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Qutline

¥ Higgs precision measurements
¢ Global fit framework
¢ Perturbative models

- SM with a real singlet extension (skip in this talk)
— 2HDM (tree + loop, Higgs + Zpole)
— MSSM (skip in this talk)

¥ Strong dynamics models (skip in this talk)
¥ Complementarity with direct search @ 100 pp

¢ Conclusion



Higgs Precision Measurements

ATLAS

Input measurements
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Higgs Precision Measurements

ATLAS Simulation Preliminary
's =14 TeV: det 300 b det 3000 b™

LHC: 14 TeV, 300 fb-1, 3000 fb-'

Au/u 300 fb~! 3000 fb~!

H_>YY (Corrzb ; All unc. | No theory unc. | All unc. | No theory unc.
(1) H — yy (comb.) | 0.13 0.09 0.09 0.04
(VBF-like) 0y) 0.19 0.12 0.16 0.05
(WH-like) (1j) | 027 0.14 0.23 0.05
(ZH-like) (VBE-like) | 0.47 0.43 0.22 0.15
(ttH-like) (WH-like) | 0.48 0.48 0.19 0.17
H—-ZZ (comb)) (ZH-like) | 0.85 0.85 0.28 0.27
(VH-like) (1tH-like) | 0.38 0.36 0.17 0.12
(ttH-like) H — ZZ (comb.) | 0.11 0.07 0.09 0.04
(VBF-like) (VH-like) | 0.35 0.34 0.13 0.12
T V\I(Q?C';'r':lkbe; (ttH-like) | 0.49 0.48 0.20 0.16
— (VBF-like) | 0.36 0.33 0.21 0.16
(0)) (ggF-like) | 0.12 0.07 0.11 0.04
(VBF- “f( e; H— WW (comb.) | 0.13 0.08 0.11 0.05
H=Zy —lindl) | o3 | o | o | o

= ] . . . .

H—>bb (Vf,c,fo ; (VBF-like) | 021 0.20 0.15 0.09
ZH-like H — Zy (incl) | 0.46 0.44 0.30 0.27
H—tt (\5|3|= |.ke; H — bb (comb.) | 0.26 0.26 0.14 0.12
H—uu (comb.) (WH-like) | 0.57 0.56 0.37 0.36
(incl.) (ZH-like) | 0.29 0.29 0.14 0.13
(ttH-like) H — 77 (VBF-like) | 0.21 0.18 0.19 0.15
H — pyu (comb.) | 0.39 0.38 0.16 0.12
0 0.2 0.4 (incl) | 0.47 0.45 18 0.14
ATL-PHYS-PUB-2014-016 (ttH-like) | 0.74 0.72 0.27 0.23




Higgs Precision Measurements

CEPC/ FCC/ILC

collider CEPC | FCC-ee ILC

NG 240 GeV | 240 GeV | 250 GeV 350 GeV 500 GeV

[ Ldt 5ab ' | 5ab ! | 2ab! 200 b1 4 ab~?
production Zh Zh Zh Zh vih Zh voh | tth
Ac/o 0.51% 0.57% 0.71% | 2.1% - 1.06 - -
decay A(c-BR)/(c- BR)

h — bb 0.28% | 0.28% | 042% | 1.67% | 1.67% | 0.64% | 0.25% | 9.9%
h— cc 2.2% 1.7% 2.9% | 12.7% | 16.7% | 4.5% | 2.2% -
h — gg 1.6% 1.98% 25% | 9.4% | 11.0% | 3.9% | 1.5% -
h— WW* 1.5% 1.27% 1.1% | 8.7% 6.4% | 3.3% | 0.85% -
h— 7771~ 1.2% 0.99% 2.3% | 4.5% | 24.4% | 1.9% | 3.2% -
h— ZZ* 4.3% 4.4% 6.7% | 283% | 21.8% | 88% | 2.9% -
h—s vy 9.0% 42% | 12.0% | 43.7% | 50.1% | 12.0% | 6.7% -
h— utpu~ 17% 18.4% 25.5% | 97.6% | 179.8% | 31.1% | 25.5% -
(v)h — bb 2.8% 3.1% 3.7% - - - - -

S.Su CEPC-preCDR, TLEP Design Study Working Group, ILC Operating Scénarios.




Higgs Precision Measurements

CEPC/ FCC/ILC

collider (‘%TEPC | FCC-ee ILC

NE 240 GeV | 240 GeV | 250 GeV 350 GeV 500 GeV

[ Ldt 5ab”t| 5ab ! | 2ab! 200 b1 4 ab~?
production | Zh Zh Zh Zh vih Zh voh | tth
N 0.51% | 057% | 0.71% | 2.1% - | 1.06 - -
decay | A(o-BR)/(c - BR)

h — bb 0.28% | 0.28% | 0.42% | 1.67% | 1.67% | 0.64% | 0.25% | 9.9%
h — cc 2.2% 1.7% 2.9% | 12.7% | 16.7% | 4.5% | 2.2% -
h — gg 1.6% | 1.98% 25% | 9.4% | 11.0% | 3.9% | 1.5% -
h—Ww*l 15%| 1.27% 1.1% | 87% | 6.4% | 3.3% | 0.85% -
h—rtr= | 12% | 0.99% 2.3% | 45% | 24.4% | 1.9% | 3.2% -
h— ZZ* 4.3% 4.4% 6.7% | 28.3% | 21.8% | 8.8% | 2.9% -
h — vy 9.0% 42% | 12.0% | 43.7% | 50.1% | 12.0% | 6.7% -
h— ptp 17% | 18.4% | 25.5% | 97.6% | 179.8% | 31.1% | 25.5% -
(vo)h —bb | 2.8% 3.1% 3.7% - - - - -

S.Su CEPC-preCDR, TLEP Design Study Working Group, ILC Operating Scénarios.




Relative Error

T g(hff;SM)’

Kappa framework and EF T Framework

' Two model-independ

ent

kappa framework EFT framework

g(hVV \
( ) dcz, czz, €zO, Cyy, CZv, Cgg, OYu, O0Yd, O0Ye, Az

g(hff) W=
! A

Precision of Higgs couplingmeasurement (Contrained Fit)

precision reach of the 12-parameter fit in Higgs basis

F W LHC 300/fb Higgs + LEP e*e"™>WW 240@GeV (5/ab) + 350GeV (200/fb)
[ M LHC 3000/fb Higgs + LEP e*e"™>WW B FCG+ee 240GEV (10/ab) + 350GeV (2.6/ab)
1 light shade: e*e” collider only HILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)
E solid shade: combined with HL-LHC [l CLIC|  350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)
E blue line: individual constraints
red star: assuming zero aTGCs
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77777 m CEPC 250 GeV at 5 ab™" wilwo HL-LHC

—————
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New Physics Implication

[}
|

ﬁ »Var'ious Ki Coeff of EFT oper'a‘ror's

(wu'rh cor'r'elahon)

(with cor'r'elafion) |

parameters in New
Physics Models |

S.Su 7



Kappa Framework and EF T Framework

limitations of model-independent approaches

e large level of degeneracy

parameter space for specific model much smaller
e correlation matrix often not provided

over conservative estimation when not include correlation
e assumptions and simplifications

may not be valid for a particular model

S.Su 8



New Physics Implication

Various K;

is

(with correlation) |

. parameters in New
Physics Models |

)
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New Physics Implication

Various K;

(with correlation) {i

. parameters in New
Physics Models |

)

& = , o2 H ~ (0xBr)swm
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Perturbative Models

e SM with a real singlet extension (skip)
e 2HDM (Type |, I, L, F)
e MSSM (skip)

S.Su 10



2HDM in one slide

® Two Higgs Doublet Model (CP-conserving)

. _ o V2 +v; = v = (246GeV)?
C (it +1iGi)/V2 tan 8 = vy /vq
HY [ cosa sina o A =—-Gisinf + Gocos B
RO |\ —sina cosa 9 |’ H* = —qﬁf sin 5 + gbgc cos BJ

after EWSB, 5 physical Higgses
CP-even Higgses: ho, H? , CP-odd Higgs: A?, Charged Higgses: H*

0/Ho i my my
® ho/H° VV COUp'Ing JHOVY = v COS(ﬁ — @)7 Jrovy = v Sin(ﬁ — a))
(% U

alignment limit: cos(B-a)=0, h is the SM Higgs with SM couplings.
S. Su 11



2HDM parameters

¢ |2
Type ] u,d,l Model Ky Ko Kd Ky
2HDM-I | sin(f —a) cosa/sinf3  cosa/sinf cos a/ sin 3
Type Il u d,l 2HDM-IT | sin(8 —«) cosa/sinf3 —sina/cosff —sina/cosf
— 2HDM-L | sin(f —«a) cosa/sinf8 cosa/sinf3  —sina/cosf3
lepton-specific |u,d [ 2HDM-F | sin(f —a) cosa/sinf8 —sina/cosfS  cosa/sinf3
flipped ul |d

© parameters (CP-conserving, flavor limit, Z> symmetry)
246 GeV 125 GeV

2

2
mll, m227 )\17 )\27 )\3, )\4, )\5 q ’U,tanﬁ,Oz, mh,mH,mA,mH:j

w

tanB, cos(f-a),
control tree level h° couplings
S. Su 12

soft Z2 breaking: m122



2HDM parameters

Type ] Model Ky Ku Kd h:g
4 2HDM-1 | sin(8 —a) cosa/sinf i
Type | 2HDM IT | sin(p - a) cosa/sinf3 in o/ o -
— 2HDM L [sin(F—a) cosa/sinfB cosa/sin3  —sina/cos g
lepton-specific |u,d [ 2HDM-F | sin(f —a) cosa/sinf8 —sina/cosfS  cosa/sinf3
flipped ul |d

© parameters (CP-conserving, flavor limit, Z> symmetry)
246 GeV 125 GeV

2

2
mll, m227 )\17 )\27 )\3, )\4, )\5 q ’U,tanﬂ,a, mh,mH,mA,mH:ﬂ

w

tanB, cos(f-a),
control tree level h° couplings
S. Su 12

soft Z2 breaking: m122




2HDM: Loop in the Alignment Limit

® theoretical cor}\s‘rraim‘s

A
-0.26 0 0.66 1.49 2.64 413 5.95 -0.260 0.66 1.49 2.64 413 5.95
20" ' ' ' ' ' 20f ' ' ' ' '
cos(B-a)=0.005
10} cos(B-a)=0.00 1ol cos(B-a)=0.0
cos(B-a)=-0.005 - my=800 GeV
5} me=800 GeV 5t \ Amy=Amc
2_
Q
c 1
8
0.5
0.2
_ _ — 0.1
mHi—mH—mA:m¢
52 02 2002 02 02 02 — . . . . :
~1252 0 200 2300 , 4002 500 ; 600 1252 0 20023002 4002 5002 6002
AV =m¢ —-Mm1q2 /(SIBCﬁ) (GeV ) AV2=mH2—m122/(SﬁCﬁ) (Gev2)

S.Su 13



Tree-level 2HDM fit

2HDM, LHC/FCC fit

2HDM TYPE-I

T

50

30
20

T

T

10

T

T

0.5

T

0.2

0.1

T

95%CL CEPC 5 ab™

Il 95%CL LHC 3000 fb™"

95%CL LHC 300 fb~'

95%CL LHC Run-I

-05-04-03 -

S.Su

02-01 0 0.1
cos(B-a)

02 03 04 05

501

2HDM TYPE-II

B 95%CL CEPC5ab™
M 95%CL LHC 3000 fb™"
B 95%CL LHC 300 fb™"
B 95%CL LHC Run-|

-0.1

0.1

02 03 04 05
cos(fB-a)
14




tans

TYPE IT 2HDM: Tree + Loop

_mg = 800 GeV

so____mg =800 GeV, V o> = 300 GeV

30| 4~ ," l‘. \
204 D kz

10+

0.5}

0.3¢
0.2¢

04,01 -0.005 0 0.005 001 —
0.01

cos(B— a) -0.005 0 0.005 0.01
cos(B— a)

N. Chen, T. Han, SS, W. Su, Y. Wu, 1808.02037

S.Su 15



2HDM: Loop in the Alignment Limit

2HDM 2HDM
@ Type ll i + g1 9SHDM B
K%CESM = = Sol\(j[p /‘31_100p|alignment =1+ Ak

S.Su

SM
gtree + gloop

1—loo

2HDM
p

Alignment limit 2HDM one-loop correction,type-lI

20F » 7
15k =— 95%CL, Sqrt(AvZ) = 0 GeV i
10 = 95%CL, Sqrt(AvZ) = 100 GeV

m—05%CL, S

=— 95%CL, Sqrt(Av?) = 300 GeV

SqrtAv?) = Sqrt(mg 2 —22)
ZJ sgcp
=
E U
1 -
0.5
0.2r
CEPC
0.1

125 500 1000
Mp=Mp=ma=my: (GeV)

1500 2000
16



tanp

2HDM: Tree + Loop

50 Tree+Loop, VAv? = 0 GeV 5. Tree+Loop, VAv? = 300 GeV
cos(B — a)=-0.005
20 20. cos(B—a)=0
cos(B — a)=0.005
10 10+
5 51
2
1
0.5
0.2 0.2 [
0.1

0.1+ . . . . .
‘125 500 1000 1500 2000 2500 3000 125 500 1000 1500 2000 2500 3000
Me=Myo =mMa =my= (GeV) Mo=Myo =My =my= (GeV)

N. Chen, T. Han, SS, W. Su, Y. Wu, 1808.02037

S.Su 17



Direct Search of Heavy Higgses @ 100 pp

i Conventional search

50.

20.

14 TeV 100 TeV

03 3 3 30 ab’! |

10.

tan 8

0.5 1. 2. D. 10. 20.

my [TeV ]
S.Su Craig et. al., 1605.08744

50

| Exotic Decay

BP-B
Ma=Mmy+>My
Am=200 GeV
A->HZ-rtrll

B LHC
] B HL-LHC
...... / B FCC

1.0 2.0 3.0 4j0
my [TeV]

18



Z-pole precision

CEPC ILC TLEP-W /TLEP-Z
as(M32) +1.0 x 1074 +1.0 x 1074 +1.0 x 1074
Aal® (M2) +4.7x 1077 +4.7 x 1075 +4.7 x 1075
myz [GeV] 40.0005 +0.0021 +0.0001 ey
my [GeV] (pole) +0.6exp + 0.25¢, +0.03exp & 0. 14, +0.6exp + 0.25¢1,
my, [GeV] < 40.1 < +0.1 < +0.1
mw [GeV] (£3exp £ Lip) x 1073 (+5exp & 1¢n) x 1073 (£8exp & 1tn) x 1073
sin? 0% (£4.6exp & 1.5¢n) X 1077 | (1.3exp £ 1.5¢n) X 1075 | (£0.3exp £ 1.5¢,) x 107°
I'z [GeV] (£5exp £ 0.84) x 1074 +0.001 (Flexp & 0.8) x 1074
Current CEPC FCC-ee ILC
correlation o correlation o correlation o correlation
7 ST T Ul@?[s] T U | (1072) T Ul@2[s] T U
S| 0044011 | 1]092|-0.68| 246 | 1|0.862|-0.373 | 0.67 | 1|0.812| 0.001 | 3.53 | 1 |0.988 | -0.879
T | 009+0.14 | - 11-0.87 | 255 | - 1]-0.735| 053 | - 1]-0.097 | 4.89 | - 1 |-0.909
U|—0.02+011 | - - 1| 208 | - - 1| 240 | - - 1| 3.7 | - - 1
S. Su 19




2HDM: non-degenerate

Amg =ma —mpyg, Ame = my+ —'Tnffg)

my = 800 GeV, V X = 0 GeV

400 400 ‘
cos(f—a)=0.007
cos(f—a)=0.0
300} 300 cos(3—a)— —0.007
200} 200}
< 100; < 100}
& &
— O— S— 07
g g
< -100} <1 -100¢
-200} ot I 200}
300} Lo : -300}
40960 300 200 100 0 100 200 300 200 %900 300 200 100 0 100 200 300 400
AmA (GeV) AmA (GEV)

Complementary to Zpole precision

S.Su 20



Different Higgs Factories

50

20

10}

mgs = 800 GeV, V \v? = 300 GeV

| : | CEPC

\ FCC-ee

) ! ILC ]

TT
I
I

I

I

S.Su

0 0.005 0.01

200z = 800 GeV, V\v? = 300 GeV
CEPC s
FCC-ee W4

oy
ILC %%
//////
iy,
(%

-200}

7

3000 /77
0%
77 27

40960300.200-100 0 100 200 300 400
AmA (GeV)
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Dif ferent Higgs Factories

50

20

10}

mgs = 800 GeV, V \v? = 300 GeV

| : | CEPC

\ FCC-ee

) ! ILC ]

TT
I
I

I

I

S.Su

0 0.005 0.01

400

3007
200+

100}

-200¢

-300¢

40960300200-100 0 100 200 300 400

my = 800 GeV, v/ \? = 300 GeV

CEPC
FCC-ee
ILC

AmA (GEV)
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tan

Conclusion

¥ Higgs factory reach impressive precision

¥ Kappa-scheme/EFT scheme/model specific fit

¥ indirect constraints on new physics models

¥ complementary to Zpole precision program

¥ complementary to direct search @ 100 TeV pp

_mg =800 GeV

0401 -0.005 0 0.005 0.01
cos(B— a)

S.Su

Tree+Loop, VAvZ = 0 GeV

cos(B — a)=-0.005
cos(B —a)=0
cos(B —a)=0.005

50

20

tang

—

.1
125 500 1000 1500 2000 2500 3000
Me=Myo =My =Mmy= (GeV)

|
|

' 2HDM ftree + loop

Ame (GeV)

-100
-200+

-300}

40960 300 200 -100 0 100 200 300 400

mpy = 800 GeV, V \v? = 0 GeV
cos(ﬁ—oz) =0.007 ‘ ‘ ‘
300¢ Eﬁiﬁé’iiiio_'%.om

400

200+

100

0]8

Amy (GeV)
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Conclusion

7, ’gé\ q ‘\\
/// N

7

e
;@)&

V /
Y PRl BAY/ \\
Lepton Collider 100 TeV pp

An exciting journey ahead of usl!
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