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The Topic

• Some review of the LHC exp (overlap with Prof. Rachid Mazini); 

• Some review of the phenomenology at the LHC (overlap with Prof. 
Joey Huston and Prof. Tao Han); 

• Some knowledge of the electroweak standard model, especially 
the Higgs physics (overlap with Prof. Shinya Kanemura); 

• Phenomenology at the future lepton colliders and hadron colliders 
(overlap with Prof. Tao Han and Prof. Rachid Mazini); 

• Search for new physics at future colliders (overlap with Prof. 
Andrea Romanino and Prof. Michael Ramsey-Musolf); 

• … (more overlaps? )



Outline

• From the LHC to the future lepton colliders. 

• (Higgs) Physics at future lepton colliders.                                                                               

• Physics at future hadron colliders.                                   

• Summary and outlook.                                                       



Lecture 1: From the LHC to the Future Lepton Colliders
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Center of mass energy：14TeV=2.2×10-6J, v=0.999999991c Total cost: ~4 billion $

Circumference：27km
Mean depth：100m

Vacuum pressure： 
10-13atm

9593 magnets

Temperature：1.9K (for dipoles) 
（CMB 2.71K, CNB 1.95K） Distance between bunches： 

7.5m（25ns）

No. of protons per bunch： 
1.2×1011

Effect from the (moon) tidal force: 1mm/27km

1232 dipoles：15m，35t 
（1.9K，I=11850A），~8T

No. of bunches per  
proton beam：2808

No. of collisions per second: ~1 billion







Underlying events

Hard scattering

Parton Showering

Hadronization

Decay

Electromagnetic radiation 

Proton Proton
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• Parton distribution function (PDF).
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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,
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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,
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PP→tt+X
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• Large coupling constant 𝜶S. 
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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?
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• Quasi-future collider: High Luminosity LHC (HL-LHC). 

• More data, lower statistic error. 

• More data can probably help us reduce the systematic error. 

• High luminosity, high pile-up… 𝜇~140-200.

A Review of the LHC

These proton-proton collisions at a center-of-mass energy of 13 TeV were recorded during the high 
pile-up fill of Run 2. The events are from isolated bunches with average pileup roughly around 100.



• The LHC is a very powerful hadron collider. 

• Advantages:                                           

- High energy;                                                                                  

- High luminosity;                                                                                   

- …                                                         

• Disadvantages:                                    

- The effective c.m. energy is ~TeV;                                                                             

- Large theoretical uncertainty, large SM backgrounds, large pile-up;                                                                           

- …                                                       

• It is designed for discovering physics at high energy scale, but not 
precisely measurements.  

• Is TeV enough?                                                      

A Review of the LHC



• Do we really understand the SM well?
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• Example: precisely Higgs physics.

SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.
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Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the di↵erent experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb�1 and 3000 fb�1of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from the combination of
the measurements from the di↵erent experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

Additional information about the Higgs boson coupling properties can be gained through the search

1A luminosity uncertainty of 3% is assumed for both the 300 fb�1 and 3000 fb�1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.
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• Example: precisely Higgs physics.
�µ/µ 300 fb�1

All unc. No theory unc.
H ! �� (comb.) 0.13 0.09

(0j) 0.19 0.12
(1j) 0.27 0.14

(VBF-like) 0.47 0.43
(WH-like) 0.48 0.48
(ZH-like) 0.85 0.85
(ttH-like) 0.38 0.36

H ! ZZ (comb.) 0.11 0.07
(VH-like) 0.35 0.34
(ttH-like) 0.49 0.48

(VBF-like) 0.36 0.33
(ggF-like) 0.12 0.07

H ! WW (comb.) 0.13 0.08
(0j) 0.18 0.09
(1j) 0.30 0.18

(VBF-like) 0.21 0.20
H ! Z� (incl.) 0.46 0.44

H ! bb̄ (comb.) 0.26 0.26
(WH-like) 0.57 0.56
(ZH-like) 0.29 0.29

H ! ⌧⌧ (VBF-like) 0.21 0.18
H ! µµ (comb.) 0.39 0.38

(incl.) 0.47 0.45
(ttH-like) 0.74 0.72

3000 fb�1

All unc. No theory unc.
0.09 0.04
0.16 0.05
0.23 0.05
0.22 0.15
0.19 0.17
0.28 0.27
0.17 0.12
0.09 0.04
0.13 0.12
0.20 0.16
0.21 0.16
0.11 0.04
0.11 0.05
0.16 0.05
0.26 0.10
0.15 0.09
0.30 0.27
0.14 0.12
0.37 0.36
0.14 0.13
0.19 0.15
0.16 0.12
0.18 0.14
0.27 0.23

Table 1: Relative uncertainty on the signal strength µ for the combination of Higgs analyses at 14 TeV,
with 300 fb�1 (left) and 3000 fb�1 (right), assuming a SM Higgs boson with a mass of 125 GeV and
assuming production cross sections as in the SM. For both 300 and 3000 fb�1 the first column shows
the results including current theory systematic uncertainties, while the second column shows the uncer-
tainties obtained using only the statistical and experimental systematic uncertainties. The abbreviation
“(comb.)” indicates that the precision on µ is obtained from the combination of the measurements from
the di↵erent experimental sub-categories for the same final state, while “(incl.)” indicates that the mea-
surement from the inclusive analysis was used.
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• Example: understand the EWSB.
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R. Frederix et al. / Physics Letters B 732 (2014) 142–149 145

Fig. 3. Total cross sections at the LO and NLO in QCD for H H production channels, at the
√

s = 14 TeV LHC as a function of the self-interaction coupling λ. The dashed
(solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and PDF uncertainties added linearly. The SM values of the cross sections are
obtained at λ/λSM = 1.

Fig. 4. Transverse momentum distribution of the hardest Higgs boson in H H production in the gluon–gluon fusion, VBF, tt̄ H H , W H H and Z H H channels, at the 14 TeV
LHC. The main frame displays the NLO + PS results obtained after showering with Pythia8 (solid) and HERWIG6 (dashes). The insets show, channel by channel, the ratios of
the NLO + Pythia8 (solid), NLO + HERWIG6 (dashes), and LO + HERWIG6 (open boxes) results over the LO + Pythia8 results (crosses). The dark-colour (light-colour) bands
represent the scale (red) and PDF (blue) uncertainties added linearly for the NLO (LO) simulations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)
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Figure 3: Expected 95% CL upper limit on the cross-section �(HH ! bb̄��) with 3000 fb�1 of data and neglecting
systematic uncertainties, as a function of the Higgs self-coupling constant � in units of �S M . The ±1� and ±2�
uncertainty bands are shown in green and yellow. The cross-section exclusion limit grows less stringent in the range
3 < �/�S M < 5 due to the shift of the number of expected HH events towards lower values where the cross section
is decreased.

7 Conclusion

This note presents preliminary studies of a search for pair production of SM Higgs bosons decaying into
two photons and two b-jets in the high luminosity LHC context. The expected number of signal and
background events have been estimated from simulated truth level information after applying smearing
functions to mimic the ATLAS detector response in the HL-LHC environment.

Using a cut-based analysis the estimated number of signal events is 9.544 ± 0.029, to be compared to a
background level of 90.9 ± 2.0 events. The combination of these numbers gives an expected significance
of 1.05� for 3000 fb�1. At 95% CL, the Higgs boson self-coupling is expected to be constrained to
�0.8 < �/�S M < 7.7. This is not enough on its own to claim evidence for the observation of Higgs pair
production, or to determine whether the Higgs self-coupling strength is close to its SM expectation. This
channel is expected to be combined with similar measurements for di-Higgs boson production in other
decay channels such as HH ! bb̄bb̄ and HH ! bb̄⌧⌧ and to be part of a combination of ATLAS and
CMS results.
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Please remember the results, we will discuss 
this process and explain it in detail later.
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• Example: top quark “mass”.

Some Challenges

4

X X0 �X↵s �XM �Xpar �X+
µ �X�

µ �Xtru �O(↵2)
i �

O(↵↵s,↵
4
s)

↵s �
O(↵4

s)
q

Mcri
t 171.44 0.23 0.20 0.001 �0.36 0.17 �0.02 171.55�0.47

+1.04 171.43�0.36
+0.17 171.24�0.38

+0.19

log10 µ
cri
t 17.752 �0.051 0.083 0.007 0.007 �0.006 �0.002 17.783+0.062

�0.008 17.754+0.007
�0.006 17.751+0.007

�0.007

Mcri
H 129.30 �0.49 1.79 0.002 0.72 �0.33 0.04 129.06+0.95

�2.14 129.32+0.73
�0.33 129.72+0.76

�0.38

log10 µ
cri
H 18.512 �0.158 0.381 0.008 0.173 �0.082 0.008 18.495+0.226

�0.531 18.518+0.174
�0.082 18.602+0.184

�0.094
fMcri

t 171.64 0.23 0.20 0.001 �0.36 0.17 �0.02 171.74�0.46
+1.04 171.63�0.36

+0.17 171.43�0.37
+0.19

log10 µ̃
cri
t 21.442 �0.059 0.094 0.005 �0.083 0.022 0.002 21.485�0.085

+0.343 21.445�0.083
+0.022 21.441�0.072

+0.014
fMcri

H 128.90 �0.49 1.79 0.003 0.73 �0.34 0.04 128.67+0.95
�2.15 128.92+0.73

�0.34 129.32+0.76
�0.38

log10 µ̃
cri
H 22.209 �0.181 0.436 0.007 0.092 �0.062 0.013 22.201+0.146

�0.171 22.217+0.094
�0.062 22.312+0.113

�0.082

TABLE II: Coe�cients in Eq. (7) and central values with scale dependencies obtained upon switching o↵ the O(↵2) terms in
�i(µ) with i = W,Z,H, q, the O(↵↵s) and O(↵4

s) terms in �↵s(µ), and the O(↵4
s) terms in �q(µ) one at a time. The unit of

mass is taken to be GeV.

FIG. 1: RG evolution of �(µ) from µthr to µcri and beyond
in the (�,��) plane for default input values and matching
scale (red solid line), e↵ects of 1� (brown solid lines) and 3�
(blue solid lines) variation in MMC

t , theoretical uncertainty
due to the variation of ⇠ from 1/2 to 2 (upper and lower
black dashed lines with asterisks in the insets), and results
for Mcri

t (green dashed line) and Mcri
H (purple dashed line).

The 1� (brown ellipses) and 3� (blue ellipses) contours due to
the errors in MMC

t and MH are indicated for selected values
of µ. The insets in the upper right and lower left corners refer
to µ = MMC

t and µ = 1.55 ⇥ 1010 GeV, respectively.

over to Mt, which is actually the real part of the complex
pole position upon mass renormalization in the on-shell
scheme [25]. In view of the resonance property, a shift of
order �t = 2.00 GeV [2] would be plausible, which should
serve as a useful error estimate for the time being.

In conclusion, we performed a high-precision analy-
sis of the vacuum stability in the SM incorporating full
two-loop threshold corrections [5, 12–14], three-loop beta
functions [6], and O(↵4

s) corrections to the matching and
running of gs [7, 17] and yq [8, 18], and adopting two
gauge-independent approaches, one based on the criti-
cality criterion (2) for �(µ) [5] and one on a reorgani-
zation of Ve↵(H) so that its minimum is gauge inde-
pendent order by order [20]. For the Mt upper bound
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FIG. 2: Phase diagram of vacuum stability (light-green
shaded area), metastability, and instability (pink shaded area)
in the (MH ,Mt) plane, contours of �(µ0) = 0 for selected val-
ues of µ0 (purple dotted lines), contours of ��(µ0) = 0 for se-
lected values of µ0 (solid parabolalike lines) with uncertainties

due to 1� error in ↵(5)
s (MZ) (dashed and dot-dashed lines),

critical line of Eq. (2) (solid green line) with uncertainty due

to 1� error in ↵(5)
s (MZ) (orange shaded band), and critical

points with Mcri
t (lower red bullet) and Mcri

H (right red bul-
let). The present world average of (MMC

t ,MH) (upper left
red bullet) and its 1� (purple ellipse), 2� (brown ellipse), and
3� (blue ellipse) contours are marked for reference.

we thus obtained M cri
t = (171.44 ± 0.30+0.17

�0.36 ) GeV and
fM cri

t = (171.64±0.30+0.17
�0.36 ) GeV, respectively, where the

first errors are experimental, due the 1� variations in the
input parameters [2], and the second ones are theoretical,
due to the scale and truncation uncertainties. In want of
more specific information, we assume the individual error
sources to be independent and combine them quadrati-
cally to be on the conservative side. The 0.20 GeV dif-
ference between the central values of M cri

t and fM cri
t in-

dicates the scheme dependence, which arguably comes
as a third independent source of theoretical uncertainty.

βλ ∋ −
(MMS

t )4

16π2v4
0



• Future lepton collider plans (in alphabetical order): 

- Circular Electron Positron Collider (CEPC) 

- Compact Linear Collider (CLIC) 

- Future Circular Collider - e+e- (FCC-ee, TLEP) 

- International Linear Collider (ILC) 

• Future hadron collider plans: 

- Future Circular Collider - hadron-hadron (FCC-hh) 

- Super Proton Proton Collider (SPPC) 

• Other plans: 

- Future Circular Collider - eh (FCC-eh) 

- Muon Collider? 

- Gamma-Gamma Collider? 

- …

Future Collider Plans



Circular	Electron	Positron	Collider FCC-ee
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The Linear Colliders

~7400 1m 1.3GHz SCRF with 31.5MV/m in each Linac, 
which  accelerate the electron from 15GeV to 250GeV.
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The Linear Colliders

C.M energy: 250GeV, 350GeV, 500GeV, 1TeV

Electron polarization: 80% 
Positron polarization: 30%

Luminosity: 
 0.75×1034cm-2s-1 at 250GeV; 
 1.0×1034cm-2s-1 at 350GeV; 
 1.8×1034cm-2s-1 at 500GeV;

1034cm−2s−1 = 1034 ×
10−39cm2

1fb
×

365.25 × ×24 × 60 × 60s
1y

= 315.6fb−1y−1



• The C.M. energy can be large. 

• The luminosity increases when the C.M. energy increases. 

- The undulator-based positron source must have an electron-beam 
energy of at least 150 GeV to produce the requisite positron 
intensity; 

- The beam divergence at the interaction point is constrained by the 
allowable synchrotron radiation fan generated by the final doublet. 

• The initial state electron and positron can be polarized.  

• Typical energy is from 250GeV to several TeV.

The Linear Colliders



The Circular Colliders
• Classical electrodynamics: synchrotron radiation.

P =
e2c

6⇡✏0

�4�4

⇢2

=
⇡e2c

24✏0

E4
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m4L2
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The Circular Colliders
• Classical electrodynamics: synchrotron radiation. 

• For lower Ecm, the RadioFrequency cavities’ power can use to  
accelerate much more electron and positron.

P =
e2c

6⇡✏0

�4�4

⇢2

=
⇡e2c

24✏0

E4
c.m.

m4L2
=

e4

24⇡✏0c5
E2

c.m.B
2

m4
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The Circular Colliders

CEPC (2 IPs)



The Circular Colliders

Energy Ramp 
10 ->45/120GeV

Injector Booster

Main Ring

Electron

Positron

10 GeV

45/120 GeV



• A review of the SM Higgs physics. 

• Higgs physics at future lepton colliders and the phenomenology.

Next Lecture
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