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Why BSM
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Why BSM
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Scenarios

<

| o mps < 0.1 GeV

e 0.1 GeV< my, <10 GeV
BSM e 10 GeV < myp, < 62.5 GeV
Mass hierarchy o 62.5 GeV < my, < 1 TeV
o 1 TeV <my, <10TeV

o 10 TeV < my




Why BSM

Motivations for extended scalar sectors:
- Why not?
- Susy
- Sources of (spontaneous CP violation) for baryogenesis
- Inflation
- Mass hierarchy of SM fermions
- Strong CP problem - axions
- GUTs
- Dark matter relic abundance

- Vacuum stability



B

.

/ 25&]\«7%$:: -

LEXF YIRS TERES U TIRIE

Eiti®F2: EW+QCD, BSM (CHM, SSM/2HDM, SUSY, EFT)

BOMRFE: 36IRET, A1

EMR(RTE. XMEMF). PHFEEE, TEZE). Al
WERIRTE: 161R0, 818 MENE (5, 5KR), B (
F8IRE: Tao Han, BEER, ..

(R
VAV

KAk, XHE)
I3, 5KBH)



Outline

¥2HDM framework

YHiggs and Z-pole Precision Measurements
7 Direct searches

¥Study Results: Tree & one-loop Level
YElectroweak Phase Transition

Ymulti-Higg models / scenoris



The Two-Hiaas doublet md

PHYSICAL REVIEW D VOLUME 8, NUMBER 4

A Theory of Spontaneous 7 Violation*

T. D. Lee , »
Department of Physics, Columbia University, New York, New York 10027

(Received 11 April 1973)

A theory of spontaneous T violation is presented. The total Lagrangian is assume
invariant under the time reversal T and a gauge transformation (e.g., the hyperchax
gauge), but the physical solutions are not. In addition to the spin-1 gauge field and t
known matter fields, in its simplest form the theory consists of two complex spin-0 fields.
Through the spontaneous symmetry-breaking mechanism of Goldstone and Higgs, the
vacuum expectation values of these two spin-0 fields can be characterized by the shape of a
triangle and their quantum fluctuations by its vibrational modes, just like a triangular
molecule. T violations can be produced among the known particles through virtual excita-
tions of the vibrational modes of the triangle which has a built-in T -violating phase angle.
Examples of both Abelian and non-Abelian gauge groups are discussed. For renormalizable
theories, all spontaneously T-violating effects are finite. It is found that at low energy,
below the threshold of producing these vibrational quanta, T violation is always quite small.

e T.D.Lee,Phys.Rev.D8(1973)1226

L. INTRODUCTION o~ et o,

In this paper we discuss a theory of spontaneous and 1)
T violation. To illustrate the theorv. we shall an



The Two-Higgs doublet model (2ZHDM)

The 2HDM, consists of two-complex hypercharge-one scalar doublets @4
and ®,. Of the eight initial degrees of freedom, three are eaten and provide
masses for the W= and Z, and the remaining five correspond to physical
scalars: a charged Higgs pair, H*, and three neutral scalars hi, hy and hs.
In contrast to the SM, where the Higgs-sector is CP-conserving, the 2HDM

allows for Higgs-mediated CP-violation.

If CP is conserved, the three scalars can be classified as two CP-even scalars,
h and H (where mj < mpg) and a CP-odd scalar A.



2HDM: Brief Introduction

Soft breaki fZ2
® Two Higgs Doublet Model i PIEerne o J

g A A
V(@1,8:) = mh@@; + mB,@)8s —(mdy(@]®s + hc.) + 5 (@101) + T (2)@,)?

1
(@] 01) (D2) + Aa (] 8) (@} 01) + 5 [A5(<1>{<1>2)2 + h.c.}

@(@{@2 4 h,c,)(Aﬁcp’{cpl + )\7(5{@1}\[ Hard breaking of Z2 J

b
Q; = ((vi—l-gbo-l-iGi)/ﬂ) $b; — ¢1, by, — —Py
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2HDM: Brief Introduction

Soft breaking of Z2 J

® Two Higgs Doublet Model

A2

A1
V(®, ®3) = mi® Py + m3,dld, @12(q>’fq>2+hc)+ old,)2 + 2 5 22 (@] d,)?

—
>
23 (D1 D7) (B o) + My (@ Bo) (D] D) + . [A5(q>fq>2)2 +h c]

C(@T¢2+hc)(A6<I)T<I>1+)\7<I>T<I>>\[ Hard breaking of 72 J

v2 + 5 = v° = (246GeV)?
L (v; + &2 +iG;) /2 tan 0 = v, /vg

HY B cos« Ssin o gb(l) A = —-Gisinf + Gycosf
h° |\ —sina cosa 0]’ H* = _¢ sinB+ ¢ cosf
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2HDM: Brief Introduction

Soft breaking of Z2 J

® Two Higgs Doublet Model

g A A
V(@1,8:) = mh@@; + mB,@)8s —(mdy(@]®s + hc.) + 5 (@]01)? + T (2} )’

1
A3 (DT D) (DI Do) + Ay (DT D) (BLD)) + 5 [A5(<1>{<1>2)2 1 h.c.]

+5(210; T Ioe: I A DD ) H Hard breaking of Z2 J
& & v2 4+ 2 = v® = (246GeV)?
o\ (i + @) +iGi) V2 tan 0 = v, /vg

H° [ cosa sina oy A = —-Gisinf + Gycosf
RO |\ —sina cosa 9 |’ Hi:—gb:ltsinﬁ-l—qbzicosﬂ
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2HDM: Brief Introduction

* Why is the Z2 symmetry demanded?

Ly ~ Yioff 2225 M, = Yevfif
<¢1>=V1

Ly ~ Y16 + YEOofif, T

M; = Yivififi + YZnff

Z> symmetry avoids FCNC at tree level



2HDM: Brief Introduction

® Two Higgs Doublet Model

A A
V(®1,82) = mi 8] @1 + m3p0] Py — mip(R] 82 + hc) + T (@] 01) + T (2]D2)”
1
F2a(Q]01)(@[®s) + Ag (9[2) (@}01) + 5 [ X5(@]®2)* + hc.

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

2 2
mll; mzz,ﬂ.l, 2'2) AS; 14) AS | > \\v, tanﬂ,a, mh, mH, mA, mHi

. 246 GeV 125. GeV
Soft Z, symmetry breaking: m%, :
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2HDM: Brief Introduction

® Two Higgs Doublet Model

V(®1, D) = m2,®! &) + m3,®,

FA3(D1 D) (BIDy) 4+ Ay (T Dy) (LD +

A
— m%Q(é[)I(I)z + h.c.) + ?I(CI)J{

% [,\5(@{@2)2 + h.c.]

A
1) + (25 2)’

® Parameters (Alignment limit)
BSM
¢1 | @ — YGhii / g hzz
u,d,l
Type | L Model oy Ko Py Py
[ Type |I u d,l ] 2HDM-I | sin(8 —a) cosa/sinf3  cosa/sinf3 cos a/ sin 3
2HDM-II | sin(8 —a) cosa/sinf3 —sina/cosf3 —sina/cosf
lepton-specific |u,d || 2HDM-L | sin(8 —a) cosa/sinf3 cosa/sinf  —sina/cosf
. 2HDM-F | sin(f —«a) cosa/sin3 —sina/cosf3  cosa/sinf3

16




2HDM framework

2

2
(;[s:l(ﬂ — a)h + cos(B — a)H](mTW WHEW, + "zz—fz“zu)

+ 810,V (07 P12 — 0107 D) Vi + 84160V, v, P12V Vaouu,

—Ly =Y, QLiUZCDZuR + Yy QL(DddR + YeZLcDeeR +h.c.,

[ o _ _
L= 3 (5] Frht &) FFH ~2ilsk Ty fA) h =SB ma) 5y eosf ),
f=u,d,e v 5}; =cos(B —a) —&fsin(B — ),

V2

+ T [Vudb_‘ (mdfd Pr — muEuPL) d H+ + mefe‘jPReH+ + h-C-] )



2HDM framework

Charge assignment of the softly-broken Z, symmetry and the mixing factors in Yukawa interactions given in Eq. (8).

Z» charge Mixing factor

| @) oL Ly UR dRr €R Eu &d Ee
Type-I + — + + — — — cot B cot cot B
Type-II + — + + — + + cotB —tan B —tan B
Type-X + — + + — — + cotf cot 8 —tan
Type-Y + — + + — + — cot —tan cot B

L=48sv,v,8" V1, Vov + 84,6, v (3" D102 — $10* )V,

T 814271 Vzglwﬁblﬁbzvlu Vo, +---.

L=4Ap¢:0:DiPPk + Aoty Pi P Pxpr + - -



SB—a

AHHR =

2 2 2
hhh = —ESﬁ—a + 5
m;

AGGh = ~ 5y SB

A — l 2 2
H*GFh =~ (my, — My +)C—q,

—(4M?* — Zm%I — m%)c%_a],

S,B—ac;z?—a +

M? —

2

my,

2v

1
AHn = [(2M2 — 2m%. —my)sp_q + 2(M* — m}) cot 2ﬁcﬁ_a] :

1 2 A2 2 )
AMAL = . M~ —2m’y —m3)sg—q +2(M*° —mj) cot2Bcg_q |,

20 [(2M2 — Zm%f — m%)sé_a +2(3M? — Zm%I — m%] cot2B58—aCh—a

cz_a (cotB —tan ),

The Gauge—Gauge—Scalar vertices.

Vertices 8oV V,
2
hW W, S VSp—a
2
HW;_ W, %Ucﬂ—a
g2
87
+ 2
G=Z Wi —88Z ysy,
e
GEALWF %




The Scalar-Scalar—-Gauge and Scalar—Scalar—-Gauge—Gauge type vertices and those coefficients.

Vertices 8p10,V Vertices 8410, V1V2  Vertices 8p10, V1 V2
hGEWF iSsp_ _ 2 + .
p T2%—a  hRWW, < GEG'WFz, +i8Zsy
+ - 8 2
HG=W] Fi5Ch—a HHW} W, i HE*AWF Z, +i 88Z 53,
0+ _8 — 2
G G*Wf 5 AAW W, & GE*HWTZ, — 88253 cpq
4+ T . g _ 2 + 2
hH*W] Fiscpo  GOGOWIW,; - H*hWF Z, — 882 51—
+ : _ - 2
HH*WF tifspo  GYGTWiwW, & GEhWFZ, —88Z 5% 5p—a
2
+ _8 +g-—wtw-— g + 887 .2
AH W;LF 2 HTH W,LL WV bl H HW;LFZ\) TSWS:B_a
2
— . 8
GtG~z, i 82 cow hhZ,Z,y i H*AWFA, 5%
J— g7 gz + ~0pF eg
0 2
hG%z, ~%sp—a  AAZ,Z, 82 HEhWF A, % ch_a
_8z g2
hAZy 2B G9%G0z,z, e GEHWFA,  %cpa
0 _8z 2
HG"Z, 2 b GtG—z,z, 22 GYG™AuZy  egzoaw
87 2
GG~ Ay ie GtG~AuA, e? GERWTA, < Sp—a
HYH A, ie HYH™AyA, € H*HWFA, —%sp_q




Higgs Basis

It is convenient to define new Higgs doublet fields:

H\  vi® + v3d, HI\  —0® + 01 P,
H]_ — 0 p— 3 H2 = 0 p— ‘
H7 v H; (Y

(HY) = v//2 and (HS) =0 Hy — eXHy

V = YiH{H, + Y, H{H; + [Y3H{Hy + h.c] + § Z1(H{ Hy1)?
+37Z2(H3 Ho)® + Zs(H{ Hy) (H3 Hy) + Za(H{ Hy) (H} Hy)
+ {325 (H]H2)? + [ Zo(H{Hy) + Z7(HHy)| H{Hy + hec.}



The gauge boson—Higgs boson interactions

g
26W

LUV = <ngW,]LW“ s mZZuZ“) Re(qg1)hy + emy AH(WFa™ + w, a™)

2 +a— -t
—ngsWZ“(W'uG +WwW, G ),

2
1 2,4+ — g * *
2VVHH = [zg Wy wH™ + 2.2 ZuZ“] Re(qj19k1 + 9j29k2) hjhk
‘w
2
1 2 torh— 2 9° (1 2)\? 2ge (1 2 +a— gt
W

2.2
1 + _ 9w + - -

g
4CW

LHH = Im(qjlq;:l + qj'2q;;2)Z“hj<3u hp — %g{zWJ— [qle_(gﬂ hj + qk2H_(3H hk] + h.c.}

0 _ _
+ [z‘eA“ + % (% —~ s%,v) Z“] Gct8, ¢ +HTS, H),

where sy = sin HW and cyyy = cos GW.



How to test it?

Various constraints have to be taken into account:
- Flavour physics observables
- Electroweak precision observables
- Collider searches
- SM Higgs-boson mass and signal strengths
- Zbb vertex corrections
Constraints from theoretical considerations:
- Stability of the vacuum
- Perturbativity

- Perturbative unitarity



Vacuum Stability-

Tree level.
Fit package of 2HDM.

One-loop level-
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Perturbativity, «
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Higgs discovery
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Scenarios

<

Mass hierarchy
LHC era

o mp, < 0.1 GeV

0.1 GeV< my, <10 GeV
10 GeV < my, < 62.5 GeV
62.5 GeV < mp, <1 TeV

1 TeV < mp, < 10TeV

o 10 TeV < my

26



LHC era:
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ATLAS

Input measurements

Individual analysis +1o0n
* u
m, (GeV)
Overall: u =1.17$j; 1254 . [ N N
H - v : : !
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VH:u =301 |125.36 i —H——
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H— 1 -oar . . . .
9gF:u =207 12536 : e
- 4050 . . . X
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_ Overall:p = 04523'3 125.36 : i . :
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E.._ 411|125 —_—
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Higgs property at LHC Run-|

Combined
u=1.00+0.14

H — yy (untagged)
H— vy (VBF tag)
H— vy (VH tag)
H—yy (itH tag)
H— ZZ (0/1-jet)
H— ZZ (2-jet)
H— WW (0/1-jet)
H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag)
H — T (0/1-jet)

H — ©t (VBF tag)
H — 7t (VH tag)

H — =t (ttH tag)
H— bb (VH tag)

H — bb (ttH tag)

LHC: 7+8 TeV

19.7 b7 (8 TeV) + 5.1 fb” (7 TeV)

CMS

Poy = 0.84

m, =125 GeV

Best fit cr/oSM

CERN-PH-EP-2015-125
CERN-PH-EP-2013-037



Higgs property at LHC Run-Il

I [ I | I I I | I I I | [ [ I | [ I I I [
é[{-ﬁi‘iﬁ']fg'g"gfy ——Total ' Stat. == Syst. "I SM
my, =125.09 GeV, ly, | < 2.5
Pgy =87% Total Stat. Syst.
ggF vy |;n 1.03 :o11( 008, go%5)
ggF Z2Z ulq 094 *30( zot0, =004)
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goFw M e R s o)
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| VHbb 102 T son, fgh)
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ttHstH WV e 172 0% ( 9@ som)
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MtHatH bb v 079 as( 02, Io%)
ttH+tH comb. e 110 05 ( 0%, 10%)

| | | | | | | | | | | | | | | | | | | I |

—2 0 2

o X B normalized to SM

ATLAS-CONF-2020-027

ATLAS Preliminary
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Higgs property at LHC Run-Il

XY

u"=1.13+0.09
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1 1 1
. I. + 1
0.33 074 || 55086 . 5.63 ' 57263
o -0.70 ! -0.73 : : -2.21 N
! 0 I 2 4 8 !
: ! I 1 1 | !
3se’ s | 4437382
1 1 1 1 : 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05 1 15 2 25 1 2 3 0 1 2 3 4 1 2 3 4 0 05 115 2 25 8
ggH VBF WH ZH ttH-+tH
=0.97 +0.08 =0.80 +0.12 =1.4970% =1.2972 =1.137%18
“ggH el e Hyge = Y-00 0. My = 199 0225 Moy = 169 023 ttHetH 017

CMS_ 137 HIG-19-005-pas

Nature 607 (2022) 52-59
Nature 607 (2022) 60-68
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LHC era. 62.5 GeV -1 TeV

« Conventional channels: Exotic Decays

channel | CMS |ATLAS channel ATLAS CMS
A/H —> [l [17] :18: 8 TeV |13 TeV |8 TeV |13 TeV
A/H —bb| [19] 20)] A — hZ — bbbl | [36] 37] 38] 139]
A/H — r7|[21, 22]| [23] A — hZ — t10l| [40] 41 38 —
A/H — ~vv|[24, 25]| [26-28] H — hh 42) | [43] | [44] | [45]
A/H — tt | [29] -

=22 30 31 h ] ATLAS CMS

Q0] cnanne
Ho WW ] 132 33 A/H — HZJAZ —bbll |[57] (13 TeV)|[58] (13 TeV)
A/H— HZJIAZ — 1T/ — [59] (8 TeV)

2212.06186 (F. Kling, S.Li, S. Su, H.Song, WS )
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LHC era: 10 GeV ™~ 62.5 GeV

» Exotic Decays - SM Higgs decay width
channel ATLAS | CMS

h— AA—bbbb | [46] | — CMST = 3.2+ MeV
h — AA — bbrT — 47] Nat. Phys. 18 (2022) 1329
h — AA — bbupu 48] 49] =433
hoadosrrrr | — | o AELAS [ =453 Mev
b Ad o rran | 1| 52 Phys. Lett. B 846 (2023) 138223
h— AA — pppp | ([53]) | ([54])
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LHC era: 10 GeV ™~ 62.5 GeV

* Precision Higgs Measurements: Global fit

 SM Higgs invisible decays . Eur Phys. J. C 83 (2023) 933
Phys. Lett. B 842 (2023) 137963

e 95% CL limit for H=> inv

ATLAS: 10.7% (7.7% exp.) CMS: 15% (8% exp.)


http://dx.doi.org/10.1140/epjc/s10052-023-11952-7

Higgs property

ATLAS Input measurements
Individual analysis +loonpu
(GeV)
Overall: = 117027 |125.4 . . L e : .
H— vy . 038 : : : : : :
ggF.u=1.32_“B 125.4 : : : ——i : : .
VBF:u:OB’Z; 125.4 : : —i . .
WH:n=1.0"17 11254 . : N . . :
s : . : : : .
ZH:u=0.1%7 1254 i : ]
L= +0.40 N N N i - . .
H— Overall: u = 1.4 07 | 125.36 : : : : : :
ggF+ttH: n =1.70% | 125,36 . : —_— .
-4 = 0.318 : N . . X
VBF+VH: u=0.37% | 0 o | : | :
T 024 K N i N .
Ho . Overall: u = 1.167 > 125.36 : : : o : : :
0 0p20 : : : . : .
9oF:n =0.987% |125.36 : : s S : :
L +0.56 N . N . . .
VBF: 4 =1280% |125.36 : : S : :
e +1.6 . . . . N .
VH:u=30""3 |125.36 i : i ——
Overall: u = 1.43'%% |125.36 — N . :
H- 037 S S
g9gF:u =207 |125.36 : : Do
L 058 N . N X N X
VBF+VH:u=12492 | i | e : i
 Overall:p =0.527 12536 . : R— . . :
VH — Vbb e : : : : : :
WH: p = 1117 125 : . Lo—te— . .
_ 052 : . . .
ZH:u=00570% | e i : i : i
H— un a7 5 5 a 1 .
Overall:u =-0.7"" |12555 = N 1 l
H—2Zy Overall: u =277 1255 : - - -
B:u=15"1[125 . . C ———y .
ttH bb: =151 : : : : : :
Multilepton: ..:2.1:; 125 : : : e
..... w=1328 X N X
175 [125.4 | [ s S S e—|

\5=7TeV, 4547 fb" -2 0 2 4
Signal strength (u)

Vs=8TeV, 20.3 fb"

LHC: 7+8 TeV

19.7 fb" (8 TeV) + 5.1 fb" (7 TeV)
m, =125 GeV

Combined

w=1.00%0.14 CMS

H— yy (untagged)
H— yy (VBF tag) | Pg, =084
H—yy (VH tag)
H— yy (ttH tag)
H— ZZ (0/1-jet)
H— ZZ (2-jet)
H— WW (0/1-jet)
H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag)
H — vt (0/1-jet)

H — 7t (VBF tag)
H — vt (VH tag)

H — =t (ttH tag) =
H— bb (VH tag)
H— bb (itH tag)

4 2 o0 2 a4 6
Best fit O/OSM

CERN-PH-EP-2015-125 3
CERN-PH-EP-2013-037
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Higgs property

ATLAS Simulation Preliminary
(s =14 TeV: [Ldt=300 fb ' ; [Ldt=3000 fb"

T I:\;VI l T T T T T T
H—yy (comb.) é@

H— ZZ (comb.)

H— WW (comb.)

H— bb (comb.)

H—tt (VBF-like)

(comb.)

H-ppu

ATL-PHYS-PUB-2014-016

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
() 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
(ttH-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
(05) 0.18 0.09 0.16 0.05
(1j) 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 — py (comb.) 0.39 0.38 0.16 0.12
(incl.) 0.47 0.45 0.18 0.14
(ttH-like) 0.74 0.72 0.27 0.23
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Higgs precision measurements

collider CEPC | FCC-ee ILC

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

[ Lat 5ab™! | 10ab™!' | 2ab”! 200 fb~! 4 ab™?
production Zh Zh Zh Zh vih Zh voh | tth
Ao /o 0.51% 0.4% 0.71% | 2.1% - 1.06 - -

4.3%

3.1%

28.3% | 21.8%

8.8%

2.9%

h— ZZ* : -
h — vy 9.0% 3.0% 12.0% | 43.7% | 50.1% | 12.0% | 6.7% -
h— putp 17% 13% 25.5% | 97.6% | 179.8% | 31.1% | 25.5% -
(v)h — bb 2.8% 2.2% 3.7% - - - - -

CEPC-preCDR, TLEP Design Study Working Group, ILC Operating Scenarios
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Higgs precision measurements

collider CEPC | FCC-ee ILC

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

[ Lat 5ab™! | 10ab™!' | 2ab”! 200 fb~! 4 ab™?
production Zh Zh Zh Zh vih Zh voh | tth
Ao /o 0.51% 0.4% 0.71% | 2.1% - 1.06 - -

97.6% | 179.8%

CEPC-preCDR, TLEP Design Study Working Group, ILC Operating Scenarios
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Higgs precision measurements

Collider Ap (hbb)

LHC Run-I 50% (wh)
LHC 14 TeV 300fb~1 26%
LHC 14 TeV 3000 fb~! 12%

CEPC 240 GeV 5ab~! (zh) 0.28%
FCC-ee 240 GeV 10ab! (zh) 0.2%

ILC 240 GeV 2ab~! (zh) 0.42% . CEPC
ILC 350 GeV 0.2ab~! (zh) 1.6%
ILC 500 GeV 4ab~1 (vvh) 0.24% Y .

= ey i Ay / \\ - LHC

o it Pt ‘\"" N
N " HL-LHC
B e sovie Depart iment @\Q | N\
] B P\
Jura \\\

' ¥ schematic of s
 } 4 80-100kmlong
'Y 4 rular tumnel
A Y Y 4
N &
<
. +
......
Aravis
&
=
&
&
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Higgs precision measurements

Relative Error

. mlrik

Precision of Higgs couplingmeasurement (Contrained Fit)

= LHC 300/3000 fb~"

m CEPC 250 GeV at 5 ab™" wi/wo HL-LHC

Main Linac A Prealps.
'
R
> \“
B e sovie Department |\
\ ~
Bty N\ Lz
W LN el twnnel
555 s
ISy LN V
»)»‘ / < N o ’
Ny S et =
Aravis

31 km
borths I e

Google earth

CEPC

LHC
HL-LHC
FCC
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/-pole precision measurements

Measurement Fit  |O™*-0"|/c™* CEPC ILC TLEP-W/TLEP-Z
- 9 2 NE 90/250 GeV 90/160 GeV 90/160 GeV
Altag(m;) - 0.02755%0.00035 0.02767 [ Ldt ~100 fb~!/1 ab™! /100 fb~* 5.6/1.6 ab~! /yr/IP
m,[GeV] 91.1875+0.0021 91.1874 . — — -
r,[GeV] 2495200023 24965 O‘(SS()MZ )2 £LOx 10_5 £LOX 10_5 =10 10_5
O, (bl 41.540+0037  41.481 Aayq(M7) +4.7x 10 +4.7x 10 +4.7x 10
R 2076740025 20739 my [GeV] +0.0005 +0.0021 +0.000Lexy
A%' 0.01714 + 0.00095 0.01642 my [GeV] (pole) i0.6exp £ 0.25¢, :|:0.03exp + 0.1 iO.ﬁexp £ 0.25¢,
AP 0.1465+0.0032  0.1480 my, [GeV] < £0.1 < £0.1 < £0.1
R, 0.21629 +0.00066 0.21562 M= mw [GeV] (£3exp £ Len) X 1073 | (EBexp £ 1in) x 1072 | (£8exp £ 1gn) x 1072
R, 0.1721+0.0030  0.1723 | sin? 05 (£4.66xp & 1.5¢) X 1075 | (£1.3exp & L.5gy,) X 1077 | (£0.3exp + 1.5¢,) x 1077
_Ai;b 0.0992+0.0016  0.1037 |— Tz [GeV] (£5exp £ 0.8¢,) x 1074 +0.001 (£lexp £ 0.8¢,) x 1074
A 0.0707 +0.0035  0.0742
A, 0.923+0.020 0935
A, 0.670+0.027  0.668
A(SLD)  0.1513+0.0021  0.1480
LEP CEPC-preCDR, TLEP Design Study, ILC Operating Scenarios
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/-pole precision measurements

Measurement Fit O™ -0"|/c™* CEPC ILC TLEP-W/TLEP-Z
A-.(s) fimn \ N NNT7CO 1| N NNNDYXC N NNDYT71~"7 OL ? 2| ‘3 \/g 90/250 Gev 90/160 GeV 90/160 Gev
Current (1.7 x 107 Z’s) CEPC (10'°2) FCC-ee (7 x 1011 2s) ILC (10°Z’s)
correlation o correlation o correlation o correlation
’ ST T U (1072 [ S T Ul (102 [S T U | (102 [S T U
0.044+0.11 | 1/092|—-068| 246 | 10862 | —0.373| 0.67 | 1]0.812| 0.001 | 3.53 | 1] 0.988 | —0.879
T | 009+0.14 | — 1| —-087| 255 | — 1] —-0735| 053 | — 1| —0097| 489 | — 1| —0.909
U | —0.02+0.11 | — — 1| 208 | — — 1| 240 | — — 1| 3.76 | — — 1
A;’t;" 0.0707 £0.0035 0.0742
Ab 0.923 +£0.020 0.935
Ac 0.670 £ 0.027 0.668
A(SLD) 0.1513+0.0021  0.1480
LEP CEPC-preCDR, TLEP Design Study, ILC Operating Scenarios
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Study strategies

. ] BSM __ (GXBF)BSM
[ Experimental Observables: Au ; ] U; (0XB)cny

O[ Kappa-scheme: k ; Fitting Coeff of EFT operators L
O

O

hii
d’ci= g(“u) ,i=f,V§
g(hii;SM)"

w [ Parameters in New Physics Models ]

2HDM, S+SM, MSSM S+SM, Composite Higgs
BSM obs)z
X

Oy /N2 = 0.5 (9, |H|*)?/7% ...

2 _ Wi —wy
(Ap )27
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Results

¥Study Results: Tree & one-loop Level

YFlavor physics
Y2HDM & Electroweak Phase Transition



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
. ree Leve 2HDM-II | sin(8 —a) cosa/sinf3 —sina/cos3 —sina/cosf
2HDM-L | sin(f —a) cosa/sinf3 cosa/sinf3  —sina/cosf
2HDM Type-” 2HDM-F | sin(f —a) cosa/sinf3 —sina/cosf3  cosa/sinf3
50 =
[ Alignment limit :
1910.06269
cos(f—a)=0 e
1 9(2HDM) = g(SM)
O
5f :
- sin 1
@ — 5—1=——cos2(ﬁ—a)—cos(6—a)xtanﬁ
= COS (v 2
= M CEPC5.6ab™
| B HL-LHC 6ab™ COS (v 1 cos(f — «
1 n a . _1:__(3082(6_&)_'_ (5 )
C LHC Run-lII sin B 2 tan /B
0.5}
L Kp:<0
R D D e .
-0.1 0.0 0.1 0.2 03 04 05 0.6
cos(fB-a) 44



https://arxiv.org/abs/1910.06269

Model Ky B Kd I,
2 H D M . Tr e e L ev e I 2HDM-I | sin(8 —a) cosa/sin3  cosa/sin 3 cos a/ sin 3
. 2HDM-II | sin(8 —a) cosa/sinf3 —sina/cos3 —sina/cosf
2HDM-L | sin(f —a) cosa/sinf3 cosa/sinf3  —sina/cosf
2HDM Type-| | 2HDM-F | sin(8 —a) cosa/sinf3 —sina/cosf3  cosa/sinf3
50 — 5 Type-Il: cos(B—a) =0.05
[ S— ! _
\., / N S R 2004-04172
o e i Vg F. Kling, S. Su, WS
: B | ..................... ./Ji‘"‘.‘..{ %TL
3 5
— ] o
Q . 97 20072 a) X tan 3
b W CEPC56ab” I I 4 R B .
EEEWYS T
1 E M HL-LHC 6ab™ E 14 - "&&i\f‘i _:_._ ; \gj/\t\' ~~~~~ o Oé)
- B LHC Run-lI < vy s i, /1 T T !
. I b T ) 3 ; 24
0.5 k<O 05{f {  =I [ - &
[ B Reees ,(n/‘)///Z/;O‘/“/“/?’////,(
I X 5]
| A
i I
O 1 s . 2 o B . . . 2 B 2 2 2 2 B 2 2 = = B 2 2 2 3 B = =2 2 2 B = 2 2 = 0.1 : : 4 : ! T { r . .
204 00 01 02 03 04 05 06 100 300 500 700 900
my =mau [GeV]
cos(fB-a) 45



https://arxiv.org/abs/1910.06269
https://arxiv.org/abs/2004.04172

2HDM: Tree Level

tan

S0r

10E

2HDM Type-|

Model
2HDM-1

cos o/ sin 3

Kd
cos a/ sin 3

Ky

cos o/ sin 3

2HDM-II
2HDM-L
2HDM-F

Ky
sin(f — a)
sin(f3 — «)
sin(f — «)
sin( — «)

cos o/ sin 3
cos a/ sin 3

cos a/ sin 3

—sina/ cos 3

cos a/ sin 3

—sin a/ cos 3

—sina/ cos 3
—sin a/ cos 3
cos a/ sin 3

Alignment limit :
cos(f—a)=0
g(2HDM) = g(SM)

1
X MCEPC56ab
0.5 B HL-LHC 6ab™"
B LHC Run-Il
Kyc<0

0.1 : .

-04 -0.2 0.0 0.2 04

cos(B-a)
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Model Ky Ko Kd Ky
2 H D M . Tr e e L ev e I 2HDM-1 sin(,l? —a) cosa/sinfB  cosa/sin d, cos a/ sin 3 ,
. 2HDM-II | sin(8 —a) cosa/sinf3 —sina/cosf3 —sina/cosf
2HDM-L | sin(f —a) cosa/sinf3 cosa/sinf3  —sina/cosf
2HDM-F | sin(f —a) cosa/sinf3 —sina/cosf3  cosa/sinf3

2HDM Type-l

50 Type-l: cos(B—a)=0.1

— 50
Alignme | 2004.04172
cos (8 - F. Kling, S. Su, WS
10} g(2HD 10__//’/}.,
5f : ]
@ _
o = 4
= g e cos(f8 — a)
1 o A/{/u, ,_."vll'l;."‘u -
: 14 - tan 3
- M CEPC56ab™ 1 N
0.5¢ B HL-LHC 6ab™' 0.5
B LHC Run-I |
Kt/c<0 i -
0.1 : : B
-04 -0.2 0.0 0.2 0.4 0.1 o0
cos(B-a) my = m, [GeV]
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https://arxiv.org/abs/2004.04172

2HDM: Tree Level

tan

S0

10E

0.1

0.55

Type-F

B CEPC56ab™
B HL-LHC 6ab™"
M LHC Run-Il

Kp<O

Other two types
Type-LS
50_
~2/fa/7,6’ 105
51
Q
(e
B CEPC 5.6 ab™ 2
B HL-LHC 6ab™ 1t
M LHC Run-II -
K:<0 0'5:
0.1

“01 00 041 02 03 04 05
cos(fB-a)

0.6

-0.1

0.0 041 02 03 04
cos(fB-a)

0.5

0.6
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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
IL 0.00¢ — 0.02
A
g oel — (.03
g

-0.10

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

Model Distinction, cos(f-a)<0

0.10

Varying tan 8

Ak=(ko—1)

0.05 0.10

cos(f — a)
0.01

— 0.02

— 0.03

Type-| & Type-ll
Type-L & Type-F
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Flavour searches

Observable Experimental result SM prediction
R, (3.22 £0.15) x 1073 [69] | (3.35 £ 0.16) x 1073 [70]
BR(B — xsvy) | (3.32£0.15) x 107% [15] | (3.40 £0.17) x 10~4 [70]
BR(B = 7v) | (1.09 40.24) x 10~ [16] (9.24 £11.3) x 107°
BR(Bs — ptp™) | (2.934+0.35) x 107 [16] (3.48 £0.26) x 1079
BR(Bg — ptp™) | (3.9£1.5) x 10710 [17] (1.08 £ 0.13) x 10710
BR(D, — tv) | (5.48 +0.23) x 10=2 [16] (5.22 +0.04) x 10~2
BR(D; — pv) | (5.4940.16) x 1073 [16] (5.31 £0.04) x 1073
R(D) (0.34 £ 0.03) [15] (0.303 % 0.006)

Table 4. Experimental results for certain flavor physics observables and their corresponding SM
values.
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tan

101 :

100

1071

Flavour searches

Type-I

100

300

500
mey= [GeV]

700

B-xsy
Bs—uu
Bg—uu
B-tv
Ds—-uv
R(D)

900

10!

10°

1071

100

300

Type-ll

500
mpgy+ [GeV]

700

900
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Results

¥Study Results: Tree & one-loop Level




2HDM: One-Loop Level

VA
. /?/\/\/\/\/ CI) //,__\\\
e : H — T T / \
’ ; ,~ h [ \
--------- -<: VH / \\ \ @ ’
h .. ' STt 1 [ \ \ /
PN h \ | h h N e h
Sor ____\________;_______ —_—— i — — —— e e e e
\/\/\/\/\, H
VA

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

(1) Loop + degenerate: cos (B—a) =0, me = 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

' Vacuum Stability M >0, A>0, Ag> =/ Ahg,

s+ M= [As| > =V A,

Av? = (m3; tan® B +m3)sin*(B — ) + (m%; + m2 tan” B) cos* (B — )
+ 2(m%1 — m%) sin(B —a)cos(B —a)tanB — M? tanzﬂ,

Av? = (m3; cot? B+ m?2)sin®(B — &) + (m3; +m? cot? B) cos* (B — )
— 2(m3, —m3) sin(B — &) cos(B — &) tan B — M cot* B,

A3v? = (m%; —m2)[cos®(B — a) — sin®(B — &) + (tan B — cot B) sin(B — ) cos(B — a)]
+ Zm%,i — M?,

Ayl =M% +mi — Zm%,i,

Asv? = M? — m124.
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2HDM: theoretical consideration

)\1 > O, )\2 > O, )\3 > —\/ )\1)\2,
Ao = A3 £ Ay,

Az + A — [As] > =V A1 e Asa= s s
A5’6:)\3+2/\4i3/\5,

' 1T
4" Unitary Ai| < 4 Arg =5 |(At ) £ \/ (A1 =)’ +4A§] ,
1 -
Moo = 5 |\ +20) £ v/ = XP + 40P
' Perturbativity A; < 167] Ajpp = % 30u+ %) £ V00 — )2 + 42N + AP
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2HDM: theoretical consideration

" Vacuum Stability cos (B—a) =0,
Mep =My =My =M
Al > O, Ay > O, )\3 > —\/ )\1)\2, _ H 4 H*
2 _ 2 2 2
As + A — [As| > — /A s vt = my IEAUT,
v’ Ay = mj + )\02/75% :
' Unitary Ni| < 4m vAs =y A
v\ = —\v?,
4’ Perturbativity |A; < 16| v =

2 Free parameters



2HDM: theoretical consideration

Constraints from Vacuum stabiltiy, Unitarity and Perturbativity
A

20—0.26 0 0.66 1.49 2.64 413 5.95

151
101

0.2

01rf

0.05- ' ' ' ' '
-1252 0 2002 3002 4002 5002 6002

AV =my®-mq5°l(spcp) (GeV?)

cos(f—a) =0,
m¢EmH=mA=mHi

Theoretical constraints

—125%GeV? < Av? < 600%GeV?

1€ (—0.26,5.95)
/14 — /15 — /13 - 0258 — —A
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tang

2HDM: Loop + degenerate

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

20F
151 - o
ol 0 95%CL, Sqrt(Av2) = 100 GeV ~ CEPCHit,
2 Type-ll
5 Sqrt(Av?) =Sqrt(m¢2— M2 ) YpP
m S Cp
’l o o 9 -
< <
1 ~cos(B—a) =0,
Mep EmH=mA=mHi
0.5+ _
0.2} '
< /“\
O'125 500 1000 1500 2000

me( m_o=ma=myz, GeV) -



2HD

M: Loop + degenerate

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

CEPC fit, Type-ll

20F >
15+ ——95%CL, Sqrt(Av®) = 0 GeV
1ok = 95%CL, Sqrt(Av?) = 100 GeV
5 —125%GeV? < Av? < 600%GeV?
I |
/‘\I Sqrt(/\vz) = Sqrt(m¢2— :2—;)
@ 2f Sqrt(Av?) me >
©
1u 100 | 400
il 300 500
0.2f
, , | (GeV)
O‘%I 25 500 1000 1500 2000

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

"or Alignment limit 2HDM one-loop correction,type-I _ CEP C fit, Typ e-I
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Higgs direct search at LHC

Type-li

Conventional Search Exotic: A -> HZ
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2HDM: Loop + degenerate
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. Tree+ Loop + degenerate
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2HDM: Tree+ Loop + degenerate
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2HDM: Tree+ Loop + non — degenerate

Z Pole Precision

Current (1.7 x 107 Z’s) CEPC (10'°Z2’s) FCC-ee (7 x 1011 2s) ILC (10°Z’s)
- correlation o correlation o correlation o correlation

T U | (1072) T U| (1072 | S T U| (1072 | S T 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| —0.87 | 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

66



2HDM: Tree + Loop + non — degenerate

Z Pole Precision
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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: Type-|

me =800 GeV, VAvZ =300 GeV

Constraints at Large tanf3
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https://arxiv.org/abs/1912.01431

Part Summary : Higgs precision

Complementary to
Tree vs Loop

' Z pole precision

2HDM Alignment vs Non-alignment
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Results

YHiggs and Z-pole Precision Measurements
¥Study Results: Tree & one-loop Level
7Y2HDM & Electroweak Phase Transition



Electroweak Phase Transition
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2HDM: precision

1808.02037 N. Chen, T. Han, S. Su, WS, Y. Wu
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2HDM: precision

1808.02037 N. Chen, T. Han, S. Su, WS, Y. Wu
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2HDM: LHC direct search
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Results: Case-1

tanp
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Results: Type-l
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Future
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Part Summary

Type-ll,cos(B—a) =

0, my=/a =my + 200 GeV

B<phy51cs

A G . S S,

) Nl NN UL W N W W W N

theoretical constraints

2

\

B\

&c

1.30

1.25

1.20

1.15

1.10

1.05

1.00

Amc = my= — my (GeV)

400

Type-Il

LHC Run-II

LHC Run-Il + SFOEWPT
3001 CEPC + SFOEEWPT

200 A

100 -

—100 -

—200 A

m g+ —mp € (150,250) GeV

—400 ‘

400 -300

-200
AmA =Mp—

-100

0

100 200
my (GeV)

300

400

Amc (GeV)

400

300¢

—
o
o

-200¢

-300¢+

40960 300 200 -100 0

H

00 GeV, v \? = 300 GeV

os(B—
os(f3 —
os(8—

0.007
0.0

8
a):
a)
a)=—0.007

100 200 300 400
AmA (GeV)

81



IDM

e The inert 2ZHDM

In this model, one imposes a symmetry Hy — —H> in the Higgs basis. As

a result, The Higgs sector is CP-conserving. In the CP-conserving neutral

Higgs-fermion Lagrangian, this model corresponds to sin(f — a) = 1,
cos(B —a) =0 and pV = p? = 0. The CP-even h° is identical to the SM

Higgs boson, and HY, A° and H* appear only quadratically in interactions

and so the lightest among these states is absolutely stable.



Fermiophobic 2HDM

This is a model that purports to invent a Higgs scalar that couples only to
gauge bosons and is decoupled from fermions. This can be realized in a
Type-1 2HDM where cosa = 0. In this case, h” has no tree-level couplings
to fermions. However, the h° couplings to WTW = and ZZ are suppressed

by a factor of cosS.

L= Y =L(&FrateffrH -2l Frsfa)
f=u,d,e

V2

+ == [Vualt maga Pr — mu&uPL)d HY +mekebPreH" +h.cl],



The Higgs sector of the MSSM

The Higgs sector of the MSSM is a 2HDM, whose Yukawa couplings
and Higgs potential are constrained by SUSY. Instead of employing to

hypercharge-one scalar doublets ®; 5, it is more convenient to introduce a
Y = —1 doublet H; = i02®] and a Y = +1 doublet H,, = ®$s:

H} P9+ H] dF
Hd — 9 = . , Hu = 5 = .
Hd _q)l Hu @(2)
The origin of the notation originates from the Higgs Yukawa Lagrangian:
Lyukawa = —hid (Whu), H? — tad’, HY) — b (d%dd HY — dbu’ H2) + hec. .

Note that the neutral Higgs field H? couples exclusively to up-type quarks

and the neutral Higgs field H} couples exclusively to down-type quarks.
This is a Type-Il 2HDM.



