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Outline

Based on [arXiv:1711.07954] and [arXiv:1812.02991] with M. Trott
and [arXiv:1803.08001] with M. Paraskevas and M. Trott.

@® Standard Model Effective Field Theory (SMEFT)
® Gauge fixing

© Renormalization of the vector current
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Standard Model

The Standard Model is

1 1 ! Pi
Lsy = — ZG;‘VGA;W — ZW}iy wim — ZB/J‘I/BMV + ¢Iw¢
2
1
+ (D“H)T(D”H) - A <HTH — §v2>
+ [HU@Yaq + HVaY,g + HeYg +he] ()

It works well, but it is not the final theory of Nature.
What should we do about physics Beyond the Standard Model?
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To HEFT or to SMEFT, that is the question

We should state our assumptions clearly!

The effective field theory approach assumes that there are no new
particles at the electroweak scale (sterile neutrinos?).

In addition, the two EFTs differ:

e The SMEFT assumes the Higgs boson is part of an SU(2)
doublet.

e The HEFT does not assume that the Higgs boson is part of
an SU(2) doublet.

SM C SMEFT C HEFT
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Standard Model Effective Field Theory

Using the fields and symmetries of the Standard Model (SM), we
add higher dimensional operators

Lswert = Lsm + LO) +£0) 4 £0) 4 (2)
where
ng C(d)
£ = Z m@}d) for d > 4. (3)
i=1

C,-(d): Wilson coefficient
Q,-(d): Operator with mass dimension d
A: Scale of New Physics
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Dimension 5 operators - Weinberg operator

At dimension 5, we only have one operator [Weinberg, PRL 43, 1566
(1979)]

£ = O @, H)(H t50) + hc. (4)

It generates Majorana mass for left-handed neutrinos.
Not relevant for us.
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Dimension 6 operators - Warsaw basis
Warsaw basis [1008.4884 Grzadkowski, Iskrzynski, Misiak, Rosiek]

1:x3 2: H® 3: H'D? 5:p?H +
Qe | FECGMvGErGer Qu | (HTH)? Quo (HTH)O(HH) Qe | (H'H)(Toe H)
Q | F°Grelresr Quo | (H'DuH)" (H'D,H) Qur | (H'H)(@pu:H)
Qu | e wirwiow)e Qan | (H"H)(GpdH)
Qw eUKWiV Wu/pwpm
4:X2H? 6: ¥ XH+ 7:¢’H2D
Que | HiHGA G Quw | (oo e)r! HW), Q) (H1iD L H)Trh)
Que | HIHTGA G Qs | (botve)HB,, QY (H1i DL H)(Jpr' 1)
Quw | HTHW., Wi Qus | (o™ TAu)H G2, Qre (H'i'D , H)(3te,)
Quiy | HHWLW™  Quw | (@™ u)r' H W, Q| (HiD . H) @ a)
Qug | H'HB,,B" Qs | (30" u)H By, Q| (iDL @)
Qs | HHB.LB™ Que | (@0 TAd)H G, Qho (H'i'D L H) @y,
Quws | HIT'HW!, B Quw | (@0 d )T HW!, Qua (H'i'D , H)(@pyd,)
Quis | HIT'HW,, B Qus | (80" d,)H By, Quug + hec. | i(HID,H)(Tpn"d,)
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Dimension 6 operators - Warsaw basis

Four fermion operators [1008.4884 Grzadkowski, Iskrzynski, Misiak,

Rosiek]
8 : (LL)(LL) 8 : (RR)(RR) 8 : (LL)(RR)
Qu (7p7wr)(75"/ult) Qee (&) (B vuer) Qe (717'7'” Ir)(&svper)
Q| (@ a) (@ e Qu | (@ ur)(@ue) Qu (o™ 0) By )
@ | @' T a) @) Qu | (dp7d)(dsyude) Qu (" 1) (@)
O | G ) (@vqe) Qu | (e (@) Qe | @"a)(Ee)
Q| ' D@nr'a) Q| (B e)(dud:) 0| @t a) @)
QLL) (N “r)(as”/u dy) c(zi) (Gon" TA ar)(Ts v TAue)
QLi) (EP/Y“ TA ’-’r)(‘;ls%A TAdt) Qf,i/) (Elp’w Qr)(as"m d:)
QY | (@ TAq,) (e TAde)
8 : (LR)(RL)+ 8: (LR)(LR)+ AB = AL =1+
Qledq ‘ (Ber)(dsqr) Q‘(,B,d (@hur)ej(@Ede) Qg el (d ], Cupr) (] Clie)
Qsi‘):yd (@ TAur)ei(ak TAde) Qqque Pl (ql, Capjr)(ulsCer)
Qow | (hee(@iun) Quaat | € (T,, i) (a3 Cle)
Q/(j;u (Bower (@it ut) Qduve €P(d], Cug,)(ul, Cer)
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Problems with gauge fixing the SMEFT

How should one gauge fix the Standard Model Effective Field
Theory?

We have the same number of degrees of freedom as in the
Standard Model. Thus, one could impose a similar gauge fixing
presciption as in the Standard Model.

We want to

e cancel Goldstone-gauge boson bilinear mixing
e cancel A-Z mixing present at tree level

e use the background field method

However, using the normal Standard Model gauge fixing procedure
leads to [1505.02646 Hartmann, Trott]

cwsi C v2(52 -2 )(s2 Eg+ )
wSw (ep 75W)(8MA“8UZV)7 HWB w wSwsB wsw
Egéw Egéw

(OH ALY Zy)+ ... (5)
The A-Z mixing doesn't cancel for &y = .
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Geometry of scalar field space

The bilinear field interactions can be thought of in terms of
connections on the field space manifold [1511.00724 1605.03602
Alonso, Jenkins, Manohar].

Consider [1803.08001 AH, Paraskevas, Trott]

C
Escalar,kin = (DHH)Jr (D“H) + /\LE (HTH) O (HTH) (6)

C .
+ s (H'D,H)" (HID"H)

= hl6) (D) (D"6)”

where I, J € {1,...,4} and

_ 1 le+igm
=7 [m—iqss] )

Andreas Helset (Niels Bohr Institute) — Topics in Effective Field Theory — January 5, 2019
Slide 10/26




UNIVERSITY OF COPENHAGEN FACULTY OF SCIENCE

Metric of the scalar field manifold
The metric is non-trivial

C 1¢
hiy(¢) = o1y —2 HD¢/¢>J+2 /(;Dfu(éb) (8)
where
a 0 d ¢ 2= 61+ ¢
0 —d b= ¢3+¢3
fe)= |9 2 0 g bT et ©)
Cc = p1¢4 + P23,
c —d 0 b

d = ¢103 — P2s.

e The Riemann curvature tensor calculated from the scalar field
metric is non-vanishing. The scalar manifold is curved due to
the power counting expansion.

e Field redefinitions cannot turn the metric into a trivial form.

e Physical quantities depend on field redefinition invariant
quantities.
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Geometry of gauge field space
Analogously, we can describe the kinetic part of the gauge fields in
terms of connections on the field space manifold

C
ﬁgauge,kin = 4 Wi,, weary — —B LB*Y + /(-123 HT HBM,B”V
(10)

e C
+ o HTHW, W o =52 Hig?HW 2, B

1
:—ZgAB(H)W,ﬁ,WB"“’, AB=1,....4

where
C C
8ab = (1 — 4= HTH) by B =1-4—FHH,
C
g = g = 218 Hio,H,  a=1,2,3. (11)

The gauge field manifold is curved.
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Background field method

e The background field method splits fields into background and
quantum fields F — F+F.
F: background field
F: quantum field

e The background field method provides technical
simplifications due to the background field gauge invariance
being preserved and the resulting Ward identities.

e The Standard Model was formulated using the background
field method [9410338 Denner, Dittmaier, Weiglein]
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Real representation of the scalar field

We cannot use the Pauli matrix representation when we have the
¢! fields. We use the real representation

0 0 0 -1 0 01 0O
/ 0 0 -1 O | 0 0 0 -1
’YI,J - 0 1 0 0 ’ ’72,J - =1 00 0 )
1 0 0 0 | |0 1 0 0
(0 —1 0 0] [0 -1 0 O]
1 0 0 0 1 0 0 O
’Yé,J “lo 0 o =1l ’Vﬂlf,J “lo o 0 1 (12)
0 0 1 0] 0 0 -1 0]
We have that
[ ] = 2¢ . o4 for A=1,23
as = 6:‘1 Cy =
Yas Vb b VA gy for A= 4,
[Ya,74] = 0, géc = g2€éc~ (13)
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Gauge fixing the Standard Model Effective Field
Theory

A gauge fixing choice which preserves the geometric structure of
the theory is

_ 8B oacs
2 G Gg=,
GX = 9, WXr — L WEWPH 4 §§XC¢>I hicie 407 (14)

Lar =

Background field gauge invariance is preserved.
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Gauge fixing the Standard Model Effective Field
Theory

A gauge fixing choice which preserves the geometric structure of
the theory is

_8nsoacs
2% G Gg=,
GX = 9, WXr — L WEWPH 4 §§XC¢>I hicie 407 (14)

Lar =

Background field gauge invariance is preserved.
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Background field gauge transformations

It is useful to note the following background field gauge
transformations (6F), with infinitesimal local gauge parameters
5&a(x) when verifying the explicitly the background field gauge
invariance of this expression

A Ay
64! = —sar 224,

=1
5(D"9) = —5a" A2 (D),

SWAH = —9(561) — &g 665 WEr,

. R 50“/‘*75, R 66/‘%8
dOhy = hy ——— + hix —=—=,
2 2
A - AByAC
6Wﬁu = —€Bc 50[8 WF“”
68a8 = 8cB €p 06° + Bac €% 0GP (15)
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The background field gauge invariance is established by using these
transformations in conjuction with a linear change of variables on
the quantum fields

WA 5 WK — g 565 WO,
~B 1
997 Tk

¢ =o' - —

. (16)
The transformation of the gauge fixing term is

66X = —&%,504°GB. (17)

With these transformations, the background field gauge invariance
of the gauge fixing term is directly established.
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Ghost term

The quantum fields gauge transformations are
AWS = =0, 00" — & Aa® (WE +WE),
~l
U R )} (18)

As the hatted field metrics depend only on the background fields
and do not transform under quantum field gauge transformations,
the Faddeev-Popov ghost term still follows directly; we find
.~ -B 24 5 -A D ;D
Lyp = — gagl [—8 5C - C{)HE DC(W W ’u)
+ €ADCW53“ — S AP W

EA Ao ~ ~
- ZgAD(¢J + ¢J)VIC,J hik Vg,L o) u€. (19)
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Summary

e We have showed how to gauge fix the Standard Model
Effective Field Theory preserving the background field gauge
invariance.

e This approach can be directly generalized to higher orders in
the power counting expansion.

The key point

We gauge fix the fields on the curved field space due to the power
counting expansion.
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Electromagnetic vector current is renormalized

Gauss's law relates the time component of the electromagnetic
vector current J* = 9 v*e to
V-E

S =
—Ephys

(20)

Here epn,s = 1.6021766208(98) x 10719 C is the electron charge in
the usual Sl units.
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Divergence counter-term with higher
dimensional operator

The QED case was discussed in [0512187 Collins, Manohar, Wise].
The first higher-dimensional operator we can add to QED is a
dipole operator [1812.02991 AH, Trott]

Ls = Ce'y (ELO'V‘MeR) FHV + h.c. (21)

We include this operator in the discussion of the renormalization of
the vector current.
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Divergence counter-term

Usual textbook arguments conclude that

d .,
gl =0 (22)

consistent with the current being conserved. This corresponds to
the diagram not giving any new divergence structures

AN
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Divergence counter-term

However, the following diagrams are divergent

LY

These divergences are cancelled by a counter-term of the form
0" F, ., shown in the following diagram

N

The four-divergence of the operator vanishes identically.
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Derivation using the equation of motion
Vary the Lagrangian with respect to the gauge field

0= 5‘:5 = ep I+ Z30,F" + %aﬂa A (23)

+V 23220, (Zc Cer (L0 €R) + ZECE, (BrO™MeL)) + . ..

We define a MS-renormalized current

Zs —
S =JN+

\/2322
_l_
eus

Lo, Fo (24)

(Z(_‘Ce,y (eLa “eR) —I—ZCC (eRo' HeL)) + ...

The renormalization group flow of the current is

d

p— g = 27A—a FOwe, (25)
dpMS
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Physical current
We define the physical current

neo)
wo_qu v
Jonys = Kgs — e OF (26)

where T1(0) is the electron vacuum polarization. It follows that
Fie =L+ MO F ey = [1+T(0)] Y2 eps. (27)
In the MS scheme
2 2

e eq
neo) = Epr log ﬂ_; + = (Ce’y[Me]ll + Ce'y[MT]l]_) Iog N_ +.

From these results one directly defines the time component of the
physical current as

V - ELEFT,phys (28)

-0
JLEFTphys — )
Py —ELEFT,phys

which is the appropriate generalization of the source in Gauss's law
into the LEFT.
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Thank You!
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