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• Particle mass hierarchy

Higgs Yukawa 
couplings as the pivot 
for all !

• Patterns of quark, 
neutrino mixings

• New CP-violation 
sources?

whale

tiger

cat/hawk

mosquito

• Tiny neutrino 
masses!
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The Higgs Magic

• Single vev does it all!

& Blemishes
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mH ≈ 126 GeV 

Question 1: The Nature of EWSB ?
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Fully determined at the weak scale:
v = (

p
2GF )�1/2 ⇡ 246 GeV

m2
H

= 2µ2 = 2�v2 ) µ ⇡ 89 GeV, � ⇡ 1
8
.

In the SM:

24

It is a weakly coupled new force, 
underwent a 2nd order phase transition.

Is there anything else?

You are here

<|Φ|> =

Three Types of Masses
MW,Z versus mH versus mf :

(1). MW,Z : 
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BSM: easy to break SU(2)L gauge sector: 
• Fundamental scalars (SUSY)
• Dynamical breaking (TC, composite …)

• Non-linear realization (or even “Higgsless”)

In the SM:

à MW, MZ = g v/2  predicted, and:
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In the SM, all fixed:

MW,Z versus mH versus mf :
(2). mH:

<latexit sha1_base64="voNAiVdaM3mH0RUSMFSwWL4q2W4="></latexit>

1

2
m

2
H

H
2 +

m
2
H

2v
H

3 +
m

2
H

8v2
H

4

BSM: easy to construct a scalar model / potential, 
but model-parameters quadratically sensitive to a 
new physics scale:

(M2
SUSY,  M2

comp,  …)
<latexit sha1_base64="tvb2m4obafqgbdQ3wjmnyLe47FI="></latexit>
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partner analysis remain valid. We discuss our findings and conclude in Section 5.

2 General Argument: Top Partners, Naturalness, and

the Higgs Couplings

The starting point of our analysis is a single Higgs doublet H with the SM tree-level potential

V (H) = �µ
2|H|2 + �|H|4. (1)

This hypothesis is the simplest interpretation of the LHC discovery consistent with all other

experimental data. In particular, there is no evidence in the data of H mixing with other scalar

fields, and the constraints on such mixing are now quite stringent. In the SM, the measurements

of the Higgs vacuum expectation value (vev) and mass provide precise values for the parameters

in the potential:

µ = 90 GeV,� = 0.13. (2)

How natural are these parameters? To address this question, we need to consider quantum

corrections to the potential (1). At the one-loop order, these corrections are conveniently given

by the Coleman-Weinberg (CW) formula
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where the sum runs over all particles in the model, and gk and Fk is the multiplicity and fermion

number of each particle, respectively. For example, for a gauge-singlet complex scalar, g = 2 and

F = 0; for a gauge-singlet Dirac fermion, g = 4 and F = 1. Here h/
p
2 is the real part of the

U(1)em-neutral component of H; in the SM vacuum, hhi = 246 GeV. The one-loop correction to

the Higgs mass parameter is given by

�µ
2 ⌘ �

2
VCW

�h2
|h=0. (4)

In the SM, the largest contribution to the CW potential comes from the top quark, since the top

Yukawa is the strongest coupling of the Higgs:

�µ
2 = �3y2t

8⇡2
⇤2 + . . . , (5)

where ⇤ is the scale at which all loop integrals in VCW are cut o↵. Since we expect ⇤ � MEW, the

quantum correction to µ from the top loop is unreasonably large, and would require fine-tuning

if no new physics is present. If the theory is weakly coupled at the TeV scale, the only way to

2

“Little hierarchy problem” à We do not understand why,  
and how to predict/calculate mH.

à Quadratically sensitive to the new physics cutoff scale
“Naturalness” or “Large hierarchy problem”?

(M2
PL …)

The value itself doesn’t matter much ~ EW scale 

= √2 ! = (2λ)1/2 v = 125 GeV  

but quantum corrections:

à λ ≈ 0.13;



5

(3). Yukawa:

In the SM:
<latexit sha1_base64="lLMT9e+Pdhq1dNckFxiDte0CeMw="></latexit>
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Yf =

p
2 mf

v

• Couplings are fixed by the masses 
& technically “natural”

• Vastly different hierarchical masses
• ad hoc flavor mixings and the CPv phase(s)
• Neutrino masses: Dirac vs. Majorana? 

Higgs is responsible for our existence! 
• Atoms/chemistry/biology

governed by Ye ~ me:
• Yt / mt :  not too large for vacuum stability!

MW,Z versus mH versus mf :
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(3). mf :

Q’s:
• Why the flavor mixing aligned with 

the SM Yukawa form?
à Minimal Flavor Violation (MFV)

• Exploring flavor physics is complementary & rewarding.
• Measuring Higgs Yukawa couplings is indispensable:
The smaller the coupling is, the more sensitive to deviations!   

BSM: much harder to accommodate
• to generate multiple mass scales
• to avoid FCNC
• to avoid Excessive CPv

MW,Z / mH / mf 
may well be from different mechanisms!
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The Higgs Pursuits: more Higges
<latexit sha1_base64="AFOmrnJrH9b17gCCGZ1PrxJkaMs="></latexit>

f =
Yf

Y SM
f

Seeking for deviations from the SM:

(1). e.g., 2HDM: SM Higgs coupling deviations
(tan! = v2/v1;  " the neutral Higgs mixing)

For a review, see, i.e., G.C. Branco et al., arXiv:1106.0034 …

Seek for more Higgs bosons:
Also, perhaps flavor changing* Hà !" !
new CPv phases in Yukawa …

Decoupling/
Alignment limit:

#’s à 1
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The Higgs Pursuits: SMEFT
<latexit sha1_base64="AFOmrnJrH9b17gCCGZ1PrxJkaMs="></latexit>

f =
Yf

Y SM
f

Seeking for deviations from the SM:

(2). SM Effective Field Theory: 
a linear representation:   #

<latexit sha1_base64="kKyhZhLCmMcR+15fsA0ZaISlJVk="></latexit>
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! �f ⇠ Y1
v
2

⇤2
⇠ O(a few%) for ! ~ 2 TeV!

* TH, D. Marfatia, PRL 86, 1442 (2001); Harnik, Kopp, Zupan, arXiv:1209.1397.

<latexit sha1_base64="+sZ9wZuG9j0pRa4Au+6uNJ6lOjc="></latexit>
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Yukawa coupling deviates from the mass relation!
At the dim-6 leading order:

This is the immediate target @ LHC!
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The Higgs Pursuits: HEFT
<latexit sha1_base64="AFOmrnJrH9b17gCCGZ1PrxJkaMs="></latexit>

f =
Yf

Y SM
f

Seeking for deviations from the SM:
(3). Higgs Effective Field Theory: 

a non-linear representation:

LY ~

• The scale for new dynamics is at $ ~ 4% v 
à close by! The deviation can be significant:

<latexit sha1_base64="3AuKVGAvgHdYkor9/Vf1VQ2KCl0="></latexit>
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• Multiple Higgs couplings may be sizeable!
• Achievable in composite/dynamical models. 
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EF01/02 report: https://arxiv.org/pdf/2209.07510.pdf

Higgs couplings measurements

Symbols of sensitivities:
Achieving percentage/sub-percentage level!

Sensitivities to Yukawa couplings at Higgs factories

https://arxiv.org/pdf/2209.07510.pdf
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The 2nd generation quark yc: The real challenge!
The current LHC sensitivity:

EF01/02 report: https://arxiv.org/pdf/2209.07510.pdf

HL-LHC sensitivity projection: a factor of few from SM

The Next Target 1:

https://arxiv.org/pdf/2209.07510.pdf
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• H à J/$ + %
à &+ &- + %

for Higgs coupling to charm

Note: BR(H à J/"+#) = 2.8x10-6

Ø Dominated by VMD  #*àJ/",
not H cc coupling.

Higgs production rate is high: #H@LHC ~ 50 M /ab !
New ideas?

Bodwin, Petriello et al. (2013, 2014, 2017); Konig, Neubert (2015) 

Tackling the charm:  yc

à No chance to probe yc ! 
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Higgs production rate is high: #H@LHC ~ 50 M /ab !
New ideas?

• H à J/$ via charm-quark fragmentation:

Ø Enhanced from the fragmentation
Ø Direct coupling to charm!

TH, A. Leibovich, Y. Ma, X.Z. Tan: aXive:2202.08273

Color-singlet (CS) Color-octet (CO) QED

Tackling the charm:  yc
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• H à J/$ via charm-quark fragmentation:

TH, A. Leibovich, Y. Ma, X.Z. Tan: aXive:2202.08273

CS calculable (potential model) CO fitted from data (CMS/CDF)

Tackling the charm:  yc
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• H à J/$ via charm-quark fragmentation:
Relative contributions

TH, A. Leibovich, Y. Ma, X.Z. Tan: 
aXive:2202.08273
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à At the end, should be better than J/& +': (c ~ 50
à May not beat W/Z+H à W/Z+cc : (c ~ 3

Active study/simulation on-going!

Signal sensitivity:
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The 2nd generation lepton y!: The next hope! 
The current LHC sensitivity:

HL-LHC sensitivity projection: BR(Hà"") < 10%
(assuming the SM width,

But won’t know better than a factor of 2-ish)

Observation:  ATLAS: 2.0);  CMS 3.0)
Talk by Stefano Rosati, P. Lenzi, Giulio Umoret

The Next Target 2:
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A muon collider 
Higgs factory:

Resonant Production:

About O(70k) events produced per fb-1

71

Model-independent direct measurement:



SM Higgs is (very) narrow:At mh=125 GeV,  Γh = 4.2 MeV
10 V. Barger et al. I Physics Reports 286 (I 997) I-51 

convoluting crh(S^) with the  Gauss ian dis tribution in & centered a t & = 4: 

(1.8) 

Fig. 7 illus tra tes  the  effective cross  section, h(d), a s  a  function of fi for mh = 110 GeV and 
beam energy resolutions  of R = 0.0 l%, R = 0.06%, and R = 0.1%. Results  are  given for the  cases : 
IZsM, ho with tan /I = 10, and ho with tan p = 20. All channels  X are  summed over. 

In the  case  where  the  Higgs  width is  much smalle r than the  Gauss ian width ad, the  effective 
s igna l cross  section result for fi = mh, denoted by ah, is  

(Th = (1.9) 

Henceforth, we adopt the  shorthand nota tion 

G(X) = T(h --f j+)BF(h + X) (1.10) 

for the  numerator of Eq. (1.9). The increase  of ah<+ = mh) with decreas ing a~ when Gt:“’ 4 06 is  
apparent from the  h sM curves  of Fig. 7. In the  other extreme where  the  Higgs  width is  much broader 
than 04, then a t ,,& = mh we obta in 

(T,, = 
4rcBF(h -+ p,u)BF’(h ---f X) - 

mi 
(ly W&) f (1.11) 

Note  tha t this  equation implies  tha t if there  is  a  la rge  contribution to the  Higgs  width from some 
channel other than yp, we will ge t a  correspondingly smalle r tota l event ra te  due  to the  small s ize  of 
BF(h + ,up). That ??h( fi = mh) is  independent of the  value  of 04 when Gtot B ad is  illus tra ted by 
the  tan j3 = 20 curves  for the  ho in Fig. 7. Raw s igna l ra tes  (i.e . before applying cuts  and including 
other efficiency factors) are  computed by multiplying ah by the  tota l integra ted luminosity L. 

The bas ic results  of Eqs . (1.9) and (1.11) are  modified by the  effects  of photon bremss trahlung 
from the  colliding muon beams. In the  case  of a  narrow Higgs  boson, the  primary modification for 
fi = mh is  due  to the  fact tha t not a ll of the  integra ted luminosity remains  in the  centra l Gauss ian 
peak. These modifica tions  are  discussed in Appendix A; to a  good approximation, the  resulting s igna l 
ra te  is  obta ined by multiplying ??h of Eq. (1.9) by the  tota l luminosity L times  the  fraction f of 
the  peak luminosity in the  Gauss ian after including bremss trahlung re la tive  to tha t before (typically 
f M 0.6). For a  broad Higgs  resonance, the  lower energy ta il in the  luminosity dis tribution due  to 
bremss trahlung makes  some contribution a s  well. In the  results  to follow, we avoid any approximation 
and numerically convolute  the  full effective luminosity dis tribution (including bremss trahlung) with 
the  Higgs  cross  section of Eq. (1.7). In performing this  convolution, we require  tha t the  effective 
$,L- c.m. energy be within 10 GeV of the  nominal value . Such a  requirement can be implemented 
by reconstructing the  mass  of the  fina l s ta te  a s  seen in the  detector; planned detectors  would have the  
necessary resolution to impose  the  above fairly loose limit. This  invariant mass  se lection is  imposed 
in order to reduce continuum (non-resonant) backgrounds  tha t would otherwise  accumula te  from the  
entire  low-energy bremss trahlung ta il of the  luminosity dis tribution. 

As  is  apparent from Fig. 7, discovery and s tudy of a  Higgs  boson with a  very narrow width a t 
the  p+p- collider will require  tha t the  machine  energy ,,& be within crd of mh. The amount of 

I/ Barger e t al. /Phys ics  Reports  286 (1997) l-51 

h ---_ 

b (t> 

-m!J ““b (mt) 

Effective Cross Sections: mh= 110 GeV 

10-L - no Bquark mixing 

10-Z I 8 I ’ L ’ ’ ’ ’ ’ 1 ’ ’ ‘ ’ ’ D 
100 109.5 110 1105 111 

6 (CeV) 

Fig. 6. s-channel diagram for production of a  Higgs bosom 

Fig. 7. The  effective crass  section, h, obtained after convoluting CJh with the Gauss ian dis tributions  for R = O-01%, 
R = 0.06%, and R = O.l%, is  plotted as  a  function of fi taking Mh = 110 GeV. Results  a re  displayed in the cases: hsM, 
ho with tan p = 10, and ho with tan /I = 20. In the MSSM ho cases, two-loop/RGE-improved radia tive  corrections have 
been included for Higgs masses, mixing angles , and self-couplings assuming rni = 1 TeV and neglecting squark mixing. 
The  effects of bremsstrahlung are  not included in this  figure . 

The rms  spread in fi (denoted by od) prior to including bremss trahlung is  given by 

where  R is  the  resolution in the  energy of each beam. A convenient formula  for ah is  

ad = (7 MeV)(R/0.01%)(~/100 GeV) . (1.6) 

The critica l is sue  is  how this  resolution compares  to the  ca lcula ted tota l widths  of Higgs  bosons  
when fi = mh. For R 5 O.Ol%, the  energy resolution in Eq. ( 1.6) is  smalle r than the  Higgs  widths  
in Fig. 3 for a ll but a  light SM-like  Higgs . We sha ll demonstra te  tha t the  smalles t poss ible  R a llows  
the  bes t measurement of a  narrow Higgs  width, and tha t the  tota l luminosity required for discovery 
by energy scanning when r 5 ad is  minimized by employing the  smalles t poss ible  R. For a  
Higgs  boson with width la rger than ah, results  from a  fine scan with small R can be combined 
without any increase  in the  luminosity required for discovery and width measurement. 

The Feynman diagram for s -channel Higgs  production is  illus tra ted in Fig. 6. The s -channel Higgs  
resonance cross  section is  

(1.7) 

where  i = (pp.+ + pp- )2 is  the  c.m. energy squared of a  given p”‘pu- annihila tion, X denotes  a  
fina l s ta te  and Gtot is  the  tota l width. 1 The sharpness  of the  resonance peak is  determined by 
Pot. Neglecting bremss trahlung for the  moment, the  effective s igna l cross  section is  obta ined by h 

’ Effects aris ing from implementing an energy-dependent generaliza tion of the rnhGtot denominator component of this  
s imple resonance form are  of negligible  importance for our s tudies , especially for a  Higgs boson with GtO* 4mh. 

“Muon Collider Quartet”:
Barger-Berger-Gunion-Han
PRL & Phys. Report (1995)

TH, Liu: 1210.7803; Greco, TH, Liu: 1607.03210
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Fig. 2. The line shapes of the resonances production of the SM Higgs boson as a function of the beam energy
√
s at a µ+µ− collider (left panel) and an e+e− collider (right

panel). The blue curve is the Breit–Wigner resonance line shape. The orange line shape includes the ISR effect alone for Jadach–Ward–Was (b). The green curves include the

BES only with two different energy spreads. The red line shapes take into account all the Breit–Wigner resonance, ISR effect and BES in solid and dashed lines, respectively.

(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

effect increases the production rate via “radiative return” mecha-
nism. Still, the overall effect is the reduction of on-shell rate as
clearly indicated in the plot. In red lines we show the line shapes
of the Higgs boson with both the BES and the ISR effect. We can
see the resulting line shape is not merely a product of two effect
but rather complex convolution, justifying necessity of our numer-
ical evaluation.

Having understood the ISR and BES effects on the signal pro-
duction rates and line shapes, we now proceed to understand the
effect on the background. For the muon collider study, the main
search channels for the Higgs boson will be the exclusive mode of
bb̄ and WW ∗ . For the bb̄ final state the main background is from
the off-shell Z/γ s-channel production. The ISR and BES effects
barely change the rate from such off-shell process. However, the
ISR effect does increase the on-shell Z → bb̄ background through
the “radiative return” mechanism. Our numerical study shows that
the “radiative return” of the Z boson to bb̄ increase the inclusive
bb̄ background by a factor of seven. Since we understand that the
increase of the background is dominantly from the on-shell Z bo-
son, the new background rates after imposing a bb̄ invariant mass
cut of 95, 100, 110 GeV, change to 17, 20, 25 pb, respectively. Given
the finite resolution of the b-jet energy reconstruction, we propose
an invariant mass cut of the bb̄ system of 100 GeV, which leads
to around 20% increase in such background comparing to the tree-
level estimate. So far we have suggested the invariant mass cut for
the bb̄ pair, as an example of discrimination from the background.
One could also foresee a cut on the angle between the two b-jets,
which could be measured more precisely than the invariant mass.2

Beyond the bb̄ final state, another major channel for muon col-
lider Higgs physics is the WW ∗ channel. This channel enjoys little
(irreducible) background form the SM process. The ISR effect in-
troduces no “radiative return” for such process. Consequently, the
background rate does not change from the tree-level estimate. We
summarize in Table 2 the on-shell Higgs production rate and back-
ground rate in these two leading channels with the inclusion of the
ISR and BES effects. We can see from the table that at the muon
collider Higgs factory, the signal background ratio is pretty large
and the observability is simply dominated by the statistics. The
“radiative return” from the ISR effect, however, does impact sev-
eral other Higgs decay channel search more. For example, searches
of Higgs rare decay of h → Zγ , Higgs decay of h → Z Z∗ with

2 We thank the Editor Gigi Rolandi for suggesting this discrimination procedure.

Table 2

Signal and background effective cross sections at the resonance
√
s =mh = 125 GeV

at a µ+µ− collider (upper panel, in pb) and an e+e− collider (lower panel, in

ab) for two choices of beam energy resolutions R and two leading decay channels

with ISR effects taken into account, with the SM branching fractions Brbb̄ = 58% and

BrWW ∗ = 21%. For the bb̄ background, a conservative cut on the bb̄ invariant mass

to be greater than 100 GeV is applied.

R (%) µ+µ− → h

σeff (pb)
h → bb̄ h → WW ∗

σSig σBkg σSig σBkg

0.01 10 5.6 20 2.1 0.051

0.003 22 12 4.6

R (%) e+e− → h

σeff (ab)
h → bb̄ h → WW ∗

σSig S/B σSig S/B

0.04 48 27 O(10−6) 10 O(10−3)

0.01 150 81 31

Table 3

Fitting accuracies for one standard deviation of #h , B and mh of the SM Higgs with

the scanning scheme for two representative luminosities per step and two bench-

mark beam energy spread parameters.

#h = 4.07 MeV Lstep (fb−1) δ#h (MeV) δB δmh (MeV)

R = 0.01% 0.05 0.79 3.0% 0.36

0.2 0.39 1.1% 0.18

R = 0.003% 0.05 0.30 2.5% 0.14

0.2 0.14 0.8% 0.07

Z∗ → νν̄ , etc are facing more challenges and new selection cuts
need to be designed and applied.

Finally, we perform a study on the potential precision on the
Higgs properties at a future muon collider through a lineshape
scan. We follow the benchmarks, statistical treatment and pro-
cedure defined in Ref. [5], where a 21 steps scan in the mass
window of ±30 MeV around the Higgs mass with equal integrated
luminosities.3 A fit to the result of such lineshape scan can si-
multaneously determine the Higgs total width #h , the Higgs mass
mh and interaction strength B with great precision. The interac-
tion strength B can be directly translated into the Higgs muon
Yukawa after fixing the decay branching fractions or performing
a global fit. We tabulate the projected precisions on these quanti-
ties in Table 3 for the two benchmark BES values of R = 0.01% and

3 The Higgs mass may not known to the ±30 MeV level by the time of the muon

collider, and a pre-scan stage to determine the Higgs mass will be required [30].

19

An optimal fitting could reach 
#Γh ~ 0.15 MeV, or 3.5%



20

TH, W. Kilian, N. Kreher, Y. Ma, J. Reuter, T. Striegl, K. Xie: https://arxiv.org/abs/2108.05362;
E. Celada, TH, W. Kilian, N. Kreher, Y. Ma, F. Maltoni, D. Pagani, J. Reuter, T. Striegl, K. Xie; to appear.

High energy option
• To enhance the Yukawa coupling effects, 
multiple Higgs/Goldstone boson production more beneficial.
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At 30 TeV:  '#!~ 1% - 4%, corresponding to ( ~ 30 TeV – 100 TeV.

https://arxiv.org/abs/2108.05362


• The fermion sector involves multiple scales;
numerous mixing parameters, CP phase(s)
à rich physics, but least predictive!

• Exploring flavor physics is complementary & rewarding,
measuring Higgs Yukawa couplings is indispensable

21

• SMEFT sets a target:

Conclusions:

• HEFT could be close by: 
<latexit sha1_base64="NLkbScFn2/niCt1SLBWZVBaXku8="></latexit>

�f ⇠ Y1
H

v
⇠ O(1)

• Look for flavor violating decays, invisible decays, 
more Higgses, … 

More work to do & push for the next discovery!

• Immediate targets on Yukawa couplings: 
ttH@high scale;  2nd generations H!! & Hcc !


