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- Higgs coupling measurements



Higgs boson

PDG2022

The Higgs was discovered in July 2012.
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Υ(2S)γ < 1.7 × 10−6 CL=95% 45043

Υ(3S)X < 9.4 × 10−5 CL=95% –
Υ(3S)γ < 4.8 × 10−6 CL=95% 45006

Υ(1, 2, 3S)Υ(1, 2, 3S) < 1.5 × 10−6 CL=95% –
(D0/D0) X (20.7 ±2.0 ) % –
D±X (12.2 ±1.7 ) % –
D∗(2010)±X [j ] (11.4 ±1.3 ) % –
Ds1(2536)

±X ( 3.6 ±0.8 )× 10−3 –
DsJ (2573)

±X ( 5.8 ±2.2 )× 10−3 –
D∗′(2629)±X searched for –
B+X [k] ( 6.08 ±0.13 ) % –
B0
s X [k] ( 1.59 ±0.13 ) % –

B+
c X searched for –

Λ+c X ( 1.54 ±0.33 ) % –
Ξ0
c X seen –

ΞbX seen –
b -baryon X [k] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [l] < 3.2 × 10−3 CL=95% –
e+ e−γ [l] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [l] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [l] < 7.3 × 10−4 CL=95% 45559

#+ #−γ γ [n] < 6.8 × 10−6 CL=95% –
qqγ γ [n] < 5.5 × 10−6 CL=95% –
ν ν γ γ [n] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [j ] < 7.5 × 10−7 CL=95% 45594

e± τ∓ LF [j ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [j ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

H0H0H0H0 J = 0

Mass m = 125.25 ± 0.17 GeV (S = 1.5)
Full width Γ = 3.2+2.8

−2.2 MeV (assumes equal
on-shell and off-shell effective couplings)

H0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different Channels

Combined Final States = 1.13 ± 0.06
W W ∗ = 1.19 ± 0.12
Z Z∗ = 1.06 ± 0.09
γ γ = 1.11+0.10

−0.09
c c Final State = 37 ± 20
bb = 1.04 ± 0.13
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Fig. 3.1. The dominant SM Higgs boson production mechanisms in hadronic collisions.

of which are displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [222,223], the weak vector
boson fusion processes [90,224–227], the gluon–gluon fusion mechanism [166] and the associated Higgs production
with heavy top [228,229] or bottom [230,231] quarks:

associated production with W/Z : qq̄ �⇤ V + H (3.1)

vector boson fusion: qq �⇤ V ⇥V ⇥ �⇤ qq + H (3.2)

gluon–gluon fusion: gg �⇤ H (3.3)

associated production with heavy quarks: gg, qq̄ �⇤ Q Q̄ + H. (3.4)

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production: pp �⇤ H H + X (3.5)

and the relevant subprocesses are the gg ⇤ H H mechanism, which proceeds through heavy top and bottom quark
loops [232,233], the associated double production with massive gauge bosons [234,235], qq̄ ⇤ H H V , and the
vector boson fusion mechanisms qq ⇤ V ⇥V ⇥ ⇤ H Hqq [236,237]; see also Ref. [235]. However, because of the
suppression by the additional electroweak couplings, they have much smaller production cross sections than the single
Higgs production mechanisms listed above.

Also suppressed are processes where the Higgs is produced in association with one [239,240], two [241,242] or
three [243] hard jets in gluon–gluon fusion, the associated Higgs production with gauge boson pairs [244,245], the
production with a vector boson and two jets [245–247]. Other production processes exist which have even smaller
production cross sections [136,248–253]. Finally, Higgs bosons can also be produced in diffractive processes [254–
258]. For the interesting exclusive-central-diffractive processes [256–258], the mechanism is mediated by color singlet
exchanges leading to the diffraction of the incoming hadrons and a centrally produced Higgs boson. A mixture of
perturbative and non-perturbative aspects of QCD is needed to evaluate the cross sections, leading to uncertainties in
the predictions.

In this chapter, we discuss all these processes in detail, analyzing not only the total production cross sections but
also the differential distributions and, in particular, the Higgs boson transverse momentum and rapidity distributions.
In addition, we pay special attention to three very important points: the QCD radiative corrections or the K -factors,
the residual cross section dependence on the renormalization and factorization scales, and the choices of different sets
of parton distributions functions (PDFs) with which one has to convolute the partonic cross sections to obtain the total
hadronic cross sections.

3.1.3. The higher-order corrections and the K -factors
It is well known that for processes involving strongly interacting particles, as is the case for the ones that we will

consider here, the lowest-order (LO) cross sections are affected by large uncertainties arising from higher-order (HO)
corrections. If at least the next-to-leading-order (NLO) QCD corrections to these processes are included, the total
cross sections can be defined properly and in a reliable way in most cases: the renormalization scale µR at which one
defines the strong coupling constant and the factorization scale µF at which one performs the matching between the

gluon fusion (ggF)

associated production (AP) w/V=W, Z vector boson fusion (VBF)

associated production w/Q=t,b,

Fig. from A. Djouadi, Phys.Rept. 457 (2008) 1
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Higgs decays
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h -> f+fbar

For mh≲130 GeV, the main decay mode is h->b+bbar.

∵ largest Yukawa coupling and color

f
<latexit sha1_base64="24HhF9acBgcuzpiUYvC1pyY/JW0="></latexit>

f̄
<latexit sha1_base64="fNiiEt/lOZ0r4pX2RpTVETv+/FE="></latexit>

h
<latexit sha1_base64="kczNQGY5H6kXl1Lw07wsgR3FJw8="></latexit>

h -> VV*
f

<latexit sha1_base64="24HhF9acBgcuzpiUYvC1pyY/JW0="></latexit>

f̄
<latexit sha1_base64="fNiiEt/lOZ0r4pX2RpTVETv+/FE="></latexit>h

<latexit sha1_base64="kczNQGY5H6kXl1Lw07wsgR3FJw8="></latexit>

V ⇤
<latexit sha1_base64="FyF1D36sn6x6SW8kbdsBff/Kmus="></latexit>

V
<latexit sha1_base64="JWveY1NfLm+MCsI2UNDcI0Cmjys="></latexit>

cW = 1, cZ =
7

12
� 10

9
s2W +

40

9
s4W

<latexit sha1_base64="EBKiFd55/G8/MsR1wSCm2N+uVFk="></latexit>

I(x) =
(x2 � 1)(2� 13x2 + 47x4)

2x2
� 3(1� 6x2 + 4x4) lnx

+
3(1� 8x2 + 20x4)p

4x2 � 1
cos�1

✓
3x2 � 1

2x3

◆

<latexit sha1_base64="cTuYY6GQI4XRy0TOc4WNKxIPc0I="></latexit>

�(h ! V V ⇤) =
9mhm4

V

32⇡3v4
cV I(x),

<latexit sha1_base64="Vl9Z5ehjnLn986BVnviXJUuoBpI="></latexit>

For mh≿130 GeV, WW* starts to dominate over h->b+bbar. ∵ mb<<mV

h -> V*V* is equally important.

A. Djouadi, Phys.Rept.457 (2008) 1
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h -> ZZ, WW

2*Γ(h -> ZZ) ≃ Γ(h -> WW)
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For mV<<mh, h->VV (V=Z,W) is dominated by the longitudinal mode.
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Goldstone boson equivalence theorem
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h -> gg
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1-loop induced decay is not always smaller than the tree level decay.



h -> γγ
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opposite sign

- W loop is the dominant.

- W loop and top have the opposite signs.

W and top give main contributions.

different loop functions



Branching ratios
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Signal strengths

µi,X =
�i · Br(h ! X)

�SM
i · BrSM(h ! X) X = ��, V V ⇤, ⌧⌧, bb̄,

i = ggF, VBF, VH, ttH,

µggF,�� =

Various channels have been measured.



Current status

Consistent with the SM.

16

p
s = 13 TeV targeting WH and ZH production with H ! tt decay, or VBF production with

H ! bb decay, therefore these signal strength modifiers are fixed to the SM expectation and are
not included in the maximum likelihood fit. Likewise, the WH, ZH, and ttH production rates
with H ! µµ decay are fixed to the SM expectation. In the case of WH, ZH, and ttH production
with H ! ZZ decay, as well as ZH production with H ! gg decay, the background contam-
ination is sufficiently low so that a negative signal strength can result in an overall negative
event yield. Therefore, these signal strengths are restricted to nonnegative values. Figure 6
summarizes the results in this model along with the 1s CL intervals. The numerical values,
including the uncertainty decomposition into statistical and systematic parts, and the corre-
sponding expected uncertainties, are given in Table 3.
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Figure 6: Summary plot of the fit to the production–decay signal strength products µ
f
i = µiµ

f .
The points indicate the best fit values while the horizontal bars indicate the 1s CL intervals. The
hatched areas indicate signal strengths that are restricted to nonnegative values as described in
the text.

7.1 Ratios of cross sections and branching fractions, relative to ggH ! ZZ

Results are presented for a model based on the ratios of cross sections and branching frac-
tions. These are given relative to a well-measured reference process, chosen to be ggH ! ZZ
(µZZ

ggH). Using ratios has the advantage that some systematic or theoretical uncertainties com-
mon to both the numerator and denominator cancel. The following ratios are used: µgg/µZZ,
µWW/µZZ, µtt/µZZ,µµµ/µZZ, µbb/µZZ, µVBF/µggH, µWH/µggH, µZH/µggH, and µttH/µggH. These
results are summarized in Fig. 7, and the numerical values are given in Table 4. The uncertain-
ties in the SM predictions are included in the measurements.

BR normalized to SM×σ

2− 0 2 4 6 8
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| < 2.5
H
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Figure 5: Cross sections times branching fraction for ggF, VBF, VH and ttH+tH production in each relevant decay
mode, normalized to their SM predictions. The values are obtained from a simultaneous fit to all channels. The
cross sections of the ggF, H ! bb̄, VH, H ! WW⇤ and VH, H ! ⌧⌧ processes are fixed to their SM predictions.
Combined results for each production mode are also shown, assuming SM values for the branching fractions into
each decay mode. The black error bars, blue boxes and yellow boxes show the total, systematic, and statistical
uncertainties in the measurements, respectively. The gray bands show the theory uncertainties in the predictions.
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Higgs couplings
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mass vs. coupling

- Dotted line = SM; consistent with the SM.

- Measure Higgs couplings and see the relations btw couplings and 
masses.

- mass-coupling relations could differ in BSM models.

8.2 Generic model within k-framework with effective loops 23
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Figure 10: Likelihood scan in the M-e plane (left). The best fit point and the 1s and 2s CL
regions are shown, along with the SM prediction. Result of the phenomenological (M, e) fit
overlayed with the resolved k-framework model (right).

Table 7: Best fit values and ±1s uncertainties for the parameters of the k model in which the
loop processes are resolved. The expected uncertainties are given in brackets.

Parameter Best fit value Uncertainty

stat. syst.

kW 1.10 +0.12
�0.17

+0.08
�0.16

+0.08
�0.06

(+0.11
�0.10) (+0.08

�0.08) (+0.06
�0.06)

kZ 0.99 +0.11
�0.12

+0.09
�0.10

+0.06
�0.07

(+0.11
�0.11) (+0.09

�0.09) (+0.06
�0.06)

kt 1.11 +0.12
�0.10

+0.07
�0.07

+0.09
�0.08

(+0.11
�0.12) (+0.07
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Figure 15: Reduced coupling-strength modifiers F mF

v
for fermions (F = t, b, ⌧, µ) and p

V
mV

v
for weak gauge

bosons (V = W, Z) as a function of their masses mF and mV , respectively, and the vacuum expectation value of
the Higgs field v = 246 GeV. The SM prediction for both cases is also shown (dotted line). The black error bars
represent 68% CL intervals for the measured parameters. For µ the light error bars indicate the 95% CL interval.
The coupling modifiers F and V are measured assuming no BSM contributions to the Higgs boson decays, and the
SM structure of loop processes such as ggF, H ! �� and H ! gg. The lower inset shows the ratios of the values to
their SM predictions.

7.5 Generic parameterization including e�ective photon and gluon couplings with and
without BSM contributions in decays

The models considered in this section are based on the same parameterization as the one in Section 7.4 but
the ggF, H ! gg and H ! �� loop processes are parameterized using the e�ective coupling-strength
modifiers g and �, similar to the benchmark model probed in Section 7.3.

The measured parameters include Z , W , b, t , ⌧ , � and g. The sign of t can be either positive or
negative, while Z is assumed to be positive without loss of generality. All other model parameters are
also assumed to be positive. Furthermore it is assumed that the probed for BSM e�ects do not a�ect the
kinematics of the Higgs boson decay products significantly. Three alternative scenarios are considered for
the total width of the Higgs boson:
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ρ parameter
⇢ =

m2
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m2
Z cos2 ✓W
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ρ parameter is defined as
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- neutral and charged current ratio

Experimental data
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ρ  parameter puts a constraint on representation of Φ.

- depends on representation of Φ

⇢ =
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SM

Φ:doublet



mW and mZ depend on the representation of Higgs field.
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cT,Y 6=0 = 1 and cT,Y=0 = 1/2
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- Singlet field (φ(0,0)) does not contribute to mW and mZ.
- Fields with Y=0 do not contribute to mZ.

- In SM φ(1/2,|1/2|).

If only one scalar field exists, 

⇢ = 1
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�(T,Y ) with T (T + 1)� 3Y 2 = 0
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doublet
7-plet
26-plet

ρ parameter is useful for constraining new physics.
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Effective potential

Z[J ] = eiW [J] = N
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Generating functional
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VEV w/ J

presumed
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VEV w/ J=0

' = h0|eiPx�(0)e�iPx|0i = h0|�(0)|0i
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<- constant field
J=0 -> translational invariance

J=0 eventually. So, why can’t we take J=0 at the beginning?

external field

' = N
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�(x) ! ��(x), S[��] = S[�], [d(��)] = [d�]
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Effective action

�[�c] = W [J ]�
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@tree level �[�c] = S[�c] =
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classical action

* Generating functional for 1PI diagrams

functional Legendre trf. of W[J]
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Effective action can be expanded as

�['] = �Ve↵(')

Z
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4�4(0)
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If �c(x) is a constant field ',
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Usefulness of Veff

We can search for vacuum at quantum level by dVe↵(')

d'
= 0.
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it can cope with models with radiative SSB (no SSB at tree level)

effective potential



Convexity
J->0J≠0

- Double-well potential (we use) (*we still call it Veff.)
no mixed configuration -> non-convex potential

- Potential with flat vacuum (convex) = genuine Veff.
flatness <- mixed configuration 'mix = x'� + (1� x)'+, 0  x  1
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Legendre transformed function is mathematically convex. 



Exercise
Show that vacuum expectation values of fields except for scalars 
vanish if the vacuum respect the Poiancare symmetry. 



1-loop Veff

dof

statistics

We can obtain the Higgs mass at 1-loop level using 1-loop Veff.

After summing all 1PI diagrams and regularize them by the MS-bar 
scheme, one 1-loop Veff as

V (gauge)
1 (') = 3 · m̄4
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✓
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� 5
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◆
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V (fermion)
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V (scalar)
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µ̄ : renormalization scale in the MS scheme
<latexit sha1_base64="+DD3RXCKlV8qpfT91fBj6V90y58="></latexit>

m̄2 =
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Higgs mass at 1-loop
m2
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Higgs mass obtained by the potential ≠ Physical Higgs mass

Ve↵(') = V0(') + V1(')
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physical Higgs mass This correction is small for µ̄ = mt
<latexit sha1_base64="WSF4DFp3/diIUl5X+JGIGVg/6AM="></latexit>

In the SM, the Higgs mass obtained by the potential is close to the 
physical Higgs mass. (* this is not always true in BSM models)

However 
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physical mass is defined by pole of the propagator
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Vacuum stability

V (') = �µ2

2
'2 +

�

4
'4 !

'�v

�(Q)

4
'4

246 GeV

V (')

'

- Is vacuum stable?

V (') = �µ2

2
'2 +

�

4
'4

- It looks stable sinceλ=mh2/2v2 > 0.

- However, λcan change with energy. λ-> λ(Q). 

λ(Q)>0 even for high energy (large φ)?

- Quadratic term can be neglected for largeφ.



-λ(Q) obeys renormalization group equation.
d�(t)

dt
=

1

16⇡2

⇥
24�2 � 6y4t + 12�y2t + · · ·

⇤
, t = ln(Q/v)

- vacuum stability largely depends on λ & yt (&αs).

lifetime of the vacuum > age of the Universe  -> meta-stable.

What is the current status?

stable

246 GeV

V (')

'

λ(Q)>0
λ(Q)<0

Vacuum stability

lifetime of the vacuum < age of the Universe  -> unstable.
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Figure 2. Upper: RG evolution of λ (left) and of βλ (right) varying Mt, α3(MZ), Mh by
±3σ. Lower: same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(λ)

√
4|λ|/yt

and sign(λ)
√

8|λ|/g2, which correspond to the ratios of running masses mh/mt and mh/mW , re-
spectively (left). The Higgs quartic β-function is shown in units of its top contribution, βλ(top
contribution) = −3y4t /8π

2 (right). The grey shadings cover values of the RG scale above the
Planck mass MPl ≈ 1.2× 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/

√
8π.

left). Indeed, λ is the only SM coupling that is allowed to change sign during the RG

evolution because it is not multiplicatively renormalised. For all other SM couplings, the

β functions are proportional to their respective couplings and crossing zero is not possible.

This corresponds to the fact that λ = 0 is not a point of enhanced symmetry.

In figure 2 (lower left) we compare the size of λ with the top Yukawa coupling yt and

the gauge coupling g2, choosing a normalisation such that each coupling is equal to the

corresponding particle mass, up to the same proportionality constant. In other words, we
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Figure 3. Left: SM phase diagram in terms of Higgs and top pole masses. The plane is divided into
regions of absolute stability, meta-stability, instability of the SM vacuum, and non-perturbativity of
the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative for Mt > 230 GeV.
The dotted contour-lines show the instability scale ΛI in GeV assuming α3(MZ) = 0.1184. Right:
zoom in the region of the preferred experimental range of Mh and Mt (the grey areas denote
the allowed region at 1, 2, and 3σ). The three boundary lines correspond to 1-σ variations of
α3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size of the theoretical error.

stability, metastability, and instability of the EW vacuum are shown both for a broad range

ofMh andMt, and after zooming into the region corresponding to the measured values. The

uncertainty from α3 and from theoretical errors are indicated by the dashed lines and the

colour shading along the borders. Also shown are contour lines of the instability scale ΛI .

As previously noticed in ref. [8], the measured values of Mh and Mt appear to be rather

special, in the sense that they place the SM vacuum in a near-critical condition, at the

border between stability and metastability. In the neighbourhood of the measured values

of Mh and Mt, the stability condition is well approximated by

Mh > 129.1GeV + 2.0(Mt − 173.10GeV)− 0.5GeV
α3(MZ)− 0.1184

0.0007
± 0.3GeV . (4.4)

The quoted uncertainty comes only from higher order perturbative corrections. Other

non-perturbative uncertainties associated with the relation between the measured value of

the top mass and the actual definition of the top pole mass used here (presumably of the

order of ΛQCD) are buried inside the parameter Mt in eq. (4.4). For this reason we include

a theoretical error in the top pole mass and take Mt = (173.10 ± 0.59exp ± 0.3th)GeV.

Combining in quadrature theoretical uncertainties with experimental errors, we find

Mh > (129.1± 1.5)GeV (stability condition). (4.5)

– 18 –

- “stable” or “meta-stable” depends on top mass.

- Δmt=0.5 GeV@HL-LHC, Δmt=0.1 GeV@ILC

Vacuum stability
JHEP12 (2013) 089 (1307.3536)
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Summary
Precision Measurements in the Higgs Sector André Sopczak on behalf of the ATLAS and CMS Collaborations

11. Single-top-Higgs production tH, Higgs boson pair-production HH

The single-top-Higgs production tH(H ! WW,ZZ,tt,bb) was searched for. A combina-
tion with ttH and H ! gg could give sensitivity to the absolute values of the top quark Yukawa
coupling and the Higgs boson coupling to vector bosons gHVV , and uniquely, to their relative
sign. The SM-like signal favours a kt = 1.0 over kt = �1.0 by > 1.5 st. dev. [40]. ATLAS
sets a limit on HH ! bbbb,bbtt,bbgg < 6.7 (10.4)⇥ SM at 95% CL. CMS obtained a limit
HH ! bbVV,bbbb,bbtt,bbgg < 22.2 (12.8)⇥SM at 95% CL [41].

12. Relation of coupling and fermion mass

An interpretation of the results is given in the k-framework as a function of the particle mass,
assuming only SM contributions to the total width [29, 30]. Figure 1 shows the linearity as expected
from the Higgs boson theory for ATLAS and CMS. Under the assumption that new physics affects
only the Higgs boson self-coupling, the best fit value of the coupling modifier is kl = 4.6+3.2

�3.8,
excluding values outside the interval �2.3 < kl < 10.3 at 95% CL, while the expected excluded
range assuming the SM predictions is �5.1 < kl < 11.2 [42].

Figure 1: Left (ATLAS result) [29]: Reduced coupling-strength modifiers kF mF/v for fermions (F =
t,b,t,µ) and

pkV mV/v for weak gauge bosons (V =W,Z) as a function of their masses mF and mV , respec-
tively, and the vacuum expectation value of the Higgs field v = 246 GeV. The SM prediction for both cases
is also shown (dotted line). The black error bars represent 68% CL intervals for the measured parameters.
For kµ the light error bars indicate the 95% CL interval. The coupling modifiers kF and kV are measured
assuming no BSM contributions to the Higgs boson decays, and assuming the SM structure of loop pro-
cesses such as gg ! H,H ! gg and H ! gg. The lower panel shows the ratios of the values to their SM
predictions. Right (CMS result) [30]: Result of the phenomenological (M,e) fit is also overlayed with the
resolved k-framework model.

5

Higgs coupling measurements at LHCSupersymmetric particles searches at LHC

CKMfitter three cases

6

Full fit Without 
angles

Input 
angles 
only

The apex (r, h) found to be 
compatible each other for 
these cases. 
More pattern can be found: 

http://ckmfitter.in2p3.fr/www/results/p
lots_summer19/ckm_res_summer19.html

Constraints from B meson physics

- All experiments so far are consistent with SM!! 

- SM is SU(3)CxSU(2)LxU(1)Y  gauge theory.
- All elementary particles get their masses via Higgs mechanism 

Nevertheless, SM cannot be considered as final theory. Because,

we know that neutrinos have masses, moreover 



Beyond the SM

Matter-antimatter (baryon) asymmetry of the 
Universe


Dark Matter


Dark Energy


Quantum gravity


etc

SM cannot explain cosmological observations.

Energy budget of the Universe

The Universe is NOT made of atoms 
but made of unknown objects.

ESA and the Planck Collaboration

So, SM must be extended to solve some (hopefully many) of them. 


