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Ill. Post-Midterm: pp — bH* — btb(bar); ttt(bar) @ CMS
[t — ch & ttc(bar) redux

V. lete” — HYH~ — ¢béb @ ILC500

WSH, Jain, Modak, JHEP’22

V. Discussion & Conclusion



http://www.ntu.edu.tw/chinese/PageN.php

0. Our impasse

Physicists’ Nightmare Scenario:

The Higgs and Nothing Else

Adrian Cho

Many fear the LHC will cough up only the one particle they've sought for decades.

Some would rather see nothing new at all

fear nothing more than the possibil-
ity that you were wrong and the par-
ticle doesn’t exist, right? Not exactly.

Many particle physicists say their
greatest fear is that their grand new
machine—the Large Hadron Col-
lider (LHC) under construction at the
European particle physics labora-
tory, CERN, near Geneva, Switzer-
land—will spot the Higgs boson and
nothing else. If so, particle physics
could grind to halt, they say. In fact,
if the LHC doesn’t reveal a plethora
of new particles in addition to the
Higgs, many say they would rather it
see nothing new at all.

That may seem perverse, but put
yourself again in the shoes of a parti-
cle physicist. In the 1960s and 1970s,
researchers hammered out a theory
called the Standard Model that, in

With a bang. Spotting
just the Higgs boson,
shown in this simulation,

SCIENCE VOL 315

No-New Physics

If it has the right mass, the
Higgs and nothing else
“would be the real five-
star disaster, because
that would mean there
wouldn’t need to be @n

new physics.”
—Jonathan Ellis, CERN

Adrian Cho

wheeze
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identi O rtics: m;
two identical weak doublets_iQua es iy

Merit Admpy
M(D): extra top Yukawas py and p,. ~ 1 and complex, can drive EWBG, Fuyuto, WSH, Senaha PLB’18

Higgs quartic self-couplings n; at O(1), i = 1-7, provide 1OPhTr (— primordial GW?!)
Kanemura, Okada, Senaha, PLB’05

LCWS |. G2ZHDM  w/oz, > 3extra {Yukawas; of

CPV

M@®@): CPV @ 0(1) needed for EWBG - vulnerable to eEDM (ACME’18 & JILA23)
=>» Spectacular 2-loop diagrammatic cancellation @S Fuyuto, WSH, SenahaPRD’20 (R)
Higgs-y-y™ insertions
| > loeelonl ~ 104

the flavor code?

e -4-"o0nc - ~a~ersW S Houd=EEs Ny ICWS 7/10/2024 £ |
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. G2HDM

two identical weak doﬂblets_

Yukawas: pf

w/o Z, = 3 extra { :
Quartics: n;

Merit MImpy,

M(D): extra top Yukawas py and p,. ~ 1 and complex, can drive EWBG, Fuyuto, WSH, Senaha PLB’18
Q>= Higgs quartic self-couplings n; at O(1), i = 1-7, provide 1%OPhTr (— primordial GW!)
(@) Kanemura, Okada, Senaha, PLB’05

M@®@): CPV @ 0(1) needed for EWBG - vulnerable to eEDM (ACME’18 & JILA23)

=» Spectacular 2-loop diagrammatic cancellation

Glashow-Weinberg PRD’77

M@3): Glashow worried about FCNCs, such as t — ch;

WSH, PLB’92 but with h <t, it is a “PDG” duty to search!

flavor-protected

Curiously, t — ch remains elusive
— Nature threw in alignment (small h-H mixing)
to hide it so far¥ Whe would have thought¥?

(@?),

Fuyuto, WSH, SenahaPRD’20 (R)
Higgs-y-y™ insertions
| 2 |peclpyl ~ Rl |
the flavor code?
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LCWS |. G2ZHDM  w/oz, > 3extra {Yukawas; of

: : - rtics: m;
two identical weak doublets (Ejatcs 'l

Merit MImpy,

M(D): extra top Yukawas py and p,. ~ 1 and complex, can drive EWBG, Fuyuto, WSH, Senaha PLB"18
Q>= Higgs quartic self-couplings n; at O(1), i = 1-7, provide 1%OPhTr (— primordial GW!)
Q Kanemura, Okada, Senaha, PLB’05

M@®@): CPV @ 0(1) needed for EWBG - vulnerable to eEDM (ACME’18 & JILA23)

' . .,
= Spectacular 2-loop diagrammatic cancellation|“’

Glashow-Weinberg PRD’77
M@3): Glashow worried about FCNCs, such as t — ch;

ffavfg ﬁggc?jd but with h <t, it is a “PDG” duty to search!
' Curiously, t — ch remains elusive
— Nature threw in alignment (small h-H mixing)
to hide it so far¥ Who would have thought¥?

Fuyuto, WSH, SenahaPRD’20(R)
Higgs-y-y™ insertions
| 2 |peelpul ~ Melhy |
the flavor code?

M(): Small ¢, does Not contradict O(1) quartics:
=» Can argue that H, A, H* populate 300-600 GeV.

2
C, ~ 22‘ WSH, Kikuchi EPL’18

>+
I
#"’ -
o<
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https://www.sciencedirect.com/science/article/pii/S0370269317309711?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0370269304016570?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.011901
https://www.sciencedirect.com/science/article/abs/pii/037026939290823M?via%3Dihub
https://iopscience.iop.org/article/10.1209/0295-5075/123/11001

LCWS |. G2ZHDM  w/oz, > 3extra {Yukawas; of

two identical weak doublets (gl_JamCS' i

[

Merit MImpy,

M(D): extra top Yukawas py and p,. ~ 1 and complex, can drive EWBG, Fuyuto, WSH, Senaha PLB"18
@>= Higgs quartic self-couplings n; at O(1), i = 1-7, provide 1%OPhTr (— primordial GW!)
Q Kanemura, Okada, Senaha, PLB’05

M@®@): CPV @ 0(1) needed for EWBG - vulnerable to eEDM (ACME’18 & JILA23)

' . .,
= Spectacular 2-loop diagrammatic cancellation|“’

Glashow-Weinberg PRD’77
M@3): Glashow worried about FCNCs, such as t — ch;

ffavfjf %gcfjd but with h <t, it is a “PDG” duty to search!
' Curiously, t — ch remains elusive
— Nature threw in alignment (small h-H mixing)
to hide it so far¥ Who would have thought¥?

Fuyuto, WSH, SenahaPRD’20(R)
Higgs-y-y™ insertions
| 2 |peelpul ~ Melhy |
the flavor code?

>4 M(®: Small ¢, does Not contradict O(1) quartics: c 2776—1:22 ‘ R
_'g < =» Can argue that H, A, H* populate 300-600 GeV. my —my,

»lT s —»1

@I M(5): With t — ch cY-suppressed —> Natural to pursue cg’_> tH/tA — ttc(bar) Kohda. Modak WSH PLE'1S

- Better: cg — bH* — btb(bar) [recoil b, nott]  Ghosh, WSH, Modak PRL*20
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LCWS Il. Decadal Mission of the New Higgs/Flavor Era

Midterm Report: “my BSM” pp — ttc(bar) ATLAS & CMS

Same-sign top pair + jet
—> Natural to pursue cg — tH/tA — ttc(bar)

A/H — tc(bar)

Phys. Lett. B 850 (2024) 138478
PUBLISHED FOR SISSA BY €) SPRINGER

T
0

RECEIVED: July 28, 2023
ACCEPTED: October 5, 2023
PuBLisHeD: December 12, 2023

Contents lists available at ScienceDirect
PHYSICS LETTERS B

Physics Letters B

A
Search for heavy Higgs bosons with flavour-violating ||/0EVIER Journal homepage: www.elsevier.comocate/physletd

couplings in multi-lepton plus b-jets final states in pp
collisions at 13 TeV with the ATLAS detector

Letter

Search for new Higgs bosons via same-sign top quark pair production in
association with a jet in proton-proton collisions at \/E = 3TeV
@ The CMS Collaboration*  A. Hayrapetyan et al. 2311.03261

The ATLAS collaboration 2307.14759
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LCWS Il. Decadal Mission of the New Higgs/Flavor Era

Midterm Report: “my BSM” pp — ttc(bar) ATLAS & CMS

Same-sign top pair + jet
—> Natural to pursue cg — tH/tA — ttc(bar)

A/H — tc(bar)

PUBLISHED FOR SISSA BY €) SPRINGER

T
0

RECEIVED: July 28, 2023
ACCEPTED: October 5, 2023
PuBLisHeD: December 12, 2023

Search for heavy Higgs bosons with flavour-violating
couplings in multi-lepton plus b-jets final states in pp
collisions at 13 TeV with the ATLAS detector

Phys. Lett. B 850 (2024) 138478

Contents lists available at ScienceDirect

Physics Letters B

Letter

EXPERIMENT NeitherATLAS

The CMS Collaboration *  A. Hayrapetyan et al.

LA
ELSEVIER journal homepage: www.elsevier.com/locate/physleth

Search for new Higgs bosons via same-sign top quark pair production in
association with a jet in proton-proton collisions at \/E = 3TeV

PHYSICS LETTERS B

2311.03261

Nor CMS saw a signal.

The ATLAS collaboration 2307.14759 |
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LCWS IIl. Post-Midterm: pp — bH* — btb(bar); ttt(bar) @ CMS

[ttc(bar) & t — ch redux
.- H*—tb(bar)  pyVy

H

—> Better: cg — bH* — btb(bar) also: cg — tH/tA — ttc(bar), ttt(bar) [H/A — tt(bar)]

redux adding Run 3 data

V!V, enhanced t—ch

The elevated current H, A, H* search program @ CMS.

Ghosh, WSH, Modak PRL’20
w.r.t. 2HDM-II
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LCWS IV. ete” — HTH~ — cbéb @ ILC500

. A “what if” situation at LHC. t
cg — tH/A — ttc(bar) ttc(jlgar) cancel
mH+ =me — mA\ —~ 200 Gev ’ptc =0l1'ptt =0-1,cy — 0-0

103+ [€9 — bHY — beb swamped by QCD:  LHC “blind-spot”
c
— EWBG
still robust
—— T
bH- > thch + h.c
SeSSsssacso. 3-body

Cy = 0.]3 ~===< % alignment

2000

WSH, Jain, Modak, JHEP’22
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Event Selection & Zh, ZZ veto

Madgraph + Feyrules + PYTHIA6.4 + Delphes3.5.0(ILD) -

m/ , Cuts A m2., Cuts A . ..
e bIJ o 1 | bll o light-j pair w/ b by angular prox.,
b EI TT TT 1T LI TT 1T LI TT 1T LI IE EI TT TT 1T T T T1T TT 1T T T T1T TT 1T T 1T IE . .
8 f Evt Select 1 - not quite effective at 500 GeV.
%10_1;_ _; 10_1;_ 4 Process Cuts A Cuts B
: : : cbch (H+H~4 SM) 10.2fb 5.0fb
- . - cbch (SM-only) 4.91b 1.71b
0% 1075 tt 15.3fb 8.3fb
- I bbjj (QCD) 13.1b 0.7 b
ool .| ¢éjj (QCD) 2.71b 1.6th
: i bbbb 3.3fb 1.71b
_ 77 6.3fb 1.0fb
10 56 550550 10 e Zh 7.81b 0.4fb
M; (GeV) my; (GeV)
WHW— 2.5fb 1.7fb
my; , Cuts B mg;, Cuts B Total (SM-only) 55.8fb  26.1fb
% 1§| TT [T T T T[T T T T [T T T T[T T T T [TT T T TTT |§ 1§| TT TT T T [T T T T [ TT T T[T |t|)|b|H|+Lr| |S|h‘|lllE TOtal (H+H—+ Shl) 61'1 ‘Sfb
[0} C . C  C g_ +~ .|
s T Zh,ZZ veto - —t§ -t4 ]  Sienificance (£ =1ab"l) (2.1 20.
= I ] i —Zh -> bbjj 1 ~——
B0 = 107 B2
i E E —WW >4 E
i ] - —bbji(QCD) ] L(n )
L 4 L —ccjj . T |Mpred
Z red) = 1/ —2In——P~
10°E E 102E] e (nlrpred) \/ " L(nln)
; ? : L(n|no) = e="nf /!
102 1075
+
! But, H™ mass?
10 =g 300 _ 350 10 s 00 150 200 250 300 _ 350
M (GeV) m; (GeV)
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- Process Cut C Mass Cut
LCWS ete” — HTH- — cbéb cheb (HYH=+SM) 099 b 051 b
cbeb (SM-only) 0.29 fb 0.02 fb
- — : - tt 151 b 0.03 b -
Cut C bbjj (QCD) 0.77 fb  0.06 fb
- 77 (QCD 0.13 fl 0.02 fl
imp;—mi;| < 0.1 x mj.; ccji (QCD) ’ -
- - o bbbb 0.27 fb  0.01 fb
0.1 not optimized Z7 0.15 b 0.04 fb
Zh 0.04 b 0.01 fb
Mass Cut WHWw- 0.55 b 0.02 fb
] ] Total (SM-only) 3.72 fb 0.21 fb
W< myps < . )
160 GeV' < myp; < 210 GeV Total (HYH-+SM) 442 b 0.68 fb
Significance (£ = 1ab™!) 11.1 26.3
mgj . CutC mﬁi , Cu’: C
s“ 15\ T T 1T IIII|II T ‘ T TT | T 1T IIIIE 15\ T T 1T IIII|II 1T ‘ II T | T 1T | T \E
8 E - |1 =CbcbH'H +SM -
e 1 F , | —te —tt4
£ | , I b Cut C pairs correctly,
“0610’3— E 10’3— | I =ZZ-> bbl_! E - ]
g : - ' | -ww-=4 3 w/oinputting mass,
- . - : , —bbi@cD) s -
i T i Ly ool 1 suppressing much BG;
107 = 102 | —bbbb E
- ] - ! ] Mass Cut  reduces
ool ] ool ; ] background further.
1 (Note the WW — €SS pairing)
| O '

Two-body prod. is key.
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LCWS Some Comments

my;, Cuts A

315 """""" |""|""|""|""§
& — (s=500 GeV ]
= ]
Em—'z— — {s=1TeV E
Pairing by angular proximity
104, improves with Energy. E.g. at
_ 1 TeV, the “Edge” is sharper.
107k

10—4 \I|IIII|II\I|II\I|II\I|II\I|IIII
50 100 150 200 250 300 350

m,, (GeV)
(a) m, (b) pf
e L B L B L B B L L B AL LA
S1E E Sq _
: — § —Electron Collider 3 >F E
At pp colllder, H+H -] —Proton Collider 1 % - |p — HTH™ — cbeb| ]
<< < | i
production not in CM 1 I ]
10'1:_ - L i
frame, w/ py of HTH™ : E ;
unknown, while cross T ] 0
sections much smaller 102F +: - I
than QCD processes. i T ] i
10 S =m0~ 300 200500 1 400200500

my; (GeV) P, (GeV)
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LCWS V. Summary

» —_—
W Still my goal & hope.

| could have told you up front:

\

HO A° H*~500 GeV CAN
can generate B.A.U. > Verify at LHC. € Fantastic!!

accommodates €EDM J | FPCP Probes !

v -s"oonNc - ~~~"+~WS Hond=44E®?Nrn I CWS 7/10/2024 16 |
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V. Summary

™ QL o
e Kand 0= still my goal & hope.

| could have told you up front:

HO A% H*~500Gev | CAN
can generate B.A.U. ~ Verify at LHC. € Fantastic!!

accommodates €EDM J | FPCP Probes !

A perverse “what if”: p.. = p; = 0.1, H, A, H" degenerate at 200 GeV?

e AD500 GeV ILC can still cover this thru ete- — HtH~ — cbeb

« Reconstruct H" mass and probe e*e- — HA — tcte to affirm G2HDM

* Measure p; = 0.1 to affirm EWBG!

Viva ILC!
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V. Discussion & Conclusion

Thus, our Decadal Mission:
“Find the extra H, A, H* bosons;

Is this it?!

Crack the Flavor code; L loeclpnl = Aeliy! |
« i the flavor code?
Solve™ the Mysterious B.A.U.1”

" We are also conducting a Lattice study of
O(1) quartics for 18OPhTr -> New Scale?
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Up to Nature whether our “Wish for Discovery” is Granted ... or Not ...

Thank You!

a Higgs, and a 2"d Higgs ...
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National Taiwan
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Enough CPV
for BAU?

Search H, A, H*i
@ LHC]

Soarmg to the Starry Heavens

Baryon Asymmetr of Unlverse

ACME experiment: Current frontline, Probe

CPV via eEDM, put check on Baryogenesis.

=illions
&
Belllife]gks| Of stars ...
clIRelEIgr ing protons

lal Reef National Park
) Wally Pacholka
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. /ﬁ} 3% :’3"’* ";” So, How “Steered”?

National Taiwan < ?
University 2017 was “a Good Year”.

1705.05034 Physics Letters B 776 (2018) 402-406

Explaining @Cﬁ@al@ryesis driven by extra top Yukawa couplings

BAU Kaori Fuyuto®*, Wei-Shu Hou ", Eibun Senaha“ | EWBG Driven by A‘Imptd

3 Amherst Center for Fundamental Interactions, Department of Physics, University of Massachusetts Amherst, MA 01003, USA

Y Department of Physics, National Taiwan University, Taipei 10617, Taiwan G ra nd M Otlvat'on !

© Center for Theoretical Physics of the Universe, Institute for Basic Science (IBS), Daejeon 34051, Republic of Korea

ARTICLE INFO ABSTRACT ="
Article history: We study electroweak baryogenesis driven by the top quark in a general two Higgs doublet model
Received 19 August 2017 , flavor-changing Yukawa couplings, keeping the Higgs potential CP invariant. With Higgs sector coup
N o e R B bomeien A2 and the additional top Yukawa coupling e all of O(1), one naturally has sizable CP._violation that,
H Accepted 26 November 201 the_cosmic_baryon_asymmetry. Even if p vanishes, the favor-changing coupling gy can still led

Availabl i : 2
Ed‘:ll()‘l‘" aoﬂzﬁfﬁemhﬂ 2017 successful baryogenesis. Phenomenological consequences such as t—» cli, T —» 1y ‘electron electric dipole

H + IA moment, h — y ), and hhh coupling are discussed.

Fitfor LHC | 1706.07694 Sub-TeVH. A H* @ LHC; G2HDM well-hidden so far. EPL 123 (2018) 11001

cg = tA/H — né. 17 cg = bH" = bth

Production 1710.07260
Processes

unsuppressed
by alignment

PLB 776 (2018) 379-384
Y

ATLAS-CONF-2022-039 (ICHEP) Search Started 2/2020. Fruition 2023!

PRL 125 (2020) 221801

J

e H @ ILCl = Higas/FlavorEva = GeoraeWS.HouE 4= (NTU) = ASPZ &4 3/2-/2023 10 € 7/10/2024 22 |


http://www.ntu.edu.tw/chinese/PageN.php

LCWS Robust: Large Parameter Space for EWBG

]_UD_ T T T T 1 T T 1]

Ptc: Pit satisfy

sCan over I,Otcl Dttt Pte | B4 s mixing, b — sy
V4

no obvious diff.

}/B,fl }fglﬁ
[a—
=
T

= Ptt driven!

sin dpe| = 1 |

2
Va (:E) Up (y) ‘C
—_—_—— e ——— 7___ ? -: : e
bubble *  ¢p.¢p S wall 110- = 10 - ) the charm of EWBG
Pt Prc |t myg = ma = myg+ = 500 GeV|
. tr < 1

small P —yeIm(pee)

UclTC 3\ O(l)

D,=89/T Dy =101.9/T
=0.22T TY% =12003,T T..=16a'T

Te =1192 GeV__vc = 176.7 GeV' v =04 AB =0.015
my, = 0.59T my, = 062" m., =050T Ty, ,
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