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Higgs Precision Measurements
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Precision: Higgs couplings
LHC Run-lIl: ATLAS CONEF- 2019 005 HL-LHC: 1902.00134

(s = 14 TeV, 3000 fb™ per experiment
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Precision: Higgs couplings

CEPC-CDR, FCC-ee, ILC Operating Scenarios

collider CEPC FCC-ee ILC
NG 240GeV | 240GeV | 365GeV | 250 GeV 350 GeV 500 GeV
[ Ldt 56ab™' | 5ab ! | 1.5ab? 2 ab™? 200 fb~! 4 ab~!
production 7 Zh vvh Zh vih
2.0% — | 1.05 —
decay A(c-BR)/(o- BR)
h — bb 0.27% 0.3% | 0.5% | 0.9% 0.46% | 1.7% 2.0% | 0.63% | 0.23%
h — cc 3.3 2.2% | 6.0% | 10% 2.9% | 12.3% | 21.2% | 4.5% | 2.2%
h — gg 1.3% 1.9% | 3.5% | 4.5% 2.5% | 9.4% 8.6% | 3.8% | 1.5%
h — WW* 1.0% 1.2% | 2.6% | 3.0% 1.6% | 6.3% 6.4% | 1.9% | 0.85%
h—1tr™ 0.8% 0.9% | 1.8% | 8.0% 1.1% | 45% | 17.9% | 1.5% | 2.5%
h— ZZ* 5.1% 4.4% | 12% | 10% 6.4% | 28.0% | 22.4% | 88% | 3.0%
h — vy 6.8% 9.0% | 18% | 22% 12.0% | 43.6% | 50.3% | 12.0% | 6.8%
h— putp~ 17% 19% | 40% — 25.5% | 97.3% | 178.9% | 30.0% | 25.0%
(vi)h — bb 2.8% 3.1% E - 3.7% — - - —




2HDM: Brief Introduction

® Two Higgs Doublet Model
V(®1,Ds) = m2, 10 + m2, L0y — m2y(®1®y + hec.
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2HDM: Brief Introduction

Soft breaking of Z2 J

® Two Higgs Doublet Model

- A A
V(@1,®) = m} @01+ m3, @)@y iy (@]®s + hc.) + 5 (@]01)? + T (2}2)’

1
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2HDM: Brief Introduction

d1 d2 _ BSM
a1 = Yhii / g hzz

Type | u,d,
— Model Ky K Kd Ky
Type I u d,l 2HDM-I | sin(B8 —a) cosa/sinf3  cosa/sinf3 cos a/ sin 3
— 2HDM-II | sin(8 —a) cosa/sinf3 —sina/cosf3 —sina/cosf
lepton-specific |ud || 2HDM-L | sin(8 —a) cosa/sinf3 cosa/sinf3  —sina/cosf
flipped u,l d 2HDM-F | sin(8 —«a) cosa/sinf3 —sina/cosf3  cosa/sinf3

® Parameters (CP-conserving, Flavor Limit, Z, Symmetry)

2 2
miy, Miy, A1, Az, A3, Ay, A5 | > v, tanf, a,mp, my, my, My

|
Soft Z, symmetry breaking: m{, 2}16 GeV 125. GeV



Exclusion ability : Study strategies

. ] BSM __ (GXBF)BSM
[ Experimental Observables: Au ; ] U; (6XB)sny

[ Maximal likelihood: Ax? Fitting Absolute y? L
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Model Ky K Kd K¢
2 H D M . T L V I 2HDM-I | sin(8 —«a) cosa/sinf3 cosa/sinf cos o/ sin f3
. lree Leve 2HDM-II | sin(8 —a) cosa/sinf3 —sina/cos3 —sina/cosf
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2HDM Type-” 2HDM-F | sin(f —a) cosa/sinf3 —sina/cosf3  cosa/sinf3
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https://arxiv.org/abs/1910.06269

2HDM: Loop Level

me = 1000, VAv? = 300 GeV
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2HDM: Loop Level

2HDM

me = 800 GeV, VAv? =300 GeV

tanf
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Study Results: discovery potential

* method ( hyp obs)2
X = Z 5 null hypothesis HO : SM

SM_l

To claim the discovery of BSM at X SM S 48.9 ,uhyp = _

56 significance : p=5.7*10"(-7)

degrees of freedom : signal strength modifiets (SSM),
or u parameter : 10 for CEPC
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Study

Results: discovery potential

Choose one point of BSM as the observed, to see if SM is rejected.

me = 800 GeV, VAv< =300 GeV

\

o |
-0.15 -0.10 -0.05 0.0

cos(B — a)

0.05

If the future observable is same to Type-|,
The center region can not claim a discovery
The two sides region can claim

cos(f —a) S —0.1
cos(f8 — a) 2 0.08
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Study

me = 800 GeV, VAv? =300 GeV
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Study

* method

Results: discrimination ability

L

performing the y? statistic

-

d.o.f. =# SSMs (u )

N

hypothesized model ( Null model ): One physical point

d.o.f. 1 2 3 4 5 6 i 8 9 10
x2(p=0.05) | 3.84 | 5.99 | 7.81 | 9.49 | 11.1 | 12.6 | 14.1 | 15.5 | 16.9 | 18.3
(cos(f — a), tan ) Small tan (3 Large tan 3

BMs:

Type-1 TA: (—0.019,1.0) | IB: (—0.077,10)
Type-I1 TIA: (00 I1B: (0.005,3.0)
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me = 800 GeV

VAv?Z =300 GeV

{ —— 1-loop g \l
N ---- tree \\\ |lI — Type-|
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Results: discrimination ability
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tanf
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Results: discrimination ability
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Study

Results: compatibility test

e compatibility test method

Test Type-l with Type-II:
observable : one point of type-II,
test type-I by performing the y? statistic

d.o.f. =# SSMs (u )

hypothesized model ( Null model ): Type-Il, instead of SM

d.o.t.

1

2

3

4

D

6

4

8

10

X*(p = 0.05)

3.84

5.99

1481

9.49

1151

12:6

14.1

15.5

16.9

18.3
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Study Results: compatibility test

* Type-ll (cos(B — a),tan 8) = (—0.01,1)
Fit type-Il at (-0.01, 1) with type-I P
1gk === asymptotic allowed
] % Dbestfit
e o0 If there is points of Type-l is allowed,
100} then BM of Type-Il is compatible
@ A under CEPC precision
10714
] —t+ 15.00
104+ —L 11.85

—0.010 -0.005 0.000 0.005 0.010
cos(B — a)
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Study Results: compatibility test

* Type-ll (cos(B — a),tan3) = (—0.01,1)
Fit type-ll at (-0.01, 1) with type-| —r 30.00 Distinguish Type-Il from Type-I
101/ ---- asymptotic allowed . | me =800 Gev /03B —a) €[-0.01,0.01]
. 10" 4
*  Dbest fit I VavZ =0 tanB €[0.01, 20]
- 25.00 ]
10%2 10° 1
2 e
o — 18.30 g .
10_1' 10_1': \\ I/
: — 15.00 : Y
. v —— 1-loop
| —— compatible \‘":' ---- tree
e e e . g s 0T 001 000 001 002
—0.010 -0.005 0.000 0.005 0.010 ' ' ' ' '
cos(B — a)

cos(B — a)
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tang

Study

Distinguish Type-Il from Type-I

101 me = 800 GeV fop(B —a)€[-0.01,0.01]
100 J
10—1 J
—— SM, ref. M
—— discoverable ‘\“\ a —— 1-loop
—— compatible "nlh:l:' --—- tree
10~ . . ;
-0.02 -0.01 0.00 0.01 0.02
cos(B —a)

tanp

Distinguish Type-Il from Type-L

101 J
100 4
10—1 4
—— discoverable W —— 1-loop
—— compatible T -—=- tree
1072 T Y .
-0.02 -0.01 0.00 0.01 0.02
cos(B —a)

Results: compatibility test

Distinguish Type-Il from Type-F

10! | me = 800 GeV (B8 —a)E€[-0.01,0.01]
Vavz =0 ‘
100.
Q
c
8
10714 RN\
— SM, ref. \\“ 12
—— discoverable \‘\‘. -
—— compatible ‘ﬁ— ---- tree
1072 : " .
—-0.02 -0.01 0.00 0.01 0.02
cos(B —a)

DVe can do the similar research between any two models
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Summary: Higgs precision measurements

me = 1000, VAvZ = 300 GeV

¥ Exclusion :Maximal likelihood vs. absolute y? study - s

¥ Discovery potential: test null model SM

tanp

¥ Discrimination ability: a deviation observed

¥ Compatibility test: different BSMs N

me =800 GeV, VAv2 =300 GeV 50 Distinguish Type-Il from Type-I
>0 i B A me = 800 GeV 10t Me= 800 GeV /oS (8 — @) €[-0.01,0.01]
201 201 J3oT = 300 Gev VA =0 N\_tang €10.01, 20]
101 N
101 \
51 51 & ) 100 d
Q. Q [
& 27 g 29 s
11 1 °
0.5 0.51 — Type-l 10-1’
' 150 — Type-ll "
0.2 —— 1-loop ' — Type-L Vi —— 1-loop
0.1 0.27 Type-F —— compatible ‘\;r' ---- tree
. T T T T T -2 y
Z0.15 -0.10 —-0.05 0.00 0.05 0.10 0.15 0.1 : ; ; ; ; 10 ' ' '
~0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 —0.02 -0.01 0.00 0.01 0.02

cos(B—a)

cos(B—a) cos(B—a) 22
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2HDM: Tree Level Model Distinction

Model Distinction, cos(S-a)>0

0.10 .
| Varying tan 8

"T: 0.05| cos(f — )
E - 0.01
lz 0.00¢ — 0.02
A
g oel — (.03
<

-0.10

100 . . 0 . o .0.10
Ake=(ke_1)
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2HDM: Tree Level Model Distinction

Model Distinction, cos(f-a)<0

Akez(ke_”

Varying tan 8

cos(f — a)
— 0.01
— 0.02
— 0.03

Type-| & Type-ll
Type-L & Type-F
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Outline

YHiggs and Z-pole Precision Measurements
¥Study strategies
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2HDM: One-Loop Level

Z
P /'?/\/\/\/V P //’—\\\
: x -7~ / \
. - // N | \
--------- -<: VH / \\ \ @ ’
h .. ' i 1 [ \ \ /
s h \ | h h N e h
S — —_——— e e S e e
\/\/\/\/\, H
Z

. 2 . . .
Parameter : cos ( — a), tan 8, my, my, m,+, mi, Main contribution

(1 Loop + degenerate: cos (B—a) =0, mgp =my =my = my+
(2) Tree + Loop + degenerate: cos(B—a) =0, mgp = my =my = my+

(3) Tree + Loop + non-degenerate: Am, = my —my, Am, = my+ — my
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2HDM: theoretical consideration

Al > 0, Ao > 0, )\3 S A )\1)\2,
Ao = A3 £ Ay,

Az + A1 — [As] > =V A1 Aa. b=l
A5$6:)\3+2/\4i‘3/\5,

' 1T
% Unitary Ai| < 4dm Arg =75 |(At ) £ V=02 +4A§] ,
1 -
Moo = 5 |\ +30) £ /O =P + 4P
' Perturbativity A; < 167] Airya = % 30u+ %) £ 190w — )2+ 42hs + AP
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2HDM: theoretical consideration

" Vacuum Stability cos (B—a) =0,
Mep =My =My =M
A1 > O, Ay > O, )\3 o= i )\1)\2, ® _ _ H*
2 _ 2 2 2
As + A — s > =/ A e, Vo = il g
v’ Ay = m; + )\02/75% :
' Unitary Ni| < 4m A = my A
v = =2,
4 Perturbativity |A; < 16| vhs = A

2 Free parameters



2HDM: theoretical consideration

Constraints from Vacuum stabiltiy, Unitarity and Perturbativity
A

20—0226 0 066 1.49 2.64 4.13 5.95 COS (B — o() = O,

15} 1 —_—

ol Me = My = My = My+

A

2l Theoretical constraints

|

ol —1252GeV? < Av? < 600%GeV?
0.2r

1 €(—0.26,5.95)

o1 Ay =5 = A3 —0.258 = —2
0'()E)—1l252 0 20102 30102 40l02 50I02 60102

AV=my?-my2?/(spcp) (GeV?) 31
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2HDM: Loop + degenerate

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

20F .
15 ]
() - 2y _
TRV N 95%CL, Sqrt(Av°) = 100 GeV |
2 2 my,?
5—/‘\ Sart(Av?) = Sqrt(my“ - ) |
Sp Cp
2l @ @ ') |
U U
| Lj —
05 ]
0.2+ ' |
o X
o
% :ll 25 5(|)0 1 0I00 1 5IOO

m¢(mH0 =Ma=Myz, GeV)

2000
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2HDM: Loop + degenerate

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

CEPC fit, Type-ll

20F .
15+ = 95%CL, Sqri(Av?)= 0 GeV
10k = 95%CL, Sqrt(AvZ) = 100 GeV
| —125%GeV? < Av? < 600%GeV?
/\\I Sqrt(Av?) = Sqrt(mg?2 - :;_;)
Q 2 Sqrt(Av?) me >
@
1u 100 400
ol 300 500
0.2f
, , | (GeV)
O'il 25 500 1000 1500 2000

Me=Mp=ma=m: (GeV)
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2HDM: Loop + degenerate

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

20F
15F

10

— 95%CL. lumi = 2.5 ab™

— 0 o B _1
95%CL, lumi=5 ab Sqrt(AV2) = 300 GeV
—— 95%CL, lumi = 10 ab™’

95%CL, lumi=25ab™"

500 1000 1500 2000
Me=mp=ma=my: (GeV)

CEPC fit, Type-ll

Av? = 300%GeV?

Lumi = 25 ab~ !
mey > 700 Ge\/




tan

2HDM: Loop + degenerate

. Alignment limit 2HDM one-loop correction,type-I _ CEP C fit, Typ e-I
151 —95%CL, Sgrt(AvZ)= 0 GeV
10k = 95%CL, Sqrt(AvZ) = 100 GeV |
5oL, i) = 00 Gov —1252GeV? < Av? < 6002GeV?
5| = 95%CL, Sfirt(Av=) = 500 GeV
2
Sqrt(Av2) = Sqrtlmg2- 2
i SBCB) Sqrt(/1v2) me >
2 .
100 --
1
300 500
0.5
0.2 - . . | (GeV)
125 500 1000 1500 2000

Mp=Mp=ma=my (GeV) )
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2HDM: Loop + degenerate

20
15

10f

0.5

T

0.2

125

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

20" 9
151 —95%CL, Sqr(Av?) = 0 GeV .
10 —95%CL, Sart(Av?) = 100 GeV CEPC flt, Type-L
95%CL, Sqrt(AvZ) =3
5l ——95%CL, Sqrt(Av?) = 500 GeV |
2 2 m122
Q. Sqrt(Av©) = Sqrt(mgp“ -
=
S 2
—
1l
0.5F g
0.2 ! L . 2
125 500 1000 1500 2000
Mg(Mypo=ma=my:, GeV)
500 1000 1500 2000

Mp=Mpe=ma=my: (GeV) .
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2HDM: Loop + degenerate

/

20
15

10

0.5

T

0.2

125

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

CEPC fit, Type-F

Alignment limit zLivi one-ioop correcuon,tiype-F

—95%CL, Sqrt(Av®) = 0 GeV
—95%CL, Sqrt(Av?) = 100 GeV
95%CL, Sqrt(Av?) = 300 GeV

m
Sqrt(Av?) = Sqrt(mg2-

20F
151 —95%CL, Sqr(Av?) = 0 GeV
—95%CL, Sqrt(AvZ) = 100 GeV
10f
20F
5L 15}
10}
o 5
m _/‘\1
e
1k ol
=
0.5} — 1t
0.5}
0.2 .
125 500
0.2+
md,(m,
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Higgs direct search at LHC

Type-li

Conventional Search Exotic: A -> HZ
50 ;

20.

14 TeV 100 TeV

03 3 3 30 ab’!

20. 20
w 10 10
o
3 p
5. ©
= 9
BP-B
Ma=Mpy+>My
" Am=200 GeV
2 A-HZ- 1l
W LHC
1. B HL-LHC
0.5 1. 2. 5. 10. 20. : , W FrCc
0.5 1.0 2.0 30 40
e [Te ] My [TeV]

Craig et. al., 1605.08744 S.Suet. al.,, 1812.01633
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2HDM: Loop + degenerate

Varying tan 8

X
<

my=600GeV,Sqgrt[Av°]= 500 GeV

0.01;

0.00f

~0.01}
-0.02}
-0.03}

~0.04}

-0.05
(s

-0.02 ~=0.01 0.00 0.01
AKb
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2HDM: Tree + Loop + degenerate
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2HDM: Tree+ Loop + degenerate
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2HDM: Tree+ Loop + degenerate
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2HDM: Tree+ Loop + degenerate

Loop-level
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2HDM: Tree + Loop + non — degenerate

Z Pole Precision

Current (1.7 x 107 Z’s) CEPC (10'°Z’s) FCC-ee (7 x 10'12s) ILC (10°Z’s)
. correlation o correlation o correlation o correlation

i3 U|(@1072%) | S ‘4 Ir| @072 | 8 ¥ U| (1072 | S 0y U
0.04 £0.11 0.92 | —0.68 | 2.46 0.862 | —0.373 | 0.67 0.812 0.001 | 3.53 0.988 | —0.879
0.09 £0.14 1| —-087| 2.55 1] -0.735| 0.53 1| —0.097 | 4.89 1] —0.909

—0.02 £0.11 - 1| 2.08 — 1] 2.40 . 1] 3.76 — 1
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2HDM: Tree + Loop + non — degenerate

Current
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2HDM: Tree + Loop + non — degenerate

Z Pole Precision
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2HDM: Tree + Loop + non — degenerate

Higgs Precision Z Pole Precision Combined
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2HDM: Tree + Loop + non — degenerate

Higgs Precision

Z Pole Precision
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2HDM: Type-|

Constraints at Large tanf3
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Summary 1: Higgs precision

Complementary to
Tree vs Loop

' Z pole precision

2HDM Alignment vs Non-alignment
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4" LHC direct search
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