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Dimension-3 Operators

+ Why?



Dimension-3 Operators

Aren’t there already

a lot of dimension-6
operators?




Dimension-6

Lepton universality vi€
(charged-current)




Standard Model Effective Field Theory

+ QOperator counting program has been hugely successful
+ Now need actual (higher d) bases of operators for physics applications
* Non-trivial task due to:

+ large number of operators

* presence of derivatives and repeated fields



F.quations of Motion

* Avoid EOM redundancy by keeping only
highest weight Lorentz reps. - Lehman,
Martin 1503.07537
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EOM + Integration by Parts

+ Method based on Hays, Martin, Sanz, Setford 1808.00442

+ Example: le, H, B, field content w/ 2 derivatives



EOM + IBP

+ Example: [, e, H, B; field content w/ 2 derivatives

r1 = (D['—)(z.(('z,(") ed(DH)b'bB((‘d)6(1.?6()(16('1(1'6(‘(.).

+ 4 non-EOM-reducible candidate ops., x;_,4 vy = :(De), gy (DH), Blogy et
€r3 = (D['—)a.(('z(") (De)b.('bd')HB((,(I)(‘.a(‘(‘_dedbE(z(i,
Ty = ['—('?6(1'(D2H)(ab).((',b) B((ﬁd) 6(1.(‘.6(')(1661.(?6b(1’
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EOM + IBP

+ Example: [, e, H, B field content w/ 2 derivatives
_ ( ) (aé) (DH) . B ((1)6(1('61)(1 ('1,(1.. ("b
+ 4 non-EOM-reducible candidate ops., x;_, ry = I;

Tr3 = (Dl_) (4¢) (De) )HB(((I)GG(deGabG(d

+ 3 independent IBP constraints, Dy,;_; = vy = loe (D*H), )(.-)B((,(,)ef"'e“f’ef"'ebf’,
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EOM + IBP

+ Example: [, e, H, B, field content w/ 2 derivatives

+ 4 non-EOM-reducible candidate ops., x;_,4
+ 3 independent IBP constraints, Dy, _; =

+ Keep only 4 — 3 = 1 combination of x;_,

Ll = (D[—)a (ae¢)€ (DH) B ((1)6(1 Ebd (1(1 (b
l
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Repeated Fields & Flavor Representations

+ Method based on Fonseca 1907.12584

+ Example field content: g°[B

(this example by CM)



Repeated Fields & Flavor Reps.

Field(s) qqq [ By,
Group — S5 S1 S1
ermutation group of m objects, S, -
gauge\ i
SU(2)L ( o ) ®
X X
Lorentz » SU(2)¢ ( ®| | | ) R |®

12,1} is 2d rep. of S5 - only 1 non-redundant op.




Repeated Fields & Flavor Reps.

Field(s) qqq [ By, ¢l B
Group
SU(3),
+ Multiply rows together to
get valid operator U

contractions

SU(2)




Repeated Fields & Flavor Reps.

Field(s) qqq [ By, ¢l B
Group
SU(3).
+ Multiply rows together to
get valid operator U
contractions
SU(2)

enforce Bose or Fermi sym. > Grassmann




Repeated Field & Flavor Reps.

+ Multiply rows together to
get valid operator
contractions

* Multiply columns
together to get flavor
representations

Field(s)

Group

SU(3).

SU(2)L

SU(2)¢

Grassmann

Flavor

|
D

|
D

vanishes when there is only

1 generation of g

—_——



Lagrangian terms

s 4-electron operator: Qlfil = (e;y"ep(ey,er)

associated “Lagrangian term”: AZ = Z C ee Q ee

* prst  prst
D,tsS,t

flavor indices

= What should be included in the sum?...



Lagrangian terms

+ ...A choice for your convenience. Physics is independent of this choice
1. Minimum number of Lagrangian terms

+ CM JHEP 10 (2020) 174, 2005.00059

+ analogous to Warsaw basis
2. One Lagrangian term per flavor representation

+ Li, Ren, Shu, Xiao, Yu, Zheng 2005.00008

+ Atd = 6 would have 100 real LTs instead of 84



T'he resultis 17 pages long...
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Table 13. The dimension-eight operators in the SMEFT of class 19 with field content (LL)(RR)X. QWepe | @12 Dva) A, 74 Do)

The subscripts p, 7. ¢ are weak-eigenstate indices. Table 15. The baryon number violating dimension-eight operators of class-19. All of the operators
have Hermitian conjugates. The subscripts p,,s,{ are weak-cigenstate indices. Operators below

the dashed line vanish when there is only one generation of fermions.

-20- ~30- 31

Table 18. Most of the dimension-cight operators in the SMEFT of class-21, which are further
divided into subclasses according to their chiral properties. See Table 10 for the remaining class-21
operators. Operators with + h.c. have Hermitian conjugates. The subscripts p,r, s, are weak-
pr— -_— cigenstate indices.
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Low-Energy Kl below the Electroweak Scale

+ Contains SM particles w/ masses parametrically smaller than EW scale
+ Gauge group: QCD x QED
+ Correct low-energy theory even when SMEFT is not the high-energy EFT

- d) A(d
* Zrprr = Zocp + ZoEp T Zd>4 ZiLi( )



Dimension-8 Operators in LEFT

+ Four classes of d = 8 LEFT operators: X 1/12X2D, 56 l//4D2

+ all present in SMEFT!

+ Makes constructing a d = 8 LEFT basis mostly straightforward...



Dimension-8 Operators in LEFT

+ ...new types of 4-fermion ops. appear w/o SU(2), gauge invariance

v
i = O AL — 1 AlL=4
* Ny =21144 [, 0+ +4336 | 5 A8 {0
e with A =2, = —7 = 3
n— pe i e G Ovdf

CM - JHEP 04 (2021) 101 - 2012.13291 (counting for arbitrary n,, , ., in paper)
Li, Ren, Xiao, Yu, Zheng - 2012.09188 (also includes d = 9)



Result only 16 pages long this time...

B Dimension-8 Operator Basis

B1 Xx*
Xt
o (GLL,GH)(GLLG™)
og! (GGG )
ogl (GAL,GB) (G GP)
og) (GA,GA)(GEGP)
ogl (GL,GP)(GR G

OR | dABEICPE (G, GBI (GE,GPP7)
O | arPEACPE (G, G (G, GPe)

of) | aApEaoPE (G, Iy Gg, G0

5
o (B F#)(Fy F2)
o) (B F) (B FP)
o (EF) (Epe FP7)
Oy | (R, G (GE G
OF, | (R, G (GE Go)
Oy | dMPCELC)(CEE)
Oy | dO(ELG)(GILEO)

(oo, (FuP) (G, G47)

(= (FuF)(G,GA%)

0, (B G GA77)

O (FuG)(Fpa GA°)

Oy (FuP™)(G,G4)

O (Fu )G GA)

[ (P GAu¥) (P G49%)

Table 5. The dimension-cight operators in the LEFT whose field content is entirely gauge field

strengths.
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oLy (P vee) @R T4 dr) Gy oL (@1 T g, ) (A2 d ) Gl
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OZER | (mrarern)(drr?TAur)Gly +he.  OGED JABC (a7 T us) (AT dr) GS,
oY (e o) (@R T ure) Gy 050 | aPC @y T ur) (AR T  d)GE,
(ecpenr) (@R T un) G O%ER | VP (' T ur,) A TP R G,
(@5 s ) @Enerend) Gl R @y Tz e un )G
(O TAuennten)Gly  ORED (AT Ad ) i) Gy
(eLpr*err)(dpa?T ) Gy OELR ey dur) @RV T up:) Gl
(ers7ers) (AP TAdR) Gy oLy (i) (@R T un) Gl
[ (dpy" T dur) (erar®dr) Gy OED | PPy T ) (T um) G,
ORED | @ Thdur)(Eratdr)Gly OEED | POy T ) (AT Pu)G,
o™ (157" w1, ) (e TAuRe) Gl OLEY | aMOLy TAdy,) (aney TP ur)GE,
oELm (11p7 ) (07 T um )Gy OBEY | aABO(dpy T dry) (arer TP un ) GS,
OSER | @y T s, ) apar un) Gy OLED | (o ur,)(n T dR) Gy + e
ofiEm (1257 TAusr) (re " ure)Gly o (depuer) (@R TAdR) Gy + i
OSE"™ | 14 T urr)aner TPur)GE, O (e T usr) @Ry dr) Gy + e
OFED | AP (g TAu, ) e TPup) G5, O T (5" TAug,) (@1 dpe) G + he.
OUE™ | By T ur,)(ara P TPur)GE, Oty | 145C (s T usr) (Ure TP dg) GG, + hic.
OSE™ | AP (@ T ur,) ane? TPur)GE, Ol | 14PC @y T urs) arar T ) GE, + .
O™ | (i) TAd) Gy O | 4480 (T ) s T dp) G, + e
ogEm (depder)(drey?TAdpe) Gy O | By T ure) (ans? TP dre) G, + hec.
oFE” (AT A dur)(drsy"d ) Gy
o (dep?"T4dur)(drrPdre) Gy
OFE™ | FABC( @y T4 d) (TR dR)GE,
O™ | APy Ty ) A T )G,
OGER | 4ABC(d, At T Ay, ) (dpar TR dr )G,
ORE™ | APy T 4dr) (AT P d )G
Table 10. The baryon and lepton number conserving operators of class /X involving a glion field
strength where one fermion bilinear has left-handed chiral projectors and the other has right-handed
chiral projectors. Operators with h.c. have distinct Hermitian conjugates. The subscripts p,r, s, ¢
are weak-cigenstate indices
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B5 AB=0,AL#0
AL =2: $juRX +he. AL=2:9}X1+he.
oL 5O (erarter) Py OSSR (], Cenr) (ERao ) Fup
OGS | vWhCvir)arso T ur)Gl,  OZIR | (TN, Cul,) (araeo™ v )Gy
oL | vhomd e our)Fy  OZI) | W,Cun) oty
0% | Wl,Cven) ot T ARG, OZEE | (TMAW],Cdg, ) draso™ i) Gy
0GR | (O dn)Fyy  OGED | 0 Cdur) (a0 v Py
Ok | VLV er) B Thus)Gly  OStid | W, Ceur) a0 T us,) Gy
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O | Whever) @t Thur)Gly Ol | hCerd)(dnaur)Fup
O | WhyCeun) e Trur)Gly  OULR | WE,Co™ewr)(dnsusd) Fup
O | WhyCorer) @ T un)Gl, ORI DS
O |, CrentudFs OGS |y Cotun enen
OB | WlOver) @ u )y OZED | W,CoMu) @t )G,
Ol | WOV drrurdFuy  OFED | WF,Comovu) (@m0
Ol | WhOven)dnatur)Fuy  O%EG | WE,CoMu)dnTAdu)G,
O | WhCer) o un)Fyy  ORE (v],Co"w ) (dpsd) Fp
06T | (T Comrer @
Ol | (whyOo v Crsen) P
O | (7, Comoure)(arT Yun) Gl
O%ER | whCo" v @sun) Fup
OLED | W],Co"vn)(dTAdr)Gl,
OB | (0], Comoury)(dredre) Fup
AL PEXL + b,

Oy | W, Cvin) (], Comov ) Fy

Table 16. The dimension-8 LEFT operators of class ¢*X with AB = 0 and AL # 0. All of
the operators in this table have distinet Hermitian conjugates. The subscripts p,, 5, are weak-
cigenstate indices. Operators below the (double) dashed Tines vanish when there is only one (or
two) generation(s) of neutrinos.

B.2 ¢2Xx2D

Table 6. The baryon and lepton number conserving operators of class ¥2X2D with left-handed
chiral projectors in the fermion bilincar. The subseripts p, r are weak-cigenstate indices.
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Table 11. The baryon and lepton number conserving operators of class $/*X involving a photon
field strength where one fermion bilinear has left-handed chiral projectors and the other has right-
handed chiral projectors. Operators with h.c. have distinct Hermitian conjugates. The subscripts
p.7.8,1 are weak-eigenstate indices.
C16-
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(1 By ) (Fp G + 2, G
(s BAdur) (R — Proige)
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s)
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Table 17. The dimension-8 LEFT operators of class $4D? with AB = 0, AL # 2. All of
the operators in this table have distinct Hermitian conjugates. The subscripts p,r, ¢ are weak-
eigenstate indices. Operators below the dashed lines vanish when there is only one generation of

neutrinos.
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Table 7. The baryon and lepton number conserving operators of class XD with right-handed
chiral projectors in the fermion bilinear. The subscripts p,  are weak-cigenstate indices.
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Table 12. The baryon and lepton number conserving operators of class ¥*X and subclass U§X p.
All of the operators in this table have distinct Hermitian conjugates. The subscripts p,r. s,t are
weak-cigenstate indices. Operators below the dashed lines vanish when there is only one generation
of formions.
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B.6 AB#0,AL#0

AB=AL=1:43y}D* +he.

AB=AL=1:94D?+ he.
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Operators below the dashed lines vanish when there is only one generation of fermions.
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Table 8. The baryon and lepton number conserving operators of class *X where both fermion
bilinears involve left-handed chiral projectors. Operators with h.c. have distinct Hermitian conju-
gates. The subscripts p,, s, t are weak-cigenstate indiccs. Operators below the dashed lines vanish
when there is only one generation of fermions.

13-

AB = AL = 1: 439} X; +he.

aB

AL

¥EXg +he

O | (TViesm WE,Cag )@ Coreui )G, OLED

o Ovunc

Ol | @ )ieosn WL, ] Coru)Gly O
O | TN conWT,Cug )W Comdp)Gl, O
Ot | T eom W, Comoag, @RI CuR)GY,  ONT

Opuiid | T Viann WE,CoMd, ) (Wi CukIGly O}

i

O | TN eans whyCorout, N L CaR)GY, O

) (5 CoPif o
0, ) CovP ) Py oliid
ComPd,) ] Cuk o ol

Ol | Ticsm (e, Cuf )i Codn)Gly OG5

0% | T easn L, Cut B Camdy )Gy OGTT

oG (oK
Ofuird X
Opiint [GX
)
)
ol | (@),
)
(T4);
(2
)
(T4
@
()5
[OX
(eFe
e
(
(
(el

Table 19. The dimen:
in this table have dis

(T4) sy (e Co*Pdy, ) (uf ] Cu,
(T )3 casr (eF, Co*d) (s Cik, G,

10Uz, )@ Co Pu )y

(e Cou T Cu

W, Comu IO Fay

Lp
-

(T4)3csm (e C )0y Comody, )Gy O
O | ()eas (ehyCu) ] Comdl )G, OSSR
[

s
2

" 7iGh oSt
fiass €Tyl ot )G, LG
"
i
2
3

o Oevrar

can (e, 0z, ) (WL Corou )OS, O

o Ocuar

(1 Vtas (ehyCo™ e )7, Cu )Gl

(T 4YScass(eF, Co*out,) s Cuk) Gy

o
Gl
Cito

)
)G

Cul )03 M) Py

(ehy i) (] O, i

)
(eL,Cd, ) (i, Coeul ) Frp
)

Fup

e

(ehpCor ) (uf} Cul ) Fup

(€], Comds, )iy Cuk )Py

@

@
(L
o

(@

)i
)

(T4} casy W], O, )T Carou], )G,

(T eass (vf, Cu, ) 7] Ot d )Gy

Ly

(T4)3caps(eL,Cuy) (7 Comoul, )Gy

(A, Cug )AL O )y

5, Cus, ) Covedy ) Fyy

(TA)3cass(ehyCu,)(uf Corod )G,

JSeass (hpCufe) (s Comd )Gy

(T Vs (eF, Cg, ) i Comoui )G
)

feass (€L, C, ) (uy Cotu )Gy

ey (ehy Ol ) (o Co¥*1i, )

B o
3 cass(ehCilf ) (4 O i )G
) Cord ) Fup
(ehyCtfr s CaM )
(efCd,)(uy Covi) )Fp

(chyCdfy) (45, O i) Py

(ef,Cufy

ion-8 LEFT operators of class y4X with AB = AL = 1. All of the operators
‘he subseripts e indices.

et Hermit ey

Operators below the dashed lines vanish when there is only one generation of fermions.

Con-

(LL)(RR)D* (LL)(RR)D*
ol DP(evyerr) Dylensuens) ol DP () Dyl ysune)
O | @ Dre)ennDoen)  OZED (@57 D) e B pume)
OER | DrmvDyenopen)  OSED | Do, T Au) D, (aney T un)
0% o o enn Doen)  OSED | (0 TA Do) (0, T D )
[ DA ver) Dy(ansypun:) e DP(drpydie) Dy(dpsede)
OZE. | ot Bovs) e Boun)  ORED (A BPaur) s D pns)
OLEm, DO (02,7 ver) Dy(drsvudre) oG DH(dpy 7T Adre) Dy (d ey T4 dpe)
O | G Do dnn, Boan) 0G| (@ TP A, AT )
OBED: | DrlesvernDniuun)  OLE: DP(a151# 1) Dy le)
OZER | (et Drer)aneu Boun)  OZED, (arpy* Brury) (dreys B pdie)
oL DP(uspuse) Dplersuens) O%ED: DO (07 T4 Dpldperu T Adre)
02D | (@ Bruse)enon Bpen)  O%EE, | (a2 BPuse) @rensT 2B )
OLER | Dlesen)Dyldrdn)  ORE: DP(dyy1d1) Dyl
O | (@ Brenn)dnn Do) OEE, s Do) o, B i)
OLED, D(dyy P dy) DyplEnsiuens) OZED. DP(dpy T dr) DyliipeyuT4upe)
02D, | (@up Brdun)enon B o) (@A Bodur) (0 TAD )
OLER. | DP(org"ern)DpldnsrPum) +he. Ot D (A1 urr) Dy(ansyudne) + hec.
O | (s Trew) ey D) + e, Ol | (dur? Donsr) e T ) + e

Ot | DA T4 us)Dy(anerT 4 dm) + hc.
Ot | (@ TA Bous, e TAD ) + e

(LR)(RL)D? + h.c.

5%
ez

Ofiite
oL
0%
Ofiite

(2.55)
Lt

D01y Do)
(725 Bene)dns Bpuze)
D*(erpenr) Du(@Rsure)
(e1p Dren) m Bue)
DH(erperr) Duldradre)
(@1 B en)dne B dre)
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19—

(RR)(RR)X (RR)(RR)X
OLE™ | (@ ure) @ Thun)Gl,  ORE (@ uer) (drer T di) G
OGED | (g une)ireTAur) Gl OZRR (unpr*ure) (AR T dre) Gy
OLED | (@mdn)dnTAdr Gy OZER | @ny T un) A dn) Gy
OB | (A dpe) (A TAdR) G, OGRR (anpy" T (s 1P )Gy
O | (Erenn) @R T ur)Cly  OREE | FA5C(ary T ure) i TP dr)GE,
OGRE | Emens) @R T un)Gly  OZRE | FABC (@ T Aup,) (T dp) GG,
OLEN | (erprhens) (nrarPun:) Fup RD | dABC (appy T Aune) (AR TEdRe)GE,
O%EY | Emrten)@rarur)Fy  ONEE | ¢ (arn T uns) TP dr) G
0D | (erenn)(dr T dm) Gy OEY (ury* ) (AP Fap
OGED | (erpere) (@R TAdR)G,  OZER (anyy " une) (AR’ dre) Fup
OLay | e en )@ dn) Py OGER | (@ T une) @k TAdR) By
OZED | (emprten)drrdn)Fyp  OWER | (0mpy T um)(drsrTAd) Fop
O™ | (emtend)EratendFy  ONEY (@R une) (@R ) Fup
OF | Emten)EnnrerFuy  OGET (" une) (@R ) P
[ (drp*drr)(drar®dre) Fup
O (dry*dpr) (A dpe) Frp
(LR)(RL)X + h.c. (LR)(RL)X + h.c.
O | uverr)drso*TAur)Gly  OBTR | (eupene) (unse uso)Fip
Ofyuidy | (a0 e )dnT u)Cly  ORER | (eupo™ene) @nausc)Fip
OLIR | (per)@nso™ur) Py OXT0 | (Evpene)(dnso™TAdy,)G,

Ofeuid | (Pepo*Pens) (drste)Fap

(1.5T)
o

OLED | (erpoPens) (ansTus) G,

wealk-eigenstate indices.

-

: VIR XL + he

(Erpenre)@rso T ur ) Gl

o

UL | @uprPere)(drsTd1)Gl,

O | (upere)drsodri) By
OUTD | (epoens) (dnsduo) Fup

Table 9. The baryon and lepton number conserving operators of class %X and subelass U2 ¥4
imvolving a scalar and a tensor fermion bilinear or where both fermion bilinears involve right-handed
chiral projectors. Operators with +h.c. have distinct Hermitian conjugates. Operators below the
dashed lnes vanish when there is only one generation of fermions. The subscripts p.r,s,t are

AB=-AL=1:4}Xr +he.

(T)iaps ey ) (7 CoMay )G O
(%) casr(Empo )y, Ch)Gly O,
() e (epo* ") @11 CAL)GEy

(I*)cas(Empdy) iy Co™ iy )Gy

et

e

Casr(Enp,) (AR, Co*Pd )

NG Cy)Eyy
sy (R, ) (0] Ol ) Fop
Capr(Ery0 i) (7] O} Frp

—AL=1:¢jv}D? +h.

s

(I4)hesm Groe) (0 Coul )Gy Ol
(T)easn (o) (07 O )Gy O
(T*)6asn Pyt ) (7, oM )Gy Ol
(TA)3 o (50, )@ CUL )G, O
(T")itas (P05, )] CULIG, Ol
() eoss @upo ™ ) E CALIG, Ol
(VBRI CO L)y Ol
Copn (DL (&I COM L) Fyy Ok
D DAL AL P ¥

o

o

AB

()i O (U Com )Gl
(T Yo (0t (A O™ )Gy

(T Yo (0™, ) (s Cl )Gy

Ca (Vi) (@5, O P dp, )

Casy (Prptfy) (A CoPPul ) Fop

(Y oy ) A CoPrd )Gy
(TYacapy (enpy, 7] ComPdL )G,

€ Erpdfy) (s CoMPdR ) Frp

& a3,)(d7, Co2d, )F,

e

(T cascuntl AL CoP )y

(1) easy Enp, (475 CoMPdL )G,

—AL

1:44D% +he.

O

cop( DU Dudi) 1 Cu.)  Of

Cay (Dt Dyl )7 Co¥u) O]

€opy (DuPrp Dy, ) i) Coved) O,

e
o (Dutus Do) (@1 Cod) O
capy(Duzmy Dy ) (A o) O p

(D0, Dyt a1 L)
Casy (D eupDud, ) 011 C,)
€om (D4erp Dyd) (i Cdf,)

usi:

ousin:

<o (D01 D) (d; Coie)

Capy (D01, Dy, ) (A, Cdh)

€apy (Dubrs Doty )(dfps CoMPuly)

casn( D21y Dudfy ), )

Cay(DAemp Dy, ) (@71 Cd})

Table 20. The dimension-8 LEFT operators with AB = —AL = 1. All of the operators in
this table have distinct Hermitian conjugates. The subscripts p,7, s, are weak-eigenstate indices.

Operators below the dashed lines vanish when there is only one generation of fermions.
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L.EF lovers

Matching from SMEFT to LEFT at d = 8 is rich

Contact interactions, W/ Z exchange to 2nd order, Yukawa suppressed
Higgs exchange, double-dipole insertions, triple-gauge insertions

LEFT has its own positivity bounds

Assuming SMEFT is the correct UV EFT, is there additional info here?



Selection Rules

+ Alonso, Jenkins, Manohar 1409.0868

+ Cheung, Shen 1505.01844

* Operators can mix “up” or to the “right,”
but not “down” or to the “left”

6 Xz X%H2, * HS H°
Xp*H,
Uk
4 HYD?. 02 H3
Y H?D,
2 19
e h”
2 XpH?,
XR/(/_)ZHa
)3
0 X3
0 2 4 §

color coding indicates “tree/loop mixing”



d = 8 Selection Rules

+ Operators can mix “up” or to the “right,”
but not “down” or to the “left”

+ “Tree/loop mixing” is common atd = 8 -
Craig, Jiang, Li, Sutherland 2001.00017
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CM - JHEP 10 (2020) 174 - 2005.00059



Application: Double Higgs Boson Production

+ Is there a simple UV model that enhances the double Higgs boson
production rate that’s not already ruled out?

+ Extended scalar sectors are leading candidates

+ SU(2); singlets, triplets, quartets



Matching: Dimension-6 Operators

single Higgs production

\

AV

double Higgs production

/

EWPD (T parameter)

Model CH Ce A\SM cT C
f
Real Singlet w/ explicit %o tan” o tan” o (Aa — ™2 tan «) 0 0
Real Singlet w/ spontaneous Xg tan” o 0 0 0
- D | . 2 . 2 K | . 2 E |
8sin“ 8 m 4sin® B m° 4sin“ Bm 4sin“ 8 m
: | HT H+ | HT | HT
Real Trlplet m‘%, m ;, m ;1 m‘i{
. D 4 o . 4 . 2 4
: 4sin“ 8 m 8sin“ £ m® 4sin“ Bm 4sin“ B m
Complex Triplet —> —— —4 —
myy m }3 02 moy; myy
24 tan“ 3 m>
A
Quartet; 0 —5 3 0 0
S8 tan“ 3 m>
Quartets 0 Y 0 0
me, v

S. Dawson, CM - Phys.Rev.D 96 (2017) 1, 015041 - 1704.07851




Matching: Dimension-6 Operators

single Higgs production

\

double Higgs production

AV

/

EWPD (T parameter)

Model CH CeASM CT (of
Real Singlet w/ explicit %o tan” o tan” a (Ao — 2 tan ) 0 0
Real Singlet w/ spontaneous %g| tan® a 0 0 0
8 sin2 B m> 4 sin2 B m° 4 sin2 B m= 4 sin2 B m=
: HT HT HT HT
Real Triplet - m;;, — m;fi: i
] 4 s 2 4 8 si 2 6 4 si 4 4 si 2 4
Complex Trlplet suinf m, 51124 L';n su;nf mo, 8111"1‘;13 my
H ; H H
8 taniyﬂ mi
3m v2

SU(2); quartets seem like great candidates at d = 6 level

S. Dawson, CM - Phys.Rev.D 96 (2017) 1, 015041 - 1704.07851



EWPD mm SMEFT

1 X H—7n (1)
167rS A’ (11” BT Z 2nA1+7n “WBHA+2n
n=>0
2 4

+ §, T parameters start at d = 6 ¥ Up Ur (2)

al = QAZ(ID A-*ICHGD?"
+ U parameter starts at d = 8 - Grinstein, 1 1 2n (3)

Wise Phys.Lett.B 265 (1991) 167 U = Z 2”A 112n CW2H4+2n
n=>0

+ All 3 parameters receive contributions at

d = 8 (and beyond)

CM - JHEP 10 (2020) 174 - 2005.00059
see also the geoSMEFT papers by Corbett, Hays, Helset, Martin, Trott



Double Higgs vs. EWPD: beyond d = 6

Difference in experimental precision necessitates matching beyond d = 6

Model CH Ce \SM CT Csf
Real Singlet w/ explicit % tan’ o tan’ o ()\a — —2 tan a) 0 0
Real Singlet w/ spontaneous Xg tan” o 0 0 0
Real Trlplet 8 sin” ,8477124_ 4 sinzf’ mf;_{_}_ 4 sin” ,847712_}_ 4 sin” ,347712_}_
my; m3,v m mo;
— i — — — — i —
. 4sin“ Bm 8sin“ B8 m 4sin“ Bm 4sin“ Bm
Complex Triplet —> —3 — —
m; m3,v m7 myy
24 tan“ 3 m> 24tan” Bm’
Quartetl 0 7Tm? .'v2 - '7"m‘.1 - 0
H
8 tanf}o 1njL 8 tan2 o) 'mi
Quartets 0 1 0

3m ‘IZJ v2

SU(2); quartets generate T at d = 8 level

S. Dawson, CM - Phys.Rev.D 96 (2017) 1, 015041 - 1704.07851




Summary

Broad physics program at dimension-8
Many different motivations for going beyond d = 6
Complete bases of d = 8 operators in the SMEFT and LEFT are now known

Ops. w/ derivatives & repeated fields are handled in systematic fashion



Thanks!
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Depression costs both individuals and society millions of dollars every year
in both traditional therapy and prescription medications. But ... Read More

INSPIRATION
Research: Burned-out Teachers Feel Like
New with EFT

Studies show that tapping on acupressure points helps teachers recharge.
In the world of psychology, EFT Tapping has received its share of criticism
from those practicing cognitive and exposure therapies. The... Read More

INSPIRATION
Research Shows Senior Insomnia s
Treatable With EFT

Millions suffer from insomnia, especially in the senior population. Is there a
remedy better than meds? This research study provides hope. Michael
Jackson. Margaret Thatcher. Joan Didion. Jimi Hendrix. Arianna ... Read
More
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Repeated Fields & Flavor Reps.

Field(s) qqq
. Group S
+ Multiply rows together to -
get valid operator ,
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representations
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Flavor Reps. Example: ¢° [ B

+ Given a contraction of Lorentz indices, how should the SU(2), indices be contracted?

= {2,1} is a 2d representation of the permutation group S;

+ Consider Q( ', from previous slide and Q(gl)B = Coplntilly CO, P\(g¥CotIMB B,

a0 o 4 o)
Q q>IB Q q>IB - Q q>IB

prst prst rpst

w« p < r symmetry of Q( doesn t allow for the antisymmetric {1,1,1} rep. of S;

whereas Q(3ZB + Q(QB = Q(3ZB + Q(3ZB allows for all 3 flavor representations

prst rpst Sprt Srpt

KX



More Selection Rules

= “Tree/loop mixing” is common atd = 8 -
2001.00017 Craig, Jiang, Li, Sutherland

* Selection rules from angular momentum -
2001.04481 Jiang, Shu, Xiao, Zheng

+ d = 6 selection rules at two-loops -
2005.12917 Bern, Parra-Martinez, Sawyer
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X%y°H, X2 H?,
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X Uv2HD?, X H?D, V22 H?
A D2 W2H3D?
X 22,
U3 HD
4 X%X,Q{, XrH*D?, X%{H"‘,
XL XrH?D?, | X7y°H, XpU?H?,
H*D*, XpUtyH?D, I H?
X XpYYD, |¢*H’D?,
XrY?HD?, X g2,
X U2HD?, Vi3 HD
Y H?*D?,
2 ah? D?
2 X ?{H 2D?. X %H -
X,%z/nﬁD, X%z/_JQH,
XR’L;QHDQ, XR l_’l
Wt D?
0 X
0 2 4 6 8
o

CM - JHEP 10 (2020) 174 - 2005.00059



Muon g — 2

+ d = 8 effects can be parametrically different from d = 6

o ——

[

UV theory w/ heavy
Higes ¢

p \
o ——t—p - > L

H > = > 0 v

SMEFT

(vector leptoquark instead
generates y*X)

(SM Higgs lines not drawn)



Non-standard neutrino interactions

« Atd = 6all (Uy,v)( fr*f) operators are experimentally constrained by
(ey,e)( fr*f) operators

« w*H? operators allow for independent vf* ops. at low-energy



d = 6 correlations broken atd = 8

« Lepton universality violation - no d = 6 SMEFT contribution to LEFT operator (z7,y,v . )(Cgy"Dg)
« W, Z,y dipole moments - only 2 of 3 are independent at d = 6
+ Triple gauge couplings

» X°H?> - 1, # A,

¢ XH'D > g x, & Coyn

» Higgs measurements - y?>H> breaks correlation between Yukawa contribution to single and
double Higgs production



Multi-boson processes

# Quartic gauge couplings - X*, H*D*, X*H*D*

+ Light-by-light scattering - X*

+ Neutral triple gauge couplings - X*H*D*

@y — V,V, from y*H*D> can dominate over y*H*D

+ Yy — ViZ, from w*XHD? can dominate over C HWE



More d = 8 physics

+ Radiative FCNC decays or lepton flavor violating processes from y*X*H
e.g. 1803.00313, 2103.07212

+ Helicity violating scattering e.g. e,e, — ¢;¢; from y*HD
* Novel angular observables -2003.11615

+ Testing positivity at colliders e.g. eTe™ — yy - 2011.03055

<« Neutron EDM: G3Ecan dominate over G25



