Al _Wwa..‘.m‘_-.:-.,..W%,w_ i ‘--"""~"~§-‘.~ AL DT LT R 5

LS Sl gl ol v aganliy 3

Higgs Adventure

A Personal Journeg

Kingman Cheung

IOP,

Sinica, May 2026

- Tt 2 T e A AT T Vo g

v

-

oy




sty mabctamiii s

PR bt il b e i T Ll i Lo 3 SO

B r s T T

Popularitg ot Higgs

According to lnSPires: a total of 19744 papers with “Higgs” in the
title.

The earliest one dated back to 1 S the most recent one is toclag.

Renormalizable Massive Vector Meson Theory: Perturbation Theory of the
Higgs Phenomenon

Benjamin W. Lee (Fermilab and SUNY, Stony Brook) (Sep, 1971)

Published in: Phys.Rev.D 5 (1972) 823-835

keter: Higgs’s paper “Broken ngmetries and the Masses of Gauge
Bosons” was Publishecl in 1964

The Particle was named “Higgs” boson due to a mistake made 199

Steve Wel nberg.




Where Jid the name come from?

In 1972: Ben Lee in the Rochester Conference at FNAL, attached my name to
everything involving spontaneous symmetry breaking, including the "Higgs meson”

The Crisis of Big‘ May 10, 2012
Science

Steven Weinberg

MY LIFE AS A BOSON: THE STORY OF "THE HIGGS"
Peter Higgs 2002 , IJMPA

As to my responsibility for the name “Higgs boson,” because of a mistake i

reading the dates on these three earlier papers hat the earliest was

the one by Higgs, so in my 1967 pape ahd have done so
since then. Other physicists apparently haveToiiowed my lead. But as Close

points out, the earliest paper of the three I cited was actually the one by Robert

Brout and Frangois Englert. In extenuation of my mistake, I should note that

Higgs and Brout and Englert did their work independently and at about the
same time, as also did the third group (Gerald Guralnik, C.R. Hagen, and

Tom Kibble). But the name “Higgs boson” seems to have stuck.
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My Fersona | Encounter
» |wrote a total > 250 papers, out of them >90 have “Higgs” in the

title. The earliest one was cluringgraduate school. Now still Writing f .
papers on Higgs. ;
s Thesis: “Search for heavg Higgs signals at hadronic superco”iders”.

. Whg working on the Higgs? SPin O, very simple) yet the least known

Particle.
+ Had been working on search strategies for the Higgs.

« It was found in 2012. Now doing Precision studies, rare decags, Pair

Procluction, ...... on the Higgs Phgsics.
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First Encounter

* Learned in the Particle Physics class.

* Higgs boson is a 59~Proczluct of the Higgs mechanism,
which is essential to give masses to elementarg

Particles — electroweak symmetry breaking (EWSDB).

* The Higgs mechanism comPletes the Picture of the SM.

+ The existence of the Higgs boson is an evidence of
EWSDH.




A Historical Account of

the Hiqqs Mechanism



A. Biqg Success with QED (local gauqe &keorv)

@ Maxwell Equ&&&ams -=5 L orentz thvartance
-=» U(1) invariance

1
L o _EF/,LI/F'LLV F/u/:a,uAV_aVA,u

elLorentz, local invariance: manifest
eIntroduction of a covariank Aux,t) in
place of £(x,t), B(x,b).



.. ©Dirac relativistic theory -» existence of

[, antiparticle e-

[ To maintain local qauge invariance -»

covariant derivative f
2
D,=0,+1eQsA, gEstac. S
e 1 ’
= R e ZFW F#

eﬁevmmam diagram appraa&hz can calculake
to high accuracy: e.q. (9-2)
eQED became Ehe most accurake theory,
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®. Weale Interaction

eFermi formulated the beta der:av in kerms of 4-fermion

inkeractkions: *

& e

eCurrent-current interaction, similar ko QED currents, but wikh
parity violation (V-A):

e —% (G (1 = 7)bn) (Ber(l — 7))

e Predicted existence of neutrino
© ™ 1/(300 GeV)? —> new mass scale should appear at 0(100)
: TG L T B

R d " N
s = — —_—
Q p :" . it ™ g t 4 y ,f‘f 9
N o ’ 4 4. ’
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Idea of nonabelian gauge theory: SUN)

©Yong-Mill extended the idea of abelian
gauge theory to nonabelian ones. Used
SU(N) to describe wealk and strong
interactions,

®Local gauge nvariance prevents gauge
bosons ko have a mass:

1 1 1 1 1
§M31A'UJA’LL =% 7 §Mi (A'u ~ ga'u&) (A’UJ = g@“&) 7&§M3A,UJAN

®Even worse ho mass terms for fermions,
left— and right chiral fermions have
different weale charqges.

= malt =—me | fufp L fcfn)



An Anecdote by C. N. Yang

The question of the gauge-field mass problem was raised by Pauli when Yang was invited to present the
Yang-Mills results at the Princeton Institute in February 1954. As Yang relates:
Soon after my seminar began, when I had written on the blackboard,

ﬁ (8, — ieB, )Y

ﬂ Paul1 asked, "What i1s the mass of this field B ?' I said we did not
know. Then I testinicd iy piesciitatuoin vut svon Pauli asked the same
question again. I said something to the effect that it was a very
complicated problem, we had worked on it and had come to na definite
conclusions. I still remember his repartee: "T'hat is not sufficient
excuse '. I was so taken aback that I decided, atter a tew moments'
hesitation, to sit down. There was general embarrassment. Finally
Oppenheimer, who was chairman of the seminar, said "We should let
Frank proceed". I then resumed and Pauli did not ask any more
questions during the seminar.




C. Ideas of Unification
Within a single framework of gauge theory to u,sr\&fj weak and
EM nteractions,

PARTIAL-SYMMETRIES OF WEAK INTERACTIONS

SHELDON L. GLASHOW 1
Institute for T heovetical Physics, University of Copenhagen, Copenhagen, Denmarvk

Received 9 September 1960

Abstract: Weak and electromagnetic interactions of the leptons are examined under the hypoth'
¢sis that the weak interactions are mediated by vector bosons. With only an isotopic triple:
of leptons coupled to a triplet of vector bosons (two charged decay-intermediaries and the
photon) the theory possesses no partial-symmetries. Such symmetries may be established if
additional vector bosons or additional leptons are introduced. Since the latter possibility
yields a theory disagreeing with experiment, the simplest partially-symmetric model repro-
ducing the observed electromagnetic and weak interactions of leptons requires thopsis -
of at least four vector-boson fields (including the photon). Corresponding partially
quantties suggest leplonic analogues to the conserved quantities associated with st
actions: strangeness and isobaric spin.

=
DOCTOR SHELDON COOPER
Far the win®




SU(RIxU(1) Electroweak Unification
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D. Idea of Spmvtheous ‘Sjmm&rv Breaking

-— Nature may whot be symmetbric

The Lagrangian of a system is invariant under a symmetry, but
the ground state doesnt respect that symmetry,

Y. Nambu was the first to formulate SSB in
relativistic quantum field theory (1960)
-- earned him 200% Nobel Prize.



E. (coldstone Theorem

If a continuous symmetry is spontaneously
broken, there will appear a massless dof .
called Nambu-Goldstone boson.,

Symmetry: [QH] = [HQ] = ©
Vacuum: H|o> = Eo |07, but Qlo> =]o’> %o

(QH“HQ>lO?;:O:(E:O-H>!O’)
=7 H o> = Eo |05

There is a new nonsymmetric state [0’> that
is deqenerate with the vacuum 0>, Thus it is
massless called Nambu-Goldstone boson,



Goldstone Bosons or Pseudo-Nambu-
Goldstone bosons does not help solving
the problem of giving mass to the vector
bosons that are res[vomsibte for weak and
EM Unteractions.

Though Glashow’s idea of umbfvms the EM
and weak interactions of the leptons
looked qgreat, massless vector bosons are
still BIG problems.



F. The Magical Higgs Mechanism (1964)

When a LOCAL gauge symmetbry is spontane-
ously broken, the gauge boson will acquire a
Mass bj absorbing the Goldstone mode,

massless gqauge boson -> massive
dof : 2 => 3
By absorbing the Goldstone bosomn.
Tae leftover is the massive radial field
-- the Higqs boson

1 massless qauqge boson + 1 massless GB
-=> 1 massive gauge boson + 0 GB



The local U(1) symmetric Lagrangian:

£ = (D) (DPe) — 126" 6 — \(¢"9)2 — L F,, Fwv

4
where
Y 1 1o(x

Du=Gitied, — ¢= 2 (rle) L) e

Substitute everything
1 1 r{ TN 1 2
e 3 > A A e

L 2(%7“(:13)3 r(x) + : (1 + ") ) ey Ll e O,0(x)

-+ Z<r>4 A e

The Goldstone field a(z) can be absorbed into A, by redefining

A.:(0) > AL@) = 4, + ﬁaua@:)

A(") m‘:quires A NASS = &€ <r»
r(x) also has a wmass = V(2 Lambda <r> )



A MODEL OF LEPTONS*

Steven Weinbergt
Laboratory for Nuclear Science and Physics Departmen
Massachusetts Institute of Technology, Cambridge, Massacl
(Received 17 October 1967)

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more

natural than to unite® these spin-one bosons
into a multiplet of gange fields? Standing in

by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. However, this raises the
specter of unwanted massless Goldstone bosons.

This note will describe a model in which the

symmetry between the electromagnetic and

weak interactions is spontaneously broken, 3p. W. nggs Phys. Letters 12, 132 (1964), Phys.

but in which the Goldstone bosons are avoided Rev. Letters 13, 508 (1964), and Phys. Rev. 145, 1156

by introducing the photon and the intermediate- (1966); F. Englert and R. Brout, Phys. Rev. Letters

boson fields as gauge fields.® The model may 13, 321 (1964); G. S. Guralnik, C. R. Hagen, and T. W.
B. Kibble, Phys. Rev. Letters 13, 585 (1964).




A MODEL OF LEPTONS*

Steven Weinbergt¥
V 0
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Experimental and
phenomenological Efforts of
Thousands of Peoples

"for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass
of subatomic particles, and which recently was



A number DPFE/Snowmass skudies on HEP:

oSnowmass '¥6 Summer Study On The Physics Of The Superconducting
Supercollider

©19%% DPF Summer Study On High-Energy Physics In The 1990s
(Showmass ¥%)

©1996 DPF / DPB Summer Study On New Directions For High-Enerqy
Physics (Showmass 9&)

Higqgs was studied Ln&ensivei.j

[ Frokian e reie |
| I I
e SCIENTIFIC
Tue Hices PERSPECTIVES ON AMERICAN
: HIGGS P"YSICS (_,( YLLIDER SEARCHIN?,(;R TH;-(,;(.)D PARTICE
Hur\J ER’S Foea Divsiics B
(r UIDE :

2ONT ) Sakurai Prize
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Second Encounter

* During gracluate school, I studied collider signatures of heavg ‘ |
Higgs boson. i

o The sSMdid not Preclict the mass of Higgs boson. Itis a free
Parame’cerJ can be MeV to TeV.

* There are a 7Cew theoretical arguments to restrict the mass range.

s But now the Higgs mass Is light ~ 125 GeV.

* The techniques | found are sti” uscncul to Present—-clag searches
at the LHC.
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Vector Boson Fusion (VBF)

Wr Wr

Wr

At ]’ngh energy, the longltudmal W recalls themselves as

Parts of EWSB. Their scattermg can reveal the structure ‘

of the EWSB sector. It can a nggs or somethmg more

| compllcatec We can stucig the WW and ZJets in final state

 to the sngna From backgrouncl

~wr o o -«‘a.AW &y e e g amath o e o2 o e S —~ e e .



w'lk,) Wik,)

q.(p,)

q.(p

44)




q,(p) a4(py)

(@) (b)

Ky K, K g
H ,




S P

ST WP SIS VO PO RSSO VR

. PP NANS S S- PN e

B e i T g N b

s Discovered the raPiclitg gap, centraljet veto techniques.

o Also cle\/elopccl the Forwarcljet tagging technique to
separate VB signals from @ backgrouncls.

o Still useful for the Prcsent clag Higgs searches.
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Joumeg from graduation to

Discoverg of Higgs

» Continued to stucly strong EWSD at e+ e-, Photon

co”iders) more channels etc.

o Until the Point that most Peoples think the Higgs shou

be Iight) as SUPersgmmetrg was gaining a lot of momen

s Measurement of QCD coupling constant at LEP in 1991
gave a strong motivation for sUSY.

* Atsome Poin’g weak scale SUSY was regarclecl as

“standard model” in Europe.

CUIm.




b) MSUSY =1 TeV
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Motivations for Supersymmetry

P S—

Provide an elegant solution to hierarchy problem

Gauge coupling unification
Dynamical electroweak symmetry breaking

Provide a natural dark matter candidate

S — e —— ey



ADD model

Branes separated by

1 _R

He

Gravity only

Some hidden
Randall-Sundrum model Our World 3+1 dim. brane

bposed by Arkani et al. the size of the extra dimensions can be as large

R™'2107% eV < Mgpw
5-D space
2 n+2 n
81/22 Mp, ~ MpET? R (Gauss)

0=0 Ll
With a nonfactorizable metric

ds? = e~ 2krel®l Nuvdat dz” — r2de?

Ms is the 5D fundamental Planck scale, k: curvature of the AdS space.
—2 —_—
Mp,” = Ms/k

The scale Ay = Mp; e F"c¢™ describes the scale of physical processes on the TeV brane.

The weak scale can be generated from the Planck scale for kr. around 12.
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Production of Black Holes

E
=
e ° ST AN @ ‘
particle string scattering .
scattering string ball black hole

» When E is above the Planck scale (now at TeV) : quantum

gravi’tg becomes very strong ==> creation of BH.

* Fear of L HC turn on.

SR S

= A P T s = e i s T————



Y&e—§

L

Protons collide,
. a black hole
IS created and

grows.
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Develol:)ment of Higgs models in last decade

Extra dimension ideas have motivated new Higgs models.

| ittle Higgs models: littlest Iggs model. siml:)lest little

Higgs models, minimal little Iggs model, ...

Twin Higgs moclel, Pri\/ate Higgs model, (3ou can name

one whatever you ey

Higgs boson arises as Pseuclo—Golclstone boson.

Higgsless models
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Hints before its Discoverg

» Around the end of 2O G announced that :
tl’xey saw something, z
: s Most channels are consistent with the SM, except |
 ford |
; or dip noton. |
; :
s
| e || stlmulatec{ a |ot O]C speculatlons.
!
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII§ q> 1;\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ 1T T T
| ATLAS 2011 Jrorowsn’ | 2 5 m= 124G | oS Ne-7TeV
, : E > A — < Combined (68%) | L =4.6-4.8fb"
------------ 3 10 F
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E. ‘‘‘‘‘ 26 ................................................................................................................... E O 10-2 - — J
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T W 4 10°F " E H o =
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week ending

PRL 108, 141602 (2012) PHYSICAL REVIEW LETTERS 6 APRIL 2012

Could the Excess Seen at 124-126 GeV Be due to the Randall-Sundrum Radion?

Kingman Cheung'* and Tzu-Chiang Yuan’

'Department of Physics, National Tsing Hua University, Hsinchu 300, Taiwan
Division o Cuantum Phases and Devices, School of Physics, Konkuk University, Seoul 143-701, Republic of Korea
“Iastitute of Physics, Academia Sinica, Nangang, Taipei 11529, Taiwan

Give us a clue (Received 28 December 2011; published 6 April 2012) *“
Phys. Rev. Lett. 108, 141602 (2012) }

2

~J

TABLE ITI. The ratio 285928 for o = 123 126 GV

- % o(H)B(H—X)
5 o(¢)B(¢—X)

At the end 0f 2011, the ATLAS and CMS My or H o(H)B(H—X) ,.
collaborations at CERN’s Large Hadron — 2 )
Collider reported tentative signs of an excess in (G@V) vy bb TT WWwW Ll
their data, around a mass value of 125 GeV — :
possibly the first evidence of the existence 123 54 0.53 0.74 0.70 0.70 :
of the Higgs boson. Theorists have raced to 3 S : : g :
interpret the signal, even though, statistically, 124 2.9 0.53 0.75 0.70 0.70
it's hovering below the all-important three-
sigma mark that constitutes ‘evidence. The 125 21 0.53 0.75 0.70 0.70
trouble is, going on what is known so far 126 95 0.53 0.75 0.70 071

about this object’s preferences for decay
channels — how often it decays, for example, to
two photons or to a bottom quark-antiquark
pair — this would-be Higgs doesn’t look

quite like a Higgs, at least not as expected in '

various supersymmetric extensions of the
S cfnnr]nvr] mndosl ¢

Kingman Cheung and Tzu-Chiang Yuan
|  suggestinstead that it could be the Randa |-
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Discoverg In Julg ZO]Z

Vs = 7TeVL 51fb \F 8TeVL 5.3 fb’
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ATLAS 2011 - 2012
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ATLAS Preliminary
W,ZH — bb

Vs=7TeV: [Ldt=4.7 fb"
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Higgcision v

s Atthe beginning of 2013, we started a Project of
constraining Higgs couplings by Higgs data —
Higgcision.

s It involves gauge, Yukawa couplings and loop vertices

oFgg and clipnoton.

+ We have constrained the Higgs couplings in model-

independent gramework, 2ZHDM, MSSM, Higgs—-«l:)ortal

moclels.
KC, Jae-Sik Lee, Po-Yan Iseng

Tt 2 T e A e o M e e T i, DT v

o




Understand Higqs Interactions

® Basically the Higgs boson couples to massive
p&r&it’f;t@.s, propor&omat to the wmwass.
¢So the Higqs boson maéntv tnteractks with W, Z

bosowns, &mp quark. Because Ekev are heavy,

o H— WW,ZZ: The couplings of H to WW and ZZ are
1
i — ngHW+“W/: -+ §gszHZZ

e H — ff: The decay into a fermion pair is given by
L=-ZLHff
2mW

e [ — gg: Higgs decays into a pair of gluons via a triangular loop

described by an effective Lagrangian

%,
g CkS(WLH)
g e A A U A P
Ot R e e

$ i el



Higqs Production Mechanisms
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Further | nvcstigations of the Higgs

Use EDMs to constrain the pseudoscalar Higgs couplings, such as
CY and AP”.

Search for non-standard decays of the Higgs boson, e.g. dark

matter, Goldstone bosons, etc.
Investigate the WW scattering.

The associated production of Higgs with W, Z, tt, or a single top.
Probe the Yukawa couplings.

Use the single top + Higgs production to determine the sign and the

size of top-Yukawa coupling.

Higgs boson pair production: (Chang, Cheung, Lee, Lu, 1505.00957)
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Higgs Sector Itself

We have no information about V (®) except that it gives a nontrivial
VEV. In the SM,

A 1 2
V@QZ__W4+§mzH?+mﬂ

A
- oo

2v 4

This is the simplest structure. The self couplings are fixed. But for

extended Higgs sector it is not the case.

Probing self interactions of the Higgs boson
becomes an important avenue to understand the
Higgs sector.
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Channels for testing HHH coupling

O E . . : T T T T I :
F HH production at pp colliders at NLO in QCD HH production at 14 TeV LHC at (N)LO in QCD :
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A summary of HH production by ATLAS
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Non-resonant HH Production



Run 2
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95% confidence level upper limits on o(X — HH) for a spin-0 resonance
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Instead of investigating modified 4,,,, we turn

the focus to
resonance effects in Higgs pair production



Motivation

1. The SM Higgs boson cannot fix the gauge hierarchy problem. It requires unnatural cancellation for the
bare and loop-corrected Higgs boson mass.

2. Many extensions of the EWSB sector consist of more Higgs fields
- Two-Higgs doublet models (2HDMs), MSSM, and any composite Higgs models

3. Probe the Higgs self-couplings is to probe the structure of the Higgs sector
- Higgs-pair production via gluon-gluon fusion at the LHC

4.  Study the signal process pp — hh — bbbb via gluon fusion against the SM backgrounds
at the High-Luminosity LHC via machine learning approach.

5.  The boosted hadronic Higgs jet can help to against the background THDM b
b
H ,’2’/
[ hadronic jet tagger] T
B~ b

~ 58



pp — hh — bbb Via gluon-gluon fusion in THDMs at the High-

Luminosity LHC

e Three approaches to study Higgs-pair production

THDM . -

three-stream

the conventional boosted decision tree .
convolutional neural network

cut-based approach BDT
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https://arxiv.org/abs/physics/0703039
https://arxiv.org/abs/physics/0703039

Two-Higgs Doublet Models

General Higgs potential:

Mayumi Aoki et al, Phys.Rev.D,

arXiv:0902.4665

up-type down-type

charged leptons

, A A
VDM — 12 ®, + mid]®, — m? (8]0, + @]®, ) + 5 (2121)° + (2} ®,)’
A
+ A3(D1®1) (D1D2) + Aa(@]@,) (1B1) + 35 [(¢I¢)2)2 + (‘1’34’1)2]
. . Type 1
The Yukawa interactions:
Type 11

Lepton Specific(Type I1I)

, m — m — m —
Lo == > (SLelTfh+ “LE T H - imLehF1fA)  mippedcivpe v
f=u,d,
2V, 2m €L
— { \/— dﬂ (muf}‘lPL —+ md§iPR) dH' + %V_LERH+ + H.C.}
v
The modifier in Yukawa interactions:
&n & &h | €| fu | €4 & €4
Type-1|{ca/sg| ca/53 | ca/S3 |Sa/S8|5a/53|Sa/Sa|cot B|—cot 3|—cot 3
Type-Il|lca/sg|—5a/Cs|—5a/Cs|Sa/58|Ca/cs|Ca/cs|cot B| tan 3 | tanf3
Type-X||ca/sa| ca/Sg |—Sa/Cs|Sa/S8|Sa/S8|Ca/cs|cot B|—cot B3| tanf
Type-Y|lca/sg|—5a/C3| ca/55 |Sa/53|Ca/cs|5a/55|cot B| tan 3 |—cot 3

*tan(B) = v,/ vy


https://arxiv.org/pdf/0902.4665.pdf
https://arxiv.org/pdf/0902.4665.pdf

Calculation of Current Constraints

e (Combine 3CNN analysis with the current constraints
e (Calculate from the public code
- HiggsBounds-v5.10.2  arxiv:2006.06007 HiggsBounds GitLab
- direct searches at high energy colliders
- include all processes at LEP, Tevatron, and LHC
- provide most sensitive channel and whether the point is still allowed or
not at the 95% CL

- HiggsSignals-v2.6.2 arxiv:2012.0917 HiggsSignals GitLab
- the Higgs-signal strengths obtained at the LHC
- gives the x2 output for 111 Higgs observables

- require that the p-value is larger than 0.05, corresponding to 20 level

e Regard the overlapping regions as the currently allowed parameter space


https://arxiv.org/abs/2006.06007
https://gitlab.com/higgsbounds/higgsbounds
https://arxiv.org/pdf/2012.09197.pdf
https://gitlab.com/higgsbounds/higgssignals

Currently Allowed Region

e (Gray area is the currently allowed region from HiggsBounds at the 95% CL

- direct searches at high energy colliders Philip Bechtle et al, Eur.Phys.J.C, HiggsBounds
- include all processes at LEP, Tevatron, and LHC arxiv:2006.06007 GitLab

e Purple area is the allowed region from HiggsSignals at 2 ¢ level

- the Higgs-signal strengths obtained at the LHCs

. . Philip Bechtle et al, Eur.Phys.J.C, HiggsSignals
- gives the X2 output for 111 Higgs observables 2rXiv-2012.0917 GitLab

- require that the p-value is larger than 0.05, corresponding to 2o level
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o | Type-ll ) Type-IV o | Type-l =
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1 0l 0 0l
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- ) -1.0 -0.5 0.0 0.5 1.0
cos(B - a) cos(B - a) cos(B - a) Cos(B - a)

* at my»2 = 400000 GeV2, cos(B-a) = 0.08 and my=my=m;,= 1000 GeV


https://arxiv.org/pdf/2012.09197.pdf
https://arxiv.org/pdf/2012.09197.pdf
https://gitlab.com/higgsbounds/higgssignals
https://gitlab.com/higgsbounds/higgssignals
https://arxiv.org/abs/2006.06007
https://arxiv.org/abs/2006.06007
https://gitlab.com/higgsbounds/higgsbounds
https://gitlab.com/higgsbounds/higgsbounds

Higgs-pair Production in THDMs

Triple Higgs self—interaction:

cos(f8 — )
sin 23

/\hOhOHO .

A

Benoit Hespel et al, JHEP, ‘.
arxiv:1407.0281 \

\

\
THQM

H PRe
o |- - -

[sin 20¢ (Qmﬁo + m2H0 —

Parametrized as a shift from the SM:

2mi; (3sin 2 — sin 25)
- S111 20y — S111
sin 23
Type 11
L0 COS (v 9 3
1+ A Sin6:1+g/tan5—5/2+0(€)
1O sin o 5 9
1+A,) || - =1-{tan B —&7/2+ O(&°)
cos [3
HO sin «
1+ A Sinﬁ:—1/tan6+£+§2/(2tan6)+0(f3)
L+ A || 222 an B+ € — €2/2 tan B+ O(3)
cos 3
€ = cos(B-a) Benoit Hespel et al, JHEP,

arxiv:1407.0281



https://arxiv.org/abs/1407.0281v2
https://arxiv.org/abs/1407.0281v2
https://arxiv.org/abs/1407.0281v2
https://arxiv.org/abs/1407.0281v2

Resonance Against the Continuum

e Resonance is dominate around M, =1 TeV

)

o)
)
o
o

| C—1 gg-hh
B gg-hh (off-shell)
| B gg-H-hh

N
o
o

My=1TeV

300 -
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200 1
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*tan(B)=5, my22 = 400000 GeV?2, cos(B-a) = 0.01 and my=1000 GeV, mp= my.= 1001
GeV in Type |l




Higgs-Jet-Tagging Method

Higgs jet is recognized by double b- .. 507 0050 1. Multiply infinitesimal value to
tagging due to the hadronic Higgs B hadrons, it is ghosted B

hadrons.
decay. 2. Adding this ghosted B
arXiv:1507.00508 hadrons into the final state list
Double-B Hadrons-tagging via ghost- and cluster the jets
association method is used to do 3. It large R(=1) jet contains
: : : two ghost-associated B
double b-tagging in this study. hadrons, it will be tagged to

the Higgs jet.

\ particle jet

anti-kt, R = 1


https://arxiv.org/abs/1507.00508
https://arxiv.org/abs/1507.00508

XuH =

m(H,) — 124 GeV \”

0.1 X m(H,)

m(H,) — 115GeV \?

High-Level Features - Kinematic Features
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High-Level Features - Jet Substructures
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3CNN Architecture

e Inspired by works

Full-event
image

Leading jet

Joshua Lin et al, JHEP, arxiv:1807.10768
Yi-Lun Chung et al, JINST, arxiv:2009.05930
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https://arxiv.org/abs/2009.05930
https://arxiv.org/abs/1807.10768
https://arxiv.org/abs/1807.10768
https://arxiv.org/abs/1807.10768

Low-Level Features

The average of 10000 images
1. The leading and subleading trimmed jet

m

. S —-H-hh tt 0.02 Mulitijet 3
2. Rotated full-event images = P - T 0020 S
g % 002 0015 =
. e . (ORI 010 &
3. Deposit intensities into 40X40 pixels = E 8
(1 RX1 R -> 4OX40 plxels) L '77_5 0 5 0.00 _‘5 0 5 0.00 _'5 0 5 0.000 Er

charged pt n n n
neutral pt - S [ppHohh G " [Mulitiet 004 3
charged multiplicity (analogy RGB) - 003 &
g 0 ¥ 0.02 ] i N
_6 0.02 2.
4. Rotation and Reflection: 3 001 ¢
- put the leading subjet at the origin B o 1 o 1 o 1o <
- subleading subjet directly below the B oo = — ]
leading subjet 2 \ 002 . 3
. . . . = _ _ ' 02 N
- put the third-leading subjet on the right- ~ §  ° | e
. - 001 ©
hand side & 5
N 11 o 1 0-00 T o 1 0.00 T ) 1000 <

Q1 Q1 Q1

1.  Normalized: sum of intensity is unity
2. Standardization: mean zero and unit * Q, and Q, are new axes for the jet’s axis
variance



Comparisons for 4-Types of 2HDM

e Significance of 4 types in 3 analyses

L = 3000 fb-1 Type | Type |l Type lll Type IV
o(pp->H) (fb) 0.9864 0.81186 0.98173 0.83234
Br(H->hh) 0.88221 0.87147 0.88087 0.87279
Br(h->bb) 0.62102 0.35596 0.64835 0.32968

Cut-based Method (sig. eff. = 0.1059, # of bkg = 1392.67)

BDT Method (sig. eff. =, # of bkg = 142.46)

3CNN Method (sig. eff. = 0.0961, # of bkg = 56.73)

* []

include B-hadron tagging eff. = 0.77
* For signal: tan()=5, m4,2 = 400000 GeV?2, cos(p-a) = 0.08 and

Ma=Mpy=Mmp.= 1000 GeV




Allowed Sensitivity Region Under Current Constraints at 14 TeV HL-LHC

e Red area is the sensitive region at 95% CL ( where the significance > 2)
e (Gray area is the currently allowed region from HiggsBounds at the 95% CL
e Purple area is the allowed region from HiggsSignals at 2 o level
e The 3CNN can cover a large area of the overlapping region in all 4 types of 2HDMs
Type Il Type IV Type | Type llI
P MER | oowedne ey IRV w0 N || §RE
S| it Yukawa regios | z-zwme HS2o) B e S e
o B o AN ol T BET N
R I R o o500 o5 1o o o5 @0 o5 10 o o5 00 05 19

* M52 = 400000 GeV2 and ma=mpy=my.= 1000 GeV
* significance Z = V(2*((s+b)xIn(1+s/b)-s)), where s is number of signal and b is number of
total background



Outlooks

® Higgs physics enters an exciting era in LHC Run-3.
® Higgs pair production is one of the most important

tasks at the LHC to unlock the Higgs mechanism.
® Not to mention there are continuous efforts to

search for other scalar bosons.

e With v =~ 2my; ~ +/2m, the top quark and the Higgs

boson are gateway to EWSB or new physics.






Around March 2013 (Moriond)

The bb and tau kau modes appeared. But the surprise is the
diphoton mode by CMS, It gets 0.7% +- 027

| | | |
ATLAS Preliminary

W,ZH — bb

\s=7TeV: [Ldt=4.7 1"

| I |
my, = 125.5 GeV

\s=8TeV: [Ldt=13fb"

H— 1t
Vs=7TeV: f[Ldt=461"
\s = 8TerLdt 13fb

H—ww" = Wiy

\s=7TeV: [Ldt=4.6fb"
Vs =8 TeV: [Ldt=20.7 fb"

H— vy
\s=7TeV: [Ldt=481"
\s = 8TerLdt 20.7 fo”'
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\s=7TeV: [Ldt=4.61fb"
\s =8 TeV: fLdt=20.7 fo”

Signal Strengths (CMS)

Combined
\s=7TeV: [Ldt=4.6-481"
\s=8TeV: [Ldt=13-20.7 fb"

u=1.30=+=0.20

-0

Higgs Boson Decay 7 L4
(Before Moriond) | (After Moriond)
VH — Vbb e Same
Ho ot pe <(Gkeg) 5L 07670 o
H— WW=* (0/1]) O 0.76 £+ 0.21

H — 7 (untagged)
H—= ZZ

0.55
1.42% 549

0.8010:35

7R

0.30
0.91755,

-1 0 +1

Signal strength (u)

Combined

0.88 = 0.21




Fitting analysis

e Ratios of Yukawa and gauge couplings
S S S S S S

Cu — YHau Cd = I 1% CE — 9mgn C’U = Y9gvv
P P P P P P

Cu — YHawu > Cd — 9Hxdd Cg s L

e Lixtra loop contributions other than the Yukawa and gauge

couplings:

ASY AST: AP9, AP?

® AFtot



ATLAS and CMS Preliminary - ATLAS
LHC Run 1
u - CMS

-0- ATLAS+CMS

— + 10
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C.°

C> > 0 is preferred but C2 < 0 is still allowed at 95% CL;
Cr—=fa8 0
v 0 Gl



Remarks

The HV'V coupling is the most restrictive:
Co=093-1.0

with 7 — 12% uncertainty.

The CPC top-Yukawa coupling C2 is preferred to be positive in
those fits with AS”Y and ASY fixed at zero. C> < 0 is ruled out at
68.3% CL, but allowed at 95%CL.

The nonstandard Higgs decay is limited to be below 19%.

The Higgs signal strengths cannot rule out the pseudoscalar
couplings, and only a combination of C2 and CY is constrained in

the form of an elliptical equation.



e Fermionic couplings

3
gm g o s i
[’Hff = g E :Hf<ngf i ZQHff’Y5>f'
f=u,d,l 2Mw =

For the SM ngf — 1 and gff__;ff —0k

e gauge boson couplings:

Lavyv = g Mw (gHWWW/j_WM T 9yzz Z/LZM) H .

2(:%/‘/
e two photons:

2
aMH

47 v

3k >k 2 Xk
Moyya = — {SW(MH) (11 -€21) = P (Mu) - <€1€2k1"“2>} ’

H

Y =~ —835gmww + 1.76 g5z + (—0.015 + 0.0174) g,
+(—0.024 4 0.021 ) g7, + (—0.007 + 0.005%) g5ro, + AS”

e two gluons

Qg MIQJ N

47 v

{SQ<MH> e e <eie;k1k2>},
MH



Signal Strengths:

e The signal strength can be written as the product of

u(P,D) ~ u(P) (D)

where P = geF, VBF, VH, ttH denote the production mechanisms
and D =~v, ZZ, WW, bb, 77 the decay channels.

e On the production side:

S9(My)|* + |P*(M#)|°

e R
p(VBE) = giIWW,HZZ
A(VH) = giIWW,HZZ
2 2
p(ttH) = (g}fm) + (gﬁft)
e On the decay side
=% B(H — D)
D) =
a9 e S D)
i e b i Caad

liot (H) + Al ot



Well known example of Spontaneous
symmetry breaking

T S T - Ag AR
“ - O A A A
W . = L Ve I S . T
PerrOMQSMQEQSM I N wod' o o o
e e FEAE KK
g e g i o S A

eAbove the crikical %empera&ure, the svs&em Ls svmme&rw under S0(3)
rokakion —- cii,poles are ra&\ciombj orienked,
eBelow the erikical Eempe_raﬁure Ehe ciclpotas are compie&eiv ordered

LA some arbé&rarv direction:

SO(3) ——> so(2)



Groldstone Model

£=0,00"0—V(¢*d) V= p20"d+ A" 0)?

Invariant under a global U(1) transformatioti )7

pla/
¢ —> 67' CY ¢ l,»"‘u":(l

T )"

At =0,V =0. |

For u? < 0, min V occurs at

el S
e & Lt

At the new minimum, V is Llower. The
shifts to <¢>.

..............

VACUUW
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De\/elol:)ments

Refinements in RGE running, spectrum Predictions, Higgs boson

mass calcula’cions,

More SUISY breaking mediations: gravity, gauge~mecliatecl)

anomalg-mecliatecl.

Developments in connection with cosmologg = dark matter, DM

detections, ...
Searches for SUSY Par‘cicles at LEF, Jevatron FERAS . -

Many limits on SUSY Particles, DM allowed regjons, |LHC

Preclictions.

T T e A e g e



Full dakaseks mfm“ 7 + ¥ TeV

The SM Higqs boson provides the best £it to
both CMS and ATLAS datasets.

|ATLA|S P| imi | | | | ls=7TeV,L<51fb" (s=8TeV,L<19.6fb"
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H— Tt H— bb -
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Where is the Goldstone Boson?

r

You may use any degrees of freedom you Like to describe a
hysi sk if you use bhe K !
&P 35:,(:&{ svs&em, but if you use the wrong ones, you L be SDERYs S

L=0,00"¢— 129" ¢ — AN@*8)* \

Write

1 i 1 g | T | fr2
L = F0r@dr(@)+3 |1+205+ oo

g e :

5 {rl@) ¢+ )" — 7 (r(z) + ()

~
~~~~~

r{x) is the massive radial excitakion

Massless
Croldskone

L

5
2 3

[ O a(x)0"a(z)

“-derivative
ﬂouFLiMQ ov\bj,
d@.{:c:-upiﬁs ab Low
enerqgy



Mass Protection

e Fermion mass protected by chiral symmetry.
e Gauge boson mass protected by gauge symmetry.

e Scalar boson mass?

Two choices:
1. Make Ayy not too large, where some new physics appears.

2. Find some cancellation mechanism to remove A7y divergence



Suppose there exists a new scalar

_— e e e e e e e e e —— e o — = = = = = = -

The leading term in Ayyv will cancel if
As = |\f|° and if there are 2 such scalars

Such systematic cancellation requires a new symmetry

= Supersymmetry.

()|boson) = |fermion) (@|fermion) = |boson)

Cancellation OK if SUSY partner mass splitting ~ My



