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Homeworks

THINKING: Try to understand the main source of the NLO 
correction without calculation. Why there are more small-y 
Z-bosons?
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FIG. 5: The CT14 parton distribution functions at Q = 2 GeV and Q = 100 GeV for u, u, d, d, s = s, and g.

normalized to the respective best-fit CT14 NNLO PDF. The blue solid and red dashed error bands are obtained for

CT14 and CT10 NNLO PDFs at Q = 100 GeV, respectively.

Focusing first on the u and d flavors in the upper four subfigures, we observe that the u and ū PDFs have mildly

increased in CT14 at x < 10−2, while the d and d̄ PDFs have become slightly smaller. These changes can be

attributed to a more flexible parametrization form adopted in CT14, which modifies the SU(2) flavor composition of

the first-generation PDFs at the smallest x values in the fit.

The CT14 d-quark PDF has increased by 5% at x ≈ 0.05, after the ATLAS and CMS W/Z production data sets at

7 TeV were included. At x ! 0.1, the update of the DØ charge asymmetry data set in the electron channel, reviewed

in Sec. II B 2, has reduced the magnitude of the d quark PDFs by a large amount, and has moderately increased the

u(x,Q) distribution.

The ū(x,Q) and d̄(x,Q) distributions are both slightly larger at x = 0.01 − 0.1 because of several factors. At

x = 0.2 − 0.5, where there are only very weak constraints on the sea-quark PDFs, the new parametrization form of

CT14 results in smaller values of ū(x,Q) and larger values d̄(x,Q), as compared to CT10, although for the most part

within the combined PDF uncertainties of the two ensembles.

The central strangeness PDF s(x,Q) in the third row of Fig. 6 has decreased for 0.01 < x < 0.15, but within

the limits of the CT10 uncertainty, as a consequence of the more flexible parametrization, the corrected calculation

for massive quarks in charged-current DIS, and the inclusion of the LHC data. The extrapolation of s(x,Q) below

x = 0.01, where no data directly constrain it, also lies somewhat lower than before; its uncertainty remains large and

compatible with that in CT10. At large x, above about 0.2, the strange quark PDF is essentially unconstrained in

CT14, just as in CT10.

The central gluon PDF (last frame of Fig. 6) has increased in CT14 by 1-2% at x ≈ 0.05 and has been somewhat

modified at x > 0.1 by the inclusion of the LHC jet production, by the multiplicative treatment of correlated errors,

PP→Z+X

y: -3 ~ +3
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FIG. 5: The CT14 parton distribution functions at Q = 2 GeV and Q = 100 GeV for u, u, d, d, s = s, and g.

normalized to the respective best-fit CT14 NNLO PDF. The blue solid and red dashed error bands are obtained for

CT14 and CT10 NNLO PDFs at Q = 100 GeV, respectively.

Focusing first on the u and d flavors in the upper four subfigures, we observe that the u and ū PDFs have mildly

increased in CT14 at x < 10−2, while the d and d̄ PDFs have become slightly smaller. These changes can be

attributed to a more flexible parametrization form adopted in CT14, which modifies the SU(2) flavor composition of

the first-generation PDFs at the smallest x values in the fit.

The CT14 d-quark PDF has increased by 5% at x ≈ 0.05, after the ATLAS and CMS W/Z production data sets at

7 TeV were included. At x ! 0.1, the update of the DØ charge asymmetry data set in the electron channel, reviewed

in Sec. II B 2, has reduced the magnitude of the d quark PDFs by a large amount, and has moderately increased the

u(x,Q) distribution.

The ū(x,Q) and d̄(x,Q) distributions are both slightly larger at x = 0.01 − 0.1 because of several factors. At

x = 0.2 − 0.5, where there are only very weak constraints on the sea-quark PDFs, the new parametrization form of

CT14 results in smaller values of ū(x,Q) and larger values d̄(x,Q), as compared to CT10, although for the most part

within the combined PDF uncertainties of the two ensembles.

The central strangeness PDF s(x,Q) in the third row of Fig. 6 has decreased for 0.01 < x < 0.15, but within

the limits of the CT10 uncertainty, as a consequence of the more flexible parametrization, the corrected calculation

for massive quarks in charged-current DIS, and the inclusion of the LHC data. The extrapolation of s(x,Q) below

x = 0.01, where no data directly constrain it, also lies somewhat lower than before; its uncertainty remains large and

compatible with that in CT10. At large x, above about 0.2, the strange quark PDF is essentially unconstrained in

CT14, just as in CT10.

The central gluon PDF (last frame of Fig. 6) has increased in CT14 by 1-2% at x ≈ 0.05 and has been somewhat

modified at x > 0.1 by the inclusion of the LHC jet production, by the multiplicative treatment of correlated errors,

PP→Z+X

s-1 suppression

Anti-quark PDF
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THINKING: Try to understand the main source of the NLO 
correction without calculation. Why there are more small-y 
Z-bosons?

• 2-body phase space — 10-2 
suppression; 

• Gluon PDF — large enhancement 
at mid-x region; 

• Collinear enhancement, pj~zpg.
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FIG. 5: The CT14 parton distribution functions at Q = 2 GeV and Q = 100 GeV for u, u, d, d, s = s, and g.

normalized to the respective best-fit CT14 NNLO PDF. The blue solid and red dashed error bands are obtained for

CT14 and CT10 NNLO PDFs at Q = 100 GeV, respectively.

Focusing first on the u and d flavors in the upper four subfigures, we observe that the u and ū PDFs have mildly

increased in CT14 at x < 10−2, while the d and d̄ PDFs have become slightly smaller. These changes can be

attributed to a more flexible parametrization form adopted in CT14, which modifies the SU(2) flavor composition of

the first-generation PDFs at the smallest x values in the fit.

The CT14 d-quark PDF has increased by 5% at x ≈ 0.05, after the ATLAS and CMS W/Z production data sets at

7 TeV were included. At x ! 0.1, the update of the DØ charge asymmetry data set in the electron channel, reviewed

in Sec. II B 2, has reduced the magnitude of the d quark PDFs by a large amount, and has moderately increased the

u(x,Q) distribution.

The ū(x,Q) and d̄(x,Q) distributions are both slightly larger at x = 0.01 − 0.1 because of several factors. At

x = 0.2 − 0.5, where there are only very weak constraints on the sea-quark PDFs, the new parametrization form of

CT14 results in smaller values of ū(x,Q) and larger values d̄(x,Q), as compared to CT10, although for the most part

within the combined PDF uncertainties of the two ensembles.

The central strangeness PDF s(x,Q) in the third row of Fig. 6 has decreased for 0.01 < x < 0.15, but within

the limits of the CT10 uncertainty, as a consequence of the more flexible parametrization, the corrected calculation

for massive quarks in charged-current DIS, and the inclusion of the LHC data. The extrapolation of s(x,Q) below

x = 0.01, where no data directly constrain it, also lies somewhat lower than before; its uncertainty remains large and

compatible with that in CT10. At large x, above about 0.2, the strange quark PDF is essentially unconstrained in

CT14, just as in CT10.

The central gluon PDF (last frame of Fig. 6) has increased in CT14 by 1-2% at x ≈ 0.05 and has been somewhat

modified at x > 0.1 by the inclusion of the LHC jet production, by the multiplicative treatment of correlated errors,

PP→Z+X
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Lecture 2: Higgs Physics at Higgs Factory (I)



The SM Higgs Boson
• The EWSB in the SM (tree-level).



The SM Higgs Boson
• The EWSB in the SM (tree-level).

THINKING: Try to give the result when the scalar belongs to 
the (2j+1, y) representation of the SU(2)×U(1) group.



The SM Higgs Boson
• The EWSB in the SM (tree-level).

Polar decomposition theorem:



The SM Higgs Boson
• The vertices with Higgs boson.

−i
mf

2v
∝ mf

u-quark d-quark s-quark c-quark b-quark t-quark e 𝜇 𝜏

mass 
(GeV) 0.0022 0.0047 0.096 1.28 4.18 160 0.000511 0.105 1.776

Yukawa 0.000009 0.00002 0.0004 0.005 0.017 0.65 0.000002 0.0004 0.0072



The SM Higgs Boson
• The vertices with Higgs boson.
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The SM Higgs Boson
• The vertices with Higgs boson.
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• Low energy theorem: 

• The vertices with Higgs boson (loop induced).

The SM Higgs Boson
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• Low energy theorem: 
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Derive: Higgs width, branching ratios & absolute value of coupling constants



The Production of the Higgs Boson

14/01/2017 IAS@HKUST 2

Higgs program at CEPC

Observables: Higgs mass, CP, σ(ZH), event rates ( σ(ZH, vvH)*Br(H->X) )

Derive: Higgs width, branching ratios & absolute value of coupling constants

• Thresholds: 

- WW: 2×80=160GeV; 

- ZZ: 2×91=181GeV; 

- Zh: 91+125=216GeV; 

- tt: 2×173=346GeV.



The Production of the Higgs Boson

14/01/2017 IAS@HKUST 2

Higgs program at CEPC

Observables: Higgs mass, CP, σ(ZH), event rates ( σ(ZH, vvH)*Br(H->X) )

Derive: Higgs width, branching ratios & absolute value of coupling constants

• s-channel 
processes: s-1 
suppression in the 
large s limit from the 
denominator in the 
propagator.
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The Production of the Higgs Boson

• The helicity configuration (in SM, J=1):
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The Production of the Higgs Boson

• The helicity configuration (in SM, J=1). 

• The (massless) electron and positron can only couple to the 
transverse Z*. 

• The Higgs boson couples to both transverse and longitude Z. 
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The Production of the Higgs Boson

• The helicity configuration (in SM, J=1). 

• The (massless) electron and positron can only couple to the 
transverse Z*. 

• The Higgs boson couples to both transverse and longitude Z. 

• The longitudinal mode of Z is the Goldstone boson. 
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• The helicity configuration (in SM, J=1). 

• The (massless) electron and positron can only couple to the 
transverse Z*. 

• The Higgs boson couples to both transverse and longitude Z. 

• The longitudinal mode of Z is the Goldstone boson. 

The Production of the Higgs Boson

Z

e-

( + − )
e+

H

�00 = �EZ/mZ , �10 = �1
<latexit sha1_base64="MGjqei8vuaesQnHpgJ1ITcncgPs=">AAACDnicbZDLSsNAFIYn9VbrLerSTbAUXGhNRNCNUBTRZQV7oW0Ik+mkHTozCTMToYT2Bdz4Km5cKOLWtTvfxkkbQas/DPx85xzOnN+PKJHKtj+N3Nz8wuJSfrmwsrq2vmFubtVlGAuEayikoWj6UGJKOK4poihuRgJD5lPc8AcXab1xh4UkIb9Vwwi7DPY4CQiCSiPPLHWuIGPQS2x7dHZw6bUOmdfaH4+/sZNixzOLdtmeyPprnMwUQaaqZ350uiGKGeYKUShl27Ej5SZQKIIoHhU6scQRRAPYw21tOWRYusnknJFV0qRrBaHQjytrQn9OJJBJOWS+7mRQ9eVsLYX/1dqxCk7dhPAoVpij6aIgppYKrTQbq0sERooOtYFIEP1XC/WhgEjpBAs6BGf25L+mflR27LJzc1ysnGdx5MEO2AV7wAEnoAKuQRXUAAL34BE8gxfjwXgyXo23aWvOyGa2wS8Z71+bWpqK</latexit><latexit sha1_base64="MGjqei8vuaesQnHpgJ1ITcncgPs=">AAACDnicbZDLSsNAFIYn9VbrLerSTbAUXGhNRNCNUBTRZQV7oW0Ik+mkHTozCTMToYT2Bdz4Km5cKOLWtTvfxkkbQas/DPx85xzOnN+PKJHKtj+N3Nz8wuJSfrmwsrq2vmFubtVlGAuEayikoWj6UGJKOK4poihuRgJD5lPc8AcXab1xh4UkIb9Vwwi7DPY4CQiCSiPPLHWuIGPQS2x7dHZw6bUOmdfaH4+/sZNixzOLdtmeyPprnMwUQaaqZ350uiGKGeYKUShl27Ej5SZQKIIoHhU6scQRRAPYw21tOWRYusnknJFV0qRrBaHQjytrQn9OJJBJOWS+7mRQ9eVsLYX/1dqxCk7dhPAoVpij6aIgppYKrTQbq0sERooOtYFIEP1XC/WhgEjpBAs6BGf25L+mflR27LJzc1ysnGdx5MEO2AV7wAEnoAKuQRXUAAL34BE8gxfjwXgyXo23aWvOyGa2wS8Z71+bWpqK</latexit><latexit sha1_base64="MGjqei8vuaesQnHpgJ1ITcncgPs=">AAACDnicbZDLSsNAFIYn9VbrLerSTbAUXGhNRNCNUBTRZQV7oW0Ik+mkHTozCTMToYT2Bdz4Km5cKOLWtTvfxkkbQas/DPx85xzOnN+PKJHKtj+N3Nz8wuJSfrmwsrq2vmFubtVlGAuEayikoWj6UGJKOK4poihuRgJD5lPc8AcXab1xh4UkIb9Vwwi7DPY4CQiCSiPPLHWuIGPQS2x7dHZw6bUOmdfaH4+/sZNixzOLdtmeyPprnMwUQaaqZ350uiGKGeYKUShl27Ej5SZQKIIoHhU6scQRRAPYw21tOWRYusnknJFV0qRrBaHQjytrQn9OJJBJOWS+7mRQ9eVsLYX/1dqxCk7dhPAoVpij6aIgppYKrTQbq0sERooOtYFIEP1XC/WhgEjpBAs6BGf25L+mflR27LJzc1ysnGdx5MEO2AV7wAEnoAKuQRXUAAL34BE8gxfjwXgyXo23aWvOyGa2wS8Z71+bWpqK</latexit><latexit sha1_base64="MGjqei8vuaesQnHpgJ1ITcncgPs=">AAACDnicbZDLSsNAFIYn9VbrLerSTbAUXGhNRNCNUBTRZQV7oW0Ik+mkHTozCTMToYT2Bdz4Km5cKOLWtTvfxkkbQas/DPx85xzOnN+PKJHKtj+N3Nz8wuJSfrmwsrq2vmFubtVlGAuEayikoWj6UGJKOK4poihuRgJD5lPc8AcXab1xh4UkIb9Vwwi7DPY4CQiCSiPPLHWuIGPQS2x7dHZw6bUOmdfaH4+/sZNixzOLdtmeyPprnMwUQaaqZ350uiGKGeYKUShl27Ej5SZQKIIoHhU6scQRRAPYw21tOWRYusnknJFV0qRrBaHQjytrQn9OJJBJOWS+7mRQ9eVsLYX/1dqxCk7dhPAoVpij6aIgppYKrTQbq0sERooOtYFIEP1XC/WhgEjpBAs6BGf25L+mflR27LJzc1ysnGdx5MEO2AV7wAEnoAKuQRXUAAL34BE8gxfjwXgyXo23aWvOyGa2wS8Z71+bWpqK</latexit>

hZ(�)H|Z⇤(m)i = gmZ

cW
d1m,�(✓)��0

<latexit sha1_base64="PWz8/gvXjM3IMxGlMqtlfK9QSlw="></latexit><latexit sha1_base64="PWz8/gvXjM3IMxGlMqtlfK9QSlw="></latexit><latexit sha1_base64="PWz8/gvXjM3IMxGlMqtlfK9QSlw="></latexit><latexit sha1_base64="PWz8/gvXjM3IMxGlMqtlfK9QSlw="></latexit>

Z

e-

( + − )
e+

H∼ sin θ ∼ 1 + cos θ



The Production of the Higgs Boson

• The helicity configuration (in SM, J=1). 

• The (massless) electron and positron can only couple to the 
transverse Z*. 

• The Higgs boson couples to both transverse and longitude Z. 

• The longitudinal mode of Z is the Goldstone boson. 
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The Production of the Higgs Boson
• The Electron and positron can be polarized. 

• The initial state prepared by the collider should be described by a 
density matrix. 

• The initial state electron and initial state positron is fully 
disentangled, so the density matrix can be decomposed as a 
tensor product of the electron density matrix and the positron 
density matrix. 

• The transition probability is  

Tr⇢ = 1, Tr⇢2 6 1,

⇢ = ⇢++|+ih+|+ ⇢+�|+ih�|+ ⇢�+|�ih+|+ ⇢��|�ih�|
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The Production of the Higgs Boson

• Unpolarized beam, pure state, and general case: 

• If the electron and positron are longitudinal polarized, because the 
left-handed current and the right-handed current interaction are not 
the same, the total cross section will be changed.
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The Production of the Higgs Boson

• Electron positron collider with c.m. E ~240-250GeV: Higgs factory.
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Higgs program at CEPC

Observables: Higgs mass, CP, σ(ZH), event rates ( σ(ZH, vvH)*Br(H->X) )

Derive: Higgs width, branching ratios & absolute value of coupling constants
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The Production of the Higgs Boson

• The theoretical prediction of the total cross section has significant 
uncertainty.
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The Decay of the Higgs Boson
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The Decay of the Higgs Boson
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The Decay of the Higgs Boson
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THINKING: (mb/m𝜏)2=(4.78/1.776)2=7.24, with a color factor of 
3 for b-quark, Br(bb)/Br(𝜏𝜏) should be ~ 21.7. But the ratio is 
only 58.24%/6.272%=9.3. Why?



The Decay of the Higgs Boson
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The Decay of the Higgs Boson

Channel Br (%) # of Events Var Rel err (%)

bb 58.24 582400 763 0.1

cc 2.891 28910 170 0.6

𝝉𝝉 6.272 62720 250 0.4

𝝁𝝁 0.02176 218 15 6.9

WW 21.37 213700 462 0.2

ZZ 2.61 26100 162 0.6

gg 8.187 81870 286 0.3

𝜸𝜸 0.227 2270 48 2.1

Z𝜸 0.153 1530 39 2.5



• Higgs phenomenology at future lepton colliders. 

• A short introduction of the top-quark mass and its measurement at 
future lepton colliders.

Next Lecture


