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Longing for BSM, but

The same sentence repeated

In the experimental papers
at the LHC



Search for new physics in the T lepton plus missing
transverse momentum final state in proton-proton

collisions at v/s = 13 TeV

The CMS Collaboration

Abstract

A search for physics beyond the standard model (SM) in the final state with a hadron-
ically decaying tau lepton and a neutrino is presented. This analysis is based on
data recorded by the CMS experiment from proton-proton collisions at a center-of-
mass energy of 13 TeV at the LHC, corresponding to a total integrated luminosity of

138 fb~'. The transverse mass spectrum is analyzed for the presence of new physics.
No significant deviation from the SM prediction is observed. Limits are set on the
production cross section of a W’ boson decaying into a tau lepton and a neutrino.



Spirit of invincibility!

Let’s check every loophole.



What if we may
miss the signal?

It Is dark under
the lamp.
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miss the signal?

It Is dark under
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Two explanations

1. The new particle is generically elusive at
the LHC.
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2. We did not search the right place.

BSM signal
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A well-motivated BSM model
which satisfy two cases:

Fermiophobic Higgs boson
In type-l| 2HDM
with a high cutoff scale



. Fermiophobic Higgs boson in Type-l 2HDM
. RGE

. Big impacts on the fermiophobic type-l from the high
cutoff scale

. Characteristics of the parameters with high cutoff scale

. Golden channel 1: T=vyy
. Golden channel 2: #xfxyy + X

. Conclusions



1. Fermiophobic Higgs
boson In Type-l 2HDM



e Basic theory setup

_I_
w;

(I)i: U@‘|‘hz‘|_7x777, 9 i:1727
V2

where v = \/v%—kv% = 246 GeV.
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e Basic theory setup

_I_
w;

(I)i: Uz‘|‘h7,‘|_2777, 9 i:1727
V2

where v = \/v%—kv% = 246 GeV.

e Discrete Z> symmetry to avoid tree-level FCNC

(I)l — (I)l, (I)Q — —(I)l

e Scalar potential with CP-invariance

Soft braking of Z2
Vo = mllqﬂcbl + m22<1>’f<1>2 E m2,(®1dy + H.c. ))

+2 A1(<I>*<I>1) + = A2<<I>*<I>2) + A3(®]@1)(@]Dy) + Ao (@] @) (@] @))

—|—§)\5 [((I)J{(I)Q) + H.C.} :



e Four types

D, D, UR dg tr O, Ly
Type 1 + — — — — +
Type 11 + — — + + +
Type X + — — — + +
Type Y + — — + — +

—Lyvukawa = Yu2 Qp Pour + Yo Qp ®odp + Yo Ly ®1eg + hec.
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e Four types

(I)l (1)2 Up dR €R QL7 LL

Type 1 + — — — — +

Type 11 + — — + + +

Type X + — — — + +

Type Y + — — + — +

fermiophobic type-I: Mgy =125 GeV, o =n/2.

H _Sa A _ 4A _
Ry = —, §& ==& = —& = —
S3 tg

Lighter hs becomes fermiophobic!
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Normal productions are prohibited!
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e SM HIggS boson hSM — Sﬂ—ah -+ Cﬁ—aH'

* Near the Higgs alignment limit:

Cg—a = 1= gn—v-v =0

19



2. RGE



% Does this model satisfy the theoretical
stabilities?

1 Yes. We obtain the viable parameters.

% But that’s true at the WE scale. The couplings
run!

21



 Running of gauge couplings

16#2593 — —7g§’,

10 %,

167 By, = ( YR > gy = =305,

20 | n
167°3,, = (3 | 6d = T4,

2 in the 2HDM
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 Running of Yukawa couplings has two contributions.

By = BY + By

17 9 3 9
167° 4, = — (129f + 492 + 893> Yi, 167° By, = <§Yb2 + §Y22> Yy

15 9 5
16%26% = — ( 1 g7 + 492) Y-, 167T2ﬁ£ = §Y73
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* Running of quartic couplings from bosonic contributions and
fermonic contributions

b Y
B = By + By
e |ntype-X, for example,
3 3 9
167°6Y, =791 + 59195 + 95

— 3201 — 9921 + 1207 4+ 402 + 4dg g + 207 4 2X2,

16726y, = — 4V + 4V 2\,
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BP-IS

My in GeV 93.6073
My in GeV 15.7859
M+ in GeV 135.00
A1 1.0251
A2 0.25767
A3 0.58636
A4 -0.45412
As 0.138905
m3i, in GeV?® | 393.28757
tan 3 22.0
sin(8 — «) 0.00601127
yr % sin(B — a) | 1.13220955
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e No dramatic changes
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BP-IS

N | N N | N N | N N | N N N N N | N
1000 10000 100000  1x10° 1x10” 1x108
Energy [GeV]

e Quartic couplings can be very large at high energy scale.
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QY9

 Why is the large quartic coupling a problem?

e |t can threaten the theoretical stabilities.

28



Theoretical stabilities

e Scalar potential bounded from below:

A1 > 0, Ao > 0, A3 > —A/ )\1)\2,

Az + Ay — ‘)\5| > —4/ A1 \a.

R
e !
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Theoretical stabilities

1. Scalar potential bounded from below:

A > O, Aoy > O, )\3 > —\/ )\1)\2,

)\3 + Ay — ‘)\5| > —4/ A1 \a.

2. Perturbative unitarity of scalar-scalar scattering at tree level

3 9
5()\1 + Ao) + \/4()\1 — X2)2 + (2X3 + \y)?,

1
5 ()\1 F Ao /(= A2+ 4A§) ,

1
5 ()\1 F Ao/ — A2+ 4A§> ,

Az +2X+3Xs5, fo=A3+ A5, 1= Ja= A3+ Ay,
Az 42X —3X5, e2a=A3— A5, D1 =A3— A4

30
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Theoretical stabilities

1. Scalar potential bounded from below:

AL >0, A >0, A3 >—1/ A9,

)\3 + Ay — ‘)\5| > —4/ A1 \a.

2. Perturbative unitarity of scalar-scalar scattering at tree level

3

9
ar = =(A1+ X)) £ \/4()\1 — )2 + (2A3 + \y)?,

2

1
by = 2()\1+)\22|2\/()\1—)\2)2‘|‘4)‘421>7

1

C+ = 2()\1—|—>\2:|:\/()\1—)\2)2—|—4>\§>,
Jo = A +2M0 43, =AM+, 1= fa= A3+ A,
er = A3+ 20 —3X5, e =A3— A5, p1=A3— A4

3. Vacuum stabillity

D = mi, (m}; — k*m3,) (ts — k) > 0,

31
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BP-IS

Theoretical stability is broken at A.

1
NP is not valid at A.

\ 4

A IS the cutoff scale of NP.

N P | N N P | N N | N N | N N | N N | N
1000 10000 100000  1x10° 1x10’ 1x108
Energy [GeV]
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BP-IS

If Ais the Planck scale,
the model is well motivated.

N P | N N P | N N | N N | N N | N N | N
1000 10000 100000  1x10° 1x10’ 1x108
Energy [GeV]
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* RGE analysis to calculate the cutoff scale

1. Run each parameter point to the next high energy scale via
the RGEs.

34



* RGE analysis to calculate the cutoff scale

1. Run each parameter point to the next high energy scale via

the RGEs.
2. Check three conditions—unitarity, perturbativity, and vacuum

stability.
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* RGE analysis to calculate the cutoff scale

1. Run each parameter point to the next high energy scale via

the RGEs.

2. Check three conditions—unitarity, perturbativity, and vacuum
stability.

3. If any condition is broken at a particular energy scale, we
stop the evolution and record the energy scale as the cutoff

scale.
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* RGE analysis to calculate the cutoff scale

1. Run each parameter point to the next high energy scale via

the RGEs.

2. Check three conditions—unitarity, perturbativity, and vacuum
stability.

3. If any condition is broken at a particular energy scale, we
stop the evolution and record the energy scale as the cutoff

scale.

h,H,A -
Js, g, gl, )\17...75, gf , m?], U;, (Z — 1, 2)
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3. Big impacts
on the fermiophobic type-|
from the high cutoff scale

Kim, Lee, Sanyal, Song [2207.05104]
PLB 2022



e Scanning

For my,, = 20, 30, 40, 60, 96 GeV,

My g+ € [80, 900] GeV,
ts € [1, 100], m?>, € [0,15000] GeV?.

40



e Scanning steps

Step A Theoretical requirements and the low energy data

1. Higgs potential being bounded from below:
Perturbative unitarity of the scattering amplitudes:;
Perturbativity of the quartic couplings;

Vacuum stability:;

. FCNC observables.

U W N

Step B High energy collider data

1. Higgs precision data via HIGGSSIGNALS;

2. direct searches at high energy collider via HIGGSBOUNDS.

41



e Model survives at the EW scale, except for mn=60 GeV.

Survival probabilities

mn, [GeV] 20 30 40 60 96
Step-B(2) 1.10% 0.27% | 013% | 0.026% | 25.7%
Step-B(3) 0.207% | 0.048% | 0.011% | 0.000% | 25.7%

42




Model survives at the EW scale, except for mn=60 GeV.

Survival probabilities

mp, |GeV] 20 30 40 60 96

Step-B(2) 1.10% 0.27% 0.13 % 0.026 % 25.7%

|
Step-B(3) W 0.207% | 0.048% | 0.011% | 0.000% N 25.7%

|\ J

43



» Different high-energy scale behaviors, according to mns

1003 : myp, = 30 GeV
] 1071 mp, = 96 GeV
]
£107°
jgg@ 10~ =
< 103
S SHE O S S —
E 1 2 3 45 6 7 8 910
=, 02 A, [TeV]
Light hs cannot have a high cutoff scale!

104 106 108 100 102 104 1016 1p!8
A |GeV]

44



4. Characteristics of
the parameters
with high cutoff scale



Let’s focus on the fermiophobic Higgs
boson which can accommodate high A.

mp, = 80, 90, 100 GeV.
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Viable parameter points with A>1018 GeV
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® Light masses for the other BSM Higgs bosons

® tan3 > 6
® Mi22 is small.
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Br(hs = XX)

Br(A - XX)

Br(H * - XX)

Step A & B, Acut > 1018 GeV

mp. = 80 GeV
100;
i %
- —~——— _
— <
>
1071 I_
r Ny
- =
i m
_2 Il 1 L ‘ L 1 ‘ 1 1 ‘ L L | L Il ‘ 1
10 80 100 120 140 160
Mam+ [GeV]
100; Zhs
f <
3
1071
: Y
L | -
3 m
_2 1 ‘ hd| 1 ‘ 1
10 100 120 140 160
Mam+ [GeV]
10° W * hy
<
>
T
10t H
z
—
m
- g 2 - [ BT |
107285100 120 140 160

Mam= [GeV]

10°

107!

1072

10°

1071

1072

10°

1071

mp, = 90 GeV

f ) W*w-

L e —

I 4%

* 3

B T

: <

: o

— 80 100 120 140 160

Mam+ [GeV]

b

‘ 3

B T

g NS

g @D

L cC

— 80100 120 " 140 160

MA/Hi [GeV]

3
T
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z
o
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120 140 160

100
Mam= [GeV]

10°

107!

1072

10°

1071

1072

10°

101

1072

mp. = 100 GeV
f : W+ w-
I ;'“”— yy
E H*W
Il Il ‘ 1 L ‘ L L | L L ‘ 1 L ‘ L
80 100 120 140 160
A4A”4t [CSe\/]
; bb Zhy
: cc
| P P | ' P
80 100 120 140 160
Mam+ [GeV]
: W = he
L TV
F cd
P | [y SRSt |
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Br(h—-XX)

100
YY
R — W‘*‘W—
1071
1072

Mmp, = 80 GeV

80 100 120 140 160
Mam= [GeV]

Br(h—-XX)

109

1071

1072

Mmp, = 90 GeV
i wrw-
YY
80 100 120 140 160

Mam= [GeV]

Br(h—-XX)

10°

1072

Mp, = 100 GeV

Hi

e — YY

80

100 120 140 160
Mam= [GeV]

e hs decays into a photon pair, but not dominantly.
e WW (3-body and 4-body) is also sizable.
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e Existing searches for the fermiophobic Higgs boson

Final _ AN/ 1% 4A~vvv
. ina b YT [y Y X | anx
Production YYqq 4vqq
DELPHI
eTe” — heA
ete” — heA DELPHI
— hfhfZ
DELPHI
ete” — heZ (X)
p— heH*
pp f CDF
— heheW ™)
pp — hsm — hehyg CMS
CDF
/pp — hiV/hejj (X) o
_>
pp/pp — heV/hyjj OMS
ATLAS

e All rely on hi— yy or hihi— yy vy

50



e Single hs decay mode: a photon pair.
e BUT hr hscan have another efficient mode, yyYWW.

myp, = 80 GeV : Br(hthy — yyWW) ~ 36%, Br(hs = vy)* ~ 35%,
mp, = 90 GeV : Br(hthy — yYyWW) ~ 40%, Br(hs = vy)* ~ 20%,
mp, = 100 GeV : Br(hthy — yyWW) ~ 30%, Br(hs — vv)* ~ 4%,
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e Existing searches for the fermiophobic Higgs boson

Final _ AN/ % A~vpD
. ina . vy [yyvo 0447, X X
Production YYqq 4vqq
DELPHI
10° W=h DELPHI H
I
®
T CDF
+ 1071
I CMS
o CDF
DO
cd e CMS
AR .’{.' ATLAS
10—2 ' L S T ,
80 100 120 14 160
Mam= [GeV]

52



e EXxisting searches for the fermiophobic Higgs boson
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Viable parameter points with A>1018 GeV

o '._:‘ ._~
2.

Steps AB &
01 /\cut > 1018 GeV

80 100 120 140

MA/H + [GeV]

400

300

200

mhf=70 GeV is excluded

m

Steps AB & CDF s

| Acut > 1018 GeVv

80

100 120 140

MA/H + [GeV]

PHYSICAL REVIEW D 93, 112010 (2016)

12
1600

1400
1200
1000
800

600
400
200

Search for a low-mass neutral Higgs boson with suppressed couplings
to fermions using events with multiphoton final states
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Brainstorming of all the possible final states,
which depend on Mh-

Target decay modes Light Ma/n= Heavy My m+
H* > 1v H* — hyW*
A — bb A— heZ*
Initial production Final states
qf — W* — heH* 27Ty v 2ET P X
qf — W* — AH* bbTv NVEER )X v
qq — /2" — HTH~ TUTV 2UFEERTX

55




Brainstorming of all the possible final states,
which depend on Mu-

hf — 2”}/, hfhf — QWWW*

Lioht M 4/t Heavy M 4+
Target decay modes A/H
H* — Tv H* — heW*

A — bb A — heZ*
Initial production Final states
qf — W* — heH* 27Ty v 2ET P X
qf — W* — AH* bbTv 2UFEERTIX
qq — /2" — HTH~ TUTV 2UFEERTX
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Brainstorming of all the possible final states,
which depend on Mu-

hf — Qﬁ/, hfhf — QWWW*

Heavy M 4+

Target decay modes ight

T H* > v H* — heW*

A — bb A— heZ*

Initial product; Final states

07 — W* — he ™ 27Ty v I ETX v
W+W-W=—— _ _

qf — W* — AH* bbTv NEERT) X

qq — V*/Z* — HTH~ TUTV 2T X

57




Brainstorming of all the possible final states,
which depend on Mu-

hf — 2’)/, hfhf — QWWW*

Heavy M 4+

Light Mz B
Tal”get deCa;y modes ight,

T H* > v H* — heW*

A — bb A— heZ*

Initial producti Final states

07 — W — he = 27Ty v I ETX v
qf — W1 — AH™ bbTv 2B X v
qq —Y*/Z) — H H~ TUTV 2T X
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5. The first golden
channel: r=vyy



o(pp—H * h—Tvyy) [fb]

=
o
N

Parton-level cross sections

M, = 80 GeV

=
o
N
TTT

'_I
o

=
T

100k

§ Parton Level

1 1 1 | 1 1 1 1 I 1 1
100 120 140
Mam= [GeV]

 The larger tanf3, the smaller o.

30

o(pp—H * h—Tvyy) [fb]

=
o
N
TTT

My, = 90 GeV

10':

100k

E Parton Level

|

1 1 | 1 1 l 1 1 I 1 1
100 120 140
MA/H * [GeV]

50

-30

o(pp—H * h—Tvyy) [fb]

=
o
N

* The larger MH=z, the smaller o.
 The signal rate is sizable, above 100 fb.

60

mp, = 100 GeV

=
o
N
TTT

'_I
o
=
T

100k

§ Parton Level

| 1 1 I I 1 I | | 1 I
100 120 140

MA/H * [GeV]
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Signal-to-Background analysis
at the detector level

61



Final state of 7 v~y

BP-71: mp, = 80 GeV, My g+ = 95.8 GeV,
miy = 501.1 GeV?, tg = 12.5,

BP-72: mp, = 90 GeV, My g+ = 100.3 GeV,
m*, = 318.4 GeV?, tg = 25.4,

BP-73: mp, = 100 GeV, My g+ = 106.9 GeV,

m2, = 274.3 GeV?, tg = 36.4.
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Cross sections in units of fb for vy

BP-r1 | BP-72 | BP-73 977 JYY Wy | Zyy
parton-level with MG 197.2 122.1 43.5 7.73 x 107 | 1.08 x 10° | 140.3 | 184.7
Basic Selection 21.84 | 14.87 5.89 1.25 x 103 45.25 0.761 | 0.954
p%: > 10.Gey 9.31 7.08 3.11 144.62 28.73 0.205 | 0.186

pr > 40 GeV
My, € [62.5,125] GeV 9.20 6.98 3.08 21.94 4.35 0.023 | 0.032
Er > 70 GeV 6.49 4.89 2.16 2.51 0.052 0.007 | 0.003
veto jets 4.36 3.18 1.43 0.98 0.011 0.004 | 0.002
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Cross sections in units of fb for vy

BP-r1 | BP-72 | BP-73 977 JYY Wy | Zyy
parton-level with MG 197.2 122.1 43.5 7.73 x 107 | 1.08 x 10° | 140.3 | 184.7
(_ Basic Selection 21.84 | 14.87 | 589 || 1.25x10° | 4525 | 0.761 | 0.954
pr > 10 Gev 931 | 7.08 | 3.1 | 144.62 28.73 | 0.205 | 0.186
pr > 40 GeV
Moyqy € 625,125 GeV || 920 | 698 | 308 || 21.94 435 | 0.023 | 0.032
Er > 70 GeV 649 | 4.89 | 2.16 251 0.052 | 0.007 | 0.003
veto jets 436 | 3.8 | 143 0.98 0.011 | 0.004 | 0.002

For the basic selection

— We select events with at least one 1,-jet and two leading photons with pr > 20 GeV,
In| < 2.5, and the angular separation of AR = \/An2 + A¢? > 0.4.

— We require the missing transverse energy@T > 20 GeV)
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Cross sections in units of fb fa

BP-r1 | BP-72 | BP-73 JYY Wy | Zyy
parton-level with MG 197.2 122.1 43.5 7.73 x 107 § 1.08 x 10° | 140.3 | 184.7
Basic Selection 21.84 | 14.87 5.89 1.25 x 103 45.25 0.761 | 0.954
p%l > 10 GeV 9.31 7.08 3.11 144.62 28.73 0.205 | 0.186
pr > 40 GeV
My, € [62.5,125] GeV 9.20 6.98 3.08 21.94 4.35 0.023 | 0.032
Er > 70 GeV 6.49 4.89 2.16 2.51 0.052 0.007 | 0.003
veto jets 4.36 3.18 1.43 0.98 0.011 0.004 | 0.002
) Py =5x107"
e Huge backgrounds from jjy. I

e QCD jets can be mistagged as photons or tau.

* The contribution from radiation photons is sizable.
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Cross sections in units of fb for 7Ty~

BP-r1 | BP-72 | BP-73 977 JYY Wy | Zyy
parton-level with MG 197.2 122.1 43.5 7.73 x 107 | 1.08 x 10° | 140.3 | 184.7
Basic Selection 21.84 | 14.87 5.89 1.25 x 103 45.25 0.761 | 0.954
p%: > 10.Gey 9.31 7.08 3.11 144.62 28.73 0.205 | 0.186

pr > 40 GeV
My, € [62.5,125] GeV 9.20 6.98 3.08 21.94 4.35 0.023 | 0.032
Er > 70 GeV 6.49 4.89 2.16 2.51 0.052 0.007 | 0.003
veto jets 4.36 3.18 1.43 0.98 0.011 0.004 | 0.002

We can tame the background!

Veto jets with pr > 20 GeV and |n| < 2.5
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Significance with 300/fb

Apg =0 Spp_,1 = 52.8, Spp_ro = 41.0, Spp_-3 = 20.9,
Abg — 5% . SBP—Tl — 34.2, SBP_TQ — 27.3, SBP—TS = 14.7.

Very promising!

6/



% Isn’t it cherry-picking? The fancy results
are for the BPs.

1 O0ps

% What about the other parameters?

68



mp, = 80 GeV t mp, = 90 GeV t mp, = 100 GeV t

101: 50 101 50 101: 50

F £=300fb%, Apy=0.05 E £=300fb™%, Apy=0.05 - £=300fb™%, Apy=0.05

- \ ———- S§=3 sS=5 B B == §=3 S=5
2 w0 2 g
4= 1005_ ha 100E — :|_00E
~ - ~ - ~ B
> - > >
l-' - _30 l" I" B 30
g 101 ' .g 1071 g 1071
’% 20 ’& HI 20
T T T
o 1072 ; Q 1072 Q 1072
& B S S -
b : . ;'-:.": b : b :

| Detector Level ™% . Detector Level ; . Detector Level

10—3:_ 1 1 I 1 1 1 l 1 1 Il I..l 1 0 10—3:_ 1 1 l 1 1 1 I 1 1 1 [ 'l 1 O 10—3:_ 1 1 l 1 1 1 I 1 1 1 I 1 Ml O
100 120 140 100 120 140 100 120 140
MA/Hi [GeV] MA/Ht [GeV] MA/H’—’ [GeV]

* Most of the parameters with light Mn. can enjoy the
significance larger than 5 with 300/fb.
 The larger tanf3, the smaller o.
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6. The second golden
mode: £xC*yy + X



Final states

g7 — W* — HThy 29Tty (TVFENy B X
qf — W* — AH* bbr*u (HVENyBr| X v
qq —v*/Z* - HTH™ Trurty (F0ENyBr| X v

Three channels

[a




OAH* »1*1* 2y + X) [fb] olhtH* -1+ 1* 2y + X) [fb]

OHt*H™ -»1*1* 2y + X) [fb]

101k

100t

101t

10°F

1071

101t

10°F

viathi
| | | [

ol b b by P
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e The larger tang, the larger o.

® The signal rate is sizable, above 10 fb.
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Signal-to-background analysis
at the detector level
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BP-SS1: mp, = 80 GeV, My g+ = 122.4 GeV,

my = 166.5 GeV~, tg = 38.4,
BP-SS2: mp, = 90 GeV, M g+ = 112.9 GeV,

mi, = 166.1 GeV?, tg = 48.7,
BP-SS3: mp, = 100 GeV, My g+ = 125.7 GeV,

m?y = 203.5 GeV?, tg = 49.1.
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Cross sections in units of fb for ¢*¢{*yyErX

BP-SS1 | BP-SS2 | BP-SS3 W=Zj Z0te—5 | WEZ~j
parton-level with MG 23.50 26.95 12.45 1.25 x 103 170.43 7.80
Selecting £F¢*~~ 9.57 9.53 7.50 115.75 22.10 1.03
pr > 20 GeV,
1.50 0.77 0.43 0.164 0.046 0.04
ET > 20 GeV
0.735 0.354 0.227 0.070 0.027 0.021

n| < 2.5, AR > 0.{

Almost background-free environment

with the basic selection




Signal significances with 300/fb

Apg = 0: Spp-ss1 = 23.9, Spp-ss2 = 13.4, Spp-ss3 = 9.3,
Apg = 5% : Spp_gs1 = 21.8, Spp_gs2 = 12.5, Spp_gg3 = 8.7.

Again very promising!!!
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Most parameters with heavy MHx can be probed.
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Total complementary between two channels
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/. Conclusions

* The light fermiophobic Higgs boson model in type-| can
retain the cutoff scale all the way up to the Planck scale.

* High cutoff scale requires mns above 80 GeV and Ma/MH:
below 142 GeV.

e Two discovery channels, r#vyy and £+f+yy + X, can

discover the fermiophobic Higgs boson well with 300/fb. .
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