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HIGGS BOSON IN SM

I We found a candidate with mH = 125 GeV
I JPC = 0++

I Unitarize transverse WW → WW scattering at high energies
I Gives masses to W±, Z
I Gives masses to fermions via Yukawa coupling:

LYukawa = gij
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yc = 0.007, yb = 0.024, yt = 0.99
I Check Yukawa coupling, parametrize Hf f̄ coupling by κi: LHf f̄ = −

∑
i
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Results of LHC Run 1:
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Summary of results from LHC Run 1:
I Production well tested:

ggF, VBF, VH observed, cross sections consistent with SM
I ttH not observed
I Decay well tested:

γγ, WW, ZZ, τ+τ− (3.7σ) observed, branching ratio consistent with SM
I H→ bb̄ not observed

Update from Run LHC 2:
I ttH (4.2σ) observed, cross section consistent with SM
I H→ τ+τ− (5.9σ) confirmed
I H→ bb̄ (3.8σ) observed, branching ratio consistent with SM

But how about H→ c̄c? (Note that Br(H→ c̄c) = 3%, Br(H→ bb̄) = 58%)
So it’s very hard to measure Higgs-charm coupling!
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Two ways to measure Hc̄c coupling:
I Inclusive observable: H→ c̄c + X, tag two c-jets

Advantage: large rate
Disadvantage: c-tagging challenging, signs of coupling degenerate

I Exclusive observable: H→ J/ψ + γ
Advantage: clean signal (J/ψ → µ+µ−), sensitive to both magnitude and sign of
coupling
Disadvantage: small rate



Motivation Factorization and resummation Matching LCDA with LDME’s atO(v4) Summary and Outlook

Two ways to measure Hc̄c coupling:
I Inclusive observable: H→ c̄c + X, tag two c-jets

Advantage: large rate
Disadvantage: c-tagging challenging, signs of coupling degenerate

I Exclusive observable: H→ J/ψ + γ
Advantage: clean signal (J/ψ → µ+µ−), sensitive to both magnitude and sign of
coupling
Disadvantage: small rate



Motivation Factorization and resummation Matching LCDA with LDME’s atO(v4) Summary and Outlook

H

Direct amplitude Indirect amplitude

I A = Adir + Aindir, Γ ∼ |αV − βVκQ|2. Γ sensitive to both magnitide and sign of
κQ.

I Indirect amplitude determined to percent level.
I Direct amplitude has large uncertainty. State of the art: O(v2) with light-cone

resummation, andO(αs) fixed-order calculation at leading order in v.
∆Γαs ∼ −60% (lnn(mH/mQ) needs resummation), ∆Γresum ∼ −20%,
∆Γv2 ∼ −10%.

I Aim of this project: O(v4) corrections to the direct amplitude with light-cone
resummation, matching LCDA with color-octet LDME’s.
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FACTORIZATION

I Separation of scales: mH � mQ � mQv

I Factorized into pQCD× SCET×NRQCD:

σ = H(µh)⊗ LCDA(µh)

= H(µh)⊗ U(µh, µs)× LCDA(µs)

= H(µh)⊗ U(µh, µs)⊗ C(µs)⊗ LDME(µs)

≈ H(µh)⊗ U(µh, µs)⊗ C(µs)⊗ LDME(µus) (1)

µh ∼ mH , µs ∼ mQ, µus ∼ mQv
I U(Q,m) resums lnn(mH/mQ)

I LDME’s: nonperturbative matrix elements in NRQCD, appear in exclusive
production cross sections of quarkonia

I Neglect running between mQv and mQ
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Result withO(v2) LDME’s and light-cone resummation (courtesy H. S. Chung):

I Good sensitivty to κc, able to determine the sign
I Extremely low rate for H→ Υ + γ owing to destructive interference between the

direct and indirect amplitudes
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Light-cone distribution amplitude (LCDA) φ⊥V (x):

1

2
〈V|Q̄(z)[γµ, γν ][z, 0]Q(0)|0〉 = fV(ε

∗µ
V pνV − ε

∗ν
V pµV )

∫ 1

0
dx eip−V zx

φ
⊥
V (x) (2)

where [z, 0] = P exp
[

ig
∫ z

0 dz′A−(z′n̄)
]

, pV =
p−

2 n, n2 = n̄2 = 0, n̄ · n = 2.

Explicit demonstration of QCD-LCDA factorization for QQ̄g final state at leading order at αs in the light-cone limit:
QCD diagrams:

H

LCDA diagrams:

iM =
i

2
eeQκQmQ(

√
2GF)

1/2fV

(
−ε∗V · ε

∗
γ +

ε∗V · pγε∗γ · pV

pγ · pV

)∫ 1

0
dx T(x)φ⊥V (x) (3)

where T(x) = 1
x(1−x) .
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I Running of φ⊥V (x, µ) governed by Brodsky-Lepage kernel:

µ
2 ∂

∂µ2
φ
⊥
V (x, µ) = CF

αs(µ)

4π

∫ 1

0
dy VT(x, y)φ⊥V (y, µ) (4)

I M = ChfV
∫ 1

0 dx T(x)φ⊥V (x, µh), µh ∼ mH . Resum lnn(mH/mQ) by running φ(x, µ) from µs to µh ,
µs ∼ mQ .

I Running is done by expansion in Gegenbauer polynomials.
Need 〈ξn〉 ≡

∫ 1
0 dx (2x− 1)nφ⊥V (x, µs) in terms of LDME’s in NRQCD, which can be done by matching

1

2
〈V|Q̄(0)[γµ, γν ]

(
n̄ ·
←→
D
)n

Q(0)|0〉 = fV(ε
∗µ
V pνV − ε

∗ν
V pµV )(n̄ · pV)

n
∫ 1

0
dx ξn

φ
⊥
V (x) (5)

in the rest frame of V.
I Matching toO(v4) involves octet operators. Need matching with QQ̄g final state.
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With conservative power counting, to relatove order v4 the following LDME’s are included:

LDME (abbrev.) LDME relative order
φ0

1√
2Nc
〈V|ψ†σ · εχ|0〉 1

〈v2〉 1
m2

Q
√

2Ncφ0
〈V|ψ†σ · ε(− i

2
←→
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Q
√
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〈V|ψ†σiεj(− i

2 )2←→D (i←→D j)χ|0〉 v4

〈v4〉 1
m4

Q
√

2Ncφ0
〈V|ψ†σ · ε(− i

2
←→
D )4χ|0〉 v4

〈OB〉 1
m2

Q
√

2Ncφ0
〈V|ψ†gB · εχ|0〉 v3

〈OE1〉 1
m3

Q
√

2Ncφ0
〈V|ψ†(σ × (gE×

←→
D )) · ε|0〉 v3

〈OE2〉 1
m3

Q
√
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Result:

fV =

√
NcmV

mQ
φ0

(
1−

5

6
〈v2〉 +

19

24
〈v4〉

)
(6)

〈ξ2〉 =
1

fV

(
−

1

2
〈v2〉 +

3

10
〈O2〉 − 〈OB〉 +

3

5
〈OE1〉 +

13
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〈OE2〉 −

9
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)
(7)

〈ξ4〉 =
43

120fV
〈v4〉 (8)

Among the 4 octet matrix elements, 3 combinations of them can be written in terms of 〈v2〉, 〈v4〉, 〈O2〉 via the
Gremm-Kapustin relations.
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SUMMARY AND OUTLOOK

Summary:
I Explicit proof of QCD-LCDA factorization for QQ̄g final state at leading order in

αs.
I Matching LCDA to LDME’s toO(v4) at leading order in αs, including octet

operators.

Outlook:
I Numerical estimate of uncertainties.
I Obtain relevant LDME’s from data of other exclusive production channels.
I Propose ways to calculate the relavant LDME’s on the lattice.
I FullO(αsv2) calculation.
I Automate matching of LCDA’s and LDME’s.



Motivation Factorization and resummation Matching LCDA with LDME’s atO(v4) Summary and Outlook

Thank you.
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