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Generalize SM to SMEFT

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.

L="Lsy+ Z L(4+’7) = Loy + AlL(G) + ... note the dots

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

Power Counting

2 4 4
L®  MH L® % 16) 5 16) . TH

H breaks electroweak symmetry
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Baryon and Lepton Number Violation

Dimension five operator:

1
Ao (HOH)

AL = 2 operator which gives neutrino masses.
Not relevant for 1 TeV LHC processes.

Similarly, baryon number violating operators can be dropped.
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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:X° 2: H® 3: H'D? 5: ¢?H® + h.c.

Qo | MECGRGEGE:  Qu | (HHP  Quo |  (HTH)O(HIH) Qtt | (HH)(pe,H)

Qs | PBCGHGBrGSH Quo | (HID,H)" (HID,H)  Quu | (HTH)(GourH)
Qw | KW W Win Qarr | (HH)(@p0,H)
QW EIJK VV/;/ W;Jp W;{‘L

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 | HIH W, Wi Que | (@oo™ TAu)H G4, Qrie (H'iD H)(Bpy"er)
Qi | HHW, W Quy | @0 u)r' AW, QY | (HD.H) @ )
Qus | HIHB,,B» Qe | (@0 u)HB., Q2 | (HDH) @' a)
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)
Quis | HiTHW!, B Qo | (30" d,)HB,, Quug + hc. | (DL H) (T o)
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Dimension Six Operators

8: (ZL)(ZL) 8: (I_?E’)(I_?R) 8: (ZL)(I_?R)
Qi (o) Is7#l)  Qee (Bpyuer)(Bsy'er) Qe (o vulr)(Bsy*er)
Q% | @wa)@a) Qu | (Gowu)@sy'u)  Qu | (oyul)(@syur)
Q%) | @)@ 7'aq) Qe | (Gorudh)(@rid)  Qu (Tovulr) (s ct)
Q| Guh)@"a) Qe | (e @sr'w) Qe | (Gpnar)(@sier)
A | '@ 7'a) Qea | (Bowe)(@ d) QW | (@7ar)(@sr" ur)
QW | (Govu)(@td) QR | (@ TAa) Ty TAur)
Q) | (Bpnu TAur) (@ TAd) Q) | (G005 dh)
og? (@ T4ar) (07 TAdh)

8: (LR)(RL) +h.c. 8: (LR)(LR) +h.

Quodq | (her)(dsay) Qg | (3 ,s,k<

QP | @ T ur)ex(a “TAdt)

Qe | (herer(@tu)
(@t

3
Q) | (houwer)ex(@ho™ ur)

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

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



Field redefinitions (equations of motion) used to eliminate operators.
59 baryon number conserving operators, not including flavor indices.

2499 independent coefficients: 1350 CP-even and 1149 CP-odd
including flavor indices

156 different irreducible flavor representations: ®q/.y.q,e SU(Ng)

= _
Que = (H'i D ,H)(&x"er)
pr

under SU(ng)e has both singlet and adjoint pieces,
1 1
<QHe5pr> + (QHe - C?Hefspr>
Ng ss por Ng ss

Four-quark operators have more complicated representations.
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Equations of Motion
Used to eliminate operators with derivatives:
D'F =9y
g dy'TAP.s D'FJ, — g° dy"TAPLs Gy Tq

Penguin operators give LL and LR operators; no 1PI diagram for LR
Gaillard and Lee; Gilman and Wise

S,

Eliminate v - D terms in HQET.
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SM Equations of Motion

D?Hy — A\W2Hy + 2X\(HTH)Hk + @ Y uej + d Yo + € Yelk =0,
for the Higgs field (mix H and fermions)

iDg=YiuH+YidH, iDd=YsqHY, iDu=Y,qH",
iD= YieH, iDe=Ye|iH',

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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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

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

Related recent work by Buchalla et al. arXiv:1312.5624

oo () ) () (' (3

NDA weight w = powers of 2 in denominator.

6 t 3
L:fz/\z (ﬂ) :Az(H H) ’

WO(<167T>( )( )

Aneesh Manohar

e
) , N = A4nxf

N = ny+ny + ng
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Familiar Example: b — sy

Use
Oq = B’y“PLU U’YMPLS
g AV
Og = me bot G'U,VPLS
Then

d [ G| _ L L+A1 Cq
Panlcg | Tl L-1 L Cy
where L is the number of loops of the diagram.

To get all terms to order g?/(1672), need ~4q at two loops.
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Full 2499 x 2499 anomalous dimension matrix computed.

Alonso, Jenkins, Trott, AM:
JHEP 1310 (2013) 087, JHEP 1401 (2014) 035, JHEP 1404 (2014) 159

Group theory can be quite complicated, have to Fierz into standard
form.
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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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RGE

@ Computed the one-loop anomalous dimensions of the full set of
operators.

@ Interesting mixing betweeen different flavor sectors

@ Test of MFV since MFV violation in one sector feeds into the other
sectors
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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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Empirical Observation

Co o< (€ + 1%, ) , Gr

no

(ng - ’.(éw> , Coy

f(z) = z, sinz, €, 7 12)? = zz*

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: Class 6

Magnetic moment operators:
6 : )?XH + h.c.

The o, matrices are self-dual:

éeaﬁ”’/JWPR = —o*Pg

QRX = (ZO"U'VF‘I’) X“U H = (ZO"U'VR) X‘H“J H,
Qhy = (Ro™L) X" H = (Ro*’L) X~ H,

£9=6 5 ¢ Q +Cx Qr
RX RX RX RX

holomorphic antiholomorphic
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Holomorphy: Class 1

1. X8

Qx = FABEX XBr X O,
_ fABC yAv yBp yC
Qg = FMABEX X PP X T,

Q.+ = (QX iQy) = PABC XA X Br X G

QX, (QX + IQ~) _ fABCX AI/X Bpx—C,u

N =N =

£9=% 5 CxQx + C5Qy = Cx+ Qx4+ +Cx_— Qx, -
——
holomorphic antiholomorphic

CX,:I: = (CX + IC)?)



Holomorphy: Class 4
4. X2H?
Qux = X X" H'H,

Qux = Xuw X" HH,

Qux.+ = XT2HIH = 2 (X - i)?)2 HtH

Qux.. =X 2 HH= (X+ i)?)z HtH

Lt S

£96 5 CrHxQux + CH)?QH)? = CHx+ Qux+ +Chx—- Qux—
——

N——
holomorphic

CHX,:I: = (CHX + ICH)?)

antiholomorphic

Aneesh Manohar
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Holomorphy: Class 8

£9°% > Cipr Quatr +Cimp Q)
LRLR
— ——

holomorphic antiholomorphic

The remaining operators are nonholomorphic, e.g. (HH)3.
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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

. d ) _
C,-E167T2Hd*c’: > G I=bb,n
! S~

j=h.b.n

Vbh ’7[)6 Vhn

Yoo Vo5 Von

’71’1‘] ’Ynﬁ ’Ynn

_ * * A

Yoh = Yoy Vo5 = Yon Ton = Vo

only need to look at:

Yob> Ty Von
Tabs TV Ton

(%ﬁ included because some n operators are complex)



: 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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In the left diagram, can treat X}/, as a background field, and so the
graph ends up being proportional to X,j;

In the right diagram, pick out the [A,,, A,] part of X/}, so not obvious
that the final result is proportional to X,
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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

Aneesh Manohar 10.11.2014 33/35



« Entry: Some Numerology

Cn =373 (912 +3g5 — 12)\) Re(Chw +)
3% (g% + 6 — 4)) Re(Cr.+)
— 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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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 — v 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?

Aneesh Manohar 10.11.2014 35/35



