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Generalization of the SM to SM EFT

@ Discovery of Higgs boson h with mass 126 GeV at LHC
and no other experimental signal of new physics up to
energies A ~ 1 TeV implies that SM gives good description
of nature up to high energies A.

@ If no new particles below A, it is possible to study effect of
arbitrary new physics at high energy A on electroweak
scale observables by generalizing SM theory to SM EFT
containing Lagrangian terms with d > 4. Low-energy fields
of SM EFT are SM fields.
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Generalization of the SM to SM EFT

@ Leading higher dimension operators are d = 6.

@ Assuming B and L conservation, there are 59 independent
dimension-six operators which form complete basis of
d = 6 operators.

@ 59 operators divided into eight operator classes.
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Dimension Six Operators

1:X° 2: H® 3: H*D? 5:42H® + h.c.

Qq | 1BCGA GEr GO Qu \ (HHP  Quo | (HTH)O(HH) Qott | (HTH)(pe,H)

Qg | BCGA GBr GO Quo | (HIDLH) (HID,H)  Qun | (HTH)(GourH)
Qu | MKW W Win Qi | (HTH)(Gpd:H)
OW FUK W‘iu W;/Jp vaf(u

4 X2HR 6 : Y2XH + h.c. 7 y2H2D

Qua | HTHGA, G Qow | (o er)rHW!, alh (H'i'D H) (vl
Qu | HIHGA G Qes | (o™ e)HB,, Q¥ (H'i D H) (o' 1)
Quw | HIHW!, Wik Qus | (@oo* TAu)HGA, Qe (Hi fﬁ H)(8pyey)
Qui | HH WL, Wi Quw | (Gpor ur)r'H WL, ol <HT:‘B,A,H)(quqr>
Qus | HTHB,, B Qus | (Bpo™ u)HB,, as) (H'i'D ! H)(@om"v"ar)
Qs | HHB,.B»Y Que | (@t TAd)HGA, Quu (H'i'D , H)(@pr"ur)
Quws | HITHWLBY  Quw | (a0 d)r'H W, Qu | (HD H) @ d)
Quis | HIT'HW,, B Qaz | (Qoo""dr)H By Qhug + h.c i(H' D, H)(Upy"dr)

Buchmuller & Wyler 1986
Grzadkowski, Iskrzynski, Misiak and Rosiek 2010




Dimension Six Operators

8 (LL)(LL) 8 (RR)(RR) 8 (LL)(RR)
Qu oyl ) sy 1) Qee (&pvuer)(&syer) Qe (Toryulr) (87" ex)
Q% | (@wa)@'a)  Qu | (Gomu)@yu)  Qu | (pyuh)(@syur)
Q%) | @m'a) @ T'ar) Qua | (Go1ud)(@r d)  Qu | (wuh)(dsytdl)
QY | (owh)@3"a) Qe | (Bove)(Tyur)  Que | (Go74ar)(Bs7"€r)
Oﬁ?’ (o' )(@"7'q) Qea | (Bpnue)(@rcl)  Q4) | (@0 (B ur)
QW | (onuu)(@sydr) QR | (@ TAa) By TAuy)
QY | (U TAur) (@ TAd) QL) | (Govuar)(Gerch)
Q%) | (v Tar)(dsy TAdk)
8: (LR)(RL) + h.c. 8: (LR)(LR) + h.
Queaq | (he)(@say)  Qlry | (@hur)ew(@ gd
Qg | (@ TAur)ein(@ TAdh)
Qo (Ber)ei(@kur)
A, | (howerep(@kom u)

Buchmuller & Wyler 1986
Grzadkowski, Iskrzynski, Misiak and Rosiek 2010



Dimension Six Operators

1:X% 2:H® 3:H*D? 4:X°H? 5:¢°H°
6:y2XH 7:¢?H?D 8:y*

@ Operators in classes 1,2,3,4 are flavor singlet
@ Operators in classes 5,6,7 have two flavor indices p,
@ Operators in class 8 have four flavor indices p, r, s,

ng = 1,2,3 = number of d = 6 operator coefficients is large!



Counting of Coefficien

Class Nop CP-even CP-odd
nNg 1 3 ng 1 3
1 4 2 2 2 2 2 2
2 1 1 1 1 0 0 0
3 2 2 2 2 0 0 0
4 8 4 4 4 4 4 4
5 3 3n2 3 27 3n2 3 27
6 8 sng 8 72 8np 8 72
7 8 1ng(9ng +7) 8 51 1ng(9ng —7) 130
8 :(LL)(LL) 5 3n5(7n% +13) 5 171 an2(ng —1)(ng +1) 0 126
8 :(RR)RR) 7 §ng(21n% + 2n2 + 31ng + 2) 7 255|  ing(21ng+2)(ng—1)(ng+1) 0 195
8 :(LL)(RR) 8 4n2(ng +1) 8 360 4n2(ng —1)(ng+1) 0 288
8 :(LR)RL) 1 H 18 I 18t
8 :(LR)LR) 4 4n} 4 324 4nf 4 324
8 : Al 25 $ng(107n3 +2n2 + 89ng + 2) 25 1191 $ng(107n3 +2n2 — 67ng — 2) 5 1014
Total 59 | £(107nf +2n3 +213n% +30n, +72) 53 1350 | §(107nf +2n3 + 57n% — 30n, +48) 23 1149

Table : Number of CP-even and CP-odd coefficients in £(®) for ny flavors. The total number of coefficients is
(1071 + 2n% + 13502 + 60) /4, which is 76 for ny = 1 and 2499 for ny = 3.



SM EFT

@ Higher dimensional operators generated at scale . = A by
integrating out new physics particles. Analysis model
independent.

Z Ci(NO®(A) Z Ci(mp) O (mp)

@ Matrix elements of operators taken at u = my, (electroweak
scale) for electroweak observables.

@ RG evolution of dimension-six operator coefficients
produces interesting mixing. Need to do RG evolution for
accurate measurements of h — ~~, h — Z~, gg — h.

@ We have computed full one-loop anomalous dimension
matrix -y; for dimension-six operators!



Structure of Anomalous Dimension Matrix

@ Rescale Operators according to Naive Dimensional Analysis: X — gX, and chirality
flip operators scaled by Yukawa coupling y: ¥2H® — y42H®, 2 XH — gyy?XH
@ Anomalous dimension entries

N A ny 92 ng
70((167#) <167r2) (1671'2) : N = M1y +ng

N=1+w—w

w operators {2} {3,5,7,8} {4,6} {1}
2 H¢ {2} 1 2 3 4
1| H*D?, y?H®, +2?H?D, v* | {83,5,7,8} 0 1 2 3
0 GPXPH?, gyyPXH 4,6}y | -1 0 1 2
1 g°x® {1y \-2 -1 0 1




Dimension Matrix

He H'D®  ygRHS  RHED  wt | PXRHR gygRXH | gPXO
Class 2 3 5 7 8 4 6 1
NDA Weight 2 1 1 1 1 0 0 -1

H® AY2 g7 ARG WAyt AP 0 | Agt P 0 g
H*p? N S G ¥2.q° 0 Ly e o
yoPH® 0 | MAF AR P Ay E N gt BING Y o
Y2H2D 0 P N S S G o o
w4 0 0 0 92~ }/2 g2$y2 0 92}/2 g§
GPX2H? 0 v 0 v 0 [Ay2 0P y? g
gyyPXH 0 0 v v 1 g? 92, y? g
X 0 0 0 0 0 v 0 7

Table : Form of the one-loop anomalous dimension matrix 7; for dimension-six operators @, rescaled according to naive
dimensional analysis. The operators are ordered by NDA weight, rather than by operator class. The possible entries allowed by
the one-loop Feynman graphs are shown. The cross-hatched entries vanish.



RGE

@ RG running of SM parameters due to d = 6 operators. All
corrections calculated.

@ RG running of d = 6 operators. All corrections calculated.
Formulae are many pages.

@ RG mixing of d = 6 operators gives nontrivial implications
for flavor structure of BSM physics.

@ d = 6 operators affect interpretation of SM parameters at
tree level.



Holomorphy

@ Observation: 1-loop anomalous dimension matrix respects
holomorphy to a large extent.

Recall d = 6 Operator Classes
1:X3 2:H8 3:H*D?> 4:X°H? 5:¢°H°
6:°XH 7:¢?H?’D 8:¢*

Divide d = 6 Operators into Holomorphic, Antiholomorphic and
Non-Holomorphic Operators

X;i = % (XMV + iy(,ul/) ) 5’(3; = ﬂIIXi,

X = €apX’ )2 X = —Xu

X — X*
v— LR



Holomorphy

Definition
The holomorphic part of the Lagrangian, £y, is the Lagrangian

constructed from the fields X, R, L, but none of their hermitian

conjugates.




Holomorphy

6 : Y2 XH + h.c.

i
Eeaﬁ‘“’awj Pg = —c*’Pg

Qrx = (Lo"R) X" H = (Lo R) X*"" H,
Qhy = (Ro"L) X" H = (Ro*"L) X" H,

£978 5 CrxQrx + ChxQLy

6: Qrx, Qby — Qrx, QLy



Holomorphy
1: X8
Qx = FABEX X2r X O,

Qy = FABCX Y XBr X O,

Qx4 = 5 (Qx — iQy) = MABEX A X, B X Cn

Qx.—

N =N =

(Qx +iQy) = ABEX A X Brx - Cr

Ed:6 D CxQx + C)~(Q)~( = CX,+QX7+ + CX,,QX’,
CX,i = (CX + iC)~()

1: Qx, Q)? — Qx4+, Qx -



Holomorphy
4 - X°H?
Qux = X, X" H'H,

Qux = Xuw X" HH,

Qux.+ = X2 HIH = 4 (X - i)?)2 HH

PN RN

Qux,— = X2 HH = 7 (X + i)?)z HtH

L9785 CrxQux + Cx Qux = Chix,+ Quix.+ + Crix,— Quix —
CHX,:I: = (CHX + ICH)N()

4: Qux, Qux — Quxts Qux,—



Holomorphy

8:¢* = (LR) (LR), (RL) (RL)
Qe = (IR e (R,
QZRLR’

d=6
L9785 Cipir Quate + Clap Qi

8: Quatr, Qrp — Qars Qlap
Holomorphic + Antiholomorphic



Holomorphy

Qledqg = (7/6> (dg))

T
C?ledq

L5 > ClodqQiedq + Cieaq Q)

ledq
. T T
8 : Qedgs Qogqg = Qledg: Qlegq

Non — holomorphic



Holomorphy

8t =dJ = (ZWML) (Z%LL) , (ﬁ’y“R) (ﬁ*yHR) , (Zﬂy“L) (ﬁfy“Ff’)
2 HE = (HTH)3
3: H'D? = (H'H) O (HH) , (HID,H) " (H!D,H)

Self — Hermitian

Non — holomorphic



Holomorphy

5:4?H® + h.c.
Qry = (HTH) (LR) H,

Qhy = (H'H) (RL) Hf

£9=6 5 CryQgrH + C,‘*?HQ,T?H

Non — holomorphic



Holomorphy

7 : w?H?D
QuL = (HTiﬁuH) (Ly"L)

Qua = (1D ,H) (Ry"R)

Qb = i (F/T DMH> (T d)
Qlyg =i (FITDMH) (dv"u)

Self — Hermitian (except Qpuq)

Non — holomorphic



Holomorphy

r£a=6 _ £h+£5+£n:ChQU+CEQﬁ+CnQn

Q, C {x+3, Xt2H2, (Lo" R) XTH, (ZR)(ZR)}
Q; c {x—s, X~2H?, (Ro"”L) X~ H, (m)(m)}
Q. C {Hs, H*D2, y2H®, 42H2D, (LR)(RL), JJ}

Definition

The holomorphic part of the Lagrangian, Ly, is the Lagrangian
constructed from the fields X+, R, L, but none of their hermitian
conjugates.
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(X*)° (X*PH? X*H  (LR)(LR) |(LA)(RL) JJ  wPH® He HD® y2H2D
X2 | =0 0 0 0 0 0 0 o0 0
(XTPH? | p b b 0 0 ] 0 0 =0 =0
VEXTH | p b b e -0 -0 =0 0 3 =0
(LRA(LRA)| -0 3 br br Yivi, vivi, 4 3 3 =0
(LR)RL)| —0 3 50 Y Ya YivEl b % 42 3 S0
4 -0 ? =0 YyYed % * EIE N
VH =0 V0. b h * * P X
He =0 s 3 ? ? P s x
H*D? -0 -0 -0 i 3 ! S0 # " N
Y2H?D | =0 -0 -0 -0 -0 * -0 P o« *

Table : Form of the one-loop anomalous dimension matrix for d = 6 operators. Y is a Yukawa coupling. The first 4 rows and
columns involve holomorphic operators (and their conjugates), and the rest involve non-holomorphic operators. The RGE for
the rows can depend on the C of each column, or their conjugates. Entries which must vanish by NDA are denoted by 0, those
for which there is no one-loop diagram (after taking equations of motion into account) are denoted by 3, and those which vanish
by explicit computation are denoted by — 0. Entries with h are non-zero, and satisfy holomorphy, i.e. they depend on C but not
C*. Entries with h satisfy holomorphy because anti-holomorphic contributions are forbidden by NDA and flavor symmetry.
Entries with « are non-zero, but not holomorphic. The red entries violate holomorphy.



@ Complete RGE of dimension-six operators of SM EFT
computed for first time.

@ Contribution of dimension-six operators to running of SM
parameters calculated for first time.

@ RG evolution of dimension-six operators important for
Higgs boson production gg — h and decay h — ~+ and
h — Z~, which occur at one loop in SM.

@ Significant constraints on flavor structure of SM EFT. Test
of MFV hypothesis.

@ Approximate holomorphy of 1-loop anomalous dimension
matrix of dimension-six operators.



