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SMEFT

A model independent way to include the effects of new physics. The

assumption is that there are no new particles at the electroweak scale.
This is what the data indicates.

Fields are the SM fields. (H) breaks SU(2) x U(1).

_ Ls Lg
L—LSM—I-W-FF—F...

Need to include the + . ... Cannot just stop at a given dimension.
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ot
H = % (V+ h—|- i(PO)
o1, 0 give mass to W, Z, and h is the Higgs scalar.

HtH W2 — (;v2 +hv+ ;h2> w2

Couplings of h fixed because it is part of H.

An alternate approach is to assume SU(2) x U(1) — U(1) broken
symmetry, i.e. a chiral field U, and a scalar field h, with arbitrary
couplings.
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Notation

Fields are three generations of fermions
L:qr, /r, R:Ur, dr, er r:1,,ng:3
the scalar doublet H, and SU(3) x SU(2) x U(1) gauge fields.

1
A

1

L=Lgy+—LO + FL(G’) + ... note the dots

N is the scale of new physics, and assume A > v

Power Counting

2 4
L®  MH L® % 16) 5 16) . TH

my a typical electroweak scale (v, m;, my)
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SMEFT: dim 5
Ls = crs (' har ) (H fjs) €

i: SU(2) index
« : Lorentz index
r : flavor index

Violates lepton number AL = 2. This is the operator that gives
Majorana mass to the neutrino.

The scale is the seesaw scale and is high. Not relevant for physics at
LHC.
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SMEFT: dim 6

Lots of operators at dimension six. 59 operators that preserve baryon
number, and 4/5 that violate baryon number.

Buchmuller and Wyler, Nucl.Phys. B268 (1986) 621

Grzadkowski et al. JHEP 1010 (2010) 085

Flavor indices run over ng = 3 values.

2499 baryon number conserving operators, including flavor indices.
1350 CP-even and 1149 CP-odd operators.

Alonso, Jenkins, AM, and Trott, JHEP 1404 (2014) 159.

Notation:

L:qr, /r, R:Ur, C’r7 er r:1,,ng:3
Hy. Hy = cjH'

X, : G, W, B

uv pvy S pr
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Fierz Identities
Write down all possible gauge invariant operators of dimension 6.

Use Fierz identities:

Dy Pribe Ya! Pribs = gy Pribe ¥1y* Pribs
So in the four-quark operators:

i Ak Ak —ai
Ap " A5/ s VuGtol — s 7"'Qrsj Ap Vutol

q"rgqv.rq, Tel«c1el, TA®TA, 7! 7", TAr @ TAH

Two independent contractions:

Q(q = Qp'Y aqr qs'YMQt 1®1
Qt(yg) = pry T qr quuT qt TI & TI
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not needed:

0(8) = ﬁp'}/ﬂ TAqr a37u TAqt TA ® TA
Q(S 8 — 5p7”TITAQr Gsw’T“qt ' TAg I TA

a A
[TA] , [TA} - %5;: 5 — 2N 596} o1+ swap color
i k -
[7'/} , [Tl} | =20]5f — 5 5 o 1+ swap weak
j
1 +» swap both swap weak <« swap color
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SM Equations of Motion

D2Hy — A\2Hy + 2X(HTH)Hk + @ Y uey + d Yok + € Yelk =0
for the Higgs field (mix H and fermion operators)

iDg=YiuH+YidH;, iDd=YsqHY, iDu=Y,qH"
iD= YleH, iDe=YeliH,

for the fermion fields, and

[D%, Gapl* = g3 5. [D*,Wasl' = g2jb,  D*Bas =915,

)

)

for the gauge fields, where [D*, F,,3] is the covariant derivative in the

adjoint representation.
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Equations of Motion

Can use classical equations of motion in a quantum field theory.

No quantum corrections needed.

Green’s functions can change, but the S-matrix does not.

The two versions of the operator do not agree diagram by diagram.

Only the total contribution to the S-matrix is unchanged.
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SMEFT Operators

@ 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.

1:X3 2 H° 3: H*D? 4 X2H?
5: 2 H3 6 : > XH 7 ?H?D 8 :
X= Gﬁw Wplu/vB Y=gq,l,ude
Buchmuller & Wyler 1986
Grzadkowski, Iskrzynski, Misiak and Rosiek 2010
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Dimension Six Operators

1:X8 2:H® 3:H*'D? 5:42H® +h.c.
Qo | recGr GBr GO Qu ‘ (HTH)? Quo (HTH)O(H'H) Qe | (HTH)(beH)
Qy | HECGHGBr GSt Qup | (H'D,H)™ (HTD,H) Qun | (HTH)(@pu,H)
Qw | KW W Win Qun | (HTH)(gpd,H)
QW EIJKVV[I;/ WVJp W,f(“
4 X2H? 6:1?XH + h.c. 7 p2H2D
Que | H'HGA, G Qow | (hore))rHW!, ol (H'i'D o H) (Tl
Quz | HIHGA, GAw Qes | (ho™e)HB,, Q¥ (H'i D H) (o'l
Quw | HH W, Wi Qu | (oo™ TAu)H G, Que (H'i'D , H)(&y"er)
Quiy | HIH WL, Wik Quw | (@0 u)r'H W}, Q) | (H'D,H)@a)
Qus | H'HB,,B™ Qi | (Gpo™ u)HB,, a5 (Ht i‘BL H)(@pm'v"qr)
Qu | H'HBLB Qus | (Goot* TAd)HGR, Que (H'i'D ) (B )
Quws | HIT'HW!, B Quw | (G dr)r'HW!, Qug (H'i'D  H)(@pyd)
Quivg | HIT'HW., B Qus | (oo™ dr)HB,, Quua + hc. | i(HD,H)(Tpy"dr)
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Dimension Six Operators

8 : (LL)(LL) 8 : (RR)(RR) 8: (LL)(RR)
Qi (o) () Qee (Bpyuer)(Bsyer) Qe (Toy,ulr) (Bsyer)
Q% | (@wa)@"a)  Quw |  ([Genu)@y )  Qu | (pyuh)(@syur)
ng?) (‘_:fpﬁ’uTIQr)( syr! qt) Qug (_pwdf)(_ﬂ“dt) Qu (7p“ru’r)(a57”dt)
Ay | owh)@a) Qe | (@owe)Usy'v) Qe | (Gpnuar)(Es1 er)
Q/(qs) (v 1)(@sv"7'9t)  Qea (Bpyuer)(dsytd) QE,L) (Go.qr)(Usy"ut)
QW | (Bpnu)(@srid) QR | (@ TAg:) Ty TAur)
Q) | (U TAur) (s TAd) QL) | (@pua:)(dsy¥dh)
Q) | (8, TAa:) (@57 TAdh)
8: (LR)(RL) + h.c. 8: (LR)(LR) +h.c
Qieaq | (Toer)(0say) Qg | (@hur)en(at
Qlita | (@ T ur)ei(q kTAd,)
Qo (Berex(Ghur)
QD | Boywer)en(@om ur)

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

v* = JJ, (LR)(LR), (LR)(RL)



In the broken phase:

90+

H:
75 (VHh+¢0)

2

X2H?: h—~y,h—gg

VPXH: 1, o €s FH uw— ey

higgs coupling 3

2143
H° .
¥ mass 1
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Power Counting for the RGE
Amplitudes and anomalous dimensions obey power counting:

M% c6) o C®

M%C(S) 5 C® 4 [0(6)}2

In the SM, because of the dimension two operator H'H, have

d
M@C(“) o« CW 4+ m2,c® 4 ...

equivalently m2, — v2

* SM parameter RG evolution affected.
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Anomalous Dimension Matrix

g3x3 H6 H4D? GPXPH?  yyPHR gy XH WPHRD gt
1 2 3 4 5 6 7 8
Xd 1| ¢? 0 0 1 0 0 0 0
H6 2 ge)\ )\7 g2’y2 g4’92)\7/\2 96794)\ )\y27y4 0 )\y27y4 0
H4 D2 3 ge 0 gz’ )\’ y2 g4 y2 g2 }/2 g27 y2 0
9PX2H? 4| ¢* 0 1 9%\ 2 0 y? 1 0
yuPH® 5| ¢f 0 FANYE g PR ALY Ay NP
gyyPXH 6| g* 0 0 9° 1 92, y? 1 1
1[12H2D 7 96 0 927},2 g4 y2 92}/2 927 )\7 }/2 y2
w4 8 g6 0 0 0 0 g2 y2 g27 y2 927 y2

Structure of anomalous dimension matrix. Jenkins, Trott, AM: 1309.0819

Many entries exist because of EOM

A Manohar (UCSD)

17 Mar 2015 / Vienna

18/46



Naive Dimensional Analysis
Georgi, AM: NPB234 (1984) 189
Jenkins, Trott, AM: 1309.0819

Related recent work by Buchalla et al. arXiv:1312.5624

a b c d e
2p2 (V" (HY (YHN (DY (9X _
v () (1) () (R) (%) neeer
NDA weight w = powers of 2 in denominator.

6 t 3
L:fz/\z(ﬂ) :Az(H H)

WO(<167T> ( ) (

A Manohar (UCSD)
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Familiar Example: b — sy

Use

Oq = B’y'uP[_U U’}/#P[_S w=1
Og =

16g7T2mbBO-NVGNVPLS w=0

Then
dfC ] [ L L+1][Cy
Paplcg | Tl L-1 L Cy

where L is the number of loops of the diagram.

A Manohar (UCSD) 17 Mar 2015 / Vienna

20/ 46



Tree-Loop Mixing (incorrect) Claim

@ Operators can be classified into “tree” and “loop”
@ Based on some notion of “minimal coupling”
@ The mixing of “tree” and “loop” operators vanishes at one loop

Bauer et al. for HQET provides a counterexample
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Y68 @S a counterexample

491 Ne (Vo + Yq) Cian, [ Yulss | +
prst

.“%Cepla/ = 1617 __292Nc Cé% [Yulis| +

1S Cus = |agi(ye +y1) C2), [Yelis| +
du pr 1672 I :tglrl

do o 1|

*292 lequ [Ye] ts
stpr

Class 6 are the magnetic dipole operators:
Qe = (7p,aUWer)Ha B,
pr
Class 8 are four-fermion operators
Q) = (howen)ep(@Eo™ u) = ~4(her) e (@5 tar) — 8(Thua)i(TEer)

lequ
= —4Q), — 8(huar)en(@ier)

A Manohar (UCSD) 17 Mar 2015 / Vienna

22/ 46



Full 2499 x 2499 anomalous dimension matrix computed, including all
Yukawa couplings, not just y;.

Alonso, Jenkins, Trott, AM:
JHEP 1310 (2013) 087, JHEP 1401 (2014) 035, arXiv:1312.2014

Group theory can be quite complicated — the penguin graph gives an
anomalous dimension 7 pages long.

Concentrate on a small part of the result.
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There are some big numbers:

The evolution of the H® coefficient is

d 1
1Ot = 62 [108ACH— 160 A% Cpyry + 48 A2 CHD] +o

Independent of normalization of Cpy.

For my ~ 126 GeV, 108 \/(1672) ~ 0.1.
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X?H? (Gauge-Higgs) Operators
Grojean, Jenkins, Trott, AM: JHEP 1304 (2013) 016

Look at only 4 operators (since there are 59 operators)
Crw — Cw, etc. rescaled by g;g;/(2A?)

_ g3 A ~A l/ _ g12 v
Og = 2A2HTHG G oB_WHTHBWBM ,
Ow = zg/iz HIHWZ,Ware, Oy = 292 Hira HWE, B,

Also CP-odd versions, which do not interfere with the SM amplitude.

When you expand them out in the broken phase, H — h+ v,
geth— vy, h—~yZ and gg — h.
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Considered these operators in an earlier work, and an explicit model
that produced these operators.

AM, M.B. Wise, PLB636 (206) 107, PRD74 (2006) 035009

An exactly solvable model that produces only the Oy, Ows and Og
operators and the W? operator: AM: PLB 726 (2013) 347

L= Lsy+ D, SD'S, —V,

the usual Standard Model Lagrangian Lsm, the Sy, a=1,..., N
kinetic energy term, and the potential

V =m3Ss, + NHTHSTO“S + NHT T8H St*r4s,

+22s1s, S1s, + M sierts, s10ss,
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_ (M/Ae) cs (M/X3)Y§ (A2/24)Ys

- A2 A2 A2
48 log ﬁ 12log <T?> 24 log ﬁ
Cys = 7Ngg
W2 ™ 288072 (d) °

disproves claims that these are “loop-supressed” operators, and
smaller than other contributions such as four-fermion operators.

All terms depend on RG invariant quantities.
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Constraint on cyg from the S parameter.

1 A2

W= Tgr 2

The gg — h amplitude gets contribution from cg

For h — ~~,

Cyy =Cw +Cs—Cun
For h — ~Z,

¢,z = cwcotdy — cgtandy — cyg cot 20y,
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Contribution to the Higgs Decay Rate

rth—1v) _ ’1 B ar2v2 ¢, 2

FSM(h — yy) N2

and I" ~ —1.64. Note the 472.

Similar expressions for gg — hand h — ~Z.
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Brief Experimental Summary

ATLAS: jiy =1.174027  CMS: g, =1.1440.25
Naive combination of these results (not recommended) gives

fry ~1.155+£0.18
If due to c,4:

2
% ¢, (Mp) ~ —0.086, 0.003 + 0.003

The second solution is preferred. The first solution is when ¢,
switches the sign of the standard model h — v+ amplitude.

The experiments are sensitive to these effects if the new physics scale
Ais near a few TeV. (4.5 TeV)
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Magnetic Dipole Operator

ev _
G C — C L =—%e €0 PresF,, + h.c.
H g1 s o)) oy V2 W e TRSS T

where r and s are flavor indices ({ee, €., e-} = {e, u, 7}) and

: 1
Gey =1 Y(s)+ €% (12— 9 csc® Oy + —sec? Oy | v Cey
rs 4 4 rs
1
+2e[Ye Ydlvs + (§+2 cos? 9W> (vl Yelme) + e? (12cot20y) oz
rs

—(2sinfy cosby) [Y Ye],w%ez — Cotew[YT]rs (Chwe + /CHWB)

. 5
+ §e2[ye],s (% +16,) + €2 <cot0w —tan 9W> [Ydlis (%2 + 1.2)

3
+16[Yulw Clo,

rsvw

as corrected by Signer and Pruna, arXiv:1408:3565
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The current experimental limit BR(1 — ey) < 5.7 x 1073 from the
MEG experiment implies

"4
Coy < 2.7 x 1074 TeV 2
V2 me ne ™

at the low energy scale ;. ~ m,,.

This bound implies

%0(3) <14x10°3 TeV2

lequ ~
pett

using the estimate In(A/my)/(1672) ~ 0.01 for the renormalization
group evolution, and assuming that this term is the only contribution to
%ey at low energies.

ne
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The anomalous magnetic moment of the muon is

4m,v
ja, = ——FE-Re¥
© V2 SZ
which yields the limits
|Chwsl S06TeV2, |4, <4TeV 2, ’::;Re CO| <7Tev2,
ppuft

assuming that each of these is the only contribution to “e.
ML

The bound on the electric dipole moment of the electron translates to the limits

—4 —2 > -3 —2 | Mt -5 -
|Cuisl S2x1074TeV=2, || S 1x 1072 TeV 2, ‘Elmc,equgzmo TeV

eett

using the recently measured upper bound
de < 8.7 x 107 ecm

from the ACME collaboration, again assuming each of these terms is the only
contribution.
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Minimal Flavor Violation

MFV based on the structure of flavor violation in the SM.
®; SUB), i=Q,UD,LE Yp — UgYpUj},

The RGE preserves MFV, since it is a symmetry

But if MFV is violated by dimension-six operators, then MFV feeds into
all the sectors via the RGE

Allows one to test MFV in a model-independent way

MFV not compatible with GUTS. Accidental symmetry of the SM.
Recent polarization B modes indicate a GUT scale.
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Empirical Observation

Co o< (€ + 1%, ) , Gr

no

(ng - ’.(éw> , Coy

f(z) depends only on z but not z*

Find this after adding all graphs and using the EOM. Individual
contributions are not holomorphic, and only the total respects
holomorphy.

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

@ Using EOM, so equivalent to computing (on-shell) S-matrix
elements.
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Holomorphy

Recall d = 6 operator classes
1:X8 2: H® 3: H*D? 4: X?H?
5: p?H® 6 : 2 XH 7 y?H?D 8y

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

1 - -
+ : + AV e
X =5 (XW == /x,“,) : Xh, = +iXh
X = €papXP )2 Xy = X
X — X*
v — LR

Complex self-duality condition in Minkowski space.
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Holomorphy

Definition
The holomorphic part of the Lagrangian, Ly, is the Lagrangian

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

These transform as (0, }) or (0, 1) under the Lorentz group, i.e. only
under the SU(2)g part of SU(2), x SU(2)p.



Holomorphy

rd=6 _ £h+£5+[,n:Cth+CEQE+CnQn

Q, {X+3, Xt2H2, (Lo R) X*H, (ZH)(ZR)}
Q. {x—3, X"2H2, (Ro™L) X™H, (ﬁL)(ﬁL)}
Q. C {He, H*D?, y2H3, v2H2D, (LR)(RL), JJ}

Some of the n operators are complex.
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Holomorphy

i d _
_ 2 P
Cj=16m M@Ci:.Z 756 I=b,bn
J=hhn
Toh Yy Von
Top Vop Ton
Tah Yy Yon
b = Vg ’Ygg = Yoy ’7;\1 = Ton

only need to look at:

b Thp ‘ Yon
Tnb 7“5 ‘ n



: Vanishes by NDA, i.e. NDA gives a negative loop order
: There is no one-loop diagram (including from EOM)
: Holomorphic. Nonholomorphic terms forbidden by NDA and flavor

symmetry

. Vanishes by explicit computation, after adding all contributions.

Individual graphs need not vanish.

h: Holomorphic, by explicit computation

: Non-zero

Qew = (oo™ &) HW),, QY — (Ber)eu(@hur)

lequ —

but NDA says only order y2.
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Holomorphy

(XT)® (XT)2H2 ¢2X+H (LR)(LR) | (LR)(RL) JJ ¢PH® HB HD? ¢2H2D
(X+)3 b -0 0 0 0 0 0 0 o0 0
(X*2HZ | h b b 0 0 ! 0 0 =0 =0
WEXTH | b b b be -0 -0 =0 0 % -0
(LR)(LR)| —0 E be be Yivlg vivly 3 3 3 =0
(LR)RL)| -0 3 -0 VYo YL be * Bor 3 -0
JJ -0 3 -0 YyYed * * I R .
WHE | 0 Y, b b * * P x
HS -0 . i i Ei * * * *
H'D?2 | 50 50 -0 3 E 3 =0 3« *
Ww2H2D | -0 =0 -0 -0 -0 x o0 B o« x




@ The 11 block is holomorphic
T = O

@ The 12 block vanishes except for the red terms proportional to
Yu Ye OI’ Yu Yd

Ly=-GYidH -G YjuH -7 YleH+hc.
Hy = cjHY

@ ¢?H° behaves to some extent like a holomorphic operator.
@ one entry = present even if Yukawa couplings set to zero.
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RGE of SM parameters

Recall that

#% C® o m2,C®)

d d (4r .0x 2m2, c
—T = U— _ = [ — e p—TL

where #-terms are normalized as £ D (9Xg§/327r2)X)~( and
X € {SU(3),SU(2), U(1)}.

7 is the SUSY holmorphic gauge coupling

A Manohar (UCSD) 17 Mar 2015 / Vienna 43 /46



« Entry: Some Numerology

Cn =373 (912 +3g5 — 12)\) Re(Chw +)
—30% (97 + 95 — 4\) Re(Chg.+)
— 30192 (912 +05 - 4>\) Re(Chws,+) + -
The Cup and Crws,+ terms vanish if g2 + g2 = 4X:
mZ, = 2m3 = (129 GeV)?,
and the Cpyy,, term vanishes if g2 + 3g2 = 12X:

mg = §m§ + gmzw = (119GeV)?,

If g2 + g5 = 4A:
Cr = 60795 Re(Chw, 1) + - -
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No explanation for this at present.
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Summary

@ 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.

» Does it hold in a more general gauge theory?
» Does any of it extend beyond one loop?
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