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Higgs Precision Measurements

ATLAS Input measurements LHC: 7+8 TeV
Individual analysis +loonu
m,, (GeV)
Overall: w = 1477077 1254 .-.-. -1 -1
Horr s L - B N 19.7 0™ (8 TeV) + 5.1 b (7 TeV)
VBF: u =0.8"7 125.4 : : :»—o-—c : ombine
B Lo Do w=1.00+0.14 m, =125 GeV
Teoti e | L H—yy (intagged) | CMS "
— T L] H—yy (VBF tag) | Pg, =0-84
ggF+ttH:u=1.7tg§ 125.36 ,_._. H - YY (VH tag)
VBF+VH:u =081 (5 g . e — —'| H— vy (ttH tag) =
e T a2z e
VAo VoI S T M o (ot
VHu=s0 fiessel  f o f A Iy e
H o Overall: u = 1.4370% |125.36 : : : ——i- : : H—- WW (VBF tag)
ggF:u =207 |125.36 H H— WW (VH tag)
VBF+VH:y=1.24£§§Z 12536 L] - g H—- WW (ttH tag) R —
_ Overall: u = 0.52'% |125.36 : : i : .
L L SR : H — tt (0/1-jet)
ZH:p=0.050% | . ,_'._1 . | . H—1tt (VBF tag)
H— uu 0veral|:u=—0.7t§; 125.5 : H - (VH tag)
. H — <t (ttH tag) =
H—2Zy Overall:u=2.7t‘::§ 125.5 : H — bb (VH tag)
tHH bB:g1=1.5t::125 : : L H_>bb (tthag) P T N N T T B T
Multilepton: ;{:2.11‘2‘ 125 : '4 '2 0 2 . 4 6
Yyim= 13f$§ 1254 | L —— . e BeSt flt G/GSM
| Ll |

CERN-PH-EP-2015-125 3

|
\s=7TeV, 4547 fo! -2 0 2 4
( CERN-PH-EP-2013-037

Vs =8TeV, 20.3 fb” Signal strength (u)




Higgs Precision Measurements

ATLAS Simulation Preliminary
Vs =14 TeV: [Ldt=300 fb™" ; [Ldt=3000 fb™

H—yy  (comb.)

(VBF-like
(WH-like
(ZH-like
(ttH-like
(comb.)
(VH-like)
(ttH-like)
(VBF-like)
(ggF-like)
H—WW (comb.)
(0j)

(1J)
(VBF-like)
H—Zy (incl.)
(comb.)

H=bb o) e

(ZH-like)
H—tt (VBF-like)
H—uu (comb.)
(incl.)

(ttH-like)

P N N N —

H—ZZ e

0 0.2
ATL-PHYS-PUB-2014-016

0.4
Au/u

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

Ap/u 300 fb~! 3000 fb~!

All unc. | No theory unc. | All unc. | No theory unc.
H — vy (comb.) 0.13 0.09 0.09 0.04
0p) 0.19 0.12 0.16 0.05
(1j) 0.27 0.14 0.23 0.05
(VBF-like) 0.47 0.43 0.22 0.15
(WH-like) 0.48 0.48 0.19 0.17
(ZH-like) 0.85 0.85 0.28 0.27
(rtH-like) 0.38 0.36 0.17 0.12
H — ZZ (comb.) 0.11 0.07 0.09 0.04
(VH-like) 0.35 0.34 0.13 0.12
(t1tH-like) 0.49 0.48 0.20 0.16
(VBF-like) 0.36 0.33 0.21 0.16
(ggF-like) 0.12 0.07 0.11 0.04
H — WW (comb.) 0.13 0.08 0.11 0.05
() 0.18 0.09 0.16 0.05
(13) 0.30 0.18 0.26 0.10
(VBF-like) 0.21 0.20 0.15 0.09
H — Zy (incl.) 0.46 0.44 0.30 0.27
H — bb (comb.) 0.26 0.26 0.14 0.12
(WH-like) 0.57 0.56 0.37 0.36
(ZH-like) 0.29 0.29 0.14 0.13
H — 77 (VBF-like) 0.21 0.18 0.19 0.15
H — pu (comb.) 0.39 0.38 0.16 0.12
(incl.) 0.47 0.45 418 0.14
(r1tH-like) 0.74 0.72 0.27 0.23




Higgs Precision Measurements

CEPC/ FCC/ILC

collider CEPC | FCC-ee ILC

Vs 240 GeV | 240 GeV | 250 GeV 350 GeV 500 GeV

[ Ldt 5ab™' | 10ab™' | 2ab™! 200 b~ 4 ab™?
production Zh Zh Zh Zh vivh Zh vivh tth
Ac/o 0.51% 0.4% 0.71% | 2.1% - 1.06 - -
decay A(c-BR)/(c- BR)

h — bb 0.28% 0.2% 0.42% | 1.67% | 1.67% | 0.64% | 0.25% | 9.9%
h — cc 2.2% 1.2% 29% | 12.7% | 16.7% | 4.5% | 2.2% -
h — gg 1.6% 1.4% 25% | 9.4% | 11.0% | 3.9% | 1.5% -
h— WW* 1.5% 0.9% 1.1% | 8.7% 6.4% | 3.3% | 0.85% -
h— 771~ 1.2% 0.7% 23% | 4.5% | 24.4% | 1.9% | 3.2% -
h— ZZ* 4.3% 3.1% 6.7% | 28.3% | 21.8% | 88% | 2.9% -
h — vy 9.0% 3.0% 12.0% | 43.7% | 50.1% | 12.0% | 6.7% -
h— utu~ 17% 13% 25.5% | 97.6% | 179.8% | 31.1% | 25.5% -
(v)h — bb 2.8% 2.2% 3.7% - - - - -

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




Kappa framework and EFT Framework

Relative Error

ent approaches

'

| Two model-independ

! = _

kappa framework EFT framework

A

g(hff;SM)’ g(hf f;SM) ) ) » Cyyy CZy, Cggs OYu, » ey AZ
Precision of Higgs couplingmeasurement (Contrained Fit) orecision reach of the 10-parameter fitin Higgs basis

0.05

_1 F
w _ LHC 300/3000 fb B CEPC 5ab™" at 240 GeV, without beam polarizgtion

R W ILC 250 fb~" at 250 GeV, with beam polarizatio
,,,,, m CEPC 250 GeV at 5 ab™" wi/wo HL-LHC B CEPC and ILC combined

I B 0.04

light shade: 10—parameter fit
dark shade: individual fit assuming all other 9 parafijeters ar@ zero

o

o

@
!

precision

0.02r

0.01f

0.00

Kp I K¢ I K, g 6CZ Czz Czo CYY CZY ng x1 02 6Yu 6Yd 6ye AZ
CEPC-preCDR
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New Physics Implication

——_

" Coeff of EFT operators g

[}
|

ﬁ Various K;
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|

(with correlation) (with correlation) ,

=
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Kappa Framework and EFT 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;
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New Physics Implication
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New Physics Implication

Various K;
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(with correlation)

. parameters in New |
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Physics Models |
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Perturbative Models

e SM with a real singlet extension
e 2HDM (Type |, II, L, F)
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SM + Real Scalar Singlet

@ SM + real scalar singlet

1 1 1 1 1
L= Lsy+ 5(8MS)2 - 5m?gs2 — AsyS(H'H) — 5ASHSQ(AFULI) — 51\553 — @Assj

®© after EWSB, 2 physical Higgse: CP-even Higgses: hsw, singlet S

® Z> breaking: mixing between hsm and S

hi95 = cosf hgn + sin SJ K; = g§M+Singlet/g§M — COS HJ

S.Su 11



SM + Real Scalar Singlet

® fit to sin 6

7 SM+1 Singlet
6 __ CEPC 5ab”!

5; — [LC Full /

— FCC-—ece 10ab-"! So

i // 95% C.L.
| ,
/ wret
ol ]

S.Su



SM + Real Scalar Singlet

® fit to sin 6

7 SM+1 Singlet
6 __ CEPC 5ab”!
. — ILC Full

S.Su 12



SM + Real Scalar Singlet

® fit to ce and cH

1 2
_ _ 3
AL = A2 OH A206 On = —((9,,,|HTH|) O = |HTH|
2
0. 0.1  Ismlg s
a \ ‘ ‘ ‘ i—3.
i SM+1 Singlet
0.3 ”I .
| 0~ 92/2 N i 95% C.L.exclusion |
COS = — 02 C6=0_Case — CEPC 5ab—1
oo 1
1/2 x cgv?/A? ol i — ILC Full 11
Udr | 1
~ N —— FCC—ee 10ab™' | =
< 0 | B
N> 00* 7,0 :m
S i 1 4
-0.1} ]
Cod 1.
oo 1
L III -
-02- ]
Coo ]
[ ||: 1 2.
o3l general case ]
L 1
m —~
“““““““““““““““““““ 13
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Perturbative Models

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

14



2HDM in one slide

® Two Higgs Doublet Model (CP-conserving)

B oF V2 + 5 = v° = (246GeV)?
T\ (v + 40 +iGy) V2 tan 0 = v, /vy

HY [ cosa sina o A =—-Gisinf+ Gocosp

RO |\ —sina cosa ¢y | HT = —gbli sin 5 + gbgc cos BJ

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

0/H0 : my my
@ h IH W COUp'Ing JHOVY = v COS</B — Oé), grovy = AR Sin(ﬁ — Oé))
v v

alignment limit: cos(B-a)=0, h is the SM Higgs with SM couplings.
S.Su 15



2HDM parameters

b1 P2
Type ] u!dsl Model kv Ky Kd Ky
2HDM-I | sin(f —a) cosa/sinf3  cosa/sinf cos a/ sin 3
Type I u d,l 2HDM-II | sin(f —a) cosa/sinf3 —sina/cosff —sina/cosf
— 2HDM-L | sin(8 —«) cosa/sinf3 cosa/sinf3  —sina/cosf
lepton-specific |u,d I 2HDM-F | sin(f —a) cosa/sinf3 —sina/cosf3  cosa/sinf3
flipped ul |d

® parameters (CP-conserving, flavor limit, Z2 symmetry)
246 GeV 125 GeV

2

2
mll, m22, )\1, )\2, )\37 )\4, )\5 q U,tanﬁ,a, mh,mH,mA,mH:j

w

tanf, cos(f-a),
control tree level ho couplings
S. Su 16

soft Z2 breaking: m122



50

30
20

10

0.5

0.2

0.1

Tree-level 2HDM fit

2HDM, LHC/CEPC fit

2HDM TYPE-I

95%CL CEPC 5 ab™
W 95%CL LHC 3000 fb™"

B 95%CL LHC 300 fb™"

Il 95%CL LHC Run-I

-05-04-03-02-01 0 01 02 03 04 05
cos(fB-a)

S.Su

507

2HDM TYPE-II

M 95%CL CEPC 5ab™"
M 95%CL LHC 3000 fo™"
M 95%CL LHC 300 fb™"
M 95%CL LHC Run-I

01 0 01 02 03 04 05
cos(fB-a)
17



tang

01[

Tree-level 2HDM fit

2HDM, LHC/CEPC fit

2HDM TYPE-L

M 95%CL CEPC 5 ab™
B 95%CL LHC 3000 fb™"
M 95%CL LHC 300 o™
B 95%CL LHC Run-I

02 —04 0 0.1 0.2 0.3 0.4
S. Su cos(fB-a)

2HDM TYPE-F

50 ¢

W 95%CL CEPC 5 ab™"
M 95%CL LHC 3000 fb™
W 95%CL LHC 300 fb™"
W 95%CL LHC Run-|

-0.1

0 01 02 03 04 05
c:os(,B—cq8




Tree-level 2HDM fit

2HDM TYPE-II
50f
40}
30t — k~-fit of CEPC 5ab™
20¢ B2/ of CEPC 5ab™
10} B Ay/pof ILC Full
. . I Av/uof FCC 10ab™

o k-fit vs Ap/p fit, 5|

e CEPC/FCC/ILC, S

e luminosity dependence n
0.5}
0.2}
01} , : , ,

~0.02 ~0.01 0 0.01 0.02

S.Su 19



2HDM Model Distinction

[\ [ 0] Ky Fou Ky Py
2HDM-I | sin(8 —«) cosa/sinf3  cosa/sinf cos o/ sin 3
2HDM-II | sin(8 —a) cosa/sinf3 —sina/cosff —sina/cosf
(
(

2HDM-L | sin(f —«a) cosa/sinf3 cosa/sinfi  —sina/cosf
2HDM-F | sin(f —a) cosa/sinf3 —sina/cosf  cosa/sinf

0.10 I
Type-F |
| 0.05}
S
= 2504
T 0.00 ==
= Type-I
g yp
~~
X
Z ~0.05} 05
-0.10 - : :
-0.10 -0.05 0.00 0.05 0.10
S.Su Ake=(ke—1) 20



2HDM: Loop in the Alignment Limit

Kioop = R1_ 1oop|a1ignment =1+ AK’l—loop

® Type | ey G & g?O%EM 2HDM 2HDMJ
gtree + g]oop

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

20F é 5 -
15} —95%CL, Sgrt(AvZ) = 0 GeV |
10 —095%CL, Sqrt(AvZ) = 100 GeV
— 95%CL, Shrt(AvZ) = 300 GeV
5t — 95%CL, Shrt(AvZ) = 500 GeV
=
IS 2
1
0.5F
CEPC 5 ab
0 2 1 1 1 .
125 500 1000 1500 2000

S. Su Mp=EMpP=Mp=Mp: (GeV) 21



2HDM: Loop in the Alignment Limit

@ Type ll

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

20F
15k =—05%CL, Sqrt(AvZ) = 0 GeV
10 m— 95%CL, Sqrt(AvZ) = 100 GeV
— 95%CL, Sqrt(AvZ) = 300 GeV
m—05%CL, S
5 B h '
2
Sart(Av?) = Sqrt(meg2- 2 )
spcp
w2
c
©
-
| u
0.5r
2 |
%2 CEPC
0.1 1 L 1
125 500 1000 1500 2000

Me=Mp=ma=my: (GeV)

S.Su 22



2HDM: Loop in the Alignment Limit

@ Type ll, varying luminosity

Alignment limit 2HDM one-loop correction,type-II Alignment limit 2HDM one-loop correction,type-II
%g — 95%CL, , lumi = 2.5 ab™" ) ] %g i — 95%CL, lumi = 2.5 ab™" i
10 — 95%CL, , lumi=5ab~"  SartAv®) =0 GeV 1 1ok = 95%CL, lumi = 5 ab™" Sqrt(Av?) = 300 GeV
— 95%CL, , lumi = 10 ab™" — 95%CL, lumi = 10 ab™"
5 —— 95%CL, lumi = 25 ab™" i 5t —— 95%CL, lumi = 25 ab™"
Q 2r
c
©
b 1 |
0.5F
0.2f
0.1 ! ; 0.1 : . :
125 500 1000 1500 2000 125 500 1000 1500 2000
Me=Mp=ma=my: (GeV) Mp=mp=ma=my: (GeV)

S.Su 23



2HDM: Loop in the Alignment Limit

® Type I, k-fit vs Ap/p fit, CEPC/IFCC/ILC

tang

20F
151

101

0.

0.

0.1

2HDM one-loop correction,type-I

5_

2+

— Aplu of FCC 10ab™
=— Ap/p of ILC Full

— Aplp of CEPC 5ab™"
== k-fit of CEPC 5ab™"

e ———

S.Su

500 1000 1500 2000
me=mp=ma=m (GeV)

tang

2HDM one-loop correction,type-II

20F
151

101

0.5

0.2t

mm——
e
-
-
-
-
—
-
-
-

— Aplp of FCC 10ab™"
— Aplu of ILC Full

— Aplu of CEPC 5ab™
== k-fit of CEPC 5ab™"

_________
__________

0.1
125

1

]

i . .
500 1000 1500 2000
Mme=mp=ma=my (GeV)
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2HDM: Loop in the Alignment Limit

® Type ll, varying mi2 Mv? = m?p — mf,/(sin 3 cos 5))

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

20
10 —95%CL, my2 = 150 GeV
— 95%CL, my2 =500 G
o
(3

tang

125 500 1000 1500 2000

Me=Mp=mMa=mpy: (GeV)

S.Su 25



2HDM: Loop in the Alignment Limit

@ 2HDM: distinguish different type

my=600GeV,Sqri[Av°]= 500 GeV
0.01

0.00

~0.01}

X
-0.02}
<

-0.03}

—-0.04¢

2 . 2

-0.05 : : : :
-0.05 -0.04 -0.08 -0.02 -0.01 0.00 0.01

AKb
S. Su 26




Strong Dynamics

e Minimum composite Higgs Model (MCHM)

e General EFT patterns of strong interacting models
with a light Higgs

S.Su 27



Composite Higgs in one slide

® Higgs is the PNGB of the spontaneous breaking of G=H

@ EWSB is induced by vacuum misalignment, parametrized by §=v2/f2
@ mass of SM fermion generated by mixing with composite states

® light top partners can be searched at the LHC

@ minimal composite Higgs Model (MCHM): SO(5)/SO(4)

- hvVv oy = ghvv \/f)
\%

ghV

- hff: depends on the fermion representation

F1£11__2§§, F2EV1_§J

S.Su 28



MCHM

@ Fermion representation

' MCHM: &=v2/f2 < 10-3, f > 4 TeV

5, 10
MCHM | 14-1-10 5-10-10
Reps. | 14-10-10 10-5-10 | 5-5-10 1,10 14-14-10 14-5-10 5-14-10
10-14-10
Kt, Kg F ) bl D) F3 Fy Iy
Kp I Fy D) D) I F F
CEPC
£ x 103 2.56 2.36 4.19 3.87 2.78 —2.56 | 2.71 — 2.36 | 2.36 — 2.04
f[TeV] 4.86 5.06 3.80 3.95 4.67 — 4.86 | 4.72 - 5.07 | 5.07 — 5.45
ILC
€ x 103 2.19 2.02 3.44 3.20 2.31 —2.19 | 2.06 —2.01 | 1.87 — 1.72
f[TeV] 5.26 5.48 4.19 4.35 5.12 -5.26 | 542 —5.48 | 5.69 — 5.93
FCC-ee
£ x 103 1.80 1.66 3.06 2.74 1.85-1.80 | 1.70 - 1.66 | 1.66 — 1.41
f[TeV] 5.79 6.04 4.45 4.70 5.72 - 5.80 | 5.97 - 6.05 | 6.05 — 6.56
S. Su 29




<
<

MCHM

constrained fit with (ky, K¢,K¢,Kp) constrained fit with (ky, K¢,Kz,Kp)
03 -+ 1 & 1 T L R L L B L O | T " " " T " " " " " j j " T
[ ==68% and 95%CL CEPC | ==68% and 95%CL CEPC
| ==68% and 95%CL ILC 0.02F —68% and 95%CL ILC -
0.2 [ ==68% and 95%CL FCC-ee | = 68% and 95%CL FCC-ee
"< —95% CL, LHC 300fb~" ] ]
— % -1 =
[ — 95%CL, LHC 3000fb 0.01L ,/ e ]
0.1 . r
. _ I
[ i g
L - I
ool | & 0.00; g
! 1<l £=00
I | : ¢=0.01 A AN
_oql {  -0.01 N :
1 I £=0.015 S
e i "
0.2} —=F ~0.02} 45 —ki=F, ]
' - Ki=Fy — o - Ke=Fy
_O 3:_ ":" 345 . Kt=F3,4,5 _ _0 03 :_1"0',0' 3.4.5 . Kt=F3,4,5 __
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.1¢ -0.010 -0.005 0.000 0.005
Ak V Ak %
S. Su 30



@ EFT operators

Strong Dynamics in EFT Language

Lg = miz Zczozj

On = 5( u\H2\) Oca = g2|H* Gy, G4+
Ow = %(HTJ D“H)D”W“ Oy, = Yu|H?QrHug
Op = 4 (Hf D“H)(‘?”BW Oy, = YdyH|2QLHdR
Onpw = ig(D*H)'o*(D*H)WE, | Oy, = Y |H]?LyHeg
Opp = ig' (D*H)Y(DYH)B,,, Osw = gr9€ab Wi Wh Werr
Opp = ¢"*|H|* B, B" /
O | Ow | O | Ogw | OuB | O | Ocg | Oy, | Oy, | Oy | Osw
ATH || 2| 1 | 1 1 1 1 1 | ¢ | ¢ | ¢ Z—z
2 2 2
GSILH | gz | 1 | 1 1 1 | %o | %= | % | % | & | %
9 gz gz y; yi 9 9 2 2
SILH P 1 1 e 6.2 | T6:2 | Tonz | 9% 9+ 9% | 6




Strong Dynamics in EFT Language

95%CL bound of the 12-parameter fit in SILH' basis

o/l CEPC 240GeV (5/ab) + 350GeV (200/fb) + HL-LHC
10°-m ILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab) + HL-LHC translated from the results in
B FCC-ee 240GeV (10/ab) +350GeV (2.6/ab) + HL— LHC arXiv:1704.02333

T T T 1T

| light shade: individual fit (one operator at a time)
solid shade: global fit

CH CW(——CB) CHW

lllllll‘

T

lllllll‘

T
1

S.Su 32




Strong Dynamics in EFT Language

ﬁ individual fit ﬁ global fit

| 95%CL pou‘nd'on‘ m, , jndividugl fit | S 95%CL bqund onm,, global ‘fit |

50’:I_IIllIIIIIllIIlIlllIIIIllIIIIlllIIIIllIIIIlllIIIIlllIIIIIIIIIIIIIIIIIIIIIIIIIIIE
Oce

S.Su 33



Conclusion

ce V22

¢ future Higgs factories measure Higgs properties to a high precision

¥ Kappa-scheme/EFT scheme/model specific fit

¥ perturbative model

'ﬁ SM+singlet

0. 01 Isinflg s
T ‘I I‘I T I T T T T I T T i _3
03 1 SM+1 Singlet |
SPom 95% C.L.exclusion |
0 S0 case — CEPC 5ab™!
20
i — ILC Full -
0.1} !

—— FCC—ee 10ab! |

0.0
-0.17

-0.2¢

general case

[ “

-03}

L | )
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

S.Su
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 2HDM tree

2HDM TYPE-II

M 95%CL CEPC 5 ab™
M 95%CL LHC 3000 fb™’
M 95%CL LHC 300 fb™'
M 95%CL LHC Run-

0.1 0.2 0.3

cos(B-a)

0.4

0.5

tanB

" 2HDM loop

- @ alignment

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

0.1
125

1000 1500

Me=Mpp=ma=my: (GeV)

500 2000
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Conclusion

¥ strong dynamics models
— MCHM: &=v2/f2< 103, f > 4 TeV
— ALH/GSILH/SILH

individual fit  global fit

| 95%CL blouvnd'onv m, , vindvivivduzlal fit | o I9|5%|CL| bqund onm,, glopal .ﬁt.

50 i_lllIIIIIIIIIIIIIIIIIIIOIIGIGIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE 50

== CEPC
== ILC ]
== FCC-ee | |

== ALH

—— GSILH
2 — SILH
L L 1 L

2 4 8 8 10




Conclusion

100 TeV pp

Lepton Collider

C

LH

An exciting journey ahead of us!

36

S.Su



