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Higgs Discovery
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LHC Run I

I mass: mh = 125 GeV ,
I spin ,
I parity ,
I Yukawa coupling ,
I gauge coupling ,
I self coupling ?

LHC Run II/HL
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Higgs After the Discovery
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Higgs FCNC: exp

e µ τ

e

µ

τ

B < 0.035% B < 0.61%

B < 0.25%

e+e−collider

µ < 2.8

µ = 1.1± 0.2

B < 0.55%

B < 0.40%

µtth = 2.3+0.7
−0.6

u c t

u

c

t

µ = 0.70+0.29
−0.27

d s b

d

s
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J direct search

H indirect study

McWilliams, Li 1981
Shanker 1982

Barr, Zee 1990
Kanemura, Ota, Tsumura 2006

Davidson, Grenier 2010
Golowich et al 2011

Buras, Girrbach 2012
Blankenburg, Ellis, Isidori 2012

Harnik, Kopp, Zupan 2013
Gorbahn, Haisch 2014

Celis, Cirigliano, Passemar 2014
. . . . . .
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Higgs FCNC in EFT

I Effective Field Theory

Lfull = LSM +
∑
i

ci
Λ2
Od=6
i + . . .

I Dim-4 operator in the SM

(Q̄LHYddR), (Q̄LH̃YuuR), (Q̄LHYeeR),

I Dim-6 operator in the EFT Grzadkowski et al., 2010, Harnik, Kopp, Zupan, 2013

OuH = (H†H)(Q̄LHCdHdR),

OdH = (H†H)(Q̄LH̃CuHuR),

OeH = (H†H)(Q̄LHCeHeR),

I Yukawa interaction

∆L = −
(

1 +
h

v

)
f̄LYf

v√
2
fR −

v2

2Λ2

(
1 +

3h

v

)
f̄LCfH

v√
2
fR + h.c.

I Yukawa interaction in mass eigenstate Yij = Y ∗ji, Ȳij = Ȳ ∗ji

∆L = − 1√
2
f̄i(Yij + iȲijγ5)fjh,
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Constraints and Predictions

Constraints:

I Bs → µ+µ−
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Predictions: B(Bs → µτ), B(Bs → ττ), ...
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Bs → µ+µ− decay: SM and exp

I B(Bs → µ+µ−)SM =
(
3.44± 0.19

)
× 10−9

I B(Bs → µ+µ−)avg =
(
3.0 ± 0.5

)
× 10−9

B(Bs → µ+µ−)LHCb17 =
(
3.0± 0.6+0.3

−0.2

)
× 10−9

B(Bs → µ+µ−)CMS13 =
(
3.0+1.0
−0.9

)
× 10−9

theoretical progress:
De Bruyn et al 2012

Bobeth et al 2013

recent study:
Altmannshofer et al 2017

Fleischer et al 2017

input:
(|Vus|, |Vub|, |Vcb|, γ)

B ∝ |V ∗tbVts|2f2
Bs
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Vcb, Vub

fBs

3.68 3.44 3.11

3.54 3.31 3.00

incl. avg. excl.

Nf = 2 + 1

Nf = 2 + 1 + 1

B(Bs → µ+µ−)× 10+9

|Vub| |Vcb| |V ∗tbVts| |V ∗tbVtd| unit
sl. incl. 4.45± 0.18± 0.31 42.42± 0.44± 0.74 41.6± 0.8 9.1± 0.5 10−3

sl. avg. 3.98± 0.08± 0.22 41.00± 0.33± 0.74 40.2± 0.8 8.8± 0.4 10−3

sl. excl. 3.72± 0.09± 0.22 38.99± 0.49± 1.17 38.2± 1.2 8.3± 0.4 10−3

FLAG [2016] HPQCD [2013] unit
Nf = 2 + 1 Nf = 2 + 1 + 1

fBs
228.4 (3.7) 224 (5) MeV

fBd
192.0 (4.3) 186 (4) MeV



Bs → µ+µ− decay: theory

I Effective Hamiltonian

Heff = −GF√
2

αe
πs2

W

VtbV
∗
ts

(
CAOA + CSOS + CPOP

)
+ h.c.

I Effective operator

OA =
(
q̄γµPLb

)(
µ̄γµγ5µ

)
, OS =

mbm`

m2
W

(
q̄PRb

)(
µ̄µ
)
, OP =

mbm`

m2
W

(
q̄PRb

)(
µ̄γ5µ

)
,

O′S =
mbm`

m2
W

(
q̄PLb

)(
µ̄µ
)
, O′P =

mbm`

m2
W

(
q̄PLb

)(
µ̄γ5µ

)
.

I Branching ratio loop suppression; helicity suppression

B(Bq → `+`−) =
τBq

G4
Fm

4
W

8π5
|VtbV ∗tq|2f2

Bq
MBqm

2
`

√
1−

4m2
`

m2
Bq

(
|P |2 + |S|2

)
,

P ≡ CA +
m2
Bq

2m2
W

(
mb

mb +mq

)
(CP − C ′P ),

S ≡

√
1−

4m2
`

m2
Bq

m2
Bq

2m2
W

(
mb

mb +mq

)
(CS − C ′S).

I Corrections from Bs − B̄s mixing De Bruyn et al., 2012; Fleischer 2012

B(Bs → `+`−) =

(
1 +A∆Γys

1− y2
s

)
B(Bs → `+`−), A∆Γ =

|P |2 cos 2ϕP − |S|2 cos 2ϕS
|P |2 + |S|2
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Bs → µ+µ− can provide excellent probe for the Higgs FCNC.
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Bs → µ+µ− decay: Higgs FCNC effects

I Effective Hamiltonian

Heff = −GF√
2

αe
πs2

W

VtbV
∗
ts
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+ h.c.
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I Contributions from the Higgs FCNC B depends on (ȲsbYµµ, ȲsbȲµµ)

CNP
S = κ(Ysb + iȲsb)Yµµ, CNP

P = iκ(Ysb + iȲsb)Ȳµµ, κ =
π2

2G2
F

1

VtbV ∗ts

1

mbmµm2
h

.

C ′NP
S = κ(Ysb − iȲsb)Yµµ, C ′NP

P = iκ(Ysb − iȲsb)Ȳµµ,
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Bounds from Bs → µ+µ−
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I 95% CL bound Complex Y

0.66 <
∣∣5.6× 105 ȲsbYµµ

∣∣2 +
∣∣1− 6.0× 105 ȲsbȲµµ

∣∣2 < 1.26

I dark region: 95% CL allowed Real Y

I black: exp central value

I dashed: Bexp/Btheo = 1.1

I dot-dashed: Bexp/Btheo = 0.9

I dotted: Bexp/Btheo = 0.7

I light gray: 95% CL allowed with Ȳsb = 1.4× 10−4

I dark gray: 95% CL allowed with Ȳsb = 3.4× 10−4

I blue: µµµ < 2.8 at 95% CL ATLAS Run I + II

I |Ȳsb| = 3.4× 10−4: maximal value allowed by Bs − B̄s
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Bs − B̄s mixing

I Effective Hamiltonian

H∆B=2 =
G2
F

16π2
m2
W (V ∗tbVts)

2
∑
i

CiOi + h.c..

I Effective operator RGE: Buras et al. 2001

OVLL
1 = (b̄αγµPLs

α)(b̄βγµPLs
β), OLR

1 = (b̄αγµPLs
α)(b̄βγµPRs

β),

OVRR
1 = (b̄αγµPRs

α)(b̄βγµPRs
β), OLR

2 = (b̄αPLs
α)(b̄βPRs

β),

OSLL
1 = (b̄αPLs

α)(b̄βPLs
β), OSLL

2 = (b̄ασµνPLs
α)(b̄βσµνPLs

β),

OSRR
1 = (b̄αPRs

α)(b̄βPRs
β), OSRR

2 = (b̄ασµνPRs
α)(b̄βσµνPRs

β).

I Wilson coefficients from the Higgs FCNC

CSLL,NP
1 = −1

2
κ(Ybs − iȲbs)2,

CSRR,NP
1 = −1

2
κ(Ybs + iȲbs)

2, κ =
8π2

G2
F

1

m2
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2
W

1
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2
,
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2 = −κ(Y 2

bs + Ȳ 2
bs),
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Bs − B̄s mixing

I Mass difference

∆ms = 2|〈B̄s|H∆B=2|Bs〉| =
G2
F

8π2
m2
W |V ∗tbVts|2

∑∣∣Ci〈B̄s |Oi|Bs〉∣∣ ,
I SM prediction

∆mSM
s = (18.64+2.40

−2.27)ps−1

I Exp data

∆mexp
s = (17.757± 0.021)ps−1

I 95% CL bound complex Y

0.76 <
∣∣1− (0.7Y 2

sb + 2.1 Ȳ 2
sb

)
× 106

∣∣ < 1.29
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Bounds from Bs − B̄s mixing

-1

-0.5

0

0.5

1

Y
sb

@1
0-

3 D

-1 -0.5 0 0.5 1

Y sb @10-3D

I dark region: 95% CL allowed

I black: exp central value

I dashed: ∆mexp
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I dot-dashed: ∆mexp
s /∆mtheo

s = 0.8

I dotted: ∆mexp
s /∆mtheo

s = 0.7

I constructive: Ysb, Ȳsb ∼ 0

I destructive: other
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h→ f1f2 decay

I Decay width S = 1 (1/2) for f1 6= f2 (f1 = f2)

Γ(h→ f1f2) = SNc
mh

8π

(
|Yf1f2 |

2
+
∣∣Ȳf1f2∣∣2)

I h→ µτ
√
|Yµτ |2 + |Ȳµτ |2 < 1.43× 10−3 at 95% CL

B(h→ µτ)CMS15 = (0.84+0.39
−0.37)%

B(h→ µτ)CMS17 < 0.25% at 95% CL

B(h→ µτ)ATLAS16 < 1.43% at 95% CL
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Predictions

I Constraints

B B(Bs → µ+µ−) (ȲsbYµµ, ȲsbȲµµ)
B ∆ms in Bs − B̄s mixing (Ysb, Ȳsb)
B B(h→ τ+τ−) (Yττ , Ȳττ )
B B(h→ µτ) (Yµτ , Ȳµτ )

I Predictions

B h→ sb

Γ(h→ sb) < 0.043 MeV or B(h→ sb) < 1.05%

B Bs → ττ at 1σ (95%CL)

0.6 (0.5) <
B(Bs → τ+τ−)

B(Bs → τ+τ−)SM
< 1.5 (1.7)

B Bs → µτ at 1σ (95%CL)

B(Bs → µτ) < 0.8 (1.8) × 10−8
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Bounds in the Cheng-Sher ansatz
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I dark gray: 95% CL allowed, h→ ττ

I light gray: 95% CL allowed, h→ µτ

I green: 75% <
B(Bs → µ+µ−)

B(Bs → µ+µ−)SM
< 95%

• lower bound on Ȳsb

• CP violation in h→ ττ , Aπ ≈ π/8
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Bounds in the Cheng-Sher ansatz: special case
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I special case: ξ` = 0 and Ysb = 0

I dark gray: 95% CL allowed, h→ ττ

I light gray: 95% CL allowed, h→ µτ

I green: 75% <
B(Bs → µ+µ−)

B(Bs → µ+µ−)SM
< 95%

• lower bound on Ȳsb

• CP violation in h→ ττ , Aπ ≈ π/8
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Summary

I Motivated by the recent precision determination of the Bs → µ+µ− decay
branching ratio, we consider its constraints on tree-level flavor-changing
Yukawa couplings with the 125-GeV Higgs boson.

I For generally complex Yukawa couplings, the constraints on flavor-changing
couplings are obtained:

0.66 <
∣∣5.6× 105 ȲsbYµµ

∣∣2 +
∣∣1− 6.0× 105 ȲsbȲµµ

∣∣2 < 1.26 .

0.76 <
∣∣1− (0.7Y 2

sb + 2.1 Ȳ 2
sb

)
× 106

∣∣ < 1.29 .

I For the Yukawa couplings in Cheng-Sher ansatz, We have shown that if the
Bs → µ+µ− branching ratio is found to deviate significantly from the SM
expectation in the future, the combined analysis with the h→ ττ and µτ
data can give us a lower bound on the pseudoscalar Yukawa coupling Ȳsb.
Simultaneously, CP violation in the h→ ττ decay could be large.
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Thank You !
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Backup
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Higgs After the Discovery: 1. Hierarchy Problem

I If SM is an effective theory below Λ

I Higgs mass receives quadratically divergent radiative corrections

δm2
h =

t

+ . . . =
c

16π2
Λ2

I Large cancellation regularization independent

m2
h = m2

h,0 +
c

16π2
Λ2 = 126 GeV2

fine-tuning

I Possible answer: New Physics

B SUSY
B Extra Dimensions
B Dynamical Symmetry Breaking
B Compositeness
B . . . . . .
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Higgs After the Discovery: 2. Vacuum Stability

Instability
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“While λ (Higgs quartic coupling) at the Planck scale is remarkably close to zero,

absolute stability of the Higgs potential is excluded at 98% C.L. for Mh < 126 GeV.

” G.Degrassi, et. al. JHEP 12

Why λ ≈ 0 @ ΛPlanck ?

22 / 19



Higgs After the Discovery: 3. Related to BSM
phenomena

Higgs

Neutrino Cosmology

m
ass

m
ixing CP, EW

PT

D
M

, In
fla

tio
n
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Higgs: A Window to New Physics

I Precision measurement of the Higgs properties will be a central topic for the
LHC Run II, its high-luminosity upgrade, and other planed high-energy
colliders.

I Precision Higgs coupling measurements are important as an indirect search
for New Physics. The SM precisely predicts all the Higgs couplings to
fermion and gauge boson. Any deviation from these predictions will provide
a clear evidence for New Physics beyond the SM.

NP
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Constraints and Predictions

I Constraints

B B(Bs → µ+µ−) (ȲsbYµµ, ȲsbȲµµ)
B ∆ms in Bs − B̄s mixing (Ysb, Ȳsb)
B B(h→ τ+τ−) (Yττ , Ȳττ )
B B(h→ µτ) (Yµτ , Ȳµτ )

I Predictions

B B(Bs → µτ)
B B(Bs → τ+τ−)

I With particular Yukawa texture

B Cheng-Sher Ansatz
B Minimal Flavour Violation
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Bounds from h→ µτ

h®ΜΤ: 68% CL
h®ΜΤ: 95% CL
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I black region: 95% CL allowed

I gray region: 68% CL allowed

I black line: data central value

I data at the LHC (CMS)

B = (0.84+0.39
−0.37)% 19.7fb−1

B < 0.25% 35.9fb−1
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Bs → µ+µ− decay: SM and exp

I SM prediction Bobeth et al. 2013, with updated inputs

B(Bs → µ+µ−)SM =
(
3.44± 0.19

)
× 10−9

I Exp data

B(Bs → µ+µ−)LHCb2017 =
(
3.0± 0.6+0.3

−0.2

)
× 10−9

B(Bs → µ+µ−)CMS2013 =
(
3.0+1.0
−0.9

)
× 10−9

B(Bs → µ+µ−)avg. =
(
3.0± 0.5

)
× 10−9

I Consistent within 1σ. We can use it to constrain possible NP effects.

I However, experimental central value is ∼ 13% lower than the SM one. NP
effects may address such a discrepancy, though the error bars are still too
large to call for such a solution.
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