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Convention

SM field content: H,Q,L,u,d,e, B, W\, G

Symmetry: Poincare ® Gauge = T3 x SOL(1,3)® SU(3)c ® SU(2). ® U(1)y
The SM Lagrangian:

Loy =— ZG{jyc“*‘” — 7W’ wh — %B#,,B‘” + (D, H) (D" H) + AV (H'H)
“MHTHY? + Z Vipy — [QYUUFI + QYydH + LYeeH + h.c.]

v=Q,L,u,d,e

A and [: the adjoint indices of the SU(3)¢ and SU(2). group;
Yy, Y4, Ye: the Yukawa couplings in flavor space;

Hi = eH?, D=0, —igsT G} —igxT'W,, — ig1 YB,,,

TA, T', Y: the generator matrices appropriate for the fields to be acted on.



From SM to SMEFT

» SMEFT is the one which extends the SM by including higher
dimensional operators with SM field contents and admits that
the NP scale A is on top of electroweak scale.

1 D ~D
L=Lsm+ rpa > cPo;
D>5

Wilson coefficients C,-D encode the contribution from unknown
NP.

» SMEFT is powerful because it is model-independent.

» For a given specific model, the operator coefficients can easily
be matched by integrating out the heavy degrees of freedom.



From SM to SMEFT

» The complete basis of higher dimensional operators have been
determined up to dim-7.

» Dim-5: 1 — neutrino mass operator — unique in dim-D(odd):
oP. = [(LTEH)C(LTeH)T](HTH) +he.

» Dim-6: 59 + 4(B : AB — AL =0)
e Higgs physics dominated by dim-6 operators: Higgs
production at LHC gg — h and decay h — vy, h = ~Z, ...
e Proton decay with AB — AL =0.
. ..

» Dim-7: 12+ 6(B : AB — AL = 2)
e Exotic proton decay with AB — AL = 2, etc.



Basis for dim-7 operators

P2H* + h.c. Y2H3D + h.c.
[ O | ejemn(LCL"YHH (HTH) [ Operp €ij€mn(L'Cyue)HTH™iDFH"
?H?’D? fhc. ?H?X + hc.
Ormp1 | €ijemn(LICDFLYH™(DH™) | Oppg ejemn(L'Copw LY HIH? BHY
Orrp2 | €imejn(L' COHYH™ (D, H™) €ij(er!)mn(L Copy L") HI H" W'Y
3D + h.c. Y*H + h.c.
OgutLp €jj(dyuu)(L' CiD* L) OctiLH ejemn(ELT)(L CL™)H"
Ot Qadp (Ly.Q)(dCiD"d) OarqLt eijemn(dL’)(Q CLT)H"
Ozdddp (&vud)(dCiD*d) OgroLm2 €imejn(dL)(Q CLT)H"
Odtuet ei(dL)(uCe)H’
QuLLH 50(9“)(LCL')~HJ
Ot yudii (Ld)(uCd)A
OLddr (Ld)'(dCd)HN'
Ozquaii €j(eQ')(dCd)H
Oragoi €j(Ld)(QCQ)H
0P | eildwuu)tCa D) | Oy (LiD*d)(QCyud)

13(B) + 7(B) given by [L. Lehman:1410.4193].
Dim-7 Majorana neutrino mass operator;
Baryon number violating operators with AB = —AL =1,
Redundant operators.




Proof for redundancies: EoMs + Fierz identities

& EoMs from SM Lagrangian L4
iPL = Y.eH
iBd = YIH'Q
@& Feriz identities for charge conjugated fields

(W1 CyuWor)(Wary" Wag) = 2(W3rWi,)(WirCWaR)
(V19 W) (WsrCWaR) = (W1 W3r)(Wor CyuWar) + (Wi War)(War CyuVsr)

where the notation W€ = CWUT is used in actual calcution, and the charge
conjugated field is defined by (WCx) = WCy with (W€)¢ = W, where the
matrix C satisfies the relations CT = CT = —C and €% = —1.

& Linear dependent operators

(2)prst psru__ mryprst
OJuLLD = 2 Ye)“’od'l_ueH Od_uLLD
prst _ pstr _ T ptsu
OZdeD - OZQddD (Yd )”‘O[dQQFI



Number of independent operators with flavor indices added

Class Operator [Yi Liao:1607.07309]-Direct counting [H. Murayama:1512.03433]-Hilbert series
ng 1 3 ng 1 3
w2 H* [ Lne(ne +1) 1 6 Tne(ne +1) 1 6
w2 H3D O eHD n? 1 9 n? 1 9
&) Tne(ne +1 1 6
Y2 H?D? oi:gl H:En; N 1; L 6 ne(ne +1) 2 12
2 2
o Ine(ng —1 0 3
Y2H2X OL"’B anelng = 1) 1 . Lne(3ns — 1) 1 12
LHW nf
OsLLLH %"?(2'1% +1) 1 57
O n 1 81
" dLQLH1 3 1,2(1a2
H 4 zn7(14ns + 1 5 381
v OdrqLh2 i 1 81 377 (14n7 + 1)
Ol ueH n£ 1 81
. OQuLLH — ne 1 81 —
vo YduLp 31,3 7,11f(3nf +131)2 : > 3T 4 jlffgnf +131)2 ! s
Total: B T ne+ 50f ZL 3 nF +onf 11 474 §Nf + 50 + F 0§+ nf 11 474
O n 1 81
4 OedUdH L1n2( ‘_ 1) 0 24 120172
B: ¢*H LdddH %"g nF §nF(17nf — 3nf — 2) 2 213
OéQddFl énf(nfl —1) 0 27
O5 £ n 1 81
LdQQA [
o Ind(ns +1) 1 54 1 2,2
B: ¢*D OLQddD 1 22( 4 3 2 L 0 ¢ ne(4ng + 6nf +2) 2 84
&dddD g M(ng +3nf +
Total:B Tnf + 1nd 4 297 Tnf+ Ind 4 207
Total: B+ B 15 15

Table: Comparison of operator counting: direct counting vs Hilbert series.




1-loop RGE of dim-7 operators

» RGE preserves the operator symmetry, e.g. /B operators do
not mix with B-conserving operators.

» RG running of six dim-7 both [ and B operators: all
correction calculated.

» RG running of twelve dim-7 [ but B-conserving operators:
part of them finished.

» Operator mixing is ubiquitous among different classes.

> Interesting cancellation takes place between different
diagrams.

» The rich and non-trivial flavor mixing.



1-loop RGE of dim-7 operators

Dimensional regularizaton + MS scheme +
28, = 2. d G = C
1671'5;—167’('(]—” ;—Zj:’}/,’jj

» Calculate the S-function or the anomalous dimension matrix
is boiling down to determine the counterterm.

» Extracting counterterm by computing the generated
amplitude with an insertion of dim-7 operator at 1-loop order.

» Also needing to include field strength renormalization
constants.

» ¢ independent as a check for the calculation.

» Promote flavor symmetry as an another check.



1-loop RGE of six dim-7 both [ and B operators(part)

. 9, 17 10 3
o o=+ <—4g§ -8 EghWH) ™ = et =3

3 Ya)urCP™ + (Y] Y)Y + 2(X] Y )osCF™ = 2(Y] Y )os (C3 +v 65 7)

( Y, YT )pvcvrsl

1
HA(Ee) (Vs € = 2((us (a5 0 1) O™ — = (1163 +2483) (Y™
1 3
+g (1382 +48g3) (¥a)wsCE" — 5 Waw (Y] Ya)wsCE™
_ T porw _ 3 + yriw
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Cgm _ +( 4g3 _ Zgl’ _ 12 2 +WH)Cprst +2 (Yeyf)pvcvm
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+
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e
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Renormalize dim-7 neutrino mass operator

. N v
- > - - - > <« -Xx6 - > -x8 7 -« - x6 « -X2 - > Ak < -Xx6
/ /
AN m RN PN AN \ J

/

—
™ ) ®) “6)
X/f.xs Me N s
/ / )
s
(7 (8) (9)
/\/((7) =0, M(8) + ./\/1(9) = finite
And the B-function is
d 3 15 3
1672 ud—CLH = (40 +4Y - g - Zgd)Cll - [(Ye D Clly + p — r] T

where ... stands for contributions from all other 11 [ but B-conserving operators.
Comparing it with dim-5 neutrino mass operator[S. Antusch et al:0108005]

d .3
167rud Clr = (4r+2Y —3g2)CP — 7[(YEYJ)VPC5"+p—>r]

Y=Tr [3(Yj Yu) +3(Y) Ya) + (V4 Ye)]



Operator mixing

Example: From class W*H to W4H, W2H* and W2H%X
Consider the following diagrams with an insertion of the operator

OsLiLLH

>

—
>
>
>

Z diagrams L’HD?’H + O ux
x [2H* + W*H + [2H?*X

EoM: D2H = Av2H — 2A(HTH)H — e T QY ju — dY4Q — &Y.l



Structure of y-matrix

Based on nonrenormalization theorem|[C. Cheung:1505.01844], one
can understand the structure of anomalous dimension matrix ;;.
First define the holomorphic and anti-holomorphic weights of an
operator O by

w(0) = n(O) — h(O), &(O) = n(O) + h(O)

n(O): the minimal number of fields the operator O generates;
h(O): the total helicity of the operator O.
And the SM field weights are as follows:

SM " fields” D, H v X X v
weights (2,5)_(0,0) (LD) (1,3 (0.2) (2,0) (3.3)
Left-handed and right-handed fermion fields: W and V;
Dual field strength tensor: X, = %GWWXP”




Structure of y-matrix

The nonrenormalization theorem dictates that an operator O; can
only be renormalized by an operator O; if w; > w; and @; > @;,
and absent of non-holomorphic Yukawa couplings.

weights (3,5 (3,5) (3,7) (46) (46) (57)
2

)
weights VZHZD?Z  wy3D  WIHZX  WZHRD  WwiIH  wZHt

Yij
(3,5) W?H?D? IV 0

(3,5) ww3p Vv 0

v
v
(3,7) WZHZX v v
(4,6) WZH3D v/ By
(4,6) WWiH v vV By

0
0
0
0
0
v

<<l ]o|o|e
< << S ol

(5,7) W2H? v

<

0: vanishing due to nonrenormalization theorem

@y: nonvanishing due to nonholomorphic Yukawa coupling y

V/: surviving pieces



Proton decay with AL=—-AB =1

Consider the dominant operator relating with proton decay after symmetry

breaking,
or - = v(PpPrd)(uCPrd)
Oﬁgoﬁ = —v(7,Prd)(uCP.d)
u
-
o u d
d

v

Figure: p — v with AL=—-AB =1

Their Wilson coefficients decouple when we only keep gauge and top-Yukawa

couplings,
d o 1 9 57 plll
MCE LdudH _E[_40‘3 - ZOQ - ﬁoq + 3at]c[dudl:l
d 1 27 19 .
MTM CEdQQI:I *E[74CM3 — TOQ — Eal + 3at]CZdQQFI

where o = g;2/47r and ay = yt2/47r.



Proton decay with AL=—-AB =1

Estimating the coefficients from GUT scale(M 10'®GeV) to proton
mass scale(mp 1GeV), The overall RGE running results are

CEML(mp) = (2.034)(1.158)(1.262)(0.787) CEXLL (M)
=2.34CE1 (M),

CEUTL - (my) = (2.034)(1.551)(1.081)(0.787) CZLLL (M)
= 2.68C2 00 4(M),
@3, &, &,

They receive an enhancement factor of about 2.



Summary

» Basis of dim-7 operator determined: 12 + 6(8).

» 1-loop RGE of six dim-7 both [ and B operators
calculated.

» 1-loop RGE of twelve dim-7 [ but B-conserving operators
calculated in part.

» The structure of anomalous dimensional matrix-vy
determined.

» Proton exotic decay with AB — AL = 2 discussed.



