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Why Higgs?

A well understood and well tested model
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I Model doesn’t make sense without Higgs or
something like it

I The Higgs is a scalar particle whose interactions with
other particles are predicted in terms of the Higgs
mass

I It provides masses to all other elementary particles

Higgs physics: A portal to new physics
I LHC has gone from discovery to precision
I A telescope to high scale physics
I Interplay of theory and experiment is important
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Measure the Higgs couplings

[Nature 607 (2022) 52]
[Nature 607 (2022) 60]

Higgs to light fermion couplings are to be measured⇒ The next task is the 2nd generation
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Measure the Charm-Higgs coupling: current status
MeasuringHcc̄ coupling is not easy
I Small mass⇒ Small branching fraction BR(H → cc̄) ' 2.8%

I Large QCD background at hadron colliders⇒Need c-tagging
I c-tagging is challenging

Current experimental searching
I κ framework: For ySMc =

√
2mc/v, set yc = κcy

SM
c

I pp→ V H(cc̄): Need c-tagging
I LHC Run 2: ATLASκc ≤ 8.5 [2201.11428], CMS 1.1 < |κc| < 5.5 [2205.05550]

I Future HL-LHC:κc ≤ 3. [2201.11428]

I Production of cc̄ bound states via Higgs decay:H → J/ψ + γ
I Clean final statesJ/ψ → µ+µ−, avoid c-tagging
I The rate is too low:BR ∼ 10−6. [1306.5770, 1407.6695]

I Result is less sensitive: κc ≤ 100. [1807.00802, 1810.10056]
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Quarkonia: From the Standard Model to beyond

Charmonium used to be the new physics
I The “Standard Model” in the 1960s: “up”, “down”, “strange”
I November Revolution: The discovery of J/ψ in 1974⇒ “charm”

Richter and Ting explored the new energy regimes, not just to test the GIM mechanism.

Nowadays quarkonium physics
I For over 20 years, we have been working the Standard Model with better precision
I With no doubt, it provides an ideal platform to study the QCD theory
I There may also be chance to see the hint of new physics beyond the Standard Model
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Non-relativistic QCD (NRQCD) framework
Separate the physics into two parts

Γ =
∑
N

Γ̂N(H → (QQ̄)[N] +X)× 〈Oh[N]〉,

I Short distance coefficient (SDC):
dΓ̂N =

1

2mH

|M|2

〈OQQ̄〉
dΦ3

I Long distance matrix element (LDME)
Related to the wave function at origin

〈OJ/ψ [
3
S

[1]
1 ]〉 =

3Nc

2π
|R(0)|2, 〈Oηc [

1
S

[1]
0 ]〉 =

Nc

2π
|R(0)|2,

〈OQQ̄〉 = 6Nc, for 3
S

[1]
1 , 〈OQQ̄〉 = 2Nc, for 1

S
[1]
0

Higgs decay toJ/ψ and a photon
I Hcc̄ diagram is suppressed
⇒ Small branching fraction

I The dominant contribution is fromHγγ
diagram⇒ Less sensitive toκc
ΓHγγ∗ ' 1.32× 10−8 GeV,
ΓSM ' 1.00× 10−8 GeV [1306.5770, 1407.6695]
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Our idea: Look for a process with higher rate
H → c+ c̄+ J/ψ (or ηc)

Main contribution (Color-singlet):
Charm quark fragmentation to charmonia:
3S

[1]
1 (J/ψ) and 1S

[1]
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[T.Han, A.Leibovich, YM, and X.Tan, 2202.08273]

Compare withH → J/ψ + γ

H(p0)

c(p3)

c̄(p2)

g/γ

c(p1)

c̄(p4)

〈cc̄〉(k)

VS

I Enhancement from the quark
fragmentation⇒ Larger rate

I TheHcc̄ channel dominates
⇒More sensitive toκc

More to calculate
I Corrections from QED and EW
I The color-octet mechanism
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More corrections from QED and EW sector
Pure QED diagrams: sizable correction to 3S

[1]
1 (J/ψ) production

Single photon fragmentation (SPF): 1/q2 = 1/m2
J/ψ⇒ logarithmic enhancement
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Electroweak correction from theHZZ diagrams
One of theZ can be on shell⇒ resonance enhancement
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• Sizable for 1S
[1]
0 (ηc) due to the larger axialZcc̄ coupling.
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Charmonium productiuon via color octet states
A key property of NRQCD
I A quarkonium can also be produced through color-octetQQ̄ Fork states
I New states involved: 3S[8]

1 , 1S[8]
0 , 3P [8]

J , and 1P
[8]
1

I The LDMEs 〈Oh[2S+1L
[color]
J ]〉 need to be fitted from experimental data

Reference 〈OJ/ψ[1S
[8]
0 ]〉 〈OJ/ψ[3S

[8]
1 ]〉 〈OJ/ψ[3P

[8]
0 ]〉/m2

c

G. Bodwin, (9.9± 2.2)× 10−2 (1.1± 1.0)× 10−2 (4.89± 4.44)× 10−3

K.T. Chao, (8.9± 0.98)× 10−2 (3.0± 1.2)× 10−3 (5.6± 2.1)× 10−3

Y. Feng, (5.66± 4.7)× 10−2 (1.77± 0.58)× 10−3 (3.42± 1.02)× 10−3

New diagrams for 3S
[8]
1

Single gluon fragmentation (SGF): 1/q2 = 1/m2
J/ψ⇒ logarithmic enhancement
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Standard Model predictions
Color-octet contributions: 3S[8]

1 dominates
3S

[8]
1

1S
[8]
0

1P
[8]
1

3P
[8]
J Total

Γ(H → cc̄+ J/ψ) (GeV) 2.0× 10−8 9.8× 10−10 - 2.2× 10−10 2.2× 10−8

BR(H → cc̄+ J/ψ) 5.0× 10−6 2.4× 10−7 - 5.3× 10−8 5.3× 10−6

Γ(H → cc̄+ ηc) (GeV) 1.8× 10−7 3.6× 10−11 1.0× 10−10 - 1.8× 10−7

BR(H → cc̄+ ηc) 4.5× 10−5 8.9× 10−9 2.5× 10−8 - 4.5× 10−5

Take the 3S
[8]
1 LDME for the uncertainty estimation

BR(H → cc̄+ J/ψ) = (2.0± 0.5)× 10−5, BR(H → cc̄+ ηc) = (6.0± 1.0)× 10−5.
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Probe theHcc̄ coupling

Use theκ framework yc = κcy
SM
c , BR ≈ κ2c BRSM
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I HZZ diagrams
I TheH → g∗g∗/γ∗γ∗ → J/ψ + cc̄ channel 11 / 16
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Background from pp→ J/ψ +X

I PromptJ/ψ production
BR(J/ψ → µ+µ−)× σ(pp→ J/ψ) '
860 pb

Charm-tagging is needed.
I Estimate 75000 events for pp→ J/ψ + cc̄

at a 3 ab−1 HL-LHC
Corresponding to a 25 fb cross section
Some kinematic cut may help.
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Background fromH → J/ψ + bb̄
Color-octet contribution dominates
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Charmonium energy distributions
Take the color-octet LDME uncertainty for error estimation
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Some rough discussions

I BR(J/ψ → `+`−) ∼ 12%, BR(H → J/ψ + cc̄) ∼ 2× 10−5

I Higgs production cross section at LHCσH ∼ 50 pb, HL-LHC luminosityL ∼ 3 ab−1

I Assume the detection efficiency ε ∼ 10%

I The signal event number is given by

N = LσH εBR(H → cc̄`+`−) ≈ 12κ2c ×
L

ab−1 ×
ε

10%

I Assume 10,000 background events after the election cuts at the HL-LHC
I SensitivityS ' Nsignal/

√
NBackground

⇒ It is possible to reach 2σ forκc ≈ 2.4.
I systematic effectNsignal/NBackground = 2% forκc ≈ 2.4.
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The bottom quark case
I New processes could verify the bottom quark Yukawa coupling measurements
I Learn lessons for the charm quark case

H → Υ + bb̄

•Replace c by b inH → J/ψ + cc̄
Charm quark fragmentation
BR ∼ BR(H → J/ψ + cc̄)
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H → J/ψ + bb̄

• TheHbb̄ background in theHcc̄ case
Color-octet dominates
BR ∼ 4BR(H → J/ψ + cc̄)
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Summary and prospects
Higgs is special and important
I The Higgs sector is the portal to new physics beyond SM.
I Testing the SM mass generation mechanism helps BSM physics searches.
I The Yukawa couplings of the 3rd generation fermions are precisely measured
⇒ The 2nd generation is the next target.

There is chance to look at the Yukawa couplings from quarkonia production processes
I Benefit from the clean decay ofJ/ψ or Υ⇒ Look for processes with higher rate
I In the NRQCD framework, these processes are perturbatively calculable
I The QCD channel dominates, but there is also QED (SPF) and EW (HZZ orHtt̄)
I For theH → J/ψ + cc̄⇒ 2σ forκc ' 2.4

I The SM prediction givesBR ∼ 2× 10−5

I Assume a 3 ab−1 HL-LHC, a 10% detection efficiency, and 10, 000 background events
More work in progress:
I Background analysis, detector/systematic effects
I Better LDMEs fittings, higher order calculations/resummation .. .
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Numerical parameters
Standard Model parameters

α = 1/132.5, αs(2mc) = 0.235, m
pole
c = 1.5GeV, mc(mH ) = 0.694GeV, mH = 125GeV,

mW = 80.419GeV, mZ = 91.188GeV, v = 246.22GeV, ySM
c =

√
2mc(mH )

v
≈ 3.986× 10

−3
.

Choose the color-octet LDMEs
I Different fitting strategies lead to different LDME values.

Reference 〈OJ/ψ[1S
[8]
0 ]〉 〈OJ/ψ[3S

[8]
1 ]〉 〈OJ/ψ[3P

[8]
0 ]〉/m2

c

G. Bodwin, (9.9± 2.2)× 10−2 (1.1± 1.0)× 10−2 (4.89± 4.44)× 10−3

K.T. Chao, (8.9± 0.98)× 10−2 (3.0± 1.2)× 10−3 (5.6± 2.1)× 10−3

Y. Feng, (5.66± 4.7)× 10−2 (1.77± 0.58)× 10−3 (3.42± 1.02)× 10−3

I We take Bodwin’s LDME fitting from CMS and CDF high pT data.
I Use heavy quark spin symmetry (HQSS) to obtain the LDMEs for ηc

〈Oηc [
1
S

[1,8]
0 ]〉 =

1

3
〈OJ/ψ [

3
S

[1,8]
1 ]〉, 〈Oηc [

3
S

[8]
1 ]〉 = 〈OJ/ψ [

1
S

[8]
0 ]〉, 〈Oηc [

1
P

[8]
1 ]〉 = 3〈OJ/ψ [

3
P

[8]
0 ]〉,
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Standard Model results (I): The overall picture
Decay width and branching fraction

QCD [CS] QCD+QED [CS] Full [CS] Full [CO] Full [CS+CO]
Γ(H → cc̄+ J/ψ) (GeV) 4.8× 10−8 5.8× 10−8 6.1× 10−8 2.2× 10−8 8.3× 10−8

BR(H → cc̄+ J/ψ) 1.2× 10−5 1.4× 10−5 1.5× 10−5 5.3× 10−6 2.0× 10−5

Γ(H → cc̄+ ηc) (GeV) 4.9× 10−8 5.1× 10−8 6.3× 10−8 1.8× 10−7 2.4× 10−7

BR(H → cc̄+ ηc) 1.2× 10−5 1.2× 10−5 1.5× 10−5 4.5× 10−5 6.0× 10−5

Charmonium energy distributions
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Worry about VMD ?
H → J/ψ + cc̄
I Larger decay rate: BR ' 2× 10−5

I Sensitive toHcc̄ coupling: QCD dominates
I Other diagrams

H → g∗g∗/γ∗γ∗ → J/ψ + cc̄

H(p0)

c(p3)

c̄(p2)

g
c(p1)

c̄(p4)

〈cc̄〉(k)
g

t

H(p0)

c(p3)

c̄(p4)

g
c(p1)

c̄(p2)

〈cc̄〉(k)

g

t

H(p0)

c(p3)

c̄(p2)

γ
c(p1)

c̄(p4)

〈cc̄〉(k)
γ

t,W

H(p0)

c(p3)

c̄(p4)

γ
c(p1)

c̄(p2)

〈cc̄〉(k)

γ

t,W

BR(g∗g∗) ∼ 2.5× 10−6, BR(γ∗γ∗) < 2× 10−7

•No need to worry about VMD

H → J/ψ + γ

I Small decay rate: BR ' 2.8× 10−6

I Insensitive toHcc̄ coupling
⇒κc ≤ 100

VMD dominates

• γ∗ → J/ψ dominates overHcc̄
Two orders of magnitude larger.
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Some rough analysis (assume no background)
I Higgs production cross section at LHCσH ∼ 50 pb
I Expect HL-LHCL ∼ 3 ab−1 at ATLAS and CMS andL ∼ 0.3 ab−1 at LHCb
I Detection efficiency ε for the final state cc̄+ `+`−

I BR(J/ψ → `+`−) ∼ 12%, BR(H → J/ψ + cc̄) ∼ 2× 10−5

I Event numberN = LσH εBR(H → cc̄`+`−) ≈ 12κ2c × L
ab−1 × ε

10%

I Considering the statistical error only δN ∼
√
N gives

∆κc ≈ 15%× (
L

ab−1 ×
ε

10%
)−1/2

Detection efficiency ε:
I Double charm-tagging (40%)2 ∼ 16%

I Kinematic acceptance 50%

I Assume ε ∼ 10%⇒∆κc ∼ 15%
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More about the final state
H → cc̄+ µ+µ−

CS

CO

CS+CO

0 2 4 6 8 10

10-12

10-11

10-10

10-9

10-8

ΔRc,J/ψ
min

dΓ
/d
Δ
R
c,
J/
ψ

m
in

[G
eV

]

κc=1
mc(mH)=0.694 GeV
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When is yc not related to the charm mass?
Higgs Effective Field Theory (HEFT)
SU(2) doublets of the globalSU(2)L,R symmetries:

QL =

(
UL
DL

)
, QR =

(
UR
DR

)
, LL =

(
νL
EL

)
, LR =

(
0

ER

)
.

DefineU(x) ≡ exp(iσaπ
a(x)/v), so that the Lagrangian contains

L ⊃ − v√
2
Q̄LUyQ(h)QR −

v√
2
L̄LUyL(h)LR + h.c.

The functions yQ(h) and yL(h) control the Yukawa couplings

yQ(h) ≡ diag

(∑
n

y
(n)
U

hn

vn
,
∑
n

y
(n)
D

hn

vn

)
, yL(h) ≡ diag

(
0,
∑
n

y
(n)
`

hn

vn

)
L

n = 0 is for mass term,n = 1 is for Yukawa coupling.
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Fragmentation formalism
The decay width is written as a convolution

Define z ≡ 2Eψ/mH

dΓ

dz
(H → ψ(z)qq̄) = 2Cq ⊗Dq + Cg ⊗Dg, C ⊗D ≡

∫ 1

z

C(y)D(z/y)
dy

y

Hard coefficient
Cq(µ

2, z) = Γ(H → qq̄)δ(1− z)

Cg(µ
2, z) =

4αs
3π

Γ(H → qq̄)

[
(z − 1)2 + 1

z
log

(
(1− z)z2m2

H

µ2

)
− z
]

Fragmentation functions

D
(1)
c→J/ψ(µ2, z) =

128α2
s

243m3
J/ψ

z(1− z2)

(2− z)6 (16− 32z + 72z2 − 32z3 + 5z4)〈OJ/ψ(3S
[1]
1 )〉

D
(8)
q→ψ(µ2, z) =

2α2
s

9m3
ψ

[
(z − 1)2 + 1

z
log

(
µ2

m2
ψ(1− z)

)
− z
]
〈OJ/ψ(3S

[8]
1 )〉

Dg→ψ(µ2, z) =
παs
3m3

ψ

δ(1− z)〈OJ/ψ(3S
[8]
1 )〉
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