Status of the CP violation study in
H-trry



Part 1: Introduction



Goal: Probe the CP violating Hrt Lagrangian

CP-even CP-odd

ZHﬁz——‘r ?+z’y ? TH

Standard Model — a; =

New Physics = a; # 1 b: #0
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Idea: Use angular distributionof H - 77 77y

Gottfried-Jackson (GJ) frame
Center-of-momentum frame of v+ v~

CP

Hypothesis: CP violation & asymmetry under 6 « m — 6§ exchange

Confirmation: Analytical calculation confirms the hypothesis.

Question: How well can it be studied experimentally?
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Idea: Use angular distributionof H - 77 77y

Gottfried-Jackson (GJ) frame
Center-of-momentum frame of v+ v~

(1) 1302.2159 /
™ (2) 1303.2230
% This idea is not new. (3) 1308.0422
EEEEE—— % We propose a new (4) 14056723
H way to probe this idea. (5) 1408.0342 1
(6) 2001.06516
7)

L / 2109.04426
Hypothesis: CP violation & asymmetry under 6 « m — 6§ exchange

Confirmation: Analytical calculation confirms the hypothesis.

Question: How well can it be studied experimentally?
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Part 2: Origin of
CP asymmetry



Feynman Diagrams and Amplitude for H —» 57"y

Yuk (Zy) )
[%TT)/= %‘1&1—;) + ’%TT’;, +%TZ;, }

1-loop SM box diagrams
neglected: smaller contribution.
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Feynman Diagrams and Amplitude for H —» 57"y

Yuk (Zy) )
[%TT)/= %‘1&1—;) + %TT;, +%TZ;, }

H —
Ly = 4—0(2 AY FPZ,,+2 AD FMZ,,

+ AY FF,, + AY FF,),

~ 1
where (Vyv = 6ﬂ(Vy - (9y(vﬂ, (Vyv = Eeyvpo'(vp(r»

forV=2y. 1-loop SM box diagrams
neglected: smaller contribution.
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Feynman Diagrams and Amplitude for H —» v+ 7~y

SM loop
effects only

Yuk (Zy) )
[%TT)/= %‘1&1—;) + %TT;, +%TZ;, }

H Z v V4 V7
Ly = 4—0(2 AY FPZ,,+2 AD FMZ,,
+ AY FFy + AY FPF,),
_
where V,, =93, V, - 3,V,, V= 56MVPU(V”",

for V = Z, Y. We shall consider Agy =0= A?Y 1_|00p SM box diagrams
neglected: smaller contribution.
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Kinematics: Only 2 independent variables

« Only 3 Lorentz invariant mass-squares possible,

z(pH—pO)zz(p++p,)2, :>4m$<m3,<m%1
io = (pu — p-)* = (p+ + po)*, = m} < miy < (my —my)?
_() = (pH P+) = (P + P0)2 S m,% < m%o < (my — m‘r)z

Note: m?_ + m oLt m? 0= mH +2m2. = Only 2 independent mass-squares.

< In the GJ frame,

Oonmn—0

mio = M?* — M cos®,
— J= cosf < —cosl

mzo = M?>+ M"? cos, 5 5
= My o m

where M? = %(m%_l +2m? —m_%_), M? = %(m%_l - mi_) N1 —4m2/m?_.
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Choice of independent variablesin H —» 7177y

(mio, m%o) (mi_, cos 9) (E+, E,)
Differential Decay rate dnf;:;;% 0 dmgir(;zos - df;rgEy
Frame of reference Any frame GJ frame H rest frame
Need to boost? No Yes Yes

% E. =energy of 7* in H rest frame. m

2 2

+« Differential decay rate is frame dependent:

2
) oy —m_

2 - 3 m3
dm;_dcosO)y . S127° my

0 = My~

d2 F‘r‘ry ) _ |%TT’)/ |2 ( dz FTT’}/
dmiO dWlEO H rest B 256 mi] ’
( dzrrry ) _ = (ml%[ B mi_) 1 g m% |
dm?_dcosf)g 25673 m?, (mz + mi_) 2

2
///TT7| .

2my E. & mio <—>m%0 =E, o E_

2 4 m?

my_



Amplitude squared

|t = | QO + |y " 2Re (D) D)

Ty

2 ry)
+ ’///m

+ 2Re (M0 ML) + 2Re (MO M),

Ty

Source of forward-backward asymmetry
Has term linear in b,

9/22



Part 3: Defining various
Dalitz Plot Asymmetries



Dalitz Plot: Notations, Regions & Expectations

(GeV?)

2
-0

m

104

5%10°

cosf

5% 103

10*
mio (GeV?)

(mpy —mz)*

dzr‘r‘ry
dm?, dm?
denote distribution of events
in the m?, vs. m? Dalitz plot.

% Let Z)(m+0,m o)

< Area of the Dalitz plot
o Available phase space
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Dalitz Plot: Notations, Regions & Expectations

Notation:
“Backward” “Forward”
cosf
Region “Forward” “Backward”
! -0.5 0 0.5 1
(= me) ’ cosd [0, 1] [~1,0]
“Forward” 2 2 2 2 2
region .~ my My <m-, myy > -,
~ g Fatrib g 2 2 2 2
> . Distribution D(m+0 < m_o) D(m+0 > m_o)
o} 2, <m?, .- “Backward
K region No. of events Np Ng
5%10°

Expectation: CP violation (b, # 0) =

<® Z)(mio < m%o) * Z)(mio > mzo)

m? 5x10° 10 (e

K2
mio (Gev2) ** NF * NB
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Dalitz Plot Asymmetries: Quantify CP violation

« Non-integrated or distribution asymmetry: Compare the distribution of events across
the Dalitz plot in the “forward” and “backward” regions.

'Z)m <m20) Z)(m2

2
Hok m—o)'

2
ﬂ(mw,m 0)_ Z)(mio<m )+Z)( m%o)'

+ Integrated asymmetry: Count and compare the number of events contained inside the
Dalitz plot in the “forward” and “backward” regions.

my—my)?
lfjr:z o [D(mio <m30)—2)(mio > m?* )]dm+odm 0

arp = = = dpp.

(mH—mr) NF + Np
2 2 2
ff +0’ —0) dmi, dmZ,,
m
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Dalitz Plot Asymmetries: Quantify CP violation

< Regional integrated asymmetries: Count and compare the number of events in certain
‘islands’ of the Dallitz plot, e.g. ag; which specifically probes region around Z-pole,

my—my)?
lffmi o [D (mio < mgo) - D(mio > mgo)] H(miO,mzo,n) dmio dm%0

(my—m)?
f In . D (mio, mzo) I (mio, m*,, n) dm?, dm?,

apg(n) =

where the rectangular function H(mio, mEO, n) is graphically shown below.

+0°

1 11 (m2 mzo, n)

—(mz +nTz)? mio + mZO mz + 2m3 —(mz —nTy)?
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Some additional considerations in H rest frame

< Photon energy, E, > E;* = 20 GeV.

< Angles between outgoing particles, 8x with X € {+—, +0, -0}, be such that

fx > 5°, or 10°, or 15° etc.
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Impact of considerations in H rest frame
on phase space or the Dalitz plot region

cosé cosé
-1 -0.5 0 05 1 -1 -0.5 0 05 1
(my —my)? (mpy —m:)?
Oy > 20° with X € {+—,+0,-0}
Angular cuts: X Angular cuts: ¢
104 Energy cut: X 10t Energy cut: X
Q — c
o5 o5
S 5
5% 10° 5% 10°
m? m?
m2 5% 103 10* (mpr —my)? m? 5%10° 10* (mp—me)?

mio (GeV?) mi() (GeV?)
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Impact of considerations in H rest frame
on phase space or the Dalitz plot region

cosé cosé

HEEN @2 aaa
-1 -0.5 0 05 1 -1 -0.5 0 05 1
(mH_mr)z
Oy > 20° with X € {+—,+0,-0}
Angular cuts: X Angular cuts: ¢
0 Energy cut: X Energy cut: X
>
53
e
o3
13
5%103
my

m2 5% 103 10* (mpr —my)? m? 5%10° 10* (mp—me)?

mi() (GeV?) mi() (GeV?)
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Impact of considerations in H rest frame
on phase space or the Dalitz plot region

cosé cosé
EEN @2 Taaa HEEN @2 aaa
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
(my — mr)z mr)z
Oy > 20° with X € {+—,+0,-0}

Angular cuts: X Angular cuts: ¢

0 Energy cut: X Energy cut: X

>

<) Only the
e borders
S s shrink

slightly

m2 5% 103 10* (mpr —my)? m2 5%103 10* (mp—me)?

mi(, (GeV?) mi() (GeV?)
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Impact of considerations in H rest frame
on phase space or the Dalitz plot region

cosé cosé
-1 -0.5 0 05 1 -1 -0.5 0 05 1
(my — mr)z (my — mr)z
Oy > 20° with X € {+—,+0,-0}
E, >20 GeV
Angular cuts: X Angular cuts: ¢
o Energy cut: X o Energy cut: ¢/
2 2 Significant
g = .
= o reduction
13 £ .
5% 103 5x103 in phase
space
m? m?
m2 5% 103 10* (mpr —my)? m? 5%10° 10* (mp—me)?

mi() (GeV?) mi() (GeV?)
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Part 4: A look at some
Dalitz Plot Asymmetries



Analytical Dalitz plot distributions and asymmetry

ar =1.000, by = 0.00, E5" =20 GeV, 9')?“‘ =20°

(mp —m:)*

104 4

m%o (GeVz)

5%10°

SM scenario

T —

7x10713
6x10713
5%10713
4x10"3§
oF
3x10713 5
Q
2x10713

1x10713

TS

T T
5%103 104
m2, (GeVv?)

Lo
(mpg —mz)?

a. =1.000, b =0.00, Ef/“‘ =20 GeV, 0')‘(““ =20°

(mpg —m;)?
10t
3
L
i)
S
o
&
5x103
m

No asymmetry

r—0

o T

T T
5x10° 10* (mp —my)?
m2, (GeVz)
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Analytical Dalitz plot distributions and asymmetry

(mp —my)?
— 10
S

L

QL
S
N

&

ar =1.000, by = 0.00, E5" =20 GeV, 9')?“‘ =20°

7x 10713

SM scenario
6x10713

7* propagator |§ sx 1012
g effects -
. 4x 1078 %
3x 10*13:§i
Q

2x10713

1x10713

BN N

T 0
ST 4 m)?

m2, (GeVv?)

a. =1.000, b =0.00, Ef/“‘ =20 GeV, 9;'(““ =20°

(mg —mz)?
— 10
a

>

3
o
T

8

5%10°

No asymmetry -~

r—0

T

5x10° 10* (mp —my)?
m? (GeVz)
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Analytical Dalitz plot distributions and asymmetry

ar =1.000, by = 0.10, ES" =20 GeV, 9')?“‘ =20°

7x 10713

(mp —m:)*

104 4

m%o (GeVz)

5%10°

NP Example 1~

T —

6x10713
5%10713
4x10"3§
oF
3x10713 5
Q
2x10713

1x10713

TS

T T
5%103 104
m2, (GeVv?)

Lo
(mpg —mz)?

ar =1.000, b =0.10, Ef/“‘ =20 GeV, 0')‘(““ =20°

(mpg —m;)?
10t
3
L
i)
S
o
&
5x103
m

\

Non-zero asymmetry "8 .

0.002

0.001

- T <o
5x10° 10* (mp —my)?
m2, (GeVz)

0.0025

0.0045

0.0035
0003 __

-0,

]

m

+0?

o

.?((m

0.0015

0.0005
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Analytical Dalitz plot distributions and asymmetry

ar =1.000, by = 0.10, ES" =20 GeV, G‘X"i“ =20°

(mp —my)?
— 10
S

L

QL
S
N

&

—m 7x 1078
NP Example 1 -~
6x10713
7* propagator |§ sx 1012
g effects -
. 4x 1078 %

2x 10713

1x10713

BN N

T 0
ST+ )

m2, (GeVv?)

3x10°3°F
Q

ar = 1.000, br = 0.10, E5" =20 GeV, 9)"(““ =20°

(mpg—m:)* 4 -
Non-zero asymmetry
Significant
104 asymmetry
5 around Z
= pole
NEI
5%10° 4
m% T T T
m 5%10% 10* (my —m:)?
m? (GeVz)
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Analytical Dalitz plot distributions and asymmetry

ar =1.000, by = 0.10, ES" =20 GeV, G‘X"i“ =20°

(mp —my)?
— 10
S

L

QL
S
N

&

—m 7x 1078
NP Example 1 -~
6x10713
7* propagator |§ sx 1012
g effects -
. 4x 1078 %

2x 10713

1x10713

BN N

T 0
ST+ )

m2, (GeVv?)

3x10°3°F
Q

ar = 1.000, br = 0.10, E5" =20 GeV, 9)"(““ =20°

(mpg —m:)* 4 -
Non-zero asymmetry
Significant
104 asymmetry
5 around Z
= pole
NEI
5%10°
m% T T T
m 5%10% 10* (my —m:)?
m? (GeVz)
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Analytical Dalitz plot distributions and asymmetry

ar =1.000, by = 0.30, E5" =20 GeV, 9')?“‘ =20°

8x 10713

(mp —m:)*

104 4

5><103J

m%o (GeVz)

NP Example 2 -~

7x10713
6x10713
5x10‘13;‘o|\
4x1078 2
310739
2x10713

1x10713

BN N

5%103 104
m2, (GeVv?)

(mpg —mz)?

a. =1.000, b =0.30, Ef/“‘ =20 GeV, 9')‘(““ =20°

(mg —mz)?
— 10
a
>
3
o
T
8
5%10°
m2

g —mm 0.012
Non-zero asymmetry
. 0.01
| Asymmetry 0008 __
oC bT NST
) 0.006 %
=
J 0.004
0.002
- T T =0
m? 5x10° 10* (myg —my)?
m2, (GeVz)
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Analytical Dalitz plot distributions and asymmetry

ar =1.000, by = 0.30, E5" =20 GeV, 9')?“‘ =20°

(mp —my)?

10*

m%o (GeVz)

5%10°

8x 10713

|

NP Example 2 -~

7x10713
6x10713
5x10‘13;‘o|\
4x1078 2
310739
2x10713

1x10713

BN N

5%103 104
m2, (GeVv?)

(mpg —mz)?

a. =1.000, b =0.30, Ef/“‘ =20 GeV, 9')‘(““ =20°

(mg —mz)?
— 10
a
>
3
o
T
8
5%10°
m2

g —mm 0.012
Non-zero asymmetry
P 0.01
| Asymmetry 0.008
o« b, o7
0.006 %
. £
J 0.004
\ 0.002
: ’ T T O
m? 5x10° 10* (myg —my)?

m2, (GeVz)
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Integrated Asymmetry and Regional Asymmetry

s ar = 1+0.05 Oy > 5°
g, =1+0.025

0 =1 R B R I T
0 005 0.1 015 0.2 025 0.3 0.35

br

Focusing around Z pole yields
larger asymmetry

e ar = 1+0.05 Oy > 5°
e g, =1+0.025
ar=1

B -a3+b3=1

./-

0 005 0.1 015 0.2 025 0.3 0.35

b-
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Integrated Asymmetry and Regional Asymmetry

Larger angular cuts reduce
observable asymmetry

g, = 1+0.05
g, =1+0.025

HX > 10°

0 005 0.1 015 0.2 025 0.3 0.35

br

Focusing around Z pole yields
larger asymmetry

g =1+0.05
e g, =1+0.025
ar=1
{=—-at+b2=1

Ox > 10°

b-

0 005 0.1 015 0.2 025 0.3 0.35
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Asymmetry around Z pole &
corresponding branching ratio

Angular cut = phase space reduction — Decreased branching ratio

5 7 1 2
a,=1,b =02 - 1 ar=1,b: =02 —

— == a.= V0.96,b; =0.2 = A = ar = V0.96,b, = 0.2 S
= X Ox > 5° g X

= 7 =

L3 T

E 0.5 % X4 - 0.5

T < 1

N & N

T T
= —— a,=1,b:=02 X

A ——-aT—\/O9 6,br=0.2 =

0 0 e P P 0
1 2 4 5 1 2 3 4 5
n

Angular cut = Regions with highest asymmetry get sliced — Smaller asymmetry
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Asymmetry around Z pole vis-a-vis
reduction in decay rate

Considering only those events surrounding Z pole = drastic reduction in phase space

2 1 2 1
| ar=1,b:=0.2 a=1,b: =02
A~ ar=V0.96,b:=02 | 1 — = ar=V096,b-=02 |
. N Ox > 5° r _ 1 Ox > 10° _
T g g
X SE SE
mamy g 0.5 E[E 0.5 E[E
= £l |t
B T T
A — ~
ar=1,b,=02 I ] . =1,b,=02 I
———a,_w/o9 b_ozi Z——faf_«/o9b_02i
(S 0 0 e Sk i S 0
1 2 3 4 5 1 2 3 4 5
n

n
There is also some compensation due to presence of Z pole.
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Part 5: Conclusion & Outlook



Feasibility study for experimental prospect...

+ In summary
(1) CP violation (b, # 0) = Forward-Backward asymmetry in Gottfried-Jackson frame

(2) Forward-Backward asymmetry = Asymmetry in m? vs. m?, Dalitz plot under m?; & m?:

ﬂ(mio, mio) +0, agg # 0, app(n) # 0. [AII asymmetries ~ O (10‘3)]
[ S — S—— —— ———
full distribution asymmetry fullintegrated asymmetry  asymmetry around Z pole

(8) m?, vs. m?, Dalitz plot: can be obtained in any frame of reference
+0 0

(4) Asymmetry is prominent surrounding the Z pole

< Feasibility: Can these asymmetries be probed in ongoing or future experiments?
+ Prospect: What range of b, would get constrained from such experimental studies?
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