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Masses in the Standard Model
The good, the bad, and the ugly

(1). MW,Z : the good! 

BSM: all calculable and predictable à e.g. precision MW

Prediction:  MW, MZ = g v/2 ;   

(2). mH: the bad! mH= √2 𝛍 = (2λ)1/2 v = 125 GeV  
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Quadratic corrections from the 
new physics scale:

 

à “Naturalness” or “hierarchy puzzle” ?
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Note: the quadratic mass corrections 
are NOT experimentally observable!

No prediction on mH



• Particle mass hierarchy

Higgs Yukawa couplings 
as the pivot for all !

• Patterns of quark, 
neutrino mixings

• New CP-violation 
sources?
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• Tiny neutrino masses!

(3). mf: the ugly!
• Couplings are fixed by the masses:

<latexit sha1_base64="lLMT9e+Pdhq1dNckFxiDte0CeMw="></latexit>
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Yukawa Couplings - Theory: 
(1). Generate flavor hierarchies  

• Horizontal flavor symmetry: Froggatt-Nielson mechanism
     SM fermions charged [qi , ui , di ] under U(1)FN symmetry 
     broken by <𝜙>/M ~ 0.2

• Warped extra-dimension:
Yukawa couplings determined by
the overlapping with the Higgs brane.
à dual to (partial) composite model.

• Radiative generation of mf :
The 3rd generation @ tree-level
Light generations by new particle loops ~ 1/16𝜋2 ~ 10-2. 

Froggatt & Nielsen (1979) 

Randall & Sundrun (1999); Huber & Shafi (2001);
Agashe et al. (2005) 

S. Weinberg (1972) 

J. Zupan & W. Altmannshofer,
2203.07726 
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(2). The Higgs sector extension
• 2HDM (MSSM): well-motivated

(tan𝛽 = v2/v1;  𝛼 the neutral Higgs mixing)

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

Decoupling/
Alignment limit:

𝜅’s à 1

H. Haber & Y. Nir (1990)

Talks in HPNP2023:
Pilaftsis; Haber; Takeuchi;
Yagyu; Ferreira; De Curtis;
Song; Dey; Kartayama;
Heinemeyer; Muta; Ivanov; 
Sakurai  … … 

• Plus a singlet S (NMSSM): 
  more mixing & flavor physics, connect to dark sector

• Add a triplet 𝜱 (Type-II seesaw): 
𝝓±±, 𝝓±, 𝝓0 ; connect to neutrino Majorana mass
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SMEFT
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 𝛬 ~ 2 TeV!
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Yukawa coupling deviates from the mass relation!
At the dim-6 leading order:

  

This is the immediate target @ LHC!

SM-like Higgs 𝜱

Along with searching for BSM new physics,
precision Higgs measurement is a must!

à Parameterize Higgs couplings in a simple way



7

HEFT
Higgs Effective Field Theory: a non-linear representation

LY ~

• The scale for new dynamics is at 𝛬 ~ 4𝛑 v 
     à close by! The deviation can be sizable:

<latexit sha1_base64="3AuKVGAvgHdYkor9/Vf1VQ2KCl0="></latexit>
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• Multiple WL/Higgs may be enhanced.



8 TH, B. McElrath, arXiv:hep-ph/0201023

CMS coll., arXiv:2009.04363
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Charm-quark Yukawa Coupling
<latexit sha1_base64="Q08nqSevlEIZpf63P13C9A8b0hM="></latexit>
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yc = c ySM
cIn the 𝛋-scheme for BSM:

Measuring         coupling at the LHC is very difficult:
• BR(h à cc)=2.9%
• Formidable QCD backgrounds
• c-tagging challenging
• ... …  
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Hc̄c

(1). H à cc at high pT  The leading channel:

subject to huge backgrounds 2-jets, cc; h à bb …  

At LHC Run 2:  𝛋c < 8.5@2𝜎
Inclusive high pT(h à cc):   𝛋c < 6.9@2𝜎

ATLAS-CONF-2021-021

<latexit sha1_base64="2bwEzL84ovJS6iy3XQ+furNF4oU="></latexit>

pp ! V h, with V ! `+`�, `±⌫, h ! c̄c

CMS: arXiv:2211.14181

Nick Smith, next talk.
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LHC Run2 fit:

<latexit sha1_base64="zK0qfjncDol6F9YO2b3r7bFoSZ0=">AAAB+nicbVDLSsNAFJ3UV42vqMtuBovgqiQi6kYsuumygn1AU8pkMmmHTh7M3IglZuGv6ELEjYL/oH8g/o1p2k1bD1w4nHPu3LnXiQRXYJq/WmFpeWV1rbiub2xube8Yu3tNFcaSsgYNRSjbDlFM8IA1gINg7Ugy4juCtZzh9dhv3TGpeBjcwihiXZ/0A+5xSiCTekbJBnYP+TuJZG6a1LDtEIkppmnPKJsVMwdeJNaUlC+/9Ivo+Uev94xv2w1p7LMAqCBKdSwzgm5CJHAqWKrbsWIRoUPSZ0k+MsWHmeRiL5RZBYBzdSZHfKVGvpMlfQIDNe+Nxf+8TgzeeTfhQRQDC+hkkBcLDCEe3wG7XDIKYpQRQiXPfojpgEhCIbuWnq1uzS+6SJrHFeu0cnJjlatXaIIiKqEDdIQsdIaqqIbqqIEoekQv6B19aA/ak/aqvU2iBW3as49moH3+AZYalxU=</latexit>

Hc̄c

arXiv:1902.10229; ATLAS-CONF-2021-021

At HL-LHC with 3 ab-1:

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

Nick Smith, next talk.

https://arxiv.org/pdf/2209.07510.pdf
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B. Carlson, TH, S.C.I. Leung, aXive:2105.08738
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(2). Higgs to charm+𝛄 in VBF

Higgs production rate is high: #H@LHC ~ 50 M /ab !
Need new ideas!
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B. Carlson, TH, S.C.I. Leung, aXive:2105.08738; 
[33]: J. de Blas et al., JHEP 01 (2020) 139, [1905.03764]

Multi-variable BDT:
(2). Higgs to charm+𝛄 in VBF
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(3). Higgs radiative decay
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Results for gg ! h ! c c̄ � :

c-tagging efficiency;
b and jet mis-tagging rates

TH, B. Nachman, X. Wang, arXiv:1812.06992
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A remark on  gg ! h ! J/ � ! `+`�� :0 20 40 60 80 100 120
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Figure 5: The invariant mass distributions of the fermion pair in h ! ff̄� (f =

b, c, ⌧, µ, e). The blue curves are for the QED radiation (Fig. 1d); the red curves are

for the EW+� processes (Fig. 2); the upper black lines are for the total. The decay widths

for the channels h ! J � ! `
+
`
�
� are indicated by the horizontal bars in (d) and (e), in

units of keV without the photon acceptance cuts.

leading contributions are from h ! �
⇤
�, Z� ! `

+
`
�
� [28–31]. It is thus a good search

strategy to focus on the �-pole and the Z-pole. Some searches have been carried out by

ATLAS [32] and CMS [33, 34] at the 7�8 TeV LHC. We present our analyses below in the

hope to serve as a theoretical guidance for the future experimental searches at the LHC.

We focus on the leading production for the Higgs boson via the gluon fusion. The QCD

corrections are taken into account by multiplying a flat NNLO QCD K-factor of K = 2.7

for the gluon fusion [35]. The dominant SM background is the Drell-Yan production of the

lepton pair `+`� with an initial/final state photon radiation. We calculate the background

processes at LO using MadGraph [36], and then multiplied by flat QCD K-factors K = 1.4

for pp ! Z� ! `
+
`
�
� [37], and K = 6.2 for pp ! �

⇤
� ! `

+
`
�
� [38].

3.1 h ! �
⇤
� ! `

+
`
�
�

To make the close connection with the LHC searches, we first follow the event selection cuts

adopted by the CMS collaboration [34]. As the invariant mass of the lepton pair approaches

to 2mf , the lepton pair tends to be collimated. This becomes particularly challenging for

the electron channel, because the electron pair merges into one supercluster. Therefore, a

single muon plus a photon trigger for the muon channel and a di-photon trigger for the

electron channel are implemented. To select the signal events near the �-pole from the

– 9 –

J/𝛙 𝛄 is more than an order of magnitude smaller;
Further, the dominant contribution is from the 
“vector-meson dominance” 𝛄*à J/𝛙, 
   

insensitive to the direct hcc Yukawa:

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

TH and X. Wang, arXiv:1704.00790

h
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γ
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≪
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• H à J/𝜓 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)
(leading)

Color-octet (CO)
(sub-leading, ½ of CS)

QED
(sub-leading, ¼ of CS)

(4). Higgs decay to charmonia: 
c-fragmentation

EW
(sub-sub-leading)
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Our results: TH, A. Leibovich, Y. Ma, X.Z. Tan: aXive:2202.08273
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~ 50M / ab-1

for 3 ab-1

Formidable backgrounds:

Cross section of at high pT ~ 25 fb

à At the end, should be better than J/𝝍 +𝛾: 𝞳c ~ 50 
à May not beat W/Z+H à W/Z+cc : 𝞳c ~ 3
  Active study/simulation on-going!
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Summary on Hcc Coupling
𝛋c sensitivity @ HL-LHC:

charm+𝛄 in VBF :     5.4
gg ! h ! c c̄ � : 8.3 Vh:   hc kinematics:  Global fit:

 2.5                 3.0                    1.5
           Need to combine all !
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h ! J/ + cc̄ : hopeful

Yc measurement challenging & important!
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Figure 5: Illustration of the Higgs boson coupling uncertainties from fits in the EFT formal-
ism, as presented in Table 1, and comparison of these projections to the results of model-
dependent estimates for HL-LHC uncertainties presented by the ATLAS collaboration [24].
Earlier projections for HL-LHC are summarized in [29].
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Snowmass report à lepton colliders help!
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Higgs Boson Properties:
Fit for couplings modifiers

Fit for six Higgs coupling modifiers:  6W, 6Z, 6t, 6b, 6$, 6µ
Assuming:
• no “new physics” in loop-driven couplings (3 → 55, gg→ 3)
• no BSM decays (invisible, not observed)
• couplings to the 1st/2nd–gen. quarks and electrons are SM-like 

(i.e., small and hence having a negligible effect on the fit)

Impressive agreement with SM over three orders of 
magnitude of couplings (note: ±5% for ttH coupling)

Andrey Korytov (UF) Higgs as a Probe of New Physics,  Osaka University, Japan (25-27 Mar 2021) 7

Event rate for 77 → ) → 88:

Higgs boson mass

Higgs mass – the only free parameter in the Higgs 
sector (assuming SM)

all other parameters are set by the known masses of 
W and Z bosons, and fermions

Workhorse channels are:
H → ZZ→ 4ℓ and  H→ %%
Statistical power is very similar
Emerging challenge in H→ %%:  systematics

Run 1 + 2016 results:   15 Feb 2020, PLB 805 (2020) 135425

125.38 ± 0.14 GeV (~1 ppm)

Run 1 + Run 2:
expect precision better than 100 MeV

HL-LHC:
Statistical uncertainty ~10 MeV
The game will be all about reducing systematics

Andrey Korytov (UF) Higgs as a Probe of New Physics,  Osaka University, Japan (25-27 Mar 2021) 3

Established decay modes

Latest updates for the well-established decays (>5!):
! → ##:  $ = 1.12 ± 0.09 12 Mar 2021, arXiv:2103.06956 [Run 2]

! → ,,:  $ = 0.94 ± 0.11 8 Mar 2021, arXiv:2103.04956 [Run 2]

! → ..: $!"# = 1.05 ± 0.12 4 July 2020, JHEP 03 (2021) 003 [Run 2]

! → 00:  $ = 0.85 ± 0.12 31 July 2020, HIG-19-010 [Run 2]

! → 22:  $ = 1.04 ± 0.20 PRL 121 (2018) 121801 [2016+2017 data]

Evidence for " → $$ 9 Sep 2020, JHEP 01 (2021) 148 [Run 2]

– Significance 3.0
– Signal strength $ = 1.19 ± 0.42

The observed decays comprise ~90% of the total Higgs width
Andrey Korytov (UF) Higgs as a Probe of New Physics,  Osaka University, Japan (25-27 Mar 2021) 5

bb WW ττ cc ZZ γγ Zγ μμ Remainder: &&, ((, ))
58% 21% 6.3% 2.9% 2.6% 0.23% 0.15% 0.022% 9%

" → $$

SM Higgs

• Monumental achievements in theory & experiment!
• Higgs boson brings in new fundamental questions…
• A driver in precision & energy frontiers!

Korytov@NPHP21

�H = 4.0+1.3
�1.0 MeV
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The next target: the Higgs boson to charm!
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