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Introduction

CP violation in SM
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Introduction

* CP violations in SM are too small to describe
the baryon asymmetry in the universe

> Physics beyond the SM should have more CP violations

= CPVs in SM Effective Field Theory (SMEFT)

 Measurement of CPV is very sensitive

> Even high-dimensional operators in SMEFT can be
probed experimentally
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Introduction

CP violation by a single SMEFT operator

C ™

2z =Zsmt An—4 ~ CP—odd

t O isinvariant under U(1)g, U(1), (i =1,2,3),

CP—-odd
2 has a CP phase in ¢, in addition to ocgy; and Ogcp -
f
d—€> O Is a CP-violating operator

CP—-odd
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Introduction

CP violation by a single SMEFT operator

@(n)

2z =Zsmt An—4 ~ CP—odd

t O isinvariant under U(1)g, U(1), (i =1,2,3),

CP—-odd
2 has a CP phase in ¢, in addition to ocgyy and Ogcp -
d—>ef O Is a CP-violating operator

CP-odd
How can we list these operators systematically®?
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Hilbert series

* A series of singlets under given group(s)

> Suitable to construct EFT operators

[B. Henning, X. Lu, T. Melia & H. Murayama, 2017]

Covariant derivative

HO({¢1}9D)

1
— J'dﬂ50(4)d//‘gauge m HPE(¢i9 D)
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Hilbert series

* A series of singlets under given group(s)

> Suitable to construct EFT operators

[B. Henning, X. Lu, T. Melia & H. Murayama, 2017]
H()({ ¢i } ’ D)

1
= | dugoaydp — HPE(f/ﬁ-, D)
SO@4)~¥r*gauge P(D) z

Pick up only singlets
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Hilbert series

* A series of singlets under given group(s)

> Suitable to construct EFT operators

HO({¢1}9D)

[B. Henning, X. Lu, T. Melia & H. Murayama, 2017]
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Hilbert series

* A series of singlets under given group(s)

> Suitable to construct EFT operators

[B. Henning, X. Lu, T. Melia & H. Murayama, 2017]
H()({ ¢i } ’ D)

1
— [dﬂSO(4)dﬂgauge m HPE(¢i9 D)

Remove EOM redundancy &
Implement bosonic/fermionic statistics
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Introduction

Hilbert series

» Coefficients of HS = # independent singlets
> e.9.) HS for SMEFT

H,(SMEFT) D 2HH'QQ'D

i[H'(D,H) — (D,H)HIQr"Q,
i[H"¢“(D,H) — (D,H"o"H]Qy"c"Q
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Method

CP transformation of operators
CP-odd operator

L 0,20 (£20) = 6, - 0,
I O, < O, = X
I Op S — Oy = Oy
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Method

Hilbert series for CP-odd operators

1
HCP_Odd({¢i}9D) — 5[H+({¢1}9D) D H_({¢z}9D)]

Singlets under

Lorentz
&
gauge
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Hilbert series for CP-odd operators

1
HCP_Odd({¢i}9D) — 5[H+({¢z}aD) D H_({¢z}9D)]
U
2(0,® 0), Oy, Oy

DO, P O, Oy
1




Method

Hilbert series for CP-violating operators

o 1
HEPVoRIe({ g}, D) = 5[H+({¢i}aD) — H"(1¢9;},D)]

Singlets under

Lorentz
&
gauge
&
U(I)B ) U(I)LZ
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Results

# CP-odd/violating operators

Mass dim. 5 0 7 3 9 10 11 12
CP-odd ops. 6 1422 | 771 | 22016 | 45228 | 1042942 1736133 37761366
CP-violating ops. 0 705 0 11777 0 437331 0 13891774
Time [s] 0.01 | 0.10 | O.15 | 0.50 2.86 9.14 24.10 326.21

* The numbers for dim 6 are consistent with previous results.
by R. Alonso et al. (2014)
by Q. Bonnefoy et al. (2022)

>
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# CP-odd/violating operators

Results

Mass dim. 5 0 7 3 9 10 11 12
CP-odd ops. 6 1422 | 771 | 22016 | 45228 | 1042942 1736133 37761366
CP-violating ops. 0 705 0 11777 0 437331 0 13891774
Time [s] 0.01 | 0.10 | O.15 | 0.50 2.86 9.14 24.10 326.21

. Dim 8: classification of H*W?*D?

> Remmen and Rodd (2020) claim that there are 3 CP-odd operators.

> Our Hilbert series tells that there are only 2.
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This i1s correct!
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Results

Dimension-6 CP-odd operators

HilbertCP =

+ G*3
W”3
15%e”™4
36%1"2%e”2
18174
36%d"2%e”2
36%d"2%1"2
18%xd"™4
36%ut2%xe”?2
36%unr2%1"2
81%u”2*xd*e
72%u”2%d”2
18%u”™4
81*qg*d*l*e
162%q*u*xl*xe
81*q*u*xd*xl
36%q*2%e”2
72%q*2%1"72
72%q*2%d”2
D4*q”2*u*e
162%q”2*%u*d
72%q*2%u”2
57%q*3*1

36*%q”4

Q%kh* lkexW
9%xh*l*xe*B
9%xh*q*d*G
Qxh*q*d*W
9%xh*q*d*B
9%xh*q*u*xG
Qkh*xqiku*xW
9*xh*q*u*xB
hA2%G"2
hA2%WA2
h”2%B*W
h”2%B"2
3xh"2%e”2%p
6xkh"2%172%p
3%h”2%d”2%p
Qxh”2%u*xd*p
3xh”*2%u”2%p
6kh”2%q”2%p
9%h”3%1*e
9%h”3%q*d
9xh”3%q*u

+ 4+ +++++++++ A+

+ 4+ 4+ ++++++++ A+
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Dimension-8 CP-odd operators

HilbertCP =

+

+ 4+ 4+ ++++++++++ A+

3*%G"4
3¥WA2%G"2
2404
2*%B*G"3
3%B"2%G"2
3%BA2%WH2
B4
3*%e”2xG"2%p
3*xe 2%W"2%p
3*%e”2xB"2%p
18%e 4*xph2
18%e”4%B
3%172%G"2%p
1512 2%W"2%p
18% 17 2%B*xWxp
3%172%B"2%p
72%172%e 2%p"2
81lx1"2%e”2%W
81%1"2%e”2%B
361 4%xph2
63% 1M 4xW
36*%1"4%B
18%d"2%G"2%p
3xd M 2%WA2%p
18%d”2%B*G*p
3%d"2%B"2%p
72%d"2%e”2%p"2
81lxd"2%e”2%xG
81lxd"2%e”2%xB
72%d"2%1"2%p"2
B81l%d"2%172%G
Blxd"2%1"2%W

+++++++++++++ 4+ S

81%d”2%1"2%B
36%d"4xph2
81xd"4%G

36%d 4B
18%u”2%G*2*p
3kUur2%WA2%p
18%u”2xB*G*p
3%u”r2%xB*2%p
72%u2%e”2%p"2
81l*xur2%xe”2x%G
81lxu”2xe”2%xB
72%ur2%172%p"2
B1l*xu”r2%1"2%G
Blkur2%1"2%W
81lxu”r2%1"2%B
108%u”2*d*xe*xp”2
243%u”2%d*e*G
135%u”2*d*e*B
144%u2%d"2%ph2
324%un2%d"2%G
162%u”2%xd”2%B
36%utbxkph2
81%u”4%G
36%u”4%B
162*%q*d*1*e*xp”2
162%q*d*1*e*G
162%q*d*1*e*xwW
162*qg*d*1*xe*B
243%q*u*lkexp”2
243%q*u*l*xexG
243%q*u*lkexW
243%q*u*l*xexB
162*%q*u*d*1l*p”2
324%q*u*xd*1*G
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++ 4+ +++++++++ A+

162%q*u*xd*1*wW
162*qg*u*xd*1*B
18%q*2%G"2%p
18%q” 2%WkG*p
15%q*2%WA2%p
18%q”2%B*G*p
18%q” 2%BxWkp
3%q"2%B"2%p
72%q 2%e2%p"2
81lxq”2*e”2%G
B1lxq”2%e”2%W
81xq”2%e”2%B
144%q"2%172%ph2
162%q"2%172%G
243%q2% 172N
162%q”2%1"2%B
144%q 2%d"2%pn2
324%q 2%d"2%6G
162%q"2%d"2%W
162%q”2%d”2%B
81*q”2%u*xexp”2
162%q*2*u*xe*G
B81xq”2%u*xexW
81*q”2*u*xe*B
243%q 2%u*xd*p”2
4LB86%q" 2*%u*xd*G
243%q" 2% ukxd*W
243%q"2*%u*xd*B
144%q"2%u”2%ph2
324%q”2%u”2%G
162%q 2%u”2%W
162%q”2%u”2%B
81%q”3%1%xp"2
162%q*3%1%G

+++++++++++++ 4+ S

162%q"2%u”2%W
162%q”2%u”2%B
81%q”3%1%p"2
162%q”3%1%G
135%q" 3% 1%W
81%q”3%1%*B
72%qM4*xph2
162%q" 4G
126%q™ 40
72%q"4%B
18%h*1*e*xG"2
27%h*1l*xexWxp”2
27%h*1*xexW"2
27%h*1%exBxp”2
27%h*1*xe*xB*xwW
18%h*1*e*xB"2
108*h*1*e”3%p
243%h*1"3%e*xp
243%h*d”2%1*e*p
243%h*u*xd*1l*e*xp
135%h*u*xd”2%1%p
243%h*u”2%1*e*xp
135%h*u”2*d*1*p
27%h*q*d*G*xp”2
45%h*q*d*G"2
27%h*q*d*Wxp”2
27%h*q*d*W*G
27%h*q*d*W"2
27%h*q*d*B*xp”2
27%h*q*d*B*G
27%h*q*d*B*xW
18*xh*q*d*B"2
243%h*q*d*e”2%p
486%h*q*d*1"2%p

++++++++FH+ A+

Results

243%h*q*d”3*%p
27%h*q*u*Gxp”2
45%h*q*u*xG”"2
27%h*q¥uxWxp”2
27%h*q*uxW*xG

27 *h*qkuxWh 2
27*h*q*u*B*xp”"2
27%h*q*u*B*G
27%h*q*u*xB*xW
18*xh*q*u*B"2
243%h*q*u*xe”2%p
486*h*q*u*x1”2%p
243%h*q*u*xd*e*xp
486%h*q*uxd”2*p
135%h*q*u”2*e*xp
486%h*q*u”2%xd*p
243%h*q*u”3*p
486*h*q”2%1*e*xp
243%h*q”2%d*1%p
243%h*q”2%u*1l*p
81xh*q”3%e*p
486%h*q”3*d*p
486%h*q”3*%u*p
hA2%GA2%p"2
hA2%G*3
2%h"2¥WA2%p2
hA2%WA3
3%h"2%B¥Wxp”2
hA2%B*kW"2
hA2xBA2%p"2
6xh”2%e”2%p"3
18%h”2%e”2%Wkp
18%h”2%e”2*B*p
15%h"2%xe”4
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+++++++++++ A+

12%h"2%1"2%p"3
S4%h"2% 1" 2%W%p
36%h”2%1"2%B*p
117%h"2%1"2%e"2
51%h"2%174
6%h"2%d"2%p"3
18%h”2%d”2%G*p
18%h”2%d”2%W*p
18%h”2%d”2%B*p
36h"2%d"2%e”2
72%h"2%d"2%1"2
18%h*2%xd"4
9xh”2%u*xd*p”3
18%h”2%u*xd*G*p
18%h” 2%u*xd*Wp
18%h”2%u*xd*B*p
B81lxh”2%u*xd*1"2
6%h"2%u”2%p"3
18%h”2%u”2%G*p
18%h”2%u”2%Wkp
18%h”2%u”2%B*p
36h"2%u”2%e”2
72%h"2%u”r2%1"2
81xh”2%u”2*d*e
72%h"2%u”2%d"2
18%h"2%u”4
324%h"2%q*d*1*e
27%h"2%q*d”2%1
4O05%h " 2*xq*u*l*xe
162%h”2%q*u*d*1l
27%h"*2%q*u”2%1
12%h"*2%q”2%p"3
36%h”2%q”2%G*p
54%h " 2%q” 2%W%p

+++++++++++++ A E++

36%h"2%xq”2%B*p
72%h"2%q”2%e”2
189%h"2%q”2%172
27%h"2%q”2*d*e
234%h"2%q”2%d"2
81xh”2xq”2*%u*e
486%h"2%q” 2%u*d
234%h"2%q”2%u”2
138%h"2%q”3%1
90*xh"2%xq*4
54%h”3%1*e*xp”2
18%h”3%1*xe*xW
9%h”3%1*e*B
54%h”3%q*d*p”2
9xh”3%q*d*G
18%h”3xq*d*W
9%xh”3%q*d*B
54%h”3%q*u*xp”2
9*xh " 3*xq*u*xG
18%h”3%q*u*xW
9xh”3%q*u*B
hA4xG"2
2%h ™ 4kWxph 2
2%h M G¥Wh 2
h*4*xBxp”™2
h™4%BxW

hA4%xB"2
3*kh*4xe”2%p
15%h*4%1"2%p
3xh”M4xd”2%p
9xh™4kuxd*p
3xh™4*u”2%p
15%h*4xq”2%p
9xh”"5%1%e
9%xh”5%q*d
9*xh”5%q*u
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Summary
* CPV is the key for BSM.

* We have developed an algorithm to classity SMEFT operators based on
their CP properties.

> Hilbert series technique
* Results
> Qur Hilbert series reproduced and corrected previous results.
> High-dimensional operators can be obtained in a few seconds.
* Our method can be easily applied to other EFTs.

> The FORM codes are now available!
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Back up
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Hilbert series

Hy = Jdﬂsom)(x)dﬂgauge(w HPE(¢1’D X, y)

P(D, x)

| N\
PE(¢. D. x,y) = exp [2 (£ 1)+~ (%) x(D" x",y">]

nl/ T \

+ 1 for bosonic / fermionic ¢»;  Dimension of ¢, Character of ¢,
(trace of representation)
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Hilbert series

y = [dﬂsom)(x)dﬂgauge(Y) HPE(¢1’D X, y)

P(D, x)
Pick up only singlets by orthogonality of characters
[dﬂ(x) )(;(X)ZR’(X) = ORp’

"gauge” = SU(3) X SU(2) X U(1) for SMEFT
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B up

Hilbert series for CP-odd operators

1
HCP_Odd({¢i}aD) = 5[H+({¢i},D) —H ({¢,;},D)]

H*({¢;}, D) = [dﬂsam)(x)dﬂgauge(}’) HPE(¢ D, x,y)

P(D X)

H_({¢z}aD) — jdﬂSp(Z)(jz)dﬂgfaugje(y) HPE (¢ D X, 57)

P—(D, x)




Back up

Hilbert series for CP-odd operators

H_({¢z}aD) — Jd/’tSpQ)(jZ)d//tgfaugje(y) HPE (¢ D,x,y)

P=(D, %)

The integrated groups are different from the original groups.

= “folding” of Dynkin diagrams
SO4) 5 Sp(2)

gauge 5 gauge = Sp(2) X SU(2)
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The operator H*W?D?

* According to Remmen and Rodd (2020),

ie VKD H ' DV HY WL WE + W WP

s CP-odd.

 However, this is CP-even:
. 1JK o INJ J UK ) vk
ic"" [ D'H" (c"); D"H (W, , W, + Wi W,7)

= ie"K[-9*H “(Gl)iigﬂHi] [W/}’p(_ W)+ (- Wiﬂ) W]

= + i /KD HT(c))] D H)W, WE? + W W)
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