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Background
e Physics beyond the Standard Model (BSM)

» Dark matter, neutrino masses, baryon asymmetry, and ...

» The BSM at UV scales
= the Standard Model Effective Field Theory (SMEFT)

e CP Violation by the BSM > CP violation by the SM
» Measurement of CPV is very sensitive!

» Neutron electric dipole moment, K° — K° mixing, and ...

= We need to know which operators violate CP in SMEFT.
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How does our research contribute to new physics?

1. Systematically list all operators violating CP. <— Our work!

= ldentify parameters that independently contribute to CPV.

parameter space

2. Restrict each parameter by measuring CPV.

experimental
bounds

3. Put the above restrictions on BSM models.

region forbidden
by IR consistency

[Remmen and Rodd, 2020]
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Method Hilbert series

Hilbert series
 Hilbert series: a series composed of singlets under given group(s)

» Applied to construct EFT operators [Henning et al., 2017]
1
Hy({¢:}, D) = /d/ﬁsou)(@/dﬂgauge(y)m1:[2(@,77,9579)
* The coeffecients represent the number of independent operators

(modulo EOM and IBP)

» e.g.) the Hilbert series for the SMEFT
Hy(SMEFT) > 2HH'QQ'D
= i[H'(D,H) — (D, H"H|Qo"Q,
i[H'o*(D,H) — (D, H")o"H]Qy"0"Q
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Method The property of general charge conjugation
.

Charge conjugation C for N-dimentional fundamental rep. of a com-
pact Lie group G should be
1. linear
2. unitary
3. C? = €1
4. CgCl € G for Vg € G
5. ¢ — C*¢l = ot 5 O
Lo +1 (N: odd)
+1 (N: even)
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+ 0t — 0T
H¢E<io)—>CA <_¢¢+T)EH;—>CA (_io)

The transf. of singltes are not affected by the choice of Cg and C4

—H;

H'H=H'H, — 3 HH"=+H'H
H'H = ¢TH/H; —“ JI(~H)H = +H'H
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Method Implementing CP into the Hilbert series

Listing CPV operators by the Hilbert series

The Hilbert series for CP-even/odd operators:

HCP-even/odd({¢i}’ D) — [H+({¢Z}, D) + Hi({¢z}7 D)]

N | —

o H"({¢;},D): Singlets under Lorentz and gauge transf.
D 20 (for O % O = (CP)0O), O (for O = +01)

e H ({¢;},D): Singlets under Lorentz, gauge, and CP transf.
D 40 (for O = +01)

= [CPeven/odd enymerates O + OF and i(O — OF), respectively.
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Method ~ Implementing CP into the Hilbert series

The Hilbert series with CP

The formulae for listing CP-even and odd operators

HOP<=o4({6,}, D) = Z[H*({6:},D) = H ({6}, D)),
where
H*(9:3.0) = [ dusor(@) [ demesv) 5= ] 261229,
H(0.0) = [ dhsoer(@) [ dngaei) 5= [1 2700 D.2.5).
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Method Removing CP phases by rephasing

Removing CP phases by rephasing

The definition of “CP-violating operators”

Add one SMEFT operator O to the SM Lagrangian Lg);.
If the CP phase of O cannot be removed by rephasing while keeping
the CP phases in Lg); fixed, O is a CP-violating operator.

U(1) symmetries that keep dckm, Oqcp, and Oyeak(= 0) invariant:
U)p-r, U(L)L,~1,, and U(1)1,-L,.
e CP-violating operators are invariant under these U(1).

e They can be obtained just by adding the three U(1) to H*.

9/12
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The number of CP-odd and CP-violating operators

Mass dimension H 5 ‘ 6 ‘ 7 ‘ 8 ‘ 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 | 0.15| 0.50 2.86 9.14 24.10 326.21
e Dim 6:

705 CPV oerators = 6 (only bosonic) 4+ 699 (including fermions)
» Consistent with previous results by hand [Bonnefoy et al., 2021]

e Dim 8: Classification of H*W?D?
» Remmen and Rodd (2020) claims that there are three CP-odd operators.

» Our Hilbert series tells that there are only two. < This is correct!

Risshin Okabe (Kavli IPMU) Counting CPV Operators in the SMEFT 6 Dec 2022 10/12



Results CP-odd opertors at D = 6

CP-odd opertors at D =6

HOPodd = 31%e? + 9dPe* + 9dP1* + 18d" 4 u’e® + Iu’l* + T2u*d” +
18u* 4 27qdle + 54qule + 9g?e® + 18¢21% + 72¢d* + 162¢°ud +
72¢%u? + 36¢* + G3 4+ W3 + 9hGqd + 9hGqu + 3hWle + 9hWqd +
9hW qu + 3hBle + 9hBqd + 9hBqu + 3h*Dd? + 9h*Dud + 3h*Du? +
6h’Dqg* + h*G? + h>W? + h2BW + h?>B? + 3h3le + 9h’qd + 9h3qu

— contribute to the neutron EDM
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Results CP-odd opertors at D

HOP=w _ ;D222 . 15D2d?e? 4 15D?d?1? 1 56D d* 1 15D*ule? + 15D u?l? + 1D uld? + :6D?u’ + saD?gdle + D qule + 18D*ge? + 36D q21? + 14D q?d? +

203D? q*ud + 144D q* u? + 2D q* 121G d*e? + 271G d?1? 151G d* + 21Gu’e? 1 271G u?l? 1 320G u?d? 1 s1Gu’ 1 5aGqdle +s1Gqule + 271G g’ e? +50G q* 1% +320G q*d? + 186G g’ ud +
324G > u® +162G q* +18G2Dd? +18G* Du’ +18G* D@ + 3G + 1sWI2e? + oW I 420 W d2 12 + 27 W P12 4 5aW gdle + siW qule + 27 W g2 €2 + saW ¢* 1% + 162 W ¢* d? + 28W g*ud +
162W q?u? +126W g* +1sW GD@? 4 sW2DI? 1 sW2Dd? 1 sW2Du? + 15W2Dg? +sW2G? 12 W* 1 3Be* 115Bl2%e? 1 6Bl* + 27Bd%e? + 21 Bd?1? 4+ 56 Bd* + 27 Bu?e? + 21 Bu?l? +
162Bu?d? + s.sBu® + saBgdle + ssBqule + 271Bg”e® + 5:Bq*1? + 162Bg*d? + 213Bq*ud + 162Bg*u” + 2Bq* + sBGDd”? + s BGDu”? + sBGDg* + :BG® + e« BWDI? +
1sBWDgq® +3B2Dd? + sB*Du® +3B*Dq? +3B*G? + sB*W? + B' + 21h Dle® + 5shDl’e + sthDd?le + shDudle + sthDu?le + sthDqde? + 162chDqdl? + 2:sh Dqd® +
sthDque? + 16zh Dqul® + ssshDgqud® + ssshDgu’d + 2ashDqu® + 162h Dg’le + 1sshDg’d + asshDg’u + 2rthGD?qd + :7thGD?*qu + cshG?le + 1shG?qd + 1shG?qu +
oshWD?le + 2thWD?qd + 2rthW D?qu + 2thW Gqd + 2rh W Gqu + shW?le + 2thW?qd + 2thW?qu + sh BD?le + :vth BD?qd + 2rh BD?qu + 2rh BGqd + 2rh BGqu +
ohBWle+2th BW qd +2rh BW qu +shB?le + 1sh B?qd + 1sh B*qu +15h*1?e? + sh?1* 1 oh?d?e? 1 1sh?d?1? + 1sh?d* 1 orh?udl? +oh?u?e? +1sh2u?l? 4 2h2u?d? 4 1sh2u® ¢
wsh?qdle + 13sh?qule + 1sh?q?e? + sah®q*1? + 233h?q*d? + ssch®q*ud + 2sh? ¢*u? + o0h?q* + 6h*D*d? 1 oh*D%ud + ch>*D*u? + 12h* D * + 1sh* GDd? + 1sh* GDud +
18h?GDu? +36h?GDq? + h2G?*D? + h2G? +sh*W De? +1sh?W D12 + 1sh* W Dd? + 1sh> W Dud +1sh* W Du? +5ah? W Dq? + 2:h? W2 D? L R2W? +6h? BDe? + 12h? BDI? +
1sh? BDd? + 1sh> BDud + 1sh> BDu? + ssh> BDg? + sh? BWD? + h2BW? + h? B>D? + 1sh®D?le + 5ah®*D?qd + 5:h*D?qu + oh®*Gqd + oh*Gqu + sh* Wle + 1sh* W qd +

1sh*W qu +3h® Ble +oh® Bqd +9oh® Bqu +3h* DI + sh* Dd? 1oh* Dud +3sh* Du® + 1sh* Dq? + h*G? +2h*WD? 1 2h*W? 1 " BD? + h* BW + h*B? 13h°le +9h®qd +9h” qu
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CP violation is the key for BSM.

| have introduced an algorithm for systematic classification of the
SMEFT operators based on their CP properties.

» By the Hilbert series techniques.

» Also considered the rephasing redundancies.

e Results
» We succeeded in reproducing and correcting an error of previous studies’
results.
» Higher-dimensional operators can be obtained in a few minutes.
[

Our method can be applied to other EFTs
such as QCD EFT or the SMEFT w/ gravity.
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e Integrand Z

Z(¢i, D, x,y) = exp

Z :tl n+1 (Z;bg ) XZ<Dn’xn’yn)]

The coefficient of ¢ for boson (fermion)
— (Anti-)symmetric product of character y;

® The factor P removes the IBP redundancy
1

P(D,z) =

(1 —Dx1)(1 — DoY) (1 — Dxy)(1 — Dy ')
e Pick up only singlets by orthogonality of characters

/ Ap() Xa(@)xr (@) = Orm
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o We use ¢ = ¢ @ ¢' to calculate the Hilbert series H*.

» eg) H>H, H', H+ H!, H - H ...
e The operator O in terms of ¢

> eg) Unthatnts 3 UlUlst, Grvdilvs, vidsdlyl, -
e H¥ counts independent operators in O

HEP=(S01) 5 26 BV DD

= ie! /(D' H D H) (W, WEr + W, Wk,
(D*H'DMHYW! Wir
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H*W?*D?
e Remmen and Rodd (2020) claims that
i (DrH oD H) (W, WEe + W wikr)
is CP odd.

e |n fact, this is CP even:

i KD HT (o) DY H (W, WS+ W W)

s i TR DV HT (o) DI H W (- WEP) + (— W YW
= +ie /KD HT (o) DY Hy (W] WE? + W WE?)
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