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Lecture 5: SMEFT — Dimension-five and -seven Operators
Dim-5 operator
Dim-7 operators

Hilbert series: a powerful tool for counting operators
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Lecture 5: SMEFT — Dimension-five and -seven Operators

Difference between dim-6 and dim-5/7 operators

Caution at the very start:
Effective interactions of dim-5 and dim-7 may arise from UV physics
different from those of dim-6, because of different symmetry:

m dim-6 operators include B- and L-conserving ones plus B- and L-violating
but B—L conserving ones;
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Lecture 5: SMEFT — Dimension-five and -seven Operators

Difference between dim-6 and dim-5/7 operators

Caution at the very start:
Effective interactions of dim-5 and dim-7 may arise from UV physics
different from those of dim-6, because of different symmetry:

m dim-6 operators include B- and L-conserving ones plus B- and L-violating
but B—L conserving ones;

m dim-5 operator violates L but not B (without involving quarks);
[ ]
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Lecture 5: SMEFT — Dimension-five and -seven Operators

Difference between dim-6 and dim-5/7 operators

Caution at the very start:
Effective interactions of dim-5 and dim-7 may arise from UV physics
different from those of dim-6, because of different symmetry:

m dim-6 operators include B- and L-conserving ones plus B- and L-violating
but B—L conserving ones;
m dim-5 operator violates L but not B (without involving quarks);

m all dim-7 operators violate L; some conserve B (L=+2, B =0), and others
violate bothB andL (L=-B=+1).

SYS Univ, July 24-28, 2017 Page 6



Dim-5 operator

Outline

Dim-5 operator
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Dim-5 operator

Dim-5 operator

m Without counting flavors there is a unique dim-5 operator:

1 — . i,j,m,n: SU(2), indices
< = = g \Ccmn feliy. e L
Z Kot (Lm)= €™ Hal £H; +h.c. f,g : flavor indices

4 ®

@€ =cg" + yC = YT C charge conjugation,
cT=c'=—-c, c?=-1; k: complex and symmetric
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Dim-5 operator

Dim-5 operator

m Without counting flavors there is a unique dim-5 operator:

1 i i,j,m,n: SU(2), indices

¢ — - g \Cmn f iy, B ERLLY) L

= 7 or (Lm)= € HnLy €7H; + h.c. f,g : flavor indices @
@€ =cg" + yC = YT C charge conjugation,
cT=c'=—-c, c?=-1; k: complex and symmetric

® In unitary gauge, HT — (0,v +h)/v?2,

11 1 complex

19 _ -z 2 g)\C f — _—y2

25 42(v+h) Kgf (VI)CV' +h.c.=m, VK symmetric )

Difficult to detect hv interactions. Not much to do with % beyond m,.
[ ]
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Dim-5 operator

Dim-5 operator

m Without counting flavors there is a unique dim-5 operator:

1 5 i i,j,m,n: SU(2), indices

¢ — - g \Cmn f iy, B ERLLY) L

= 7 or (Lm)= € HnLy €7H; + h.c. f,g : flavor indices @
@€ =cg" + yC = YT C charge conjugation,
cT=c'=—-c, c?=-1; k: complex and symmetric

® In unitary gauge, HT — (0,v +h)/v?2,

11 1 complex

19 _ -z 2 g)\C f — _—y2

25 42(v+h) Kgf (VI)CV' +h.c.=m, VK symmetric )

Difficult to detect hv interactions. Not much to do with % beyond m,.

m E. Ma (1998): Three ways to realize . at tree level, corresponding
exactly to three standard seesaw mechanisms.
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Dim-5 operator

Dim-5 operator

m Without counting flavors there is a unique dim-5 operator:

— = i,j,m,n: SU(2), indices

1 .
19 _ = g \Cmn foiiy.
= 7 or (Lm)= € HnLy €7H; + h.c. f,g : flavor indices @
@€ =cg" + yC = YT C charge conjugation,
cT=c'=—-c, c?=-1; k: complex and symmetric
® In unitary gauge, HT — (0,v +h)/v?2,
11 1 complex
o _ - = 2 g)\C f — _—y2
25 42(v+h) Kgf (VI)CV' +h.c.=m, VK symmetric )

Difficult to detect hv interactions. Not much to do with % beyond m,.

m E. Ma (1998): Three ways to realize . at tree level, corresponding
exactly to three standard seesaw mechanisms.

B % isinduced at a high seesaw scale M, where some heavy particles are
integrated out. RG running should be included for low energy phys.
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Dim-5 operator

RG running of %5

Literature:

B PH. Chankowski and Z. Pluciennik, Renormalization group equations for seesaw neutrino
masses, Phys. Lett. B 316 (1993) 312 [hep-ph/9306333]
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Dim-5 operator

RG running of %5

Literature:

B PH. Chankowski and Z. Pluciennik, Renormalization group equations for seesaw neutrino
masses, Phys. Lett. B 316 (1993) 312 [hep-ph/9306333]

B K.S. Babu, C.N. Leung and J.T. Pantaleone, Renormalization of the neutrino mass operator,
Phys. Lett. B 319 (1993) 191 [hep-ph/9309223]
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Dim-5 operator

RG running of %5

Literature:

B PH. Chankowski and Z. Pluciennik, Renormalization group equations for seesaw neutrino
masses, Phys. Lett. B 316 (1993) 312 [hep-ph/9306333]

B K.S. Babu, C.N. Leung and J.T. Pantaleone, Renormalization of the neutrino mass operator,
Phys. Lett. B 319 (1993) 191 [hep-ph/9309223]

B S. Antusch, M. Drees, J. Kersten, M. Lindner and M. Ratz, Neutrino mass operator
renormalization revisited, Phys. Lett. B 519 (2001) 238 [hep-ph/0108005]
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Dim-5 operator

RG running of %5

Literature:

B PH. Chankowski and Z. Pluciennik, Renormalization group equations for seesaw neutrino
masses, Phys. Lett. B 316 (1993) 312 [hep-ph/9306333]

B K.S. Babu, C.N. Leung and J.T. Pantaleone, Renormalization of the neutrino mass operator,
Phys. Lett. B 319 (1993) 191 [hep-ph/9309223]

B S. Antusch, M. Drees, J. Kersten, M. Lindner and M. Ratz, Neutrino mass operator
renormalization revisited, Phys. Lett. B 519 (2001) 238 [hep-ph/0108005]

B S. Antusch, M. Drees, J. Kersten, M. Lindner and M. Ratz, Neutrino mass operator
renormalization in two Higgs doublet models and the MSSM, Phys. Lett. B 525 (2002) 130
[hep-ph/0110366]

SYS Univ, July 24-28, 2017 Page 15



Dim-5 operator

RG running of .%5: Sketch of calculation

k: symmetric matrix, not necessarily multiplicatively renormalizable.
We proceed a bit differently from what we did in Lecture 3.

m Consider % as given in bare quantities koare, Loare = Z"/°L, Hoare = Z,Y/?H:

1 S
S = Ze"‘”sJ'ZH(Lm)C(le/Z)TKbarele/zLjHnHi+h.c. @)

1 "
= K™ (Lm)C (K + 5K) LiHaH; +h.c., “
where z/? is a matrix in flavor space and s« is the c.t. defined by

Zu(Z1?) KpareZ 2 = (K + SK)UZ ®)
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Dim-5 operator

RG running of .%5: Sketch of calculation

k: symmetric matrix, not necessarily multiplicatively renormalizable.
We proceed a bit differently from what we did in Lecture 3.

m Consider % as given in bare quantities koare, Loare = Z"/°L, Hoare = Z,Y/?H:

1 S
S = Ze"‘”sJ'ZH(Lm)C(le/Z)TKbarele/zLjHnHi+h.c. @)

1 "

= ZH*e™e (Lm)C (K + OK) LiHaH; +h.c., “
where z/? is a matrix in flavor space and s« is the c.t. defined by
Zu(Z}) KoareZ)? = (K + 3K ®)

m Compute one-loop diagrams contributing to LLHH with one insertion of %
and any number of SM couplings.
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Dim-5 operator

RG running of .%5: Sketch of calculation
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Dim-5 operator

RG running of .%5: Sketch of calculation

m Determine c.t. by requiring it to cancel UV divergences in the above
diagrams. z,, z, are known in SM.
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Dim-5 operator

RG running of .%5: Sketch of calculation

m Determine c.t. by requiring it to cancel UV divergences in the above

diagrams. z,, z, are known in SM.
m Denote for simplicity z/? = A.
dKpare
du

dz dAT dA
u T;AT KbareA+Zp H W KbareA + Zn AT Kbare M @

d
=0— u@eq.(S):

_ [, 9K, dox 2
= ud“—i-u du +2e(k+0K)| u (6)

dinzy dAT 1+ ;1 dA
ay (K+5K)+[JW(A )" (K4 0K)A+ (K + OK)A u@

dk dok
*H@*’HW‘FZE(K‘F&() ]

= u
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Dim-5 operator

RG running of .%5: Sketch of calculation

m Denote renormalization of SM couplings collectively by

2forg=A
= Ngé =
9o =ZggH®", N { 1 for gauge/Yukawa couplings ®)
dgy _ dinZgy highest power €', lowest order in g
Mo = 0= By =—Ngeg — 4 du 9 highest power £, higher order in g ©)
|
|
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Dim-5 operator

RG running of .%5: Sketch of calculation

m Denote renormalization of SM couplings collectively by

2forg=A
= Ngé =
90 = ZgQH™", N { 1 for gauge/Yukawa couplings ®
dgy _ dinZgy highest power €', lowest order in g
Mo = 0= By =—Ngeg — 4 du 9 highest power £, higher order in g ©)
m Consider eq.(7). The highest power in ¢ on Ihs is 0, thus
Be = “S_Z — 26k +0(c9) (10)

This is as expected. It also has the following implications.
[ |
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Dim-5 operator

RG running of .%5: Sketch of calculation

m Denote renormalization of SM couplings collectively by

- Nae [ 2forg=A
90 = ZgQH™®", Mg = { 1 for gauge/Yukawa couplings ®)
dgy _ dinZgy highest power €', lowest order in g
Mo = 0= By =—Ngeg — 4 du 9 highest power £, higher order in g ©)
m Consider eq.(7). The highest power in ¢ on Ihs is 0, thus
Be = 9K — ek 0(e) (10)
du
This is as expected. It also has the following implications.
B Denote 6k = kyr(cg)pr With g = A,(g1.23,Y5)?.
dok dk d(cg) d(cg)
“W =H d[ir (c9)pr + Kpr dupr = [—ZEKpr'i'O(EO)] (c9)pr + Kpr U lepr (11)
dok dg ddk dok
= —+2£5K] = [ ——} = {—n £ —} 12
{udu o 2 Mg o= 2™ 12
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Dim-5 operator

RG running of .%5: Sketch of calculation

m g functions have a well-defined limit as ¢ — 0.
I'll not show cancellation of the pole terms in «.
[ |
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Dim-5 operator

RG running of .%5: Sketch of calculation

m g functions have a well-defined limit as ¢ — 0.
I'll not show cancellation of the pole terms in «.
m Writing A~1+ 16z, and z, =1+ 5z, the result at one loop is

dInZHK+ £K+K d—A = lim B« + —Ng & —déK
H du ’Jd[J ud[.l 0 £-0 “ % 90 dg .o

. B dézy  dok 1 (déz] doz,
= Jmﬁk—é{(”ﬁg’{ g Kdg+2( d 4 )|y, @
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Dim-5 operator

RG running of .%5: Sketch of calculation

m g functions have a well-defined limit as ¢ — 0.
I'll not show cancellation of the pole terms in «.
m Writing A~1+ 16z, and z, =1+ 5z, the result at one loop is

{ dInZHK+ £K+K d_A}
H du udu udu £0

. dok

. B dézy  dok 1 (déz] doz,
= Jmﬁk—é{(”ﬁg’{ g Kdg+2( d 4 )|y, @

m The final result is

3
@n?pe = -3 [K(YBYJ) T (YeYHT K] +2Ak —3g2k

+2tr (3YJ Yy +3Y]vg +vd Ye> K (14)
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Dim-7 operators

Outline

Dim-7 operators

SYS Univ, July 24-28, 2017 Page 27



Dim-7 operators

Basis of dim-7 operators

m Literature:
L. Lehman, Extending SMEFT with complete set of dim-7 operators, PRD 90 (2014) 125023

Y. Liao and X.-D. Ma, RGEn of dim-7 baryon- and lepton-number-violating operators, JHEP
11 (2016) 043
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Dim-7 operators

Basis of dim-7 operators

m Literature:
L. Lehman, Extending SMEFT with complete set of dim-7 operators, PRD 90 (2014) 125023

Y. Liao and X.-D. Ma, RGEn of dim-7 baryon- and lepton-number-violating operators, JHEP
11 (2016) 043

m Itis important to use a basis of operators that is complete and
independent —

e complete: consistency of perturbation theory, requirement of
renormalizability in EFT
e independent: correct connection with S matrix
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Dim-7 operators

Basis of dim-7 operators

m Literature:
L. Lehman, Extending SMEFT with complete set of dim-7 operators, PRD 90 (2014) 125023

Y. Liao and X.-D. Ma, RGEn of dim-7 baryon- and lepton-number-violating operators, JHEP
11 (2016) 043

m Itis important to use a basis of operators that is complete and
independent —

e complete: consistency of perturbation theory, requirement of
renormalizability in EFT

e independent: correct connection with S matrix

e Both are required by making correct phenomenological conclusion

m Choices of bases are not unique but there are not many either. It depends
usually on convenience.
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Dim-7 operators

Basis of dim-7 operators

m Itis a hard job to find a correct basis:

Completeness relatively easier, but redundancy difficult to remove.
By redundant operators in 4 we mean those that can be removed by

any of the following methods:

algebraic relations: for reps of Lorentz and gauge groups, including Fierz identities
integration by parts: total derivative yields zero in perturbation theory
equations of motion: equivalent to field redefinition without changing S matrix
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Dim-7 operators

Basis of dim-7 operators

m Itis a hard job to find a correct basis:
Completeness relatively easier, but redundancy difficult to remove.
By redundant operators in 4 we mean those that can be removed by
any of the following methods:
algebraic relations: for reps of Lorentz and gauge groups, including Fierz identities
integration by parts: total derivative yields zero in perturbation theory
equations of motion: equivalent to field redefinition without changing S matrix

m Most difficult is to make judicious use of algebraic identities.

Nontrivial Fierz identities can be built upon
Y. Liao and J. Y. Liu, Generalized Fierz Identities and Applications to Spin-3/2 Particles, Eur.
Phys. J. Plus 127, 121 (2012) [arXiv:1206.5141 [hep-ph]]. non-contracted

J. F. Nieves and P. B. Pal, Generalized Fierz identities, Am. J. Phys. 72, 1100 (2004)
[hep-ph/0306087]. involving charge-conjugation
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Dim-7 operators

Algebraic relations

m Relations for fundamental reps of gauge group:

SU@) (T ) = 3 dndink — 3 8cdm, T' = 20" (Paul) (15)

Ej€mn = Emé&n — EméEin,

&ij Omn = gian - gjmdnv

SUB)  (TA)a(TA)ed = %@dacb - %@bacd, TA = %)\A Gel-Mann) (A7)

Schouten identities{ (16)
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Dim-7 operators

Algebraic relations

m Relations for fundamental reps of gauge group:

1 1 1 .
SU(2) (Tl)jk (Tl)mn = 5‘%n5mk - ZQk‘Smm T'= EUI (Pauli) (15)
. & €mn = Em&in — Eim&i
Schouten identities{ 17" T SImTn - Emn, 16
{ Sijdnnzfian*Ejmdm (16)

SUB)  (TA)a(TA)ed = %@dacb - %@bacd, TA = %)\A Gel-Mann) (A7)

m |dentities for fermion fields
Notation for charge conjugation of chiral fields:

WEp=(WLR)® = WEg = (WLr)'C, Vg = (W(R)° (18)

All following identities are equally valid with L « R.
Identities for fermion field bilinears involving charge conjugation:

even

Vi vy = Vgt pepsg o { BB o)
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Dim-7 operators

Algebraic relations

(VY War) (WaL YuWw Var) = 8[(W1L Wor)(WaLVar) + (W1l War)(WaLVar)],  (20)
(WY Var) (WL Vo Y War) = —8(W1LWar) (W3 War) (21)
(WY Var) (War VW WaL) = 4(W1 Wor)(War WaL) (22)
(Vi 'Y WoRr) (War W yuVar) = 4(W1 War)(WarWVay) (23)
(VW ) (Ve Wa) = (Wi V¥ Wa ) (WaLyu Wa), (24)
(Wi MW ) (WaLyuWa) = 2(W W5 )(WS WaL). (25)

(WL MWL) (War Y War) = —2(W1LVar)(War VoL ) (26)
(‘VlLV“‘UzL)(‘V V4R) = (‘VlL‘VSR)(‘VZLVu‘VztR) (‘VlL‘V4R)(‘V2LVu‘|’3R) (27)

(W1 WoR) (W 3LV”‘V4R) = (v 1LVu‘|’3L)(‘|’4R‘|’2R) (W1 WaR) (W 3LVu‘V2R) (28)
(\I’_lRV”\UzR)(W Vur) = —(Wir Vu‘VaR)("’ V4r) - (V1R VuW4R)(W§RW3F€39)
(\UlL\UZR)(\UgR\UMR) —(‘VlL‘VSR)(‘V rVY2Rr) — (‘V1L‘|’4R)(‘V rV2r) (30)
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Dim-7 operators

Gauge fields:
DG, = g3 Y VTApv
v=Q,u,d
D'W), = g2 3 WT'yVigH'T' D H,
v=0Q.L
DBy = O Yy yu ¥ +igrYeHT D 4H. 31)
V=q,u,d,Le
Matter and nggs fields:
D?H = p?H-A(H'H)H-e"QYu—-dY Q-&Y/L,
iPQ = YuuH +YgdH,
iDL = YeeH,
ipu = YJA'Q,
ibd = YJH'Q,
iDe YIHTL. (32)
Most useful for reducmg dim-7 operators are, in explicit indices,
|y*“DHLt = (Yo)weuH', (33)

SYS Univ, July 24-28, 2017 Page 36



Dim-7 operators

Summary of dim-7 operators

w2H4 LIJZHSD
[ O | &&m(CLMHH"HTH) | Gienp | &&mn(L'Cyue)HIHMIDFH"
LIJ2H2D2 wZHZX
Otvp1 | &j€mn(L'CDHLU)H™(D,H") OimB & &mn (L' Ci oy L™ )HIHTBHY
Olpz | &m&n(L'CDHFL)H™(DLH") OLhw & (T'&)mn (L'Ciguy LM)HIH"W Y
lIJ4D lIJ4H
O3uLLbp &j(dyuu)(L'CIDHLY) = &j&mn(EL")(L'CLM)H"
OLqadp (LyuQ)(dCiDHd) O3LqQLH1 &j€mn (dL')(Q/CL™)H"
OsdddD (Eyud)(dCiDHd) N Eimsjn(gL_l)(QJCLm_)Hn
OdLuen &(dL')(uCe)H!
ﬁQuLLH sij(pu)(LCL'lHJ
Ot quari (Ld)(uCd)H
OLddar (Ld)(dCd)H_
/jéQddH Slj(_éQl)(dCd_)l—JJ_
Ly0oi &j(Ld)(QCQ")H!
redundant operators
Lo | a@wuEca™p) [ i | (LiD#d)(QCyud) |
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Dim-7 operators

Summary of dim-7 operators

Comments:

m Not count flavors and Hermitian conjugates:

12 (+ 13) B-conserving + 6 («+ 7) B-violating operators;

but ¢ (Q")(dcd)A! and (Ld)(dcd)H vanish for one generation.
m Last two operators

Features:
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Dim-7 operators

Summary of dim-7 operators

Comments:

m Not count flavors and Hermitian conjugates:

12 (+ 13) B-conserving + 6 («+ 7) B-violating operators;

but ¢ (Q")(dcd)A! and (Ld)(dcd)H vanish for one generation.
m Last two operators are redundant.
[

Features:
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Dim-7 operators

Summary of dim-7 operators

Comments:

m Not count flavors and Hermitian conjugates:
12 (+ 13) B-conserving + 6 («+ 7) B-violating operators;
but ¢ (Q")(dcd)A! and (Ld)(dcd)H vanish for one generation.

m Last two operators are redundant.
m % Operators to be multiplied by Wilson coeff. containing flavor indices.

Features:
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Dim-7 operators

Summary of dim-7 operators

Comments:

m Not count flavors and Hermitian conjugates:
12 (+ 13) B-conserving + 6 («+ 7) B-violating operators;
but ¢ (Q")(dcd)A! and (Ld)(dcd)H vanish for one generation.

m Last two operators are redundant.
m % Operators to be multiplied by Wilson coeff. containing flavor indices.

Features:
m All dim-7 operators involve leptons and violate lepton number.
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Dim-7 operators

Summary of dim-7 operators

Comments:

m Not count flavors and Hermitian conjugates:
12 (+ 13) B-conserving + 6 («+ 7) B-violating operators;
but ¢ (Q")(dcd)A! and (Ld)(dcd)H vanish for one generation.

m Last two operators are redundant.
m % Operators to be multiplied by Wilson coeff. containing flavor indices.

Features:
m All dim-7 operators involve leptons and violate lepton number.
m Most involve H except for three. Rare processes challenging to detect.
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Dim-7 operators

Summary of dim-7 operators

Comments:

m Not count flavors and Hermitian conjugates:
12 (+ 13) B-conserving + 6 («+ 7) B-violating operators;
but ¢ (Q")(dcd)A! and (Ld)(dcd)H vanish for one generation.

m Last two operators are redundant.
m % Operators to be multiplied by Wilson coeff. containing flavor indices.

Features:
m All dim-7 operators involve leptons and violate lepton number.
m Most involve H except for three. Rare processes challenging to detect.

m Unique dim-7 operator ¢, for neutrino mass. Actually unique to all
dimensions: ¢s(HTH)" Liao (2010).
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Dim-7 operators

Demonstration of operator reduction by easy examples

Example 1
A seemingly independent operator is

gi(L'Cyue)(dyHu)H! = g;(LE yue)(dyHu)H!
(25)

2g;(dL;)(uCe) = 2&;(dL")(UCe)H = 2075 e (35)
Example 2
Redundancy of ¢{>"":
O = g(dpyuun)(LLCO*DLY) oMV =iy —ighY
= g(dpyuur)(LsCy#y¥iDyL)) — & (dp yuur )(LLCIDHLY)
(Ve @oyuur)(LiCylen)Hi - 08
35

psru prst
2(Ye)u TG en ~ YduLLo (36)
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Dim-7 operators

RGEs for 6 operators with s=-1=1

They are closed under 1-loop renormalization since other 12
operators have B =0,L = 1.

Z1=3Cioi+he, (37)
|
where we use shortcuts for 6 operators and Wilson coefficients:
C=cP . 01 = 6P - = €apotij(Lipdar ) (Ups Cdot)H}
Co= Cﬁézth 02 = ﬁfézth €apo O (Lipdm)(stCdat)HJ”
Ca=Clogaii 3= Ohougii = ~€apodi(€pQiar)(dpsClo)H;,
Ca=Cloon  4=Olpon = ~Eapoddj(Lipdar)(QipsCQiot)H;
Cs = cf'QS;dD Os = ﬁ[’gng = €40 0 (Lip Vi Qjar ) (dps CiDE pdpt ),
Ce= Cécrj?jth Os = @’-Lffdo = €apo (EpYudar ) (dps CiDGpdpt)- (38)

We study one-loop RGE of 6 B-violating operators:

: dcg; &
Ci= 16772de =3 %G (39)
TR
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Dim-7 operators

RGEs for 6 operators with s=-1=1

dimensional regularization, MS
general R, , gauge
representative graphs:

L

(H1) (H2)
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Dim-7 operators

RGEs for 6 operators with s = -

We get
é;l)rst 4 (74(3% _ %95 _ %9% +WH>CErst B %g%cftsr _ g(YeYJ)vaXrSt
+30Y Y VS 30y TV ) O™V 27 Yu s € - 2 T u s (Cg"” v e r)
+4(Ye)pv (Yu )wscgwrt *2<(Yu Jvs (Yg wt +S H‘)Q’:NW - % (11(.1% +24Q§) (Yu )vscg‘m
+% (13[‘]% +489§) (Yu )"ch‘m - S(Yd )W(YJYU )WSCEWW
=30u)vs (Y] Yghut CB™ —r 1) + g(ve)p\,(ygyu JwsCYr
cpret +(-4d3 - %g% - gg% + Wy )CBrt 4 g(YeYJ)pV cyrst

st vt
+2(( Vg B + (v Y s B + (Y Vg cE™)
1 t rvt T SVt T tvr
’ZK(Yqu)VSC? +(Yqu)vrC§ +(Yqu)ngf >7s<—>t}
12 _6a2 vst 1 2 vrt 3 it VSW
+{[(§(91*693)(Yd)vrcg *Zgl(Yd)vng ’Z(Yd)VT(Yde)wlcg >+r<—>t}754—>t}

+%(Ye)pv{[g§ (Cgrst tr Hs) + % <(YJYd Dt (Cgrsw tr Hs) +(YJYd )wngtSWﬂ —s<—>1}‘
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Dim-7 operators

RGEs for 6 operators with s = -

- prst
C3

- prst
Ca

SYS Univ, July 24

2

9 prst
3%

+

~ag3 - 292+ o2 ywy )k
+ Ye Ye)pvcvm + *(YuYT‘rYdYT)vGCVSt +3(YTYd )vscprvl -(Yq )wr(Yd )vst ) —S¢r l}
= 5O [ (VD CY™S + 20 Js CEM -+ (YD C4™ +32CES +3(Y Vg g CFSY ) —s 6]
(9% +1203)(Y, T) v [(Cg"s' +Cgsv' +Cgs“’> —s <—>t}

- {[(YTYd Jus (Y D (ngw —r e V> Y Y ws (Y (Cg“’w +2cg"‘w>} —s Hl}‘

15 19 rst rts st
0§ - o8- hof +wyy )l —303Ch™ +3(v] vy el

1
2
e
4
3
7
1 + t t rvs
—5(YeYd)py (4cyS —cst) + (20vu Yt — (Vg Yg ) C§

2 (50 vs + (v Y s ) CEM 4 2 (80 Yt —~30¥u Yt )oY
=g wr (O Dus ™ +r g™ ) = (v s (YD (@)™ +ePM) +s 1)

1 3

~2(Ye)pu (Vg s CY™" — £ (@7 - 2403)(Y Dt (CB™ 1 6 v) = 5 (Ye Y pu (Y hws Y™

3
+ 2 AV (Y G v o)+ 2 ((u¥Dus (Yt +5 0 1) ™

N\w N\w

3 (Yedpy (Y s (Yt (G -+ CY 4w,
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Dim-7 operators

RGEs for 6 operators with s=-1=1

- prst prst 12 pns 1 T vrst t t pvst
cP ( gl——gg) -(39- gg) +5 (YeYd)pvCl™+ 2 (YuY +YgYarch
rvt rsv VSW

O IV us CBM + (7 d Yl OB — (Y Dar (Y )us CBY™ + (g )i ")

~(Ye)pu (Y (S 4 Y4 Yot
- prst cprst 2 o 4 o cprts psrt pstr ptrs. ptsr
Ce (27914r 65)cE™ - (Gof - 598) (C8™ +ep™ g™ g Hcg)

(YTY ) cyrst (YTY ) CPVSI (YTY ) Cpl'Vl YTY cPrsv oyt v cvwst

eYe)pvCq dvr dYd)vs +( d)Vl (Ye)pv (Yg)wr Cg
where

Wiy = Tr@Y Yy +3Y ] Vg +YdYe)
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Dim-7 operators

Phenomenological implications: an illustration

B = —L=1: rare nucleon decays, e.g., p— vt (vKt,e-mtmt), n—e mt, ...

Not attempt a complete analysis, which requires a sequence of EFT
from electroweak scale to nucleon mass scale.

But illustrate potential impact of RGE.

. p111 p111
Low energy: H —v/v2, D0, 0only &f .. 2 relevant.

u
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Dim-7 operators

Phenomenological implications: an illustration

Ignore quark mixing, drop all Yukawa couplings except for the top.
RGEs are decoupled (a; = g2/(4m) (i =1,2,3), ay = Y2/(4m)):

d _puz 1 57 p1ll
HapClawn = ap |\ 30937 4%~ 50 +80 ) Cry gy (40)
d _p111 B 1 27 19 pl1l
HapClooer = 2\ g % 0 t3 Crgen (D)

From M ~ 10® GeV(GUT) tO p ~ mp ~ 1 GeV.

az(mp) 12/%8 Tap(My) 9/(8B2) T o (Mz) 57/(24B1)

= | G| ey OGN 2
ag(mp) 127%8 [ ap(My) 27/(8B2) 1 o (Mz) 19/(241)

o= 285 ) ] et oo
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Dim-7 operators

Phenomenological implications: an illustration

19 41
B3_77 /32—* Bl_fﬁ

a1(Mz ) = 0.0169225+0.0000039, a,(My ) = 0.033735 -+ 0.000020,

=
CRLlL(Mp) = (2.034)(1.158)(1.262)(0.787)CE " (M) = 2.34CP - (M) (44)
CPM (mp) = (2.034)(1.551)(1.081)(0.787)CPML (M) =2.68CPM (M) (45)

LdQQHA LdQQHA LdQQHA
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Hilbert series: a powerful tool for counting operators

Outline

Hilbert series: a powerful tool for counting operators
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Hilbert series: a powerful tool for counting operators

Hilbert series

skipped for limited time.
All references can be traced back from latest work by Murayama’s

group:

B. Henning, et al, Operator bases, S-matrices, and their partition functions,
arXiv:1706.08520

B. Henning, et al, 2, 84, 30, 993, ...: Higher dimensional operators in SMEFT,
arXiv:1512.03433
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