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Standard Model Effective Field Theory

SMEFT is an effective field theory based on SM field content and
symmetries:

Lsmerr = Lom + L& +£0 4+ £0) (1)

& )
L‘(C’):ZWQ, ., d>4 (2)

C,-(d): Wilson coefficient

Q,.(d): Effective operator
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Ward ldentities

The Background Field Method generating functional of the
SMEFT is

. AGAT e s
ZIF,J] = /DF det |:A_§43:| e’(S[F+F]+£GF+source terms) (3)
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We want the generating functional to be background field gauge
invariant

8Z[F,0] 2

sar 0 “)
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Ward ldentities

The Background Field Method generating functional of the
SMEFT is

~ AGAT . R
Z[F7 J] = /DF det [A_féB:| e’(S[F+F]+EGF+source terms) (3)

We want the generating functional to be background field gauge
invariant

§Z[F,0] 2
il S’ R 4

Objective: background field gauge invariant gauge fixing term
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Curved field space
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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

Escalar,kin = (D H)T (DP« H) CHD ("-lT H) (HT H) (5)

+@ (H'D,H)" (HTD“H)

Andreas Helset (Niels Bohr Institute) — Ward Identities for the Standard Model Effective Field Theory — April 14, 2020 .
Slide 7/25




UNIVERSITY OF COPENHAGEN FACULTY OF SCIENCE

Geometry of scalar field space

The bilinear field interactions can be thought of in terms of
connections on the field space manifold

Escalar,kin = (D H)T (DP« H) CHD ("-lT H) (HT H) (5)
+ @ (H'D,H)" (HTD“H)

:%hu(@ (Do)’ (D)’

where I, J € {1,...,4} and

_ 1 |pati¢n
=1 Lm—kﬁs] (©)
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Metric of the scalar field manifold

The metric is non-trivial

CHD 1 Cup
hiy(¢) =iy —2 A2 ¢/¢J+2 A2 fi/(9), (7)
where
a 0 d ¢ a=¢1+ ¢
0 a ¢ —d b= 2+ ¢3
O A BRI ©
C = p1¢4 + P23,
c —d 0 b

d = ¢103 — P24.

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.
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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

1 1 C
Lonngeusin = — 3 Wi, W — 2B, B + %HTHBW B* (9)
C

HW a a,uv CrHws a a v
n2 HTHWE, Wi 4 =5= Hig? HW ], B

+

Andreas Helset (Niels Bohr Institute) — Ward Identities for the Standard Model Effective Field Theory — April 14, 2020 .

Slide 9/25
L}




UNIVERSITY OF COPENHAGEN FACULTY OF SCIENCE

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

‘Cgauge,kin = %W:V Wa,/u/ - %BI,LVBMD + CHB HTHBW,BHV (9)

/\2
Cow i e ey CHWB 1t a e gav
+ A2 Hy + A2 g uv
1
=- ZgAB(H)W#AVWB’”V, AB=1,....4
where
C C
b = (1 — 4= HTH) b B =1-4=FHH,
C
gt = Gaa = —2 7\V2VB Hio,H,  a=1,2,3. (10)

The gauge field manifold is curved.
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Real representation of the scalar field

We use the real representation

00 0 -1 0 01 o0
;|00 -1 0 ;|0 0 0 -1
MJs=lo1 0o of> 2T |-1 00 o0}
1 0 0 0 | |0 1 0 0]
[0 -1 0 0] (0 -1 0 O]
1 0 0 0 1 0 0 0
/ I
'73,J - 0 0 0 —1]|° ’74,J - 0 0 0 1 (11)
0 0 1 0] 0 0 -1 0f
We have that
[Vas V] = 2€5p7e, r,IA,K = V,IA,J'VA{,K
[73774] = Oa (12)
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Gauge fixing
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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 [Denner, Dittmaier, Weiglein]
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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 hik3e 407 (13)

Lar =

Background field gauge invariance is preserved.
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_8nsoacs
AR
GX = 0 WXt — e W WPH géx%’ﬁméﬂ. (13)
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e We can gauge fix the Standard Model Effective Field Theory
preserving the background field gauge invariance.

o All-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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Ward ldentities
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Ward ldentities

The Background Field Method generating functional of the
SMEFT is

s AGAT . -
Z[F, J] = /DF det |:A_045] e’(S[FJFFHﬁGFJrsource terms) (14)

Due to the gauge-fixing term, the generating functional is
background field gauge invariant

6Z[F,0]

|
saa =0 (15)
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Ward ldentities

In position space, the identities are

OT B4 0T
WL 2 T s

A 5F or _;
+Z(J BisF. 5—firB,j'5'>- (16)

0= (o108 — BNV

[[F]: effective action
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Mass eigenstates

WA = \/§AB Upc A,
~ JK A
¢J = \/F VKL¢‘L,

WAY: weak eigenstate
AAV: mass eigenstate

11 =i i
i w00 s o 00
g =L 0 1 1 9 90
U BC = V2 V2 R VvV K = V2 V2
0 0 ¢ s 0 0 -10
0 0 -5 ¢ 0 0 0 1
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Mass eigenstate generators

I
Ycu = 2 F g v&*® Usc (17)
0o 0 i -1 0 0 —i -1
Z |0 0 -1 —j Z o 0o -1
Y10 = 2\/§ —i 1 0 0 ) Y2,0 = 2\/§ i 1 0 0 5
1 i 0 0 1 —i 0 0
0 (c3,—s5,) 0 0 0 -1 0 0
I _ 8z |(ch, —s5,) 0 o ol , _|l1 0o oo
BT 0 0 o -1’ 7%l 0o o0 o0
0 0 1 0 0 0 0 O
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Geometric definition of couplings

The geometric definition of the canonically normalized mass
eigenstate gauge couplings are

B=aVE —&VE (18)
2= 5 (Ve —svE”) = & (9" — V™). (19)

- (59\/_ + Ve )=g1 (c@@ +5vE"),  (20)

Andreas Helset (Niels Bohr Institute) — Ward Identities for the Standard Model Effective Field Theory — April 14, 2020 .

Slide 20/25
L}




UNIVERSITY OF COPENHAGEN FACULTY OF SCIENCE

Geometric mixing angles and masses

Similarly, consistency also dictates the field space geometric
definitions of the mixing angles

592 _ gl( g 455 - \/§34C9_) (21)
7 (VB g — VB s) +a(vE s — VBT )
2 GV gz\/§34)2

S5 = .
b gllgd + g™ + g2lg®B + g% - 2q1:v8 (VB + vE™)
(22)

and masses
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Ward ldentities — Photon/Z boson

2 2
0= T o= 2T s
SARsD!

5°r

O - a“ﬁ.
0AY6ZH

(25)

SM-like Ward Identities
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Ward ldentities — Z boson

§2r _ s
0 = F—" My 26
SEHSAYY L d3s AT (26)

5°r _ 5T gz oF [3 3]
_ 4 _ 3
= Y Zme Msgasel T 2 san (\/_[4 aVh )5

(27)

Note the appearence of Mz and g.
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Conclusion

Higher-dimensional operators with Higgs field define curved field
space:

e Geometric definition of couplings, masses, and mixing angle

o Gauge fix with background field method

e Background field Ward Identities
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Conclusion

Higher-dimensional operators with Higgs field define curved field
space:

e Geometric definition of couplings, masses, and mixing angle
o Gauge fix with background field method

e Background field Ward ldentities
Valid to all orders in both perturbative and v /A expansions
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Thank you!
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Backup
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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,

AA 2K ~A 2K

Shyy = ey SAL L, 08 TR

u=hky——F—+ ik ——F,

2 2
AHA ~ ~BAC
6WMV = —€Bc o0& WHV’
~ N ~C ~D ~ ~C ~D
08aB = BcB € pa 08~ + Bac €pg i . (28)
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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' - —

. (29)
The transformation of the gauge fixing term is

66X = —&%,504°GB. (30)

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),
A = —Da % (¢7 + 7). (31)
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

<~ . ~
Lrp = — gapi® [—325/3 — D WP (WPH WD)

+ WP — A B WP (WF L Fy

E sAD( 1 J Nzl oK L C
48 (&7 + ¢ Vic hikAp,L¢7)| u- (32)
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Ward ldentities — Two-point functions

The Ward Identities for two-point functions are

2 51 2
oo 0T Tegygy 0T (33)
SWAVSWER 2 SWAV S
~1
0= aML LR (@6& + 5;/5—Ar> (34)
SOKSWEBH 2 soKsgl K sgl
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Ward ldentities — Three-point functions

5r 0 521
SWAVSWEBHsWCr  BC)Dns AV
5r

2J
) A e

’YBJ
=

o _o 5°r T

~ ~ ~ € —x —~_
SWAVSWBIsHK  BAGWDv oK
5 52r
”BJ(<¢J> I ) (36)
WA7V6¢16¢K 5WA,V6¢I
~ 1
0:8"* - M@g”%
SWBHHKSHL 2 5O QKO

o 2 2
—M@ LAY VA ) (37)
2 5¢15¢L 5¢/5¢K @
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