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Sphaleron and Deformed Sphaleron in SU(2)xU(1) Electroweak Theory

1. Introduction

Sphaleron: SM電弱理論のEOMの不安定解

4. Result

• ２つの真空をつなぐ最小エネルギー経路の頂点

Dashen+ '74, Manton '83 , Manton-Klinkhamer '84

• バリオン数生成過程で重要:

ΓB ∼ e− Esph.
T

: SphaleronのエネルギーEsph.

→もとのSph.ではなくDeformed Sph.を通る
経路が経路積分に最も効く

Yaffe '89  
Klinkhamer '90

•  を大きくすると、新しい不安
定解が現れる→ Deformed Sphaleron
MH /MW

3. Numerical Method

• 鞍点解であり、ある一つの不安定方向を持つ

ΓB ∼ 2 × e− EDS
T

経路が二通り
 : Def. Sph. energyEDS
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FIG. 3. Curvature of the unstable directions about the
sphaleron as a function of the Higgs mass.

where

FICi. 4. Deformed sphaleron energies as a function of the
Higgs mass. The solid lines show the energies of the first two
branches of deformed solutions, while the dotted line indicates
the original sphaleron energy.

U(r)= —,'p +(g+1) /2r +A(2p —g U )/g . (3.7)

In the region M~ ' (&r &&M~', we have g =—1,
/=i/2M~(1 2/MHr—~, and

u (r) =— +Marr2 (3.8)

One may easily show that the number of bound states in
an attractive 1/r potential (with coefficient greater than
—'), confined to a region r;„&r &r,„,depends logarith-
mically on the ratio r,„lr;„. Since the 1/r form of
the potential (3.7) is cut off at distances smaller than MH '
and larger than M~', one finds that the number of nega-
tive eigenvalues of Afmust grow lo, garithmically with in-
creasing Higgs mass. A semiclassical calculation of the
number of bound states in the potential (3.8) predicts that
each increase in MH/M~ by a factor of e" =9.2 will
lead to the formation of one new negative eigenvalue.
This agrees remarkably well with the numerical results.

—P/r 2lr
and note that the eigenvalues of A are 0 and —,'P +2/r .
IfW were replaced by its largest eigenvalue (times a 2 X 2
identity matrix), the number of negative modes could
only decrease. Consequently, the number of negative
modes of AL is bounded below by the number of negative
eigenvalues of the Schrodinger operator —8„+U(r),
where

have fewer directions of instability, and are lower in ener-
gy than the original sphaleron. The energy of these de-
formed sphalerons is shown in Fig. 4. The deformation
of the sphaleron leading to the new solutions causes only
a small change in energy (at most 8%%uo); however, it pro-
duces a large change in the small fluctuation spectrum.
The first branch of "deformed sphalerons" (starting at
12Mir) is the lowest in energy and, as shown in Fig. 5,
has a single negative eigenvalue of roughly constant mag-
nitude. Each succeeding branch has one more direction
of instability, so the nth branch of solutions has n nega-
tive eigenvalues.
Figure 6 shows the winding number of these solutions.

The two outer branches of each "pitchfork" represent de-
formed solutions related by charge conjugation. For the
first bifurcation, the deviation of the winding number
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IV. DEFORMED SPHAI.ERGNS

Each passage through zero of a small Auctuation eigen-
value of the sphaleron (at MH= 12.03Mir, 138.3M',
etc.) signals a bifurcation in the sphaleron solution. New
branches of classical solutions appear at each bifurcation;
the new solutions are not charge-conjugation invariant,

0
10

I I I I I

100

FIG. 5. Curvature of the unstable direction about the
lowest-energy deformed sphaleron as a function of the Higgs
mass.
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Deformed Sphaleron!

• もとのsphaleron解は不安定方向が２つ
になる一方、deformed sph.の不安定方
向は１つ

12

•  の時にdeformed sphaleronがあるのかは知
られていない！実験値   ではどうか？
gY ≠ 0

θW ≃ π/6

2. Deformed Sphaleron with  (review)gY = 0

• 従来は、  にfixして、Sphaleronしか求まらないようなansatzを仮定して解いている NCS = 1/2
→最も一般的なansatzのもとで解く！ z軸回りの軸対称性のみを課した

'A(x, s) ≡ δNCS[X ]
δXA(x, s)

C(s) ≡ β∫ d3x ∑
A

δE[X ]
δXA(x, s) 'A(x, s)†

∂sXA(x, s) = − δE[X]
δXA(x, s) +C(s) 'A(x, s)

XA = (Φt, Wa
i , Yi)

lifting termgradient of energy

• 一般に  からずれる (e.g. )NCS = 1/2 NCS = 1/2 ± 0.3

• Modified gradient flow method を用いる: Chigusa-Moroi-Shoji '19,   YH-Kikuchi '20

• 適当な配位を  で与えて、Flow方程式に従って時間発展させるs = 0

Deformed sph.が存在しないとき → 普通のsphaleron解に収束 (NCS = 1/2)
Deformed sph.が存在するとき → Deformed sph.に収束 (NCS ≠ 1/2)

青破線はいずれも での文献値  [Yaffe '89] θW = 0

•  の両方とも、    で ようやくDeformed sph.が現れるθW = 0, π/6 λ /g2 ≳ 18 ( ⇔ MH /MW ≳ 12)

• 結論：SM with 125 GeV Higgs では、deformed sphaleronは存在せず通常のsphaleronのみ！

• Future work:  Higgs sectorを拡張した場合は非自明　(特にstrongly 1st order PTする模型)
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