
S . Finally we remark that an fully analogous discussion

applies to the Bd ! µ+µ� decay.
We start with the pure Higgsino contribution to the Wilson coe�cient of the scalar s̄bµ̄µ

operator. It is shown in diagram a) in figure 6.4 and results in

C �̃±
S =

1

4s2
W

mµ

M2
A

tan3 �

(1 + ✏⇤b tan �)(1 + ✏⇤0 tan �)(1 + ✏` tan �)

m2
t

M2
W

Atµ

m̃2
f1(xµ) . (6.16)

The ✏ tan � factors appearing in the above expression resum the tan � enhanced beyond
leading order corrections to all orders in perturbation theory and their analytical expression

SM: (3.27±0.23)×10−9 due to small muon mass m2
µ/m

2
BS

LHCb: 3.2+1.5
−1.2 × 10−9 (Nov. 12, 2012)

MSSM: leading Higgs penguin diagrams ∝ tan6 β

if tanβ ∼10, all 1-loop diagrams have to be considered:
e.g., charged Higgs diagrams ∝ tan4 β

nondecoupling→ light MA

Bs → µ+µ− is even more sensitive as the neutral Higgs
bosons are all light: tan6 β/M4

A (Chao-Shang Huang, Wei Liao, Qi-Shu Yan,

Shou-Hua Zhu, 2000 )
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General Constraints

MH : 125± 2 GeV
Rγγ = σγγobs/σ

γγ
SM : 1 ∼ 2

LEPII+Tevatron+LHC Higgs search bounds
BR(B → Xsγ) < 5.5× 10−4

Experimental: (3.43± 0.22)× 10−4

SM NNLO: (3.15± 0.23)× 10−4

FeynHiggs SM NLO predicton: (3.8)× 10−4

BR(Bs → µ+µ−) < 6× 10−9

Experimental upper limit: 4.2× 10−9

SM prediction (3.27± 0.23)× 10−9

SUSYFlavor SM predicton 4.8× 10−9 (Hadronic
parameters ?)
SUSYFlavor2.01, FeynHiggs2.9.2, HiggsBound3.8.0
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Input

MQ̃1,2
= Mũ1,2 = Md̃1,2,3

= ML̃1,2,3
= Mẽ1,2,3 = 1 TeV ,

M1 = 200 GeV,M2 = 400 GeV,M3 = 1200 GeV .

MQ̃3
= Mt̃ = 200 GeV, 300 GeV , 500 GeV and 1TeV.

MA : 95 ∼ 150 GeV
tanβ : 1 ∼ 30

µ : 200 GeV ∼ 3 TeV
Au = Ad = A` : −3 ∼ 3 TeV

Light stau enhances the diphoton but irrelevant to b→ s
transition
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Mt!L " Mt!R " 1000 GeV
MA : 95 GeV## 150 GeV
tanΒ : 1 ## 30

!3 !2 !1 0 1 2 30.0

0.5

1.0

1.5

2.0

2.5

3.0

At!TeV"

Μ!Te
V"

Mt!L " Mt!R " 500 GeV
MA : 95 GeV## 150 GeV
tanΒ : 1 ## 30

!3 !2 !1 0 1 2 30.0

0.5

1.0

1.5

2.0

2.5

3.0

At!TeV"

Μ!Te
V"

no survivors when assuming 200GeV and 300GeV stop,
reduced gg → H (cancels top-quark loop)
red: MH : 125± 2 GeV, Rγγ : 1− 2, and combined direct
search bounds
blue: B → Xsγ

black: Bs → µ+µ−

Typical survival points are MA ∼ 140 ∼ 150 GeV, tanβ ∼ 10
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t→ bH+ at the LHC
Assuming BR(H+ → τ+ντ ) = 100%

!

!
!

!

!

ATLASObserved CLs
Data2011 7 TeV 4.6 fb!1

120 130 140 150 1600.000

0.005

0.010

0.015

0.020

MH!!GeV"

B
r#t"

bH
!
$

Way below the ATLAS bounds
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H is most Hu and vu � vd which dominates v
Htt is close to 1: gg → H similar to SM rate
HWW is similar to SM: Γ(H → γγ) similar to SM values
(W-loop dominates)
Γ(H →WW ∗ → 2`2ν) and Γ(H → ZZ∗ → 4`) similar to
SM values

Decay BRs may be similar to SM.
Light stau can enhance the diphoton partial width.
Reduced Hbb can also enhance the Rγγ
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H → τ+τ−

Large PQ and R-symmetry breaking to suppress the flavor
violation would lead to large correction in ∆mb but not to mτ

which is only bino contribution.

Γ(H → τ+τ−)

Γ(H → bb) + Γ(H →WW ∗) + Γ(H → ZZ∗) + ...

0.0 0.2 0.4 0.6 0.8 1.00

1

2

3

4

Rb b

R
Τ"
Τ#
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τ+τ− Channel

Kevin Einsweiler for HCP 2012

H -> WW Results�
• When combining the 2011 and 2012 data, there are a total of 5+6+2 in three decay 

channels for 2011, and 4+6+2 for three decay channels in 2012, or 25 total. 
• Uncertainties cover theory uncertainties, detector performance, and background 

modeling.  Dominant uncertainty related to tau energy scale and Z -> WW lineshape. 
• The local significance for mH = 125 GeV is 1.1V observed (1.7V expected). 
• The observed (expected) sensitivity is 1.9 (1.2) times the SM predicted value (P=1). 
• The results are consistent with either the background hypothesis, or the SM Higgs 

hypothesis. The best-fit P value at 125 GeV is P = 0.7 ± 0.7 
 
 

20 

No Enhanced τ+τ− observed!
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New H → hh Channel
Highly fine-tuned though

and

∆M2
22 ∼ ε =

3m4
t

2π2v2 sin2 β

[
log

M2
SUSY

m̄2
t

+
X2

t

2M2
SUSY

(
1 − X2

t

6M2
SUSY

)]
(8)

where Xt = At − µ cotβ andMSUSY = (Mt̃1 + Mt̃2)/2.

With one loop correction , the mixing angle α can be obtained

tan 2ᾱ

tan 2β
=

M2
A + m2

Z

M2
A − m2

Z + ε/ cos 2β
. (9)

The trilinear coupling among neutral Higgs bosonsHhh, in unit of −i
m2

Z

v
, is given in

λHhh = [(2 sin 2α sin(β + α) − cos 2α cos(β + α)] , (10)

with one-loop correction

∆λHhh = 3
ε

m2
Z

sin α

sin β
cos2 α . (11)
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Μ " 2800 GeV
At " #650 GeV
tanΒ=12
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FIG. 1. (a) Mixing angle α and (b) normalized Hhh coupling λHhh with respect toMA, the other parame-

ters are fixed as shown explicitly in the plots.

Plotted in Fig. 1 are the mixing angle α and normalized Hhh coupling λHhh with respect to

MA using one-loop result from Eqs 9, 10, 11 while the other parameters are fixed as in [18]

µ = 2800 GeV, tanβ = 12, Mt̃L = Mt̃R = 500 GeV, At = −650 GeV . (12)

Around α ∼ −π/4, λHhh vanishes. Therefore, in order to get a highly reduced λHhh, one can

choose this fine-tuned region ofMA.

6

e+e− → Ah with A→ bb̄, A→ hZ for Mh ∼ 20 GeV, bs are
soft. Evade the LEPII search of 4b+ 2b2τ

WH/ZH with H → hh→ 2b2τ + 4b+ 4τ combined requires
100 fb−1 at 14 TeV LHC. (gluon fusion requires 300 fb−1)
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DM Direct Detection

Light higgs h and H may significantly enhance the
spin-independent neutralino-nuclei cross section through
Higgs exchange.
Light Stop may further enhance this cross section due to
loop contribution to neutralino-gluon scattering.

Dark Matter Direct Detection

Light higgs h and H may significantly enhance the
spin-independent neutralino-nuclei cross section through
Higgs exchange.
Light Stop may further enhance this cross section due to
loop contribution to neutralino-gluon scattering. Drees and Nojiri

YYY___'''fffYYY___———„„„iii⌃⌃⌃---√√√ãããOOO⁄⁄⁄ Liucheng Wang, ZIMP, Zhejiang University
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DM Direct Detection

XENON100(2012)

Mt!L " Mt!R " 500 GeV

Mt!L " Mt!R " 1000 GeV

130 140 150 160 170 18010!10

10!9

10!8

10!7

MA!GeV"

Σ
SI
!pb"

For 500 GeV stop and MA < 170 GeV, XENON100 put strong
constraint over this scenario.
Irrelevant if neutralino dark matter is not the only DM
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Conclusions

MSSM: mh > 120GeV is nontrival⇒ nondecoupling

LEP bounds:

{
gZZh ↓ ⇒ smallMA

mH+ ⇒MA > 80GeV

Is the scenario flavor safe as mH+ ∼ mA? The strong
constraint comes from b→ s transition:
(I) large PQ and R symmetry breaking with µAt < 0
(II) a light stop Mt̃ ∼ 500 GeV
Consequence:{

(I) ⇒ large ∆mb ⇒ Rττ ↑⇒ H → hhto makeRττ < 1

(II) ⇒ strongly constrained by XENON100

Thank you!
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