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STATUS OF SM HIGGS SEARCH Ce

° . -o . . T T L T L T T T
SM Higgs self-interaction: ATLAS o Observed
— _ 4 = Expected -
{s =13 TeV, 27.5-36.11b S Expected = 1o
B Ggsf: (pp — HH) =33.51b Expected = 20 _
8 > —————- 8 W
(46600t H 0‘0"000‘0"0‘0@0\ /b H L Obs. Exp. Exp.stat. |
b HH— bbtr 125 15 12
466 i |
8 GEG0 - H 8 LE NG S HH— bbbb 129 21 18
H
@ o) T |
. HH— bbyy 203 26 26
8 606060 , H 0 , H B ]
K O, J/ HH— W'WW'W 160 120 77
i , iy, < i |
H 66@6 X N HH— W'Wyy 230 170 160
8 GOTETEH “H gr@@ \_H- - i
HH— bbW*W’ 305 305 240
© (d) T i
Combined +. 6.9 10 8.8
L L rov vl L rov vl L ool L Lo

10 102 10° 10* 0°
95% CL upper limit on Oggr (pp — HH) normalised to O

ATLAS, Phys. Lett. B 800 (2020) 135103



EXTRA NEUTRAL HIGGS SEARCH Ce

CMS Preliminary \/g - 8 Tev, L - 19-5 fb- g B | T T T T | T T T T T T T T | T T T T | T T T T | |
g 18 : | T T T | T T T | T T T | T T T | T T T : : 3 - _Observed ATLAS -
pPTN o B T | - . T 10°E - Expected Vs= 13 TeV, 36.1 fb™'=
X C > H— hh . 1 - W Expected =10 E
I T — 99 ] o | Expected =20 ]
- 95% &L CLs Limits 4 P ool Expected Stats Only
- : ; — Observed ] 10°E —
Y7 RS WO S L expected . & F 5
- == expected +10 1 5 - .
b L HoxPected 2o c I low-mass . high-mass :
- . :g 10 ' E
8- E F .
B - L _
B | L |
6 O
: R E
of 5t 5
: : : : ol R e o = 1071 .
& [ ] [ ] [ J : i : :l | | | | | | | | | | i 1 1 1 | 1 1 1 1 | 1 1 1 1 |:
c e 0 20 300320 mi0 380 500 1000 1500 2000 2500 3000
: : : : my, [GeV] mg [GeV]
C e e . CMS, HIG-13-025-pas ATLAS, JHEP 1904 (2019) 092



EXTRA CHARGED HIGGS SEARCH Ceee.
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— T T T T — T T T T 1717 T o k .
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'S - H [ ] Expected + 20 ]
L ] L —e— 95% obs. 36 fb" result __
T 1e E x 1E 95% 36 fb™' result 3
c m o N N % exp. “result o
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+ 107 Ell: n
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I + zz:gr\:ee(:(pected CT>_1 0—1 E_ ------------------------- '
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e ® & ® 1 0_3 g_ | 1 0_2 —L 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1
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D CMS, JHEPOQ7 (2019) 142 ATLAS-CONF-2020-039



QUESTIONS AND POSSIBILITIES :

In the SM, generically, decoupling effect goes like:

0 v? 500 (1TeV)2
MrzleW ’ A

For 0(15%) accuracy in HVV couplings, Mpew >~ 600GeV !

Question:

If we continue to pursue the precision in the Higgs coupling measurements, is there any value in
direct searches for additional, heavy Higgs bosons?

Yes! It goes by the name of “Alignment without decoupling.”



TWO HIGGS DOUBLET MODEL

To see how “alignment without decoupling” arises by CP even Higgs couplings:

1, .
ghiVVZEg Vi =12

It is possible to rotate to Higgs basis

YV — ViH H, + Y, HI H, + [Yge—WHIHQ + h.c.}

A A
+ jl(Hirﬂl)Q + 72(H§H2)2 + Z3(H{Hy)(HYHy) + Z4(H{ Ho) (HY H)

7 . . .
+ [?5@-2“7(1?1* H,)? + Zge ™ (HIHy)(H| Hy) + Zze™™(HI H,)(HTH,) + h.c.

(HS) =0



TWO HIGGS DOUBLET MODEL

Mass matrix:

7 Re (Zge ™)
M?=v?| Re (Zoe™™) % [Zsa + Re (Zse )] + %

—Im <Z6€_i77>

—%Im (Z5€_2in)

—Im (Z6e—z’n) —%Im (Z5e—2in) % [234 — Re <Z5€_2in)] + %
0
s ! C12C13 .
hQ =R ng R = C13512
hl CLO 513

« Higgs —V-V couplings:

1 5 .
Inhivv =59 v*Ry ,i=1,2

= “Alignment without decoupling” occurs when Higgs basis = Mass eigen basis
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CP VIOLATION THDM :

Counting the number of d.o.f. in CPX 2HDM
V = YiH[H, + Y, H}H, + |Yae ""HH, + h.c]

Z Z
+ é(H{le)? 4 ?2(1{;1%)2 + Zy(HHy)(HIH,) + Z,(HI Hy) (HIHy)

7 | |
+ 756—2“7(1[11 Hy)? + Zge ™ ™(HTH,)(HI Hy) + Zze™™(HL Hy)(HT Hy) + h.c.

* Minimization condition in the Higgs basis:

1 2 1 2
Y1 = _EZ]_U Y3 = _5261]

* Zp Symmetry: Haber+collaborators: 2001.01430

(Zy — Z3) [Z34Z§7 — I Zg — ZaZy + Z;Zm)} — 2Zé"7(|Z6|2 — |Z7|2) =0.
* Free parameters:

{Y3,21,25,23,24} = {Y5, 21,73, 24}

" Q real free parameters!
{ZSrZ6rZ7} = {ZSrZ6r Re[Z,]} P
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FREE PARAMETERS IN CTHDM

Diagonalize the mass matrix

B c12 —s12 0
R = R12R13R23 =| s12 ci12 O
0 0 1

Redefine the mass matrix
Z

c13 0 —s13

0O 1 O
s13 0 ci13
RG[Z6]

M2 = Rgg M2E§3 = U2 R@[Z@] R,Q[Z5] + 42/’1]2 —%Im[25]

—Im[Z(;]
Alignment Limit:

N C12€13 —S812 —C12813
R=RioRi3=| s12¢c13 €12 —S12813

513 0 c13

—€C12 —S812 —012(1 — 62/2)
= —€S812 C12 —812(1 — 62/2)
1—€2/2 0 —€

Free parameters:
{Y2) ZS) Zl: ZS) Z6i Re[Z7], Z4}

—%Im[Z5]

—>

—>

1 0 0
0 Ca3 —3523
0 S23 a3
A? [v?
1
Z = o [mil + €2 (migcf2 + migs%2 — mil)}
1 2

Re[Z5] = [02912 (mi2 — mig) —|—€2 (mhs 6%2 +m

~ €
R‘e[ZG] 2U2 82912 (mhg m%bg) Y

~ €
Im[Zs] = ) (m%m m%?)cfz mh13%2> ;

{mhllthJ mh3; 912) €, ZSJ mHi; Re[Z7]) v}

2 2 2
hoS12 — My,

)]



CP CONSERVATIVE LIMIT

Higgs mixing:

—S812 —612(1 — 62/2)

hs _ Cé(f —€C12
ha | =R[ ¢ | = —€S812  C12
hy 0% 1—¢€2/2 0

HHH couplings:

ghiH+H- = U

9hoH+H- = U —681223 -+ ClgRe[Z7] + S19
ghsH+H- — VU —€C1943 — 512Re[27] + C12

T T
Case I: 013 = 5;923 =0,0,, = {0; E};
Case 2:

(1- 5) Zu-+ anlZ:)

~

—812(1 — 62/2)

—€

(oo

2
(-3
2

Im[Z,]=0

923 :7T/2 y 912 — {O,?T/Q} y Im[Z7] =0

|

K
C23 ¢2 — S230Q
So3 &9 + a3 @

)

® ® [ ] ®



CP CONSERVATIVE LIMIT — coveeeeee

* Relationships between Z;and mixing angles:

. 1 €
2 2
Im_Z5_ — —282912 1 — — (mh2 — mh3)
v 2
Re[Zs] = = s00,, (M3, — m2.)
e_ 6] — 2’1}2 82912 mhg th )
o~ €
o 2 2 2 2 2

Im|Zg| = — (mh2 — M}, Cla — mh1512) :

V2

~ ~ ~

CPC1: Im|Z5] =Im|Zg] = Im[Z7] =0
CPC2: Im[Zs] = Re[Zs] = Re[Z7] =0



» We are interested in the interplay between the Higgs alignment and CPX in
C2HDM. There are two important experimental observations:

- The 125 GeV Higgs is SM-like. (mj,, = 125GeV)

- EDM places stringent constraints on CPX.

* These motivates considering the small departures from

- The exact alignment limit. (Mixing among 3 Higgs)

- The exact CP-conserving limit. (Im[Z,]~0, Re[Z,]~0, 8,5 +* O,g)
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CHARGED HIGGS SEARCH

tanB Contour

700
600

500

300

200

— : - T - T - —— o7 -
’ 0.1 Mp:=m "
E — 4= . 4
— - * o4
" H h3 . .
L ~ * .
Z3=0.1 Re[Z/]=3 C
- = . .
r 3 " e[ 7] g .
* *
* .
— o 4
12_ .0 *
g J
* . F
0‘ o o4
* Q
g
o ’ N
* o 4 .
* * L4
¢ g
*
A . U
¢
LA . ’
R Q .
. * g .
* * ’ ’
* * ’ .
* . Q
. Q G
* '0
4 Q
. . * ’
* Q
. . ,' ’
. Q .
* ’ N .
’ . v .
0' o
4 N ']
* ,' G
L4 N a
’ ']
g . » [
. U o o
. . v !
. U ’ '
. . ’
' )
’ T T
|||||||||||||| ' i 1 n L n L 1 L L n L N L L L 1 L n L i

1 080

0O 300 400 500 600 700 800 900
mMn,[GeV]

" We choose tanff > 1

tanp

CMS, JHEP 2001 (2020) 096

20

10

N W ArO

o o0
w O

35.9 fb' (13 TeV)

H* — tb single and dilepton
MSSM m[*" scenario

.
~
.
5
5
5
.
e
-~
~
.
~
.
B

95% CL upper limits
Excluded

----- Median expected
[ 68% expected

[ ]95% expected

777 miisSM . 125 + 3 GeV

Lo N

.....
o
-~
.....
.~
.
.....
-
.
.

200 400 600

800 1000 1200 1400
m.. (GeV)



OBLIQUE PARAMETERS
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The analysis of precision electroweak data get:

S =0.01 +0.10,
T = 0.03 £+ 0.11,
U = 0.06 + 0.10,

In the alignment Limit:

2
m,zlz + m,213 —2myy

S ~
24mA?
o (e = i) — i)
- 2 2 2
48msyymymy,

" We choose mZ.~m} H.Haber, D.O’Neil Phys.Rev. D83 (2011) 055017
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ELECTRON EDM CONSTRAINT

Fermion contributions:

) « Z/ dz{Im " Re[w7] (—

VHY

201 — z)) + Re[mg;]lm[ﬁg;,]%} b ()

Higgs boson-loop contributions:

em 9H+H HY 1 VvV HO
d}/([{i) — _ (167T§)24gvfng+H v g Im|x . / dz (1 —2) Cpitye(2)
0
3 I
Vit 170\ eg2mf ~gH+H—HJQ WHE
() = = S S Tl [ (- O )

gauge-loop contributions

2
v _emy my _omy \ My 12
dy (W) (1672 )289fo9WWV Z Rylmlry] = / H <6 - @) " (1 2my ) miy |2

2
eq®ms m2 4 — 2~ HO W HY
dY (WH) = g'ms _miy Z RjyIm(}] / { — — } (1—2)Cyp i (2)

167r2
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ELECTRON EDM CONSTRAINT

{th , 912 = g, €, Z3, Re[Z7],mh2 = mHi}+923

| [ 10720 cmy |

335
268
201
134
67

0
-67
-134
-201
-268

de[107%°e cm]

205
1164
123
82
41
0
-41
-82
123
-164




COLLIDER PHENOMENOLOGY ~  ceceeeeees

~ _—2i6
* Branching ratios for benchmark points: 9dhihohs — €U Re[Z7e ¢ 12]
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OTHER CONSTRAINTS
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SUMMARY

* THERE IS AN INTERESTING INTERPLAY BETWEEN ALIGNMENT LIMIT AND CP CONSERVING LIMIT
IN C2HDM. IN ONE CASE, THE ALIGNMENT LIMIT IS IDENTICAL WITH THE CP-LIMIT, WHILE IN
THE OTHER CASE THEY ARE INDEPENDENT.

* THERE IS A SMOKING-GUN SIGNAL FOR CP VIOLATION AT THE LHC IN C2HDM, WITHOUT
RECOURSE TO ANGULAR DISTRIBUTIONS, BY SEARCHING FOR

hg — hghl — hlhlhl

Thank you



