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31g problem of Particle Physics 1 : dark matter

The SM particles can explain only 4% of the energy density of the universe

dark matter contributes about the 6 times,- "

various observations
“ 1001 -,

km s7!

galaxy rotation curves
cluster mergers

N body simulations
WMAP,BAO, etc
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Radius (kpc)

Among various candidate for dark matter
WIMP (: weakly interacting massive particle) is the attractive candidate

2 _ ‘e
Qy ~ 0.1pb <OAV>~ o 1072GeV 2, :

Assuming thermally produced at early <oAv>) 2 ¢

universe, the current abundance calculable

0,

az ~ 1/30 — m, ~ 1 TeV = new particle in TeV?
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Assuming TeV scale mass, the abundance matches the observed one
=> we can expect the existence of new particles at TeV scale e s )

T(GeV)
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Big problem of Particle Physics 2 : fine tuning problem in higgs sector

Higgs - only one scalar particle in the SM

m%’phys = mi,tree + oms;, ~ 125%GeV? ~ 10*GeV?
3
Sm3 ~ e s ~ = U A ~ 107GeVE (Asw = mp)

In quantum field theoy, quantl?m correction for a scalar particle naturally becomes the heaviest scale
in theory.
=  observed higgs mass unnatural

Attractive solution : some symmetry exists, and existence of the partner particles (with the same
::> couplings) , and their masses are below TeV scale

quadratic divergence is cancelled = existence of new particles at TeV scale expected

- -
- o

' t SUSY : plausible attractive candidate
3 2492 since top loop is the largest,
5m,21 o NNETTITTEEEEEEED R EEEEE ~ +—1; ASM : o
47T expecially, top partner is important
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indicates new particles at TeV scale

Especially, top partners, dark matters below TeV scale.

We can probe them at LHC. (directly or through Higgs measurements)

Its important before going into Higgs physics, assuming NP exists at all!
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Naturalness

— LSM — — GAZHTH 1 : only dimension full parameter ~ 100 GeV d=2

Liin + gAY +yij fiH f; N HH)? d=4

_ _ if we consider SM as EFT with NP scale A
fine tuning natural scale of pu ~ A

4 LHC run 1 already push the A > 1 TeV

LHC run 2 further push up the A,
people starts to be uncomfortable

natural
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Naturalness

— Loy = — eN2HTH

fine tuning

natural

U : only dimension full parameter ~ 100 GeV d=2

r r 2
Liin + gAY f +vis fiHf; + NH H) d=4
%5 (LHY(LH) + SL(F G+ L (el
+K( )(LH) + K(fiauvfj) A2 (fifi)(frfi)  d>a
Higher dim op. should appear IF N ;
after A integrated out . | \
R -
at LEP A > 10 TeV favored 303 | P
= ’ 'l‘ |‘ ',/‘ o
. there is a tension (LEP paradox) .| | ’ |
m E i 10 30 0
Q O Scale of new physics m TeV
= Flavor constraints also give
g g similar distributions
N )
100GeV  1TeV 10TeV 100TeV A ]



Naturalness

_ LSM — GAQHTH U : only dimension full parameter ~ 100 GeV d=2
r r 2
Liin + A fYf + vy fiHf; + NHH) d=4
bi; Cij (7 wv | Cijkl ;7 = 7
+ (LH)(LH) + == (fiou [;)G + =55 (fifi)(fefi) - d>4
have to control both coefficients
fine tuning
"7 true fine tuning distribution
We cannot avoid (superficial) tuning!
willey
msjias
Q A
= /e
natural E Ea
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Naturalness

_ . . N d=2
_ LSM — GAQHTH U : only dimension full parameter ~ 100 GeV
r r 2
Liin + A fYf + vy fiHf; + NHH) d=4
bw LHY(LH Cij /7 GHY Cijkl , 7 T =
+K( )( )"‘K(fiaul/fj) By (fifi)(frfi)  d>a
have to control both coefficients
fine tuning
"7 true fine tuning distribution
We cannot avoid (superficial) tuning!
We likely just start to explore natural parameter space!
(or we didn’t expect we have anything at such low scale now )
= /2 A good model can control both cancelations
natural = B (correlation in parameters modify fine tuning measure dep. on models)
= N [H. Baer, V. Bargef, N. Nagata, M. Savoyl|
100GeV  1TeV 10TeV 100TeV A



() LHC/HL-LHC Plan Hltuml,

7

Schedule ,

Ls1 Ls2 Ls3

13 TeV 13 -14 TeV 14 TeV
Diodes Consolidation energy
splice consolidation cryolimit LIU Installation 4
7 TeV 8 TeV button collimators interaction . B HL LH(_:
R2E project regions 11 T dipole coll. installation
Civil Eng. P1-P5

2021/5~run3 |20z = = = l?lllllﬁ»

5 to 7.5 x nominal Lumi

ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
EEEIPES 2 x nominal Lumi ALICE - LHCb ) 2 x nominal Lumi ALLOTETED

nominal Lumi R
2027~2038: HL-LHC e
SUEY 1000 (ultimate)

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY oK PROTOTYPES CONSTRUCTION | INSTALLATION & COMM.”” PHYSICS

3 ab-1 planned
possibly up to 4 ab-1

_ o 7.0E+34 3500
Ultimate statistics O(20) _
- 6.0E+34 3000 =
times the current data — =)

o . Fy
(after 18years) g 03 B0 Z
2 :
Z 406434 2000 g
; ; ) b : -
= 20 times more particles produced = £ .., Lo 1500 B
€ | IS
1. more heavy particles produced = 206434 1000 ?;_f
[ =

2. precise distribution measurements LOEs34 i 500

o 0.0E+00 - : - S Lo 0
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WIMP-nuckeon og lem®)

Dark matter direct detection experiments

dark matter : existing new physics

- . 10—43
an elementary particle plausible o |
5 10~}
~—
")
O 10745
rapid progress of the sensitivity 5
QL
. . -46
the signal would be likely G
- =
found first M ) _
g 10 -
On the other hand, = o8 i T R IRERN T
even though the signal would
. —49
be found, we would like to test 10 o R e
. 1 2 3
at colliders anyway. 10 10 , 10
WIMP mass [GeV/c“]
e\ e [ fewour SGWERET | XENON1O XENON100 XENONA1T XENONNT
R\ = oo : [N 2005 — 2007 2008 - 2016 2011 -2018 2019 -2023
2 o 1Scemdrift TPC 30 cm drift TPC 100 cm drift TPC 150 cm drift TPC
£ Total: 25 kg Total: 161 kg Total: 3 200 kg Total: 8 000 kg
3 Target: 14 kg Target: 62 kg Target: 2 000 kg Target: 6 000 kg
3 Fiducial: 5.4 kg Fiducial: 34/48 kg Fiducial: 1 300 kg Fiducial: 4 500 kg
. B o - Achieved (2007) Achieved (2016) Achieved (2018) Projected (2022)
o e — e o s 10 5 gg = 8.8 - 104 cm? Og = 1.1 - 1045 cm? 05, =4.1- 1047 cm? Og, = 1.6 x 108 cm?
NP e P @ 100 GeVic? @ 55 GeVi/c? @ 30 GeV/c? @ 50 GeV/c?

arXiv:2007.08796 3



future collider projects after HL-LHC

B Proton collider

Possible scenarios of future colliders B Electron collider
L] Electron-Proton collider

wwss Construction/Transformation

2t  lesess preparation ILC 250
CepC, 100TeV pp collider

FCC-ee:
VISV TS0 Geav
150105 o

8 years AL L 100 TeV 20-30 abs IOOTEV COllider
HE-LHC: 27 TeV 10 ab+ 27TeV HE-LHC

FOC-eh: 3.5 TeV 2 ab!

CERN

S yoers CLIC: 380 GeV — 3 TeV
11 kem tunnel 15 abs 5 ab?!
, tunnel
2020 2030 2040 2050 2060 2070 2080 2090
The timdine for different scenarios for future cdliders,
: . e SN [Proton Driver frontEnd | IC Acceleration Collider Ring
muon collider : e+e- promising? e ) :
pp V/s at which g,, = g,,, el : b 1119 e
for pair prod. with M ~ /s M g i § i 45}3555 g >
ool - - - p— Estimate for EWK-only § 5c§ 2 ipsdig } : S
, & s Unacs, RUA or FFAG, ACS
charged particles £ 6 7
MUON JINST, shorturl.at/kxKU7 e Acceleration Comder Rung
g » Estimate for EWK+QCD- / \
@ 100 charged particles LEMMA P _
501, source | -: 30 \
\ >
20 arXiv:1905.05747v2 [physics.acc-ph] © - / e s

Lisacs, BLA or FFAG, RCS 4




SUSY solves two big problems in particle physics

Existence of DM (serious problem)

Naturalness (Fine tuning in Higgs sector)

m%,phys - mi,tree + 577?% ~ 1252GeV? ~ 10*GeV?

3
(Sm}% A mmmm=- Q -------- Ey?A%M

t ~ 1038G€V2 (ASM = MPlaan)
~ 10°GeV*(Agy = 1TeV)

TeV scale SUSY elegantly solve both problems

T e WIMP miracle
!
2
Oy —— ~ X 109GeV?
1 ou) CM2

neutralino DM

perfect WIMP DM

o R S T ST S Sy
]

Lol sl

T(GeV)

TeV sparticles make the gauge coupling unification happen at one scale *

Even though LHC doesn’t find new particles yet,
TeV scale SUSY is still the most attractive BSM

new partner particle, same coupling by symmetry

—
40 SU2) _.—-"‘)\.\ —
.

o)’

20 - /_

"0 1010 1016 9




latest SUSY search results at LHC 13TeV ~ 137 fbo'

based on simplified models CMS-PAS-SUS-19-005

. -1
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Notice: no constraints when LSP mass is heavy enough ®



|ATL-COM-PHYS-2014-555|

&3 production, § — Q X, (Herwiges), m = 4.5 TeV
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Notice: no constraints when LSP mass is heavy enough e
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after | HGC 2021/5~ run3

2027~2038: HL-LHC

CMS Prefiminary, 19.4 ", (s = 8 TeV o Peak luminosity =Integrated luminosity
——~ ) 8.0E+34 4000
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The timdine for different scenarics for future cdliders,

currently up to 1.2TeV excluded. HL-LHC 3ab-1 reaches 1.7TeV, FCC reaches 10TeV
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| ATLAS and CMS @ ATLAS+CMS

LHC Run 1 - ATLAS
SM like Higgs and no heavy Higgs
Kw -8
: : P T aLas ar.i: cMs : | 1
Higgs couplings measured . : L X -
: . . gp oy 1. | T
consistent to SM Higgs in 10-20% : | K -
10°F 1 |
. . Vasas ] R = =
also consistent to the MSSM higgs oy —w an f
. . . = poipol B N —
In near decoupling limit - ] RN vewws revvaveeit A
’ 1 Par;?cle massY[O(FBeV] ) ) Parameter value
Heavy higgs searches
o A H'_'—,'u'A'—‘:"-‘"""""'"""""'_l_l:“A“’:v . o .
§ 4F 7 {amicme== MSSM : 2ZHDM, additional Higgs expected
0F 7 R
; excluded A= 1t ) Hos 22+ sl
20 y e
weacne Jnlike a general 2HDM, MSSM Higgs sector
ATLAS Preliminary :M"'rﬁ:"m:m can be parameterlzed Wlth (mA7 tan 5)
AMSSM, 5% CLImits | oy 100100 ™ . _ .
7 Quserved I — Light higgs coupling measurements already
Jem e constrain my = 400GeV
excludedmH<122GeV) 455 b kupll:;'[ , c'-qq

1 mir
200 300 400 500 600 700 800 900 1000
m, [GeV]

For large tan B, bbA followed by A — 77 dominates the sensitivity

Large parameter space is excluded, but also large region is still available 7




SM like Higgs and no heavy nggs

ATLAS and CMS
LHC Run 1

Higgs couplings measured
consistent to SM Higgs in 10-20%

also consistent to the MSSM higgs
In near decoupling Iimit
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Kappa frameworks with invisible width
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r[’. ‘,é “'(Lq — gy, BR,) it (95% CL)
ree ) . (=) 0.07
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3 o= U
e : - A=) =
Total width (B; = B, = 0) 0.02 48 N RN i Yot
0.581 x +0.215x3, + 0.082x7 0.01 "
+0.063 % + 0.026 4% +0.029x2 ' with Run 2 syst. uncert.
- 2 0.00 :
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+0.0004 7 + 0.00022 &, K

B, = BR(H — inv)

BR(H — 4v) = 0.1%
all visible signal strength unchanged under
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Ak ~ S = A ~ 750 GeV(10%), 1.5 TeV(2.5%)
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What we can do at HL-LHC in Higgs physics 7

2027~2038: HL-LHC = 20 times more production of the particles

1. possibility of discovery of heavy particles

Heavy Higgs searches el

Heo SN

AN oy

2. possibility of probing new physics effects using the distribution measurements

- -

Boosted Higgs shapes {H‘H_‘ _ :'. double-Higgs production lo

SO 1

=3 ](IT
torT

dovd
y

4
<

10

I = s ‘ .. |, 1of||
oo - e F

3. possibility of probing new physics effects using rare decays

Higgs rare decays, top rare decays



Muon g-2 : signature of BSM?

magnetic moment (potential term in a magnetic field) IR A 2 1 )
DHMZ10 ' - : . [KNT18 arX1v18§)202995]
= —> = e - ' A. Keshavarzi, D. Nomura*' T. Teubner
’}_[:_MB Iu:—g—z S JS11 = . :
m HLMNT11 . §
. . FJ17 r—c—{: §
g = 2 tree level, Dirac equation : :
DHMZ17 - :
) o : :
g = 2.002 331 QED, — 20.00232..";1. KNT18 -4 E
- o e 3.7¢ :
g — 2.002 331 83 hadronic BNL 0v4 socuraoy) N mi
g = 2.002 331 836 6 EW 160 170 180 190 200 210 220
~ _J SM _ 4nT
~— (a,>™ x 10'%-11659000 )
anomalous magnetic moment x10~ 1Y
Theory total 11659182.80 (4.94) —»  11659182.05 (3.56)
CLM = (gu — 2) / 2 Experiment 11659209.10 (6.33)
Exp - Theory 26.1 (8.0) —» 27.1 (7.3)
currently computed including 5-loop QED,
Aa, 330 — 3.70

up to 9th digit reliable

For long time, the 30 level discrepancy observed

_ Exp _ _SM EW _
Aay, =a, —a," ~Aa," ~ 0107

last year, estimate of the uncertainty reduced

the resulting significance increased

2

AgNP 91%113 m, Hint for BSM?

0

2.2
167 Myp

New physics at O(100GeV) ?

1,




7“7} :m?/mf

g-2 with LFV (ex. 2HDM) O

Fue(r)= /dtl r(l- x)

. J
éa )
1_100p in 2HDM compared with weak boson contributions suppressed by % ~107°
2 h,H A H* 9
s B B S L
AO HO. H* a 4f7r2 . whom2
425,47 i
s
/ N ~ 1079 ~10~7 (mpg = 1TeV)
H Hy Vy
e

cf.) muon-specific 2HDM [T. Abe, R. Sato, K. Yagyu, arXiv:1705.01469|

O(107?) contribution required
£, ~3000  my=1TeV

introducing LFV coupling has an advantage m., / my, ~ 17
; =P LFV enhance with mi/mz ~ 5000, &, ~ &y ~ 50 required  mpy = 1TeV
A°, HO, H*
/
P T % \‘ consider the case only LFV couplings p#", p™# introduced for heavy higgses
f/ﬂ'mr m+ gT,u,mT 1 2
g —J




Two Higgs Doublet Models (2HDM)

-
one additional Higgs doublet to the SM : new states H, A, H*

o (. H  Ng (. H 40—y — (26GeV)
L %(U1+h1 +iay) )T %(7124‘}12"‘@’@2) tan § = va /v

appear as a low energy EFT in many well-motivated models (MSSM, Axion Models (PQ sym))

Yukawa interactions in general for both higgs doublets

£ = Qi Hj, — Q4 Haplfdy — Q4(V')P Fidy ~ Q4 V') gl i i
— L} Hyyiely, — Ly HopY el + hec..

we consider only pH", p™#

\_

to avoid tree-level FCNC, certain parity structure is usually introduced (otherwise simultaneously not diagonalized)

however not necessary. we consider here g22ZHDM (new Yukawa matrices : free parameters, phenomenological analysis)

Heavy Higgses only couple via Hurt vertex cf) [Y. Abe, T. Toma and K. Tsumura, arXiv:1904.10908]

J
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g-2 via lepton flavor violation

|S.Iguro, Y. Omura, MT JHEP 11 (2019) 130, arXiv:1907.09845|

g - . . ~
g2HDM (new Yukawa matrices : free parameters, phenomenological analysis)
we consider only p/”', pTM cf) [Y. Abe, T. Toma and K. Tsumura, arXiv:1904.10908]
Gt H* — ij
i = t::/uiq y 2= Qz;;ﬂ £ — _gLiHZP eRj + h.C.
2 2

Aa m - phTpit Ap_a mi 5
uoo~— : In 3

872 m m?

o [P An-a 300[GeV]\”
~ — 1 9 e o
310 ( 0.32 ) (GO[GCV]) ( ma

H, A contributions cancel each other, total contributions « Ag_a =my —ma

controlled by Higgs potential, V(H;) - /\4(H,1H2)(H;H,)+{%(H{H2)2+}}_c.}'+---'t,

Ai = As

we assume m4 < myg — mpy+ and require perturbativity, stability

0<XAs <1 [p"7] [p™]| <1

200 300 400 500 600 700 ) ) ) o
my[GeV] the parameter region available to explain g-2 is finite

ma < 700GeV  and  10GeV < Ap_4 < 100GeV

\_ ,
14




g-2 via lepton flavor violation — LHC signatures

|S.Iguro, Y. Omura, MT JHEP 11 (2019) 130, arXiv:1907.09845|

-

\
no QCD coupling : small but still sizable rate via SU(2) coupling

ll
Heavy higgses produced in pair via Drell-Yan, HA, ¢H*, and H"H~, where ¢ = H, A.

BR(¢p - 77u") = BR(¢p — 7 pu*) = 0.5,

£ ok N _ T U .
L BR(H® - 7"v)=1—- BR(H* — p"v) = P [ r.

they result in 4 leptons, 3 leptons, 2 leptons

HHT 13TeV - Sa, = 2.8X 10 multi-lepton 24,27 channels

T __ | UT .
Ipe I—Ipe | EspeClally ILL:EILL:ET:FT:F

- - - -

current data should already be
sensitive at LHC up to 500 GeV

200 300 400 500 600 70 200 300 400 500
ma[GeV] ma [GeV]




g-2 via LFV — mass reconstruction at LHC

|S.Iguro, Y. Omura, MT JHEP 11 (2019) 130, arXiv:1907.09845|

4 leptons from HA production

prpT T
‘t-momentum : collinear approx. |
Pr, = (1 +c)py’
Pr = Clp)}:',i. + C'Zp}l"ifrg (€1,¢2 > 0).

3
.
L d

M1

S

,ui NiT:F 7T same-sign di-muon di-tau (50%)
opposite-sign di-muon di-tau (50%)

4 in future at 14 TeV, ~2fb (300 GeV) with 3 ab = ~ 6000 HA pair produced, other modes similarly produced

(almost BG free)

O(200 — 300) events for 3 ab™1

OSOF pair gives the resonances

~

s

7

+ =+

for 4= U T Tt

two possible combinations :
combination 1 : m,,,, and m,,
combination 2 : my, ., and m,,

My, o, 7%, and 75 in pp-order

select the one minimizing the sum of

X (ma,mp) = (M = ma)?for, + (Ml —mu)?/ong

~

> 8 B 8 60_ BP2 can reconstruct
< P m,=300 GeV = | m, =300 GeV two 1nvariant masses
% & | my=358 Gev © | ma312GeV mA and mH
g = E 40}k
= > >
=1 20f
E
20k cf.) 10GeV < Ay 4 <100GeV
. charged higgs mass
% 700200 300 400 500 O 100200 300~ 400 —s00 Irom 3 and 2 lepton modes
max(mm' l,mm'z) [GeV] m, mH[GcV] m A,mH[GcV] 1 @




\

é . : :
charged Higgs mass can be reconstructed via 3 leptons from ¢ H + production ,UJ:‘:T:FTV and ,uiT :F,uu

g-2 via LFV — mass reconstruction at LHC

. B b g N .
ratio controlled by = BRU = ') =1 - BRUI" — uv) = P+ part of T-mode contribute to p-mode
50 2100 . |
2 2t (BPLm, =358 GeV)l 2 2Tt (BP1:m,, =358 GeV) 4 combinatorics : (production ®=A, H) x (2 Tu combinations)
- = H —uv - =H —uv
o o .
3 How) & 1J— o Pr’ = (L+crg)Pys  (Crp > 0).
5 5 M1
> > | 2 — 2 _ 2
(43 43} 5 mﬂr‘;ec — (p”, + p:.?c - m¢a
b . - .
| T = PT — CrioPTy
_ vis {sub
mT,r,-qS - mT(pTi/’ T,Ti(b)’
a2 | - [ Tl taking the minimum of the 4 possibilities
foo 200 300 400 soo  foo 200 300 400 500 min __
m(t,E _)[GeV] m(E_)[GeV] mT,,,. = 111111 (’fnT,,,-1 AT Hy T g Ay TR 1 H)'
L J

also via 2 leptons from H ™ H ~ production

N

2u (BPl:m" =358 GeV)

—

T (‘HFI:m" =138 GeV)

w
(=)

— v

Events/3ab '/bin

o
&
Events/3ab /bin
>

10

2t (BP] m =358 GeV)

-

mH, mA, mH+ reconstructed
by 4,3,2 lepton events

event number ratios among various modes
sensitive to the BR

&;)AMZA(‘)O 300 400 560 200 360 4(?0‘} . 300 2(1)0 300 460 . S(l)O
my,[GeV) my,[GeV) myg,[GeV)
mr2(Pe, s Peas PT) = min  {max[my(pe,, Pr,1), mr(Pe, Pr2)] } 1
Pr="r1+¥7:2

-




g-2 via LFV singlet

|S. Iguro, Y. Omura, M. T, arXiv: 2002.12728]

-

The previous searches using HA, etc. relay on the existence of the doublets

to explain g-2 via LFV, singlet extension is enough

In such cases, current collider constraints are very weak

A famous example is the model with Z’ [arXiv:1607.06832]

Lz = gp(AY*PLT + 0,7 Pyr) Z,,
+9r(y*Pr7)Z,, + H.c.,

‘ g-2 : LR term t-mass enhanced
SN 1 m2 m
A ¢ 15 r_I* T /|2 /12
............. 9 a, ~ ———= |3Re e _
/,./ FN y 1272 m2, [ (9L9R)m“ 73 |9R| ]
u' “»
/“_ tau decay : L-enhanced by SM-interference
T _’_",/ v (r)
1, . ’ 12 2 ’ 2 ' 14 4
zZM Rue 91| Amiy 9L9R| lgL1" ) 8miyy
v s — 1+ 75 5+ a3 1
() Ruc 92 me 92 92 mZ,

' production

M
m -
r~ u'-'v"'.""v"‘."\(

o~ |grl> + |lgr|?

0.01

ny = 100 GeV
]
A 4 9’
0.3 v
o o RARD
003} : :
ol : :
001} 2! o ol = -
R R B,
. 1

g-2 : the product is constant

tau-decay : constraints weaker for gr > g1,

colliders : mostly covered in future
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g-2 via LFV singlet

|S. Iguro, Y. Omura, M. T, arXiv: 2002.12728]

-

For the model with Z’ as a function of Z’ mass

gL = gR

already excluded

larXiv:1607.06832]

gL — gR/l() still allowed Mz = My —my,

0.01

0.1

in future, HL-LHC, FCC-ee will cover most of the remaining

L

m, = 100 GeV

—_

..,,,a
&

T

03f

0.1

TrT

0.01

107°

10°°

1077

1 10 10° 10° 0.1

my, (GeV)

-

1 10 10°

m, (GeV)

10’

T= OV 2

g-2 : the product is constant

tau-decay : constraints weaker for gr > g1,

colliders : mostly covered in future

~
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9 -2 via LFV s ng et S. Iguro, Y. Omura, M. T, arXiv: 2002.12728]

For the model with Z’ as a function of Z’ mass  [arXiv:1607.06832]

dr. = 9gR already excluded

gr — gR/l() still allowed Mz = My —my,

in future, HL-LHC, FCC-ee will cover most of the remaining

no future constraints studied R =01
104 exactly sensitive at Belle IT !! ~9

1 10 100 1000
m,[GeV]

ND



9 -2 via LFV s Nng et S. Iguro, Y. Omura, M. T, arXiv: 2002.12728]

For the model with Z’ as a function of Z’ mass  [arXiv:1607.06832]

dr. = 9gR already excluded

gr — gR/l() still allowed Mz = My —my,

in future, HL-LHC, FCC-ee will cover most of the remaining

104

Belle II experiments will cover the remaining parameter space!

Ay
ZU



g-2 via LFV singlet

|S. Iguro, Y. Omura, M. T, arXiv: 2002.12728]

For the model with Z’ as a function of Z’ mass

dr. = 9gR already excluded

larXiv:1607.06832]

gr = gR/lo still allowed Mz = My —my,

in future, HL-LHC, FCC-ee will cover most of the remaining

1
101
S 100
103

104

]
[
|
I
I
0 5 /I
a,, > o0 /
//
B> /
SGP)L ///
,,,,,, ~ CEPC
Scalar
Yut= Y
100 1000
my[GeV]

Belle II experiments will cover the remaining parameter space!

We have also studied scalar extension can be also covered 5 O/




BSM?

R(D) vs R(D()): signature of

BR(B — D®rv)

—~ ] T L) L] T l T T T T l T T T T l
R(D(*)) — e : @ HFLAV a Ay’ = ]
= I verage X" = 1.0 contours
BR(B — D(*)El/) & 04 —
[ LHCbIS A
~3-40 deviation reported oas ety i
£ LHCb18 2
M — -
,d 0.3 5
g/ ;c j ‘ ; E
x charged higgs - . -
. . - Bellel9 -
can modify them °*%F - -
D /\ " Bellel? .

v - f icti
T Y T ek iy - eonng 2019 1-
: R(D*) = 0.258 £0.005 P(x.') =27% :
PR PER SR S L P P
constrained by BR(B. — 7v) but large uncertainty 0.2 0.3 0.4 0.5

R(D)

4G
Hgf_f)ceu - NG

Ov, » = (€v*br,r) (LLyuver), Os, p = (€br,r) (Crver)

Vcb[(l + Cy, ) Oy, + Cy, Oy, + Cs,0s, + Cs,Og, + CTOT] + h.c..

Op = (€0"br,) (Lrouvier)

1D hyp. [best-fit| 1o range | 20 range |p-value (%) |pullsy| [M. Blanke, A. Crivellin, T. Kitahara, M. Moscati, U. Nieste, I. Nisandzic]

Ce 0.07 | [0.05, 0.09] | [0.04, 0.11] 44 4.0 arxXiv: 1905.08253
c® | 0.09 | [0.06,0.11] | [0.03, 0.14] 2.7 3.1 Hint for BSM?
2 [ ]
ck 0.07 | [0.04, 0.10] |[-0.00,0.13]|  0.26 2.1 U )
[ ! ] Cx ~ 43 New particles below O(TeV)?
Ck = 4Cr | —0.03 |[0.07, 0.01]|[-0.11, 0.04]|  0.04 0.7
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test of flavor anomaly at LH

Syuhei Iguro (Nagoya U.), Yuji Omura (KMI, Nagoya), MT
JHEP 03 (2019) 076 arXiv:1810.056843

BR(B — D™ 1v)
R(D™) = ~3-40 deviation reported .
D) = BR(BS DO P 0
g 0.3
oy = 0.28}
-b ( W -b charged higgs can solve it S SEOUNE. .. ORRre
Q 0.2 0.3 R(D) 0.4 0.5
AN ) N _ constrained by BR(B. — Tv) but large uncertainty
. T

At LHC tv searches already set stronger bound for such a charged higgs

B9 (13TeV)

1 1] v
10° - CMS ¢ Daa [Iwejets
—-sSMWosTw  JAnIRe

“* SSMW10Tev

Events/80 GeV

- SSMW 40 TeV

O™ 5507000 1500 2000 2500 3000
m, (GeV)

Upper limit on oxBr[fb]

..
L
///"//‘/.,
77 1
7

1B

400

600 800 1000 1200 1400
my [GeV]
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test of flavor anomaly at LHC s e sm & Warsnabe frsina0x x50 0 appea

Vub, Vcb determinations from exclusive, inclusive analyses have discrepancy
NP contributions might better accommodate the situation also in cbhev, cbuv, ubev, ubuv couplings
(again at least O(TeV) new particles allowed)

MH 4.8 :V L ] A LA l L B ] TP Ty I LA | "' l T T I T 7T T l T ] rr ey [_‘
s - B-D*| 2 3
S 46 Ty Ax’ = 1.0 contours —
S - B—=Dlv -
— 44K —
| "k Baxly -
> 42F A-spuy B -
4 W word Average V' global fitin KS =
38 —
- -
3.6 = =
34 =
s 3
32 =
— 4
3 =
28 E HFLAV
P(x’) = 7.7%
2-6blAAllAALlAAALlALAAll‘...‘.AlllllAlAAAAlAAAzAlLLA.Al_‘
35 36 37 38 39 40 41 42 43 44
V.1 [107]
ch
p w W (3 TeV) Data
I amas (3 TeV) °
E 10 fie13TeV, 139 0" _vw,:g-::?' (j\_'v 0.5 T T TTTI0] T T T TTTIT
W (s TeV) "

Ourta /g

Dam By

OO0 @a OO0 w-

Lo Y

MGENA

Py o0t l
vy "“’d'l 0

of iyl

by

|Cx (ALnc)l

Transverse mass [GeV)

NP inbc—)eu‘

at 139 fb-1

5 10

Myp [TeV]

50 100

Hor = ’5,2’ Vs [{z».'"p,,b} (84, Prug) + Cv (8" Pab) (84, Pove) + Crlea™ Pob) (€0, Py )] ,
S lguro, R. Watanabe [arX1v:2004.10208 [hepif)‘h]].
43 43— e
42 .)’A'_‘.;.‘"‘; 42. /_j’__; *-\_‘ ‘~.“.
S L I N wfy, TNl N
B A el T
) 41 o 41 IR gt N
- : - e
x 40} X 40 @ }
(1) -’;" ﬁ “\~--"/l} ‘ i B ‘
= 39 > 30} N : ] |
SM 7 o RN
38} 38 (2/1/0 :._\G A
3 - . 37 . ‘ ‘
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o5f TTTTTTT TrTTTmm e W consider
‘ NP in bc — pv IR B T
oal T the UV models
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0 0.3}
3 — - | at LHC
=
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0.1 L e
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5 10
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Vi

—=o EFT limit
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What we can do at HL-LHC in Higgs physics 7

2027~2038: HL-LHC = 20 times more production of the particles

1. possibility of discovery of heavy particles

Heavy Higgs searches

Boosted Higgs shapes

Kt Kg 10 L Do, . Raannaed I : _
—I— ---- “= ' . 1 | [
. T =2 & N | 10g|| ¥
- o oo - hececes E
10 — F

tor T . . ‘
0 200 4x 600 00 H
gl 1 ol

[AVS0GEV)

da'dp

3. possibility of probing new physics effects using rare decays

Higgs rare decays, top rare decays c



S/(S+B) Weighted Events / GeV

Data-Bkg.

Higgs Factory

~2-4 % precision expected
~2.5 % BR(invisible) (13% at 139fb-1)

s = 14 TeV, 3000 fb' per experiment

m,, (GeV)

particle mass (GeV)

.| Total ATLAS and CMS
(A). HL-LHC will be a Higgs factory: -~ | “ommmw moere
. - will be a Higgs tactory: Expak R
i, — a o - Tot Stat Exp Th
pp— H + X at /s = 14 TeV for my = 125 Ge\ K, == 18 08 10 13
geF VBF VH ttH Total Kw B 1.7 08 07 13
Cross section (pb) 49.9 4.18 2.38 0.611 57.1 K, = '8 0F OF 1%
) ) . Kgbe=___ 25 09 08 21
Numbers of events in 3000 fb~ . b=
——— — — — 34 09 11 31
H — vy 344,310 28,842 16,422 1.216 ‘
H—7Z7* — 4 17.847 1.495 851 219 Kp = 37 13 13 32
H— WW?* — fvlv 1,501,647 125,789 71,622 18,387 K: B 19 09 08 15
Ku B 43 38 10 17
H—rr 0.461,040 792528 451,248 115846 10.820,662 |k, = o8 1s 10 on
H — bb 86,376,900 7.235.580 4.119.780 1.057.641 08.789.901 0 002 004 006 008 01 012 014
Expected uncertainty
H — pLp 32.934 2.759 1.570 403 Projected uncertainties on x , combining ATLAS and
: - : - " CMS: total (grey box), statistical (blue), experimental
H — Z~ — (l~ 15,090 1.264 720 185 (green) and theory (red).
H — all 149.700,000 12.540,000 7.140.000 1.833.000 171,213,000 _ I 35|9137 fb1(1? TeIV)
o] i t
: : © ' CMS Prelimina 7z 5
CMS-PAS-HIG-19-006 muon yukawa evidence has been achieved ! E | v W ot
137 b (13 TeV) ! 5 L my, =125.38 GeV
AR R RN RN RN RN RN RRRRE 1 ‘ ‘ ‘ ‘ ‘ 35‘9-13‘7fb‘(13"FeV) 310'1— L’ -
CMS Prelimi 4 Data I e AR AN AR R AR AARA RN ARy . L
e " e Hov | B | oS proimnay arXiv:2007.07830 £ _
m,=12538Gev  [TopQuark [Diboson | = 12" m — 12538 GeV ] I ——— . o ]
—VBF —ggH :f, [ k.= 1.137°2 at 68% CL 3 E ATLAS + Data i ©° ¥
DR 1] S 022 . & B0OE- (3=13Tev, 1390’ —Towpat o O Lt
i 5 500 H = i, In(1 + S/B) weightad ﬁa,;sf'w” —f D T ¢ Vector bosons
8 ] & 400f 4 T 10k e # 3" generation fermions =
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, z 300f g L ¢ 2™ generation fermions
or g g 200 - S SM Higgs boson
I 100E x 107 F E
A N 7 3 2 Ful L | |
0 I g 2 i (% 1.5pm T T |
FT R B I I I 2 — o) N
2ttt N ] 3 g' y ' 5 1:—-% -------------- §--% ----------------- ay--4 ]
OF I - 1 - [ ]
_oft T4 O 02 04 06 08 12 4 ie T2 T TR T T T T T s i 0.50al e ol
T R T R R RS RS . 10 1 10 10
110 115 120 125 130 135 140 145 150 coupling strength «,, m,, [GeV] 24



top partner indirect searches

-

However, if top-partner exists, we cannot distinguish ';‘ — (c,%5)=(0.5, 0.5)
top-partner loop effects from top-loop effects | I (€, x4)=(0.7, 0.3)

P P proop 9 10° (c,x)=(0.9, 0.1)
to solve the degeneracy, g z — o ﬁ.’“ﬁ'&_):(u -0.1)
top yukawa direct measurements required (ttH measurements) = 100 Y& . (c:.x;)=(1.3. -0.3)

ggH coupling: most important for Higgs production, by top-loop Eur.Phys.J. C74 (2014) no.10, 3120
higgs cross section = top yukawa indirect measurement

[M. Schlaffer, M. Spannowsky, MT, A. Weiler, C. Wymant]

T — (ct.xg)=(1 5,-0.5)

£ 107
L= z__boosted higgs|
10 P
different momentum dependence 10!
=> we can solve the degeneracy using Higgs pT distribution P T T R
we estimated the sensitivity at LHC 0 200 400 600 800
complimentary to ttH measurement, weaker sensitivity but comparable pT H[GeV_
- ‘ J

~

Higgs : 50 pb x 3-103tb~* ~ 108

one of good examples of precision physics, which the overwhelming high statistics at LHC makes possible
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Fine tuning problem

Higgs: only scalar elementary particle in the SM

3 ,
5m% O A £ 22 2 7 h ~ _EQEA%M ~ __038G6V2 (ASM = mpl)
~ 10°GeV?(Agy = 1TeV)
t
m%,phys — m}%,tree —I_ 5m% ~ 1252G6V2 N/ 1O4G6V2

Higgs mass receives quantum corrections of the order of highest mass scale

New physics should appear around TeV scale to avoid fine tuning

- -y
- §~

t,1
Sm2 S : - +iy2A2
M, ™~ mmmmemmeeeeee® y tg """""""" A7t

new particle, same coupling by symmetry SUSY: popular candidate
or Higgs as pNGB: Composite Higgs, strong int. at f, Top partner 26



Top partners affect higgs couplings?
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Top partners affect higgs couplings?

f(r) = arcsin’ /7 (r>1) ;
1 1—|-\/1 T ]
T :——l — T T<1




Top partners affect higgs couplings?

f(r) = arcsin®\/1/7 (1 >1)

1 1+vi=r 1°
6666 f(T):—ZlogL_m—m] (<1
5
AT »(TQ r




—ffective Lagrangian for higgs physics

6(56
6%666@66
Ct
UV theory ... S
GGG’G
0005060\
6@5
top partner decoupled (6@66@@6 v
Ct
""""" +
Ccfc-
My — Qg h 66600 |
Leﬁf — £SM — C¢ Ttth —|— KJQEEGZVG“VO’ 0o
666 WV
Ct @m@f’@ﬁ
Kg =Ctthg e @ +
Ty
X h a : 0
— 2 ura n

what we measure in inclusive H — gg
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Off-shell gluon breaks top loops

arXiv:1405.4295 M. Schlaffer, M. Spannowsky, MT, A. Weiler, C. Wymant

%h

Lot = Lvt = ™ Fth 8y 5 GG M0, ) = pM(my) + 5y M(o0)
g < g
.
g S

q (TTTYENT 9
tA

>‘mm<0t

qg-  Nemeeeee h

on-shell gluon amplitude has only scale mg
(only 7x is sensitive to the mass but very weak)

gluon off-shellness can probe the mass scale in the loop.

H -+ j: pr g distribution is the observable o8



Off-shell gluon breaks top loops

arXiv:1405.4295 M. Schlaffer, M. Spannowsky, MT, A. Weiler, C. Wymant
s h

Hl+—
Log = Lonp — Cp—Tth + ky— — GO GHYa
Y 120 B M(er, rg) = et M(my) + kg M(00)
= ' — (c,%)=(05,05) Ct, ’ig — C¢ my ’fg o0
o ! 0 (c,x,)=(0.7,0.3)
9 10 (c,%,)=(0.9, 0.1) 0.5F
Q _(SCMK-)‘—'[11 -0.1)
< 10°F L (c,x)=(1.3,-0.3) _
= — (c,x;)=(1.5,-0.5)
o 102 "
g 10 Soosted higgs !
e o~ M
10 oF .
1
10!
0 200 400 600 800 05F.
p, [GeV] 0 0.5 I 1.5
C

on-shell gluon amplitude has only scale mg
(only 7x is sensitive to the mass but very weak)

gluon off-shellness can probe the mass scale in the loop.

H -+ j: pr g distribution is the observable o9



How higgs boost helps

arXiv:1405.4295 M. Schlaffer, M. Spannowsky, MT, A. Weiler, C. Wymant

For 125 GeV higgs, BR(bb) ~ 60%, BR(WTW =) ~ 20%, BR(tT77) ~ 6%,

H - WW/

Higgs rest frame -‘--"“--__‘- L -
e "”—’ T
HoWWw;
4
\ \ £ s
\\ :
\\ ‘\\
£ \ \'. $y
boosted Higgs \-\
\\
\\ S

H - W:W7:

H — TeTy
v
— — _ i — — —
({ ——— ~ i i
e T
H = 747 e
v A /
\ : /
£\ Ep vy
ll ; /
\ : //
\i //
H = 7er:

H — 71 BR is large and can reconstruct using Hr

Collinear approx. p, = aps (a > 0)

thanks to m,. < myg

We consider di-lepton channel (ee, eu, pp) + Er from 77
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How far can we measure under BG presence?

H — 717 (pr.g > 0 GeV) 3.15 pb
BG: WW +jets, Z+jets, tt+jets,
WW+jets: 2 jets merged, pr;, > 150 GeV, W — e, u, T 0.6 pb
Z+jets: 2 jets merged, pr ;, > 150 GeV, only Z — 771 10 pb
tt+jets: 0 + 1 jet merged 918 pb
Basic selection cut:

ng = 2, opposite-sign, my > 20GeV, pry > 200 GeV, ng-at =1, n,=0

Pry = PT,e, + Pre, + Pr
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How boost helps, M_col distribution

Collinear approx.

P

p1/1

/5GeV]

do/dM_, [fb

[
-

[
LI

— pT,l/l + pT,I/Q £ »———_;:i't..“ -\i:::: v
_ - H =7 7
— Oélpﬁl? pl/z — CVQPEQ (Oél, OZQ > O)
A
rec :
pT,H>2OOGeV ‘\ p /
Vi
.‘,

H — 7ri

pCOl — pl/l _|_p1/2 ‘|‘p€1 _|_p€2
M2 :p?:ol

col

thanks to m,. < myg

100 200 300 We see also myz — 77 peak
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H to tau tau results

Event rate [fb] H =711 H—> WW*|W,W;y+jets Z_,-+jets tyty+jets|| S/B S/v/B
0. Nominal cross-section 3149.779 10719.207 | 580.000  1.01-10* 1.02-10°
1. ng = 2, opposite-sign 118.043  323.531 195.033  347.516 3.72-10°
2. mge > 20 GeV 117.733  264.723 189.522  315.201 3.57-10°
3. Py > 200 GeV 1.987 3.834 91.273 104.434 1.28-10° |{0.004 2.62
4. n'* =1 (pr; > 200 GeV)| 0.957 1.858 50.443 58.810  395.602 ||0.006 2.17
5. ny =0 0.940 1.825 48.855 57.068  105.851 || 0.01 3.29
6. p,. inside the two leptons | 0.923 0.533 20.215 55.551  44.050 || 0.01 2.30
7. mee < 70 GeV 0.796 0.490 3.860 53.985 8511 |/ 0.02 2.73
8. |Meot —mpu| < 10 GeV 0.749 0.046 0.298 1.019 0.758 || 0.38 9.56
> P >200GeV  [F2Z
8105 Eszj
S/B ~ 0.4, S/v/B ~ 10 for 300 fb~1 = | e
H — 77 is visible S
10! Mwﬁ
102

100

200

300
M, [GeV]
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Higgs P11 distribution

H—=T1r H->WW~

Event rate [fb]

W, We+jets Z_,,,+jets tyt,+jets A S/B S/VB

8. |[Mcol — mu| < 10 GeV 0.749 0.046 0.298 1.019 0.758 || 0.38 9.56
pra > 300 GeV 0.234 0.012 0.115 0.343 0.166 || 0.39 5.40
pr g > 400 GeV 0.068 0.006 0.042 0.106 0.049 || 0.38 2.88
Py > 500 GeV 0.021 0.001 0.014 0.038 0.010 |/ 0.36 1.55
Py > 600 GeV 0.008 0.001 0.006 0.014 0.005 || 0.32 0.89

H momentum is reconstructed, we can observe pr g dependence

[tb/100Ge V]
|

200 300

y4
for H—tt Ot

EWWj

B h—e
Bh-ww

400 500 600 700
pe [GeV]

error  300fb~! 3ab~!

o(pr.g > 200GeV) 12% 4%
o(pr.g > 300GeV) 22% 7%
O'(pT,H > 4OOG6V) 41%  13%
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Event rate [fb] H =71 Ho WW* |\W,W,+jets Z_,, +jets t;i;+jets|| S/B S/VB
6. P'J' inside the two leptons | 0.923 0.533 20.215 595.551 44.050 || 0.01 2.30
7. mge < 70 GeV 0.796 0.490 3.860 53.985 8.511 0.02 2.73
8. |Mco) — mHl < 10 GeV 0.749 0.046 0.298 1.019 0.758 0.38 9.56
p§°°H > 300 GeV 0.234 0.012 0.115 0.343 0.166 0.39 5.40
picCH > 400 GeV 0.068 0.006 0.042 0.106 0.049 0.38 2.88
p’f’CH > 500 GeV 0.021 0.001 0.014 0.038 0.010 0.36 1.55
p‘f’CH > 600 GeV 0.008 0.001 0.006 0.014 0.005 0.32 0.89
g P, >200GeV g P, ~400GeV
310: @vevy —
= " e |
o §0'3-
10 i o o
10° beautiful side band
1000 200 300 100 200 300 100 200 300
M_, (GeV)
%10; ol g | A
= | & removing my, cut
b ,“
g 1 =) ; — . .
® 80 WW , tt contribution
10" .
10° we can estimate
10° 100 200 300 100 200 300 100 200 300 35

M, [GeV) M_, (GeV) M_, [GeV)



New physics sensitivity

With the same cut flow, enhanced in high pr g since optimised for boosted H
- - — 1
— (c,x,)=(0.5, 0.5) — (c,k,)=(0.5, 0.5)
% d0 0 e (c,x5)=(0.7,0.3) % E""""" ...... (CI,K2)=(0.7, 0.3)
Q 10 (¢,%)=(0.9, 0.1) g S - (c,kg)=(0.9, 0.1)
—_ S S — SM
g 3 (SCTK:)=(11. ‘01) : BT I I (Ct:Kg)=(1'11 -01)
= 10 Y 0 . (¢ x,)=(13,-0.3) S 10— .. (¢ kg)=(13, -0.3)
= — (c,x;)=(1.5,-0.5) Hm N (ckg)=(1.5, -0.5)
= g - r B
5 107 - I /=
B 9 o
o 9 107F
10
1 N
1 0°F forH—twt |
10° i
. N N 1 . L . —l L
0 200 400 600 800 200 400 600 G 300
p, [GeV] PrylCGeVl
Model point (,) 0.5 04 03 02 0.1 |0(SM)|-01 -02 -03 -04 -0.5
3. pi% > 200 GeV 1.109 1.084 1.061 1.039 1.019] 1.000 |0.983 0.968 0.954 0.942 0.932 , ,
4. n'* =1 1.143 1.110 1.079 1.050 1.024| 1.000 [0.978 0.959 0.941 0.926 0.913 Kg > 0 enhance in high PT H
5. ny =0 1.143 1.110 1.079 1.050 1.024| 1.000 |0.978 0.959 0.941 0.926 0.913
6. p,. inside two fs 1.156 1.120 1.086 1.055 1.026] 1.000 |0.976 0.954 0.935 0.918 0.903 o :
7. me < 70 GeV 1157 1.121 1.087 1.056 1.027| 1.000 [0.976 0.954 0.934 0.917 0.902 g < 0 deficit in high PT . H
8. |Meot — mu| < 10 GeV|1.163 1.125 1.091 1.058 1.028| 1.000 |0.974 0.951 0.930 0.912 0.896
Sy > 300 GeV 1.392 1.303 1.219 1.140 1.067| 1.000 |0.938 0.882 0.831 0.785 0.745
P > 400 GeV 1.711 1.544 1.389 1.247 1.117| 1.000 |0.895 0.802 0.722 0.653 0.597
P > 500 GeV 2.131 1.857 1.607 1.381 1.179| 1.000 |0.845 0.715 0.608 0.525 0.465 36
S > 600 GeV 2.602 2.201 1.840 1.520 1.240| 1.000 |0.801 0.642 0.523 0.445 0.407




New physics sensitivity

SM vs. BG kg = 0.5 vs. BG

Confidence Level

10° Syst. e}r(.)o Syst. err. Syst. err.
0% — 0% — 0% —
5% —, K — 5% —
1071k @noy, 1O F 10% —= 0% —
%0% - 0 q;>) 0
— —
g L g
1072} g 1077 g
®] o]
= =
: :
_ o -3 @) -3
3
107 99 9% c1. 10799 9% c1. 10799 9% cL.
1074 ' ' 10 G 104
10° 10 10? 10? 10 10 10: 10 10° 10! 10 10°
L [th]] L[] L[] 1
D - for H—=tt
e F
=
S
& 107°F

kg < 0: deficit is difficult to distinguish

with 3000 fb—1, kg < —0.29 and k, > 0.24 excluded
with 10% sys. err., K, < —0.4 and x,; > 0.3 excluded

Confidence Level (L
S S

%

-

[E—
-]
I
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top partner indirect searches

4 N

gsH coupling: most important for Higgs production, by top-loop Eur.Phys.J. C74 (2014) no.10, 3120 .
higgs cross section = top yukawa indirect measurement [M. Schlafter, M. Spannowsky, MT, A. Weiler, C. Wymant]
However, if top-partner exists, we cannot distinguish S — (c,x;)=(0.5, 0.5)
top-partner loop effects from top-loop effects ® 401 e (€, %4)=(0.7, 0.3)
P P proop 9 10° (c,x)=(0.9, 0.1)
to solve the degeneracy, g A o ngm;)=(1.1. 0.1)
top yukawa direct measurements required (ttH measurements) . 100 Y& . (c,xy)=(1.3,-0.3)
= — (c'.xg)=(1.5. -0.5)
Kt EQ' 102
------ e L= g boosted higps!
. 10 7
tor T
1
different momentum dependence 107!
=> we can solve the degeneracy using Higgs pT distribution P P T
we estimated the sensitivity at LHC 0 200 400 600 800
complimentary to ttH measurement (~10%), weaker sensitivity but comparable (~15%) pT H[GCV‘
- ' Y,

Higgs : 50 pb x 3-103tb~* ~ 108

one of good examples of precision physics, which the overwhelming high statistics at LHC makes possible 38



top partner indirect searches

|[Jones, Kerner, Luisoni]

arXiv:1802.00349

o 107

! LO HEFT c==

3 107"
<1072

21077

NLO HEFT

LHC 13 TeV
PDF4LHC15 NLO

1077 w=F

]
LO Full == 1
NLO Full == 1

]

rat i('

NLO/LO

0 200 400 600D 800
Pen |GeV]

finite mt effects
important also in NLO

100«

do/dp? [f/GeV)

—
S
N

=
S
w

=)
S

Eur.Phys.J. C74 (2014) no.10, 3120

[M. Schlaffer, M. Spannowsky, MT, A. Weiler, C. Wymant]

S
(oNNLOJET pp—H+=0jet 137.1 o' (13 TeV) 104
) A
? CMS Data -+
NNLO®LOM
NLOGLOM "
L ]
PDF4LHC15 nnlo mc
7-point scale variation
VR =12 (i (oY)
m,=125 GeV
| ! .
L 4 . _ |
0 50 100 150 200

pT [GeV)

NNLO QCD for 2 to 2 process
[Chen, Gehrmann, Glover, Huss]

arXiv:1905.13738

— (c,x;)=(0.5, 0.5)

...... (c,x5)=(0.7,0.3)
(c,x;)=(0.9,0.1)

— SM

..... (c,xg)=(1.1,-0.1)

...... (ct,xg)=(1 3,-0.3)

— (c,x5)=(1.5,-0.5)

. boosted hi

~

Higgs : 50 pb x 3-103tb~* ~ 108

one of good examples of precision physics, which the overwhelming high statistics at LHC makes possible
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Higgs potential shape

V(o) We know the local structure around the VEV (v and mh)
' Assuming the simple potential V(®)= )\¢4 —+ ,U,¢2
A A A
V(h) = Jh* + Xoh® + - = 4—"*h4 + 3—th+
e We should have the relation .
:,.‘ “." m ..: )\4 p— 6)\ 2 A 1/8
h / 3m SM ~ .
A3 = 6A\v = h
¢ (y
V
; T : 3m? 63
EW Baryogenesis : strong 1st phase transition required _ o OV S
50-70% deviation in Higgs tripl l A= T A R LTssw
g i o deviation in Higgs triple coupling [C. Grojean, G. Servant, J. Wells]
ATLAS and CMS HL-LHC prospects 3ab' (14 TeV)
~12r— — :
HH pair production = | .1 | SMHH significance: 40 — Combination
Jof 1| 01<m<2395%CL] ; B
¢ V| 05<ki<1.5(68% CL] : “=== bbyy
he ) T : -
h ,” 99.4% C bbrr
""" '.\\ “* bbbb
h\\_ h -
— L _h__ bbzZ*(4l)
95% C 1 i r _______ e 7:: -=== bBVV(Iviv)
bbyy mode is best channel
68% CL L oL s\ o e e 2
Lovndaaaedaasa s

B 5 6 7 8

K2 39

50% measurement is not enough to judge EWBG



three phase space

strong destructive interference

.. OO0 ---ae-
g
h -’
------- - y
\\
~
hs, h
3m?
A3 =h
v

(th)
Qg
—GH*G L, log(l + —
Qg Kadsm 1 Qs ( 1) SM o 127 v 10g )
-_— kxa—1) = 0.
1270 \ s —m? v 12702 ¥ h, h R
h log(l+—-)=—— 55+
v v 2
(abs) _
My~ N 2My
absorptive imaginary parts lead to a significant dip
m ﬁ:;: gh) > My, My .

box contributions decay slower

L |
500

1000
MKk
1 i 1 I 1
500 1000
™Mnph
HH p;cx‘).)dnf: at 14 Yc;v LHC .;t INILO'n QCD
M, =125 GaV, MSTW2008 (NILO paf [68%)
1w 3
-
w' [




Theory prediction at NLO

include EFT coupligns and full mt dependence

h h?\ _ m? Q h
LD —my (Ct_ + Ctt_g) tt— Chhh—hh3 + : (ngh“ + Cgghh
v v v

2v 8_7r

—e 2.50

o . o 2.251

N 2.00 4
o 28 1.7%

- \f \.EI y 5 G 1.504
.. \>]_.. ) | . | 1.25

g ‘ c 1.00 1
}l. /[)(/ :ﬁ >/; >- 0.75
0.50

- -15

A:I) ) f>:'-. j l-\_ } * }

4 2 2 2 2 2 2 2 3
olosy = Ay, + Ascy, + Az ey, + Ay CaahChin T As Cognn + As Cucy + A7 CChnn
2
+ Ag cucy Chnn + Ag CuCognChin + Ao CuCoghn + A11 CfCoghChin + Ar2 (‘? Cgghh

2
+ A3 CiChpRCogh + Al4 CLCRARCgghh + A1s CoghChihCoghh - (2.7)

. 3 2
AU/USM - AIG CyCggh + Al? CtCrCqgh + AIS clcgghcfddx + A19 CiCqghCqghh

2.2 2 3 2
+ Ao CtCogh + Ay CetCogh + Ago CoghChhh + Ags CaghCaghh -

K-factor can be large up to 3, depending on the phase space

differential distribution for 23terms available at arxiv

03 T
021 , G
. | 4
|
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TIR RE RPN A
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o | \ SRR
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\ \ o o .|‘ | \
024\ L\ ° | :
\ \ , A%\ LO
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daldmy, [f/GeV)

ratiowo,.. K factor

[arXiv: 1806.05162]
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HE-LHC and 100 TeV colliders

Higgs-strahlung: dominant around /s = 500 GeV ILC

1. the 27 TeV high-energy LHC (HE-LHC) with an N
integrated luminosity of 15 ab™!, > i< g e
et 'z g 03:- - |
2. a 100 TeV hadron collider with 30 ab™!, under con-  wwuson ommmscnignvs § 02—
sideration at CERN (FCC-hh) [18] and in China 7 | Wl
(SppC) [19] i
2000 o Incross section compared with 14 TeV
ol . = % factor 4 (27TeV)
050 <1 0! S
=3 a factor 40 (100TeV)
E 020+ Ei Lﬁ: E‘)i
5 0.10- : | |
0.05-
002 In event numbers
001" | | B x20 x20
0 s 0 a0 70 100 14 TeV * 21 TeV * 100 TeV

Vs [TeV]
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properly simulate the 3rd jet important

All Signal/BG samples simulated with 1 additional jet in MLM matching

T} = === = - -

pp — hh — bb vy + X. | A ,

o,

two H decay products not always found in the hardest two jets (b from H has intrinsic pT ~ 60GeV)

origin of the second jet for 27 TeV and 100 TeV

>

i . -) i .
— 1, : I L1,
- : ight - : light
<C i : \j bhard <C ! \j bhard
i \j bsoft \j bsoft
o 27 TeV e 100 TeV
£ | i !
< —
g !
A BT \_I_:__:I:I_‘_I_'* — A BT B B s v ———
50 100 150 20 250 50 100 150 200 250
Pri [GeV] Pri [GeV]

Requiring two b-tags in three hardest jets important! (50% acceptance higher)
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Event selection

two photons, two b-jets

€y s~ = 0.863 — 1.07 - ¢ P77/34.8 GeV

1)2) ,

248 GeV

¢

€jay = <

\

0.88 - 10~ [Oxp (—

5.3.10~% exp (—6.5 (

943 GeV

Pr,; B
60.4 GeV

)+

PT.j

P15

pT<65GeV oo

] pT>65GeV
reducing fake photon important (esp. low pT)

both pairs provide higgs mass

N..../50 GeV

10

characteristic structure should appear in low M ppregion
but very difficult to access it due to too huge BG (

27 TeV, 15 ab™ [ttH
O(mvv)=0'75 GeV Dg;’
Am,. <1 GeV [Jbbyy
M Clivy
— Clbby]
3 -1, =0
""" N —K)\=1
I e o K, =2
]
500
m,, [GeV]

We have to require mpn, > 400GeV

0.5

10

115

[ttH
mZzH
[]bbyy
[ijvy
[bbyj

130 135
m,, [GeV]

Higgs Signal/BG: peaked

100 p200 Continuum BG ﬂat
(controllable by side-bands)

100 TeV, 30 ab™! OttH

o(m, )=0.75 GeV ggg{y

Amw<1 GeV Oy
_ —1... [CJbbyj
= s S I PP -k, =0
N —1,=1
= | i —T Ty K, =2

]
500 1000
m,, [GeV]

JHEP 1502 (2015) 016
[A. Barr, M. Dolan, C. Englert,

Cf USIﬂg Jet reCOII D. Ferreira de Lima, M. Spannowsky])
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ReS u ItS Baseline: pr; > 30 GeV, |n;| <25, e, =70% €.=15% ¢ =0.3%
pr~ > 30 GeV, |n,| <25,
ARy 5,55 > 04 .
Collider Process K tth Zh bbyy jjyy  bbyj|BG tot.|S/v/S+ By.,,-1 S/B
0 1 2
o [fb] 0.69 0.36 0.18] 6.43 0.77 1.24 pb36.6 pb 506 pb
Baseline 2.87K 1.57K  838[21.8K 1.44K 1.19M 36M 1.13M| 38.3M 0.07 4.107°
nj <3, ny =2 648 356 190 954 389 200K 67.4K 105K| 374K 0.15 1-1073
Amy, < 25 GeV 470 260 140, 195 66 43.7K 10.6K 25.8K| 80.4K 0.24 0.003
HE-LHC A, <3 Gev 459 253 136| 197 63 1.42K 505 758 2.94K 1.2 0.09
(15 ab™ ') Ama, < 2 GeV 459 253 136/ 197 63 957 342  504| 2.06K 1.4 0.12
Am., <1 GeV 459 253 136/ 197 63 485 182 245 1.17K 1.7 0.22
Am.,, <3 GeV, mnn > 400 320 206 120 56 21 324 97 178 676 1.8 0.30
Ame,, < 2 GeV, mun > 400|320 1200 56 21 220 67 122 __ 485 2.0 0.42
Am,, <1 GeV, mu, >400] 320( 206 )120 56 21 115 41 61| 293 2.4 (070 )
o [fb] 6.95 3.72 1.97 84.8 3.766.21 pb 126 pb3.03 nb
Baseline 51.8K 29.8K 16.9K| 535K 13.1K 13.6M 330M 18.6M| 363M 0.29 8.107°
nj <3, ny=2 9.22K 5.28K 3.02K| 18K 2.84K 1.79M 773K 1.42M| 4.00M 0.48 0.001
Amyy, < 25 GeV 6.45K 3.80K 2.18K| 3.3K 669 361K 218K 373K| 956K 0.71 0.004
100TeV: A, < 3 Gev 6.30K 3.70K 2.13K[3.12K 653 8.34K 6.06K 8.99K| 27.2K 3.9 0.14
(30 ab™!) Ay, < 2 GeV 6.30K 3.70K 2.13K|3.12K 653 5.66K 4.13K 5.99K| 19.5K 4.4 0.19
Am,, <1 GeV 6.30K 3.70K 2.13K|3.12K 653 2.82K 191K 2.99K| 11.4K 5.5 0.32
Am.y, < 3 GeV, man > 400/4.66K 3.16K 1.93K|1.00K 203 1.56K 1.10K 1.90K| 5.86K 6.1 0.54
Amyy < 2 GeV, mun > 400/4.66K 3.16K 1.93K|1.00K 203 1.0dK 747 1.14K| 4.23K 6.7 0.73
Ameyy < 1 GeV, man > 400/4.66K 3.16K 1.93K[1.00K 203 523 359 617 2.79K 7.5 1.13

including 3rd jets in the analysis important

narrowing di-photon mass range effective to reach S/B ~ 1.

(the resolution 0.75, 1.5, 2.25 GeV assumed corresponding to the 1,2,3 GeV range)
[Note: 1.5GeV is already achieved at the LHC]

4th jet veto mainly for reducing ttH BG.

46



Two iImportant comments

20

os/osm S0 CL

00"

os/osym So CL

v 1
N N 2b in 2 leading jets |
\\\\ 2b in 3 leading jets |

~
NN

L.
-~~~
|

100 TeV

500 1000 1500 2000 2500 3000

L[fb']
2.0 T T I W A W Y T
1 \ \‘ \\ |
\ \
\
\ \\ \\ [my,—my|<1 GeV |

00—

15

L [fb™']

1000 2000 3000 4000 5000

sub-samples (bb, bbj) and (jbb, bjb)

including b-tag in 3rd jet clearly
Improves the sensitivity

The 50 measurement for HE-LHC is

2.8 ab™ ! to below 2.3 ab™!

for Higgs self coupling sensitivity

photon invariant mass resolution most important

(the resolution 0.75, 1.5, 2.25 GeV assumed
corresponding to the 1,2,3 GeV range)

[1.5 GeV is already achieved at LHC]

Important for detector design

47



study for future colliders D. Goncalves, . Han, . Kling, T. Plehn, MT

[Phys. Rev. D 97, 113004 (arXiv:1802.04319)]

3
10 E R K= - == 1
3L . - 27 TeV, 15 ab™ OtH
10 é % - E\E o(m e)=0 .75aGeV 0zH
E | 3 Am, <1 GeV Obbry
2 Cliivy
102 = B %102 E_ _____ ] D:s’lg 0.1¢
: 1026 I B T S = = e
- “ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 5
10 : 5 ‘s ':,': A 10 I [ , .............. 001 L
. I 1 ! 0.001 -
| - | 500 G {%00
L L = L L L L L L m (&
1 500 1000 1 500 1000 th
mu 00

K)

in event numbers

HL-LHC sensitivity 50% < HE-LHC (27TeV) 15% (100TeV: 5%) 20 <20

14 TeV =i 27 TeV = 100 TeV
We first in the world estimate the sensitivity at 27TeV (including ISR-jet effects) :

important input for the future decision making

CERN/China future colliders
(late 2017, energy of HE option is determined as 27TeV)

HE-LHC: 27 TeV 2040~ ] ] ]
at some point we have to decide either way,

\ FCC:100TeV 2043~ study needed for the decision making important
EW Baryogenesis : strong 1st phase transition required Wwhether we can exclude ? (question to answer yes-no)
= 50-70% deviation in Higgs triple coupling We have shown 27TeV would be enough to answer it A

N )




What we can do at HL-LHC in Higgs physics 7

2027~2038: HL-LHC = 20 times more production of the particles

1. possibility of discovery of heavy particles

Heavy Higgs searches

2. possibility of probing new physics effects using the distribution measurements

\c'.xj) 0.5, 0.
(c,x,)=(0.7,0.3
)

Boosted Higgs shapes

% i . . [
g _gw=i1 - double-Higgs production i
g0 s
3 o 5510% o e | e
Kt @o@@@ﬁ Rg @nﬁ'ﬂ)@ = 10k h ,/,,, ,- OoooOy———T -~~~ EHI[ 0 e
SO @ T e D m
Lc%%a% ~ %%aoog 10'F O
" forT . e
0 200 400 600 800 o
pT.H[GeV] ! — 500 1000
Mph
3. possibility of probing new physics effects using rare decays
Higgs rare decays, top rare decays c u



top factory

Top pair copiously produced : Inb x 3ab 1 3x 109 pairs
Top FCNC 95%C. L. reach at 3ab1

I — gu I — gc t—qgZ t— Yu t— Yc t — Hg
3.8x10°% 32x10° 24-58x10° 86x10°% 74x10> 1074

a variant axion model to predict t -> ch (top-specific ZHDM) |c-W Chian, H. Fukuda, MT, T. T. Yanagidal JHEP 11 (2015) 057
[C-W Chian, H. Fukuda, MT, T. T. Yanagidal Phys. Rev. D 97, 035015 (2018)

We consider very light pseudo-scalar A in a variant axion model to explain muon g-2. (u-type lepton-specific 2ZHDM)

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida]Phys.Rev.D 98 (2018) 9, 095020

ﬁ)oosted A — 11 from top decays mutual isolation \
. . A.Katz, M. Son, B. cedie, PRD 83, 114033(2011).
di-1-tagging - R =10.5 VA Rtz M. Son, B Deedie eI
* if core 1 is removed, the rest is t-tagged

if core 2 is removed, the rest is also t-tagged

tR = 0.1 (core)

emeisimn A For mA=15GeV

BR(t—=uA) < 0.08%

(10% by CMS study)

——

HY, A", H* v 4, W*

M / My Vy

R = 0.1 (core 2)

<
o
”~

95% CL. dound on BRIT = uA) [%]

o 0.003-0.01% in future

. .
134 2 L) 40 “
=, [GeV]

<
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2HDM as the solution for strong CP problem

Strong CP problem

g

- - - 2
PQ SOIUtlon Wlth axion triangle diagram (N: n. of coupled quarks), 0L = — J NEG’WG“V induced

~Invisible axion models
KSVZ heavy Q introduced EQ = —yQQL@QR + h.c. NDM — 1

(no problem but no low energy phenomenology, not interesting)
(Kim 1979, Shifman, Vainshtein, Zakharov 1980)

(Zhitnitsky 1980,
Dine, Fischler, Srednicki 1981)

Variant Axion model

ZDFS two Higgs doublet model @1@202 N DM — §

\ [R.D. Peccei, T.T. Wu and T. Yanagida, Phys. Lett. B172, 435 (1986)] 5)

f-vacuum

o0 ' 9 .
05= 3 ™n> g=Pp £o= L0 oG,

3272
n=-—0oo

Ot = 0 + arg det[M“ M%)

Why O < 10~ ?

assume spontaneously broken U(1) 7e”*? ~7n+ia to introduce axion field

3272
after QCD PT, <G"G. >~ Ayep the potential w1 cos( +0) 0 = Outrong + O
Ot = 0 + arg det[M“M9] + a4z
very attractive, a also play a good CDM role " a =a+0F,

2nF, 4nF,

~

m®| oo Npy =3

/ mismatch due to the different periodicity \
T~1GeV 4 y

- Via)

. «=p d

=0

. a a
\ in O space n - =5z spa(y

domain wall problem absent if only 1 quark coupled to PQ-Higgs N DM —




g-2 In Lepton-specific 2ZHDM with VAM

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida]Phys.Rev.D 98 (2018) 9, 095020
VAM is a 2ZHDM at low energy, there is a choice which one quark is PQ charged.

quark sector : domain wall problem = only one q RPQ charged

lepton sector : lepton yukawa has to be enhanced for muon g-2 & corresponding VEV is small (tanf>>1)

(Iepton sector is irrelevant to domain wall problem)

e ®;(PQ = +1) UR,dR

1L CR;SR

. D9 (PQ = 0) tR.OR
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g-2 In Lepton-specific 2ZHDM with VAM

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida]Phys.Rev.D 98 (2018) 9, 095020
VAM is a 2ZHDM at low energy with various PQ charge assignments.

quark sector : domain wall problem = only one q RPQ charged

lepton sector : lepton yukawa has to be enhanced for muon g-2 & corresponding VEV is small (tanf>>1)

Al\epton sector is irrelevant to domain wall problem)

/ . \ &, (PQ = +1) up.dg
/L

to enhance lepton yukawa

Vo <K V1 CRsSR

= Do (PQ = 0) tr.OR
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g-2 in Lepton-specific 2HDM with VAM

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida]Phys.Rev.D 98 (2018) 9, 095020
VAM is a 2ZHDM at low energy with various PQ charge assignments.

quark sector : domain wall problem = only one q _PQ charged
R

lepton sector : lepton yukawa has to be enhanced for muon g-2 < corresponding VEV is small (tanp>>1)

(lepton sector is irrelevant to domain wall problem)

/ \ D (PQ = +1),, up.dp

to enhance lepton yukawa N

Vo <K Uq AN CR;SR

- T Dy(PQ = 0) ‘bR

to avoid non-perturbativity
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g-2 In Lepton-specific 2ZHDM with VAM

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida] Phys.Rev.D 98 (2018) 9, 095020
VAM is a 2ZHDM at low energy with various PQ charge assignments.

quark sector : domain wall problem = only one q RPQ charged

lepton sector : lepton yukawa has to be enhanced for muon g-2 & corresponding VEV is small (tanf>>1)

Al\epton sector is irrelevant to domain wall problem)

/(? \ (I)l(PQ = ‘*‘1)7~ ,*/ UR,dR
I
/t :

to enhance lepton yukawa N .

e Vo K U1 R

T * @y(PQ=0) 4" \b_"”_

to avoid non-perturbativity

to avoid domain wall

the 3rd gen. part becomes identical to the type II 2HDM = very constrained by LHC via bbA production
also by Bs—un

= not viable possibility
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g-2 In Lepton-specific 2ZHDM with VAM

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida] Phys.Rev.D 98 (2018) 9, 095020
VAM is a 2ZHDM at low energy with various PQ charge assignments.

quark sector : domain wall problem = only one q RPQ charged

lepton sector : lepton yukawa has to be enhanced for muon g-2 & corresponding VEV is small (tanf>>1)

Al\epton sector is irrelevant to domain wall problem)

[e) 2, (PQ = +1) ur,dp
/toe;hance lepton yukawa
¥ (N] < (95,

= Do (PQ = 0) tr.OR

CR;SR
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g-2 In Lepton-specific 2ZHDM with VAM

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida] Phys.Rev.D 98 (2018) 9, 095020
VAM is a 2ZHDM at low energy with various PQ charge assignments.

quark sector : domain wall problem = only one q RPQ charged

lepton sector : lepton yukawa has to be enhanced for muon g-2 & corresponding VEV is small (tanf>>1)

Al\epton sector is irrelevant to domain wall problem)

e \
/ /‘me:1hance lepton yukawa
¥ V1 K V2

T P2(PQ =10) «

Bs -> mumu
constraints

to avoid non-perturbativity
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g-2 In Lepton-specific 2ZHDM with VAM

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida] Phys.Rev.D 98 (2018) 9, 095020
VAM is a 2ZHDM at low energy with various PQ charge assignments.

quark sector : domain wall problem = only one q RPQ charged

lepton sector : lepton yukawa has to be enhanced for muon g-2 & corresponding VEV is small (tanf>>1)

Al\epton sector is irrelevant to domain wall problem)

®, (PQ = +1) uR,dr

e \
/ /‘me:1hance lepton yukawa
I U1 < V2 CR,SR
o Bs -> mumu
T (I)‘Z (P Q = 0) « tl ! ‘@ constraints

to avoid non-perturbativity
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g-2 In Lepton-specific 2ZHDM with VAM

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida] Phys.Rev.D 98 (2018) 9, 095020
VAM is a 2ZHDM at low energy with various PQ charge assignments.

quark sector : domain wall problem = only one q RPQ charged

lepton sector : lepton yukawa has to be enhanced for muon g-2 & corresponding VEV is small (tanf>>1)

Al\epton sector is irrelevant to domain wall problem)

/toe;hance lepton yukawa
/L U 1 << U2 ,.-“; , »

e
e
ws®
s*
(L
L
.
.
.
.
.
.
.
.
.
(L
.

Bs -> mumu
? 5 (PQ = 0) .
q 9 PQ < l R 0@ constraints

to avoid non-perturbativity

several choices, but up-specific is most interesting possibility
charm-specific : opposite sign for g-2

down/strange-specific : very constrained by Kaon physics
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up-type specific Varia

Nt Axion model

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida] Phys.Rev.D 98 (2018) 9, 095020

®; @ wur cr tr dr QL (r Lp when we take up-type VAM,
+ - -4+ 4+ + 4+ - + top/charm/up FCNC is the generic prediction
v . N )
For up-specific VAM, ®5 only couple with ugr, er
u _ .o 000
L" = _q)luRa[Yul]aiQi o [ UQ]ZQZ +h.c. Ya=|000]| and Yia= |+« «]|,
000 ——
" / J
mix with 5
. 3 p
Higgs basis e e o
(only $SMhas a VEV) e R
cot 3
_ SM e SM
L=—- [Y ]JzQz ]JzQz Y= ~tang Y
\_ Y;=cot3 Y;M. -
/T - . - ~N
diagonalizing mass matrix C.. = —tanf— (tan § + cot j)(‘mp; 1
- —tan S . . (oo = cOL 3,
Yfé’dlag = cot 5 Yz? 8 + (tan 8 + cot B) H uth? P Ge=cots (tan 3 + cot ) — (;xs fu § = $5-adpp + C3-alyys
cot 3 ,_ sinp, Efy = Ca-absp — sp-alysr,
Cut = (e = (tan 8 + cot 3) 5 - {}11' _ (2,1‘3,)0!’ _
1 1 % 0 sir12pu
H, =V, 0 V- 0 = _Op_ 0 : 0 : leptons and up: tan beta enhanced
0 0 Sin pq, 0 —COS Py
) ) FV «x~ sin ptan 8
L consider u-t mixing for simplicity mixing eff. : Cuui—tang /7 Cet COLIN — tan 3 53




g-2 In Lepton-specific 2ZHDM with VAM

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida] Phys.Rev.D 98 (2018) 9, 095020

xaN;QF/x Sign of (8y,8,)
- -3 -
br | Grmilopy hiAbZ m ¢ Csen X0 o)
Aa,” = ; N Q 515 2 ( » u (-4.6,5.4) x 10712 (-, =)
p 4/2m2| ™ z fRfsusSf .2 ms . A s (_
7. Z,W* ~ 1077 d (~8.0,9.6) x 10~ (- |+

opposite sign contributions -tan B enhanced for up-type = only up negligible

LFV doesn’t contribute directly to g-2, but affects the diagonal elements

: ] . . .cot
FV x~ sinptanf mixing eff. : Cuui—tang 7 Gt B\_ tan 3
100
90
80
70
o
g o
50
w0l
30| pu=0, Mmy=my+-=300 GeV 0| DL=TUS0, My=my+-=300 GeV | 30/ Pu=M/20, My=my+-=300 GeV |
2005330 40 50 60 70 8 80 100 206330 40 %0 80 70 80 80 100 2006330 4 50 60 70 80 80 100
my [GeV] ma [GeV] mpy [GeV]

switching on LFV coupling induces negative top-loop contribution = rather distavored by g-2

but acceptable as long as a small mixing
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g-2 In Lepton-specific 2ZHDM with VAM

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida] Phys.Rev.D 98 (2018) 9, 095020
Bs—up observation exhibit a slight deficit from the SM prediction

= ﬁ(BO —)[l+ﬂ_)gxp M MUVAM 15GeV 2
R, — =0.79+0.20 — T o1 = A¢A ~ _ 2 2
i BR(BY? = u*pu)su 9 YR =1+ A(SM 1 0-21£tt§MM ( — ) 1.21 0.05pu tan 5

100 100
90 | 90 |
80 80
70 70
2, 2 |
“50* .-‘50-
40 40
30 30
20 20

10 20 30 40 50 60 70 80 90 100

2
for combined X -fit including Bs—pp, small mixing p, = 7/100 slightly improves the fit

mA ~ 15GeV, tanf~40, p, ~ 0.03 will give a best fit
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[C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida] Phys.Rev.D 98 (2018) 9, 095020

t—UA A—>TT

even for a slight mixing p~0.03 induces large BR(t—=uA) ~O(10%)

2 2
Tivuigea o~ sin® p, tan? §

A decays dominantly to rr about 100%

important signal from top pair production : ¢t — tuA, A — 77

recast the LHC searches for bbA, A— 7, in the context of MSSM (type II)

(CMS at 8TeV in prt, et, ep modes)

kinematics is different between 1A and bbA
— efficiency for fuA

higher due to pp , cut

quickly goes down as m 4 — 0due to AR cut

we estimate 8 TeV sensitivity,

BR(t—uA) < 0.2% (mA>25GeV), 10% (mA=15GeV) : marginal

2010 v
1510 | BR{t-+uA)
10104} 09 06 03 03 06 09
5 50'10°} w
& 0
‘\_—‘ 0‘0310 .......................................................................
=)
a.-5.0'10'6* 09 06 03 03 06 09
-1.0"107* }
-1.5107* |
_2 0'10'4 A A A A
' 0.3 0.2 -0.1 0 0.1 0.2 0.3
py [rad]
Ty 10t < 2.5GeV — BR(t — ud/cA) <40%  |pu| S 0.06
— 10
- 104 F Notmalized with o(A+X)=1ph e = 10 F Nomalized with o(A+X)=lpb -0
3 Fah § TeV, L=20fb —A, -, O e 8 TeV, L=20b"  f— . ‘:‘“ o
S BAN o]  E tuA o
@ ]0‘ b 5 . A, m, 00 Q¥ 9 |0‘ A, m, 0 Qv
S ; BOA. o0 Sy o "[L w : BOA, = o0 Ouv
o BN g ‘bbA
10° 1 \ i 10° ‘,f:__ h
Y L Ny
bbA < mplighter
10f & ma lighter 108 1
- N .‘1'
P PP P atasi ol N PPN AP |
b Ts0 100 150 200 I
p: [GeV] AR,
>107%¢ = 10°
§ WA -g-. s BR-= wA]0%
— =
= o F \ bbA —
o .
x =10 s L “'.
10 z 10 \Lstronger bound
= (+ o] \ 1%
= x LY
g ,,f"l § ! - 0.4%
3 ° N
104/ = 1F . ——
- f - o 4
- ’,‘,‘ :‘,*5 " 019
/ v
/ =)
-5 L. 1 1 1 |0_1 | | 1
10 20 30 40 50 10 20 30 40 50
m, [GeV] m, [GeV]
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boosted A > T T

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida] Phys.Rev.D 98 (2018) 9, 095020

The reason for rapid drop of the efficiency is due to the overlapping t’s due to the boost

R=0.5 \

T-tagging SR require energy deposit in the core part
s’ e
s’ ! \
.,°* s ' ' E R — O ].
.’ ' ' f= ( ) > 0.95
Le” . ; E(R =0.5)
e : R = 0.1 (core)
~. _ !
~e 1 I
~ ~ . | '
e ) . . . .
\ Tee s ," for boosted tau pair the usual 1solation falls/
mutual 1solation \
O 5 [A. Katz, M. Son, B. Tweedie, PRD 83, 114033(2011).]

if core 1 is removed, the rest is T-tagged
if core 2 is removed, the rest is also t-tagged

0.1 (COI’G) g T vamoones iz For mA=15GeV
BR(t—uA) < 0.08%
0.1 (core 2) %0: (10% by CMS study)
: e 0.003-0.01% in future

-3 1 1 2
0020 30 @050
m, [GeV]
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Flavor violating Heavy higgs decays

|C.-W. Chiang, MT, P.-Y. Tseng, T. T. Yanagida] Phys.Rev.D 98 (2018) 9, 095020

For my > m; and tan > 1, we have

2 t o2
BR(H — tu) _mg3sin“p, (120 - sin p,,)? setdadens Lo
BR(H — 7.7.) m2 9 - S Py, LD Z —T(f;;vhfnfz, + ff;'Hfsz, + lf}f'A frfy) +he,
T Ly '
0 §fp = 8p-adyy + ca-alsy
o '=C.—06 t = 88-a "y
up-specific VAM S0 = Co-a0fs = S5-alsf
! A
1 tanB=40 ff/' = (QT:{)CN’ ;
-1 f ——
’\10 ¢ — C . cot B8, (for f=d,s.b),
§ e £ = tan 36 (for f=e,pu,71)
ut ———
£1 0-2 : Cuu = —tan 8 — (tan 3 + cot ;’3)60b Pu—1
S
% (e = cOt S,
. p 1 — cos p,
10,3 | ] Cu = cot 8 — (tan 3 + cot 3) 9
/‘ Cut = Crw = (tan B + cot 5)”"}2”“ .
10

002 004 006 008 01 012
py [rad]

the flavor-violating decay H — tu dominates for p, < 1/120.

very striking signature of the up-specific Variant Axion Model
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L HeC

Possible scenarios of future colliders

Ihaa :(;1'\' l]

2040

Total
charm
bottom
top

10

arXiv: 2007.14491

2060

o[fb]

B Proton collider

M Electron collider

L] Electron-Proton collider
s Construction/Transformation

CDR default e-beam : 60GeV /s = 1.3 TeV

new default : 50 GeV (initially 30GeV)
Vs =1.2 TeV
O(1)ab~ ! /year

DIS, better determination of PDF

it would reduce the systematic uncertainty
of the data obtained at HL-LHC

2070 2080 2090

The timdine for dfferent somarics for future calides,

Higgs mediated CLFV scattering

107!

MT, Y. Uesaka, M. Yamanaka
Phys. Lett. B 772, 279-282 (2017) [arXiv:1705.01059]

Total =———
tg = 19

SN For maximally allowed coupling,

£g — Thb
F £g — 7¢C - - -

V1Per® + [prel? = 2.4 x 1073

- e — o

O(100)events would be produced

V/3(GeV]
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Remark

motivated by the problems of the SM, focusing on TeV scale new particles.

If new particles exist, how can we probe them ?
With high stats of LHC, we can probe new particles.

Phenomenology: we would like to test the hypothesis in the real world

W T+t 7 7 -0 lopton fnal state 2038 — 8000, LB |
CMS Simulason, L= 194 %", 5= 8 TeV 5 | 7CC Simutation —omsl 3
10 8 1400~ aTLAS N CLmsaon o, = 19N e fs =100 Tev, 20a0" 3
o — Simulation Prefiminary - #n Gl masen o <% 2 7000 * ' T e 4
- ‘ e 12001~ {3w14 Tev, 3 ab" — e CROWWy. 0+ 19N P E’(
‘ “E 1000 3 Boe
-0.4 ] 5000
4000
: .. @ w0 e Wl gt E 3000
. - ; ] 2000
: 2 B 1000
085 05 0 7.5 00 DO A W f : . .
: ® arctan(m_/m.) 200 400 600 800 1000 1200 400 600 8OO 1000 1200 1400 1600 1800 2000 %2000 4000 6000 6000 10000
1 -
" m(1,) [GeV) ml(t) (Gev) m; (GeV)

the type of researches that if new particles exist,

roblem :
P how we can probe them

= unrealistic waiting time

It’s time to learn from data.

interesting facts possibly hidden in uncertainty



mailto:takeuchi@kmi.nagoya-u.ac.jp

takeuchi@kmi.nagoya-u.ac.jp

ex.) dbar/ubar ratio in PDF in proton

4 N\
2.0 . L] L T T 2'5 LA S g hd Ad A\ ‘: 2-25 - - o
\ CT18Z at 100 GeV d(x,Q)a(x,Q) at Q =100.0 GeV 90%C.L. I 2
\ —s C=CTI8NNLO " 2
i \ —gs | 201 £ CT14HERA2NNLO ¥ i 3
15 —0 =SCTISZNNLO - K  sE
= —d 3 15+ 125 £
3 1.0 \‘ s @ " :? N 71
o R - 2 - 1 F 2 d —
- g é 1.0 '.: ii-”o.‘rs? ® ESS6NuSen > U
l'vl R . M
03 ‘ o E - mam o gmen
05¢ 4 : GRV9S
g 025 - Systematic Uncertainty
T — ‘ —L'"-L'x': 1111l -UT“Tﬁ
0'0 P L L — Ly ., N N N ] o
10-6 10-4 10-3 10-2 x lo-l 0-2 05 0.9 0'(1)0-6 10—3 10-3 l02 lo-l 0.2 0.5 0.9 0 005 01 015 xM 025 03 035
v d Once measured
: M< . -< a From gluon splitting, we expected dbar=ubar unexpectedly different
0

since p(uud) , § — UU suppressed by Pauli exclusion principle  Fieid, Feynman, Phys. Rev. D15 (1977) 2590

=% explicit calculation gives 1% difference, and @ > d Stofféns, Thomas, Phys. Rev. 55 (1997) 900
T . g S E—
It seems due to Pion cloud uud — (udd)(ud) — uud " E N vinipeas
: PR ) “F
Py e kv d>u e
:

0.05 0.1 0.15 02 025 03 035

: 81
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LHC isa W, Z, top, Higgs factory

11 9 8 ’E 105 1 ] 1 ) 1 T . ] 1
W,Z: 100nb, tt:1nb, H:50pb = ~ 10°7,107,10° at 3ab-1 s K anas 2y 1) jts
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For example, correlation among 4 jets, we might be able to check or to find new facts?
With 1d plots not enough, however, 2d plots would be already difficult to understand.

Can we find new facts with Machine Learning as a tool ?
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Machine Learning for Jet physics s eutvi s o

Using the ML developed for Image recognition CNN, top jet vs. QCD jet from jet images as inputs

It is known that it is better than the conventional approaches
To understand what is important in CNN, we divide inputs into 2 categories and construct DNN and compared

* 2point correlation 52 (pQCD based, traditional variable)

* calorimeter hit N (0) , and an extension [V (1) (non-perturbative quantities)
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We show adding N (0), N (1) DNN approaches the performance of the CNN
non-perturbative quantities affects the separation 03


mailto:takeuchi@kmi.nagoya-u.ac.jp

Summary

Naturalness : we probably just enter the natural parameter space finally
lots of opportunities at LHC

Higgs physics at HL-LHC, future colliders
1. Heavy higgs states searches N

flavor anomalies : gradually sensitive at LHC

2.3. Higgs factory / top factory

2. pT distribution : - +:@ . 3

different pT bin gives independent information

3. rare decays :
interesting to consider FV higgs/top decay “

It is time to learn from data, ML helps?

If you are interested in this direction, please contact me.
takeuchi@kmi.nagoya-u.ac.]
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Cut flow

Event rate [fb] H 711 H—> WW* W, W,+jets Z_,..+jets tyfy+jets|| S/B S/vB
0. Nominal cross-section 3149.779 10719.207 580.000 1.01-10* 1.02-10°

1. ng = 2, opposite-sign 118.043  323.531 195.033 347.516  3.72-10°

2. mge > 20 GeV 117.733  264.723 189.522 315.201 3.57-10°

3. pry > 200 GeV 1.987 3.834 91.273 104.434 1.28-10° |[|0.004 2.62
4. nﬁ-"‘" =1 (pr; > 200 GeV)| 0.957 1.858 50.443 58.810  395.602 ||0.006 2.17
5. ny, =0 0.940 1.825 48.855 57.068 105.851 || 0.01 3.29

Basic selection cut:
ne = 2, opposite-sign, mye > 20GeV, pry > 200 GeV, ngat =1, n,=0

P H = Pr., + P10, + PT

WW ., Z, tt contribute at similar level

28/45



How accurate A measurement would be interesting 7

EWSB phase transition at early universe

= My Mgy T

-~ L . A
finite temp. effective higgs potential V(h) = Tht 4 doh® 4= Tent+ 5
Viot = m%(T)H? — ETH® + \H* in the SM  Asm =~ 1/8. ,
3
M =61 A3=6)lv= ?h
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L= 0 wne
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(3)

broken

For EW baryogenesis successful
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125 GeV Higgs is
too heavy for EWBG successful

Considering new physics by dim.6 op. 1000
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strong 1st order PT * O(1) deviation in A 3 required

|C. Grojean, G. Servant, J. Wells]

To exclude this EWBG scenario, 70% level measurements required for A3
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the statement is rather general

|[Phys.Rev. D97 (2018) no.7, 075008
M. Reichert, A. Eichhorn, H. Gies, J. M. Pawlowski, T. Plehn, M. M. Scherer]
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To exclude this EWBG scenario, 70% level measurements required for A3



Cut flow

Event rate [fb] H =11 H=> WW*|W,W,+jets Z_,..+jets t,f,+jets|| S/B S/v/B
0. Nominal cross-section 3149.779 10719.207 | 580.000  1.01-10* 1.02-10° . .
1. n¢ = 2, opposite-sign 118.043  323.531 195.033  347.516 3.72-10°
2. mge > 20 GeV 117.733  264.723 189.522  315.201 3.57-10°
3. Py > 200 GeV 1.987 3.834 91.273 104.434 1.28-10° |{0.004 2.62
4. n'* =1 (pr; > 200 GeV)| 0.957 1.858 50.443 58.810  395.602 [|0.006 2.17
5. ny, =0 0.940 1.825 48.855 57.068  105.851 || 0.01 3.29
6. p,. inside the two leptons | 0.923 0.533 20.215 55.551  44.050 || 0.01 2.30
7. mge < 70 GeV 0.796 0.490 3.860 53.985 8511 || 0.02 2.73
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Strong CP problem

QCD Lagrangian contains the total derivative term: f-term

( )
0 i x
Lo = 32772 G,,GY" ——— |0 >= E e™In>  P-vacuum

n=——oo

\n > |m > but ‘19 >— |9 > gauge inv.

Note that 0 is physical () <60 <27
. J

Furthermore, chiral tr. ¢ — €'*"5¢q induces § — 0 — 2a

massive fermion mass term is also changed.

Oog = 0 + argdet[M“M?] is invariant under the chiral tr.
x arg det[vOY*Y ¥

Oeft can be measured from Neutron EDM |d,,| = 4.5 x 10 **f.gecm

d°P%] < 2.9 x 10~ %ecm

Why Heff < 10_11 7 while the origin of 0 and arg M is completely different
Fine tuning problem 11



Peccel-Quinn mechanism and domain wall problem

[R. D. Peccei, H. R. Quinn, PhysRevlLett.38.1440]
If the theory has U(1) pg, which spontaneously breakdowns to provide axion, at 1.

2
; -PQ __ g apv Fya
Due to the anomaly, U(1) pg current is not conserved, 9"j,“ = —%AG GL»
nez@PQ ~n+ ia 9
. a _ g o S . . .
N induces 0L = — c AG** (% , induce the potential in the effective Lagrangian
o 3272 w
2 ~ P ~ F =n/A
Lot = —+GW G, — 29,0000 — I L g, — P9 Gaw o o =1/
4 SO N 3272 F, we 32m2 i A depends on the model (~ N)
at low temperature, QCD instanton effects give an axion a potential and minimizing it gives < a >= —0F,.
Vi 1 — cos(Fia + 0_) 0 — 0, trong + Or T™=1GeV V(a)
in theta space A
©=0
a =a+ 0F,

! 2nF, 4AnkF,

Ot = 0 + = <Zfi;> =2nmt(n=1,...,N)

in <a> space

UW)pg — Zn, N =1 (24 +ui +dy)|
Npw = NpQ [ca. Geng. J. N. Ng, PhysRevD.41.3848] G




