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CP violating Lagrangian

CP violating Hrt Yukawa interaction is written using various notations
in the literature. For simplicity we shall use the following,

Ler = —nﬁ‘z_'(ar +iy bT)TH,
[
-12
where v = (VZGr) ' ~ 246 GeV, and a$™ = 1, b3 = 0 in the SM.
b, # 0 = CP violation. Both a, and b, are real.

Measurement of e~ EDM suggest': |b,| < 0.29 at 90% C.L.

17. Alonso-Gonzalez, A. de Giorgi, L. Merlo and S. Pokorski, JHEP 05, 041 (2022).
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The 2-body decay H — 7 7~

Branching ratio in SM: ~ 6.15% ™ : g : T

Energies and momenta of 7*
fixed in H rest frame. @CP

Very highly boosted 7s:
B- =0.99960 c. + l CZI o :,; -
T H T

Only 2 helicity configurations allowed: 7} 7, N Th Th

2 4 2 4 2
Partial decay rate: [';; = M T a|l- i I b2l 4|1 - ey
8 v? m?, m2,

Constraint: a2 + b2 ~ 1 . Experimentally? 0.99 < a> + b2 < 1.01

Both helicity configurations equally likely:

2 2 e \? 2 2\ 2 2 2
| A" = | = " [(aT + bT> my —4azmz|.
.. No way to measure CP violation, if we study this 2-body decay only.
2J. Alonso-Gonzalez, A. de Giorgi, L. Merlo and S. Pokorski, JHEP 05, 041 (2022).
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The 4-body decay H —» 7" 7~ - 7t 1~ v, v;

+“ Final state has two missing particles: T reconstruction issues
“ Much richer kinematics: 3 uni-angular distributions possible

Y +4
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The 4-body decay H —» 7" 7~ - 7t 1~ v, v;

Final state has two missing particles: T reconstruction issues
Much richer kinematics: 3 uni-angular distributions possible

2 1
d3rmer X <|-//7mv17| > 1 4m% ’ 1 m72r ’
dcosf,dcosf_dp 215726 my m?, m) "’

with

2
+8 b2 mim! (mf = m,zr) (l —cos 6, cosf_ +siné, siné_ cos go)

2
—16 @by mymy \Jm2, — 4m? (m% —m,zr) sinf, sinf_ sin<p).
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The 4-body decay H —» 7" 7~ - 7t 1~ v, v;

Final state has two missing particles: T reconstruction issues
Much richer kinematics: 3 uni-angular distributions possible

0| "
Only the uni-angular distribution ——

gets contribution from a; b;.

a (m%, - 4m$) (16 — % cos <p)

T

+ b2 my, (16+7rzcos<p)

T

1 dl,y -27% a by my \Jm3, —4m? sing

Timy de 32 (a% (m%i - 4m%) + b%m%{)

.. It is sensitive to CP violation.
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The 4-body decay H - " v~ - a* na~ v, v,
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The 4-body decay H —» 7" 7~ - 7t 1~ v, v;

This distribution is well explored in the literature.

The final s and v/v are almost collinear to the parent 7s due to the
large boosts. So constructing 7 decay planes and finding the angle ¢
between them is not an easy task.

Why not use the angle 6, between the two final pions in the Higgs
rest frame, instead of ¢? It is easier to measure. The two angles 6,
and ¢ are related to each other.
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The 4-body decay H —» 7" 7~ - 7t 1~ v, v;

Comparison of ¢ and cos 0, distributions

Number of events

Total number of simulated events = 500
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The 4-body decay H —» 7" 7~ - 7t 1~ v, v;

Comparison of ¢ and cos 0, distributions

Number of events
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The 4-body decay H —» 7" 7~ - 7t 1~ v, v;

Comparison of ¢ and cos 0, distributions

Numerical comparison of the two angular distributions vindicates the
choice of ¢. The cos 8, distributions for different a, and b, are
extremely closely spaced with peaks close to 6, = 180° and no
significant differences can be noticed.

The final state 7’s could be replaced by p, @ mesons which decay to
two or three pions. Such studies have already been considered in the
literature.

We do not have any new meaningful observable in this scenario.
Only experimental studies with more statistics, better angular
resolutions, seem to be the way forward.
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The 3-body decay H — 5 77y

The idea

Tree level contribution 1-loop level contribution

i

CP
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The 3-body decay H — t* 77y

All 7 helicity configurations possible here unlike the case in H — 7+ 7~

% +1) (h. =-1)

5 (hy = +1)

<
/A T (h. = +1)

9/25



The 3-body decay H — t* 77y

The difference between helicity amplitude squares

Energies and momenta of 7* in H rest frame are no longer fixed.
Another uni-angular distribution (cos € distribution) is at our disposal.

All helicities of 7s are possible, unlike the 2-body decay H — 7% 7~

8e?m2m?_ (1 - cos? 0)

| ) = | =
v? (mz - mi_)2 (mi_ - (mi_ - 4m$) cos? 9)2

6 4 2 2
+— T my m+—) ar

X ((32mi_ mt —10mi_m? — 4mem*_m* — 2my, m> +m

2

4 2 2 2 4 2 _ 6 42\ 2
—(2m+_mr+4mHm+_mT+2mHmT—m+_—mHm+_)bT),

16 &> m* m?_ (1 + cos? 0) (bf + af)

|l 2 |0 2

TTY Ty

v? (mi_ - (mi_ - 4m§) cos? 9)2

10/25



The 3-body decay H — t* 77y

The difference between helicity amplitude squares

Energies and momenta of 7* in H rest frame are no longer fixed.
Another uni-angular distribution (cos € distribution) is at our disposal.

All helicities of 7s are possible, unlike the 2-body decay H — 7% 7~

8e?m2m?_ (1 - cos? 0)

| %(+ e

Ty

\ (mi_ — (mi_ —4 mf) cos? 9)2

No term linear in cos ¢, when only 2 ;2 — 2m2 m? +mb_+ m‘l‘i mz_) a>
Yukawa contribution is considered

4.2 6 2
ymE—mS_ —miym )b)

A (1 + cos? 0) (bf + af)
|///T(:7 i = )

v? (mi_ - (mi_ - 4m3) cos? 9)2
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The 3-body decay H — t* 77y

The differential decay rate for specific 7 helicities

IS

1 { dre

—2 =
Iy der_dcos(JJCom o ,m§—4m§ (03 (m%l_4m3)+ bf)
m?_ \Jm3_ —4m?2

(m‘,‘i - mi,) (mi, - (mi, - 4m$) cos? 6 )

x(— a (mi (32mﬁ—8mim$—8m§1m3+mi+mﬁ,) (h,hJr cos? @ - 1)

- (4 m? — mi,) (8 m2_m?—mt_ - mﬁ,) (h_ hy — cos’ 6 ))
(mi, (8 mlm? —mt_ — m‘,‘,) (1 —h_hy cos’@ )

+ (mi, + m‘}{) (4 m? — mi,) (h_ hy — cos* @ )))
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The 3-body decay H —» v+ v~y

Numerical estimates of T+/-) [Tz for h, = h_ with a cut on photon energy, E,, > 20 GeV
Ty Y

L") Ty for hy = he = £1

0.2
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The 3-body decay H —» v+ v~y

Numerical estimates of T+/-) /Tzr for hi = —h_ with a cut on photon energy, E, > 20 GeV
Ty Y

T T for by = —he = £1
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The 3-body decay H —» v+ v~y

Numerical estimates of 3, j_ Ff,’;;h -) /I with a cut on photon energy, E, > 20 GeV

DT e

By she
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The 3-body decay H — t* 77y

Including SM 1-loop contribution to H — ¥ ¥ with ¥ — 1%t~ affects the angular distribution

The Lorentz invariant and gauge invariant, effective Lagrangian
describing H — ¥ y where ¥ = Z,y is given by?

H — -
Ly = 5 QAT P2y + 207 P2y + AY P Fyy + AV FE,),

~ Vy [V
where ¥, = 8, %, — 8, Yy, Yoy = %eﬂvpg“l/””, and A, 7, A;7 are two
dimensionless form factors.

The amplitude for H — 7% 7~ y can be split into 3 components:

My = IS + MG + M)

Ty

The amplitude square is thus given by,

2 2
(Zy) ) ( Zy)x
MG | ] v 2R (D) )

+2Re (///g;kaww ///E;)*) +2Re ((//ff;lkawa) ML >*) .

|%TT’}/|2 — |l%(Yukawa)|2 +

3Y. Chen, A. Falkowski, I. Low and R. Vega-Morales, Phys.Rev.D 90, no.11, 113006 (2014).

15/25



The 3-body decay H — t* 77y

Including SM 1-loop contribution to H — ¥ ¥ with ¥ — 1%t~ affects the angular distribution

2
T

2 (m%i - mi,)2 (mi, — cos?@ (mi, - 4m$))2

2 2
|%(Yukawa) 2 — 16e my_m

Ty

X (mi_ ((af + bf) (m‘}, + mi_) — 8m? (af (m%, + mi_) + b%m%,) + 32azmi)
~c08 (2. — 4m?) (@ + b2) (il + ) - sazmz,mz)),
o & ((AD) + (a2 (o - Y
) 1602 ((m%r, - m%)2 + I“%m%)
X (((c;)2 + (c{,)z) [3mi + cos26 (mif - 4mz)] + 4m? ((c;)2 -3 (c;)z)),

) e ((A?)z + (A;/Y)Z) (m%, - mi_)2 ( cos 26 (mi_ - 4m$) +3m2_+ 4m$)

VA
M)

///T(Z;/ )

dm? _v?
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The 3-body decay H — t* 77y

Including SM 1-loop contribution to H — ¥ ¥ with ¥ — 1%t~ affects the angular distribution

2
egy (mi, - mi,)

Re (L.#? y%) = -
e( Ty Ty ) Sm Uz(( m2_ —I’H%)2+l—%m§)
X (4l"zc;m+,mz cos@ fm?_ —4m? (A;”Afy - A?A;’y)
+c (mk_ = m3) (AY AT + AT ATY) (cos 20 (m_ — 4m2) + 3m2_ + 4m2) )
2egzm,_ m2
//[(Yukawa) %(Z"/) 8z My
( TW - ) v? ((m+ m%) +T2 2) (00%2 0 ( - 4m$) - mi,)

X (Zcm;mz cos @ (m,zq - mi,) N (A a, — 77bT)
+ cymy- (m2 - m%) (A ar (ZmH —m?_ —4m? — cos 20 (mif - 4m3))
#2070, (o - i) )

8 e’ m? (A;/yaf (m2 — 4m2 - cos? 6 (mﬁ, - 4m$)) +AYb, (mf, - mi,))
»? (cos2 0 (mi_ - 4m$) - mi_) .

Re (4G5 7)) =
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The 3-body decay H — t* 77y

Including SM 1-loop contribution to H — ¥ ¥ with ¥ — 1%t~ affects the angular distribution
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The 3-body decay H — t* 77y

Including SM 1-loop contribution to H — ¥ ¥ with ¥ — 1%t~ affects the angular distribution
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The 3-body decay H — t* 77y

Including SM 1-loop contribution to H — ¥ ¥ with ¥ — 1%t~ affects the angular distribution

Forward-backward asymmetry:

@ 1—“r‘ry

1 d’r 0
[, [
o \dmi_dcosb,. _,» _1\dm2_dcos@

) dcosé
w2 =

Apg = ]
d’r
f (%) dcosé
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a2+br=1
£
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0 T
0 0.1 0.2

b-
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The 3-body decay H — t* 77y

Summary

There are two clear experimental observables that can exploit H — 7% 7~ y:

Branching ratio: it can be used to rule out large values of b,.

Forward-backward asymmetry Agg: can be used to probe b; < 0.2,

if App can be probed at percent level accuracy.

A more thorough numerical study is ongoing.
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The 4-body decay H — " v~ u* u~ (‘Golden channel’!?

Another probe of CP violation

(2) (b)

: . _ 477 Yukawz
Decay amplitude: A vy = Moy, + Mpgy™.
The interference term « b, so it is sensitive to the CP violation.

Huge expression for amplitude square.
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The 4-body decay H — " v~ u* u~ (‘Golden channel’!?

The CP violating contribution in the interference term is proportional to sin ®

Rest frame of u* yu~ / \

IS -t
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The 4-body decay H — " v~ u* u~ (‘Golden channel’!?

The CP violating contribution in the interference term is proportional to sin ®

Total number of simulated events = 1000

Number of events

000 —— 005 —-—- 015 ——- 025 e
1001 —— 010 ---- 020 -

T T
0 Z b 37” 2r
()
The angle @ between the two decay planes is sensitive to CP violation.

Numerical study is ongoing.
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