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Abstract: It has long been known in studies of Pion physics, non-linear sigma models and cosmology that thinking in terms of field space metrics
can be useful. Such an approach can help identify and define field redefinition invariant physics in observables. This approach is reemerging
recently an a key organizing principle and calculational tool for interpreting collider physics data to study Higgs properties. | will review some
known results and discuss outstanding issues being worked on in this area.
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Field coord. invariance leads to field space geometry

geoSMEFT General Relativity.

® Field coordinate choice invariance

@ Space-time coordinate general covariance
in amplitudes

@ Mathematical quantities: metrics, ® Mathematical quantities: metrics,
Curvature, tensors of INTERACTION Curvature, tensors for SPACE TIME
TERMS (field spaces)

1 o 1 Sl W —
Lsmerr = 5h1i(9)(Dud) (Dud) = J9anBWLWL, + -+ Ry 2 G + A guw = KTy,

i 1 ; (}52 a5 Tq'bl T e E,
i V2 [¢4 = i¢:5:| WwWe = (WH,W?* W3 B)

In general terms: D. Volkov Sov. J. Particles Nucl. 4 (1973) 1-17.
G. A. Vilkovisky, Nucl. Phys. B234 (1984) 125.
Modern uptake:

10022730 Burgess, Lee, Trott

Michael Trott 1
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Basics of the pure scalar interaction geometry
; 1

® Asusual: ;k = Ehd (hjl,k Sl hlk,j - hjk,l)

Rijut = him Ok — 8T, + TR I, — TI2.)

® For pure scalar metric (ungauged) case ks 1 ¢ 7 j
can ao to Riemannian normal coordinates £ = § hij duqs 8u§b

2 )
Then jkr+ jk--m Vanish evaluated at origin.

So can expand metric in terms of R. K. Meetz, ). Math. Phys. 10 (1969) 589593,

1002.2730 Burgess, Lee, Trott
[511.00724 Alonso, Jenkins, Manohar
[605.03602 Alonso, Jenkins, Manohar

2111.03045 Cheung, Helset, Parra-Maritinez
2108.03240 Cohen, Craig, Lu, Sutherland

Michael Trott K]
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Field coord. invariance leads to field space geometry

Lsuprr = Jha(@)(Du) (Dud)’ — 19aB WA WE, + -

e Dimensionless expansion into operator bases Ci =

0

\/E” = 0

)
0
0
0

1+ Cho - LCup

(Small perturbations so positive semi-definite matrix and unique square root)

e Geometric field space quantities are useful (True independent of mass dimension of ops)
Amp. perturb. are:

Fun. of 4 vectors (kinematics)

A~ Asy + (O)1 N1 + (O)aNg + - - -

Defined by field space geometries

Michael Trott 4
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Dim 6 SMEFT EW Lagrangian terms

® SMEFT at dimension 6 with all operators is already complicated.

e EW sector parameters redefined in the SMEFT

1 —%’U%—CHH’B [cosﬁ sin @ Z2,

=t % v3 CuwB 1 —sinf cosf | | A, |’

Mixing angle redefinitions

= i L,V G Bt

sinf = ———= |14+ - == =5——=Chws

VIt + T, 2.0 B +0
92

Vit + 3¢

Al
vk, = 1 - —E 5 e
1—(912 + ;}‘22) + gv-}Cup(glg + 9‘22) -+ 51.‘}911}2(;—'1”1.'3. cosD

Interactions to remaining SM fields via:

D, =08, +i :"j—i WHTH + W, T7] +i5; [Ts - 5°Q] 2, +i2Q A,,
9192 1= 192
Vir+ac L % +5

¥
svrCHw B]

- _ w2, =2 I_?lf_;r! 2
Fz=\T' +0°+ —=—=vrCuws
Vit + 5t

. _ . 2 +§1§z(§22—§12)vgﬂ” o
1312.2014 Alonso, Jenkins, Manohar, Trott ‘ Z+o | @ +ger L

® Note the complications are proportional to the vev.
Michael Trott
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SM weak-mass eigenstate relations

® \Weak eigenstates Mass eigenstate

™~

WA = 88 504",
i “Cl
= § 8 Usc6°,

6JK IKL‘I)L

/ ‘\ Rotations

0
0

DuetoD <4

‘g

Flat field space’s. [
Usc i

¢J S {le, ¢21 ¢'3a ¢«1}s q’K e {(D_a q>+; X h}
ot = {g2g2, 00,01}, WA = (W, Wy, Ws, B},

o Jo(l-1) go(1+4) 8 oara . ay . 20143 L e
ﬁ _{ ﬁ ] \/i 1 g]+g'},(c{) S{j):\/m 1 o _(}v ,Mf 131-‘4)-

What else could you write?

Michael Trott
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Dim 6 SMEFT EW Lagrangian terms

® EW sector parameters redefined in the SMEFT (already in SMEFTsim)

M"ﬁ - _ | —% v3.Crwa cos E_ sing 2
B, *% 'Uf‘ CawB 1| —sinf cos# A, :

Mass redefinitions Mixing angle redefinitions

sinf = ——2— I 1 11 9 —Z—(h 21 C HLLI}

V&© + 3 2 5 %' +a’

12 l%‘ 14 =2 =2 1 4o = ~ Gy _;_91 Ga* 4

Mz=+ L@+ 3+ gUrCHp(3," + 3,°) + S 92CHw 5. 008 = s |1 — C’,m,
Vii© + 72 2 % 8 +0°

Interactions to remaining SM fields via:

Dy=08,+iZ= [WiTH + W, T | +igz [T -5Q| Z, +iEQA,,

\/'

b1 . 90, -
_Q|Jz_ . |1- =3 |9i 21-‘-%(7)1'[&-'5
Vit +3.° ga® + 0 7.3
Jz=\0+0.°+ %? ACrw g
@+ o
JiJz(ﬂz -5 9

in?f = — - —vrCrwa
® Dim 8,10 etc solved in closed form. Just expand A3 @R

Michael Trott
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All orders SM Lagrangian parameters

® Low n-point interactions of fields are parameterised in terms of
couplings, 1909.0847Q Corbett, Helset, Trott

- ~11 —23

92 =929 =924/9

: g2 33 34 a1/ 14 34

Yzi= ar (69\/5 = -*"9\/5 ) = (""a\/ﬁ e Cm/ﬁ ) )
i ; 83

= 33 34 44 -34
E=g (Sa-\/s? + cgv/9 ) =g (cm/ff + 55v/9 ) .

=2 =2
2 r 2 _-
e Masses mly =2y, wy=L g mh=o

Iy

HVH . 44 34
e Mixing angles: . _ 91(v/5* 35 — V/3"'3)
@z 33 —34 ¢ =44 =34
2 go(/97c5 = /57 55) +01(\/T si— /U cg)’
2 (914" — 924/3°)?

gf[( V/ﬁ:z4)z i (\!?1«1')2] i 93[(\!,{7.-;:;}2 + (Vfg:tsj)zl — 2¢192 V@&%\__,{—J:s;s i \’/544).

(Interesting way to think of the Weinberg angle)

Michael Trott
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All orders SM Lagrangian parameters

e Low n-point interactions of fields are parameterised in terms of
couplings, 1909.0847Q Corbett, Helset, Trott

- ~11 —23

92 =929 =924/9

: g2 33 34 a1/ 14 34

9z = = (69\/5 = -*"9\/5 ) T (""a\/ﬁ = Cm/ﬁ ) )
Oz : 0z

= 33 34 44 34
€ =02 (56'\/?4 + cgv/9 ) =0 (CE\/STJ + 55v/9 ) y

=2 =2
2 r 2 _-
e Masses mly =2y, wh=L g mh=o

T

1wvi . 44 34
e Mixing angles: . _ 91(v/3* 35 — V/3"'5)
@z 33 —34 f dd =34
2 go(/97c5 = 57 55) + 91T si— /U cg)’
2 (914" — 924/3°")?

g?[(\/ﬁ:m_)z o (\!?1«1')2] +g§[(\!,§.-;:;}z + (Vfg:tsj)zl e 29193\;@?‘4(\@33 i \’/544).

(Interesting way to think of the Weinberg angle)

Michael Trott
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All orders expressions are known now

2001.01453 Helset, Martin, Trott
e All orders scalar metric -leading to gauge boson masses in SMEFT

00 2
6 P\ 842 (8+2
hiy = |1+ 82 Can+ Y (?) (0}15 n) CHBQM)] 81
n=0

Tl oxTX o8 (&) i G o8+2n)
5 9 T 5 Hp2 |-

n=0

e All orders gauge metric - gives mass eigenstate couplings in SMEFT

gap(¢r) = |1 4V‘(C‘("+;}"}(1 O41)+C“+M )( ) }*.4};

n=0

e *)Z o e =
~ 3_ (;;u)zl ( = ) (¢rTh s¢”) (ALI'E @™ ) (1 — 844)(1 - 6B4)

=0

~ _(6+ ol X & i ; i
\ eabadind (—)) [(#1T] ;¢7) (1 - 644)dps + (A & B)],

L7 —()

® Number of operator forms saturate in geosmeft.
This is due to reducing possible generator insertions on the Higgs manifold

1 -
TiTee = (5iéf5jk - W‘Sijokf)

Michael Trott
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LEP EWPD measurements in SMEFT

{1 @ EWPD is a scan through the Z pole

+ =
e ¢ —hadrons

Cross-section (pb)

~40pb~" off peak data
~ 155 pb~ " on peak data

Simultaneous PO fit to

) 2
e TN Z __ _peak sl'y

30 60 80 100 120 140 160 180 200 220 Uff — af'f (S =) )2 + §2T2 /,m2
Z Z 2

Centre-of-mass energy (GeV)

Peak shape is fit to:

0
peak _  Jff
veak _ S
s RoEep el

Parameters extracted: (m%,l'z, R}, 0hqq)

Michael Trott
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LEP EWPD measurements in SMEFT

—
=
a

{1 @ EWPD is a scan through the Z pole

Cross-section (pb)
=
S

+ -
¢ ¢ —hadrons

~40pb~" off peak data
~ 155 pb™" on peak data

Simultaneous PO fit to

- 2
_LEPI " TEPN 1 Z _ _peak sI'z
60 80 100 120 140 1060 180 200 220

o = o
b5 kD 272 2
Centre-of-mass energy (GeV) f ff (S mZ) —I_ S FZ/mZ

Using geoSMEFT we have masses and widths to all orders
(f?MEFT) - f“fM T (fi}C)(u2 /A2t <fi>@('u‘1 /Ayt
7 - if b _’f ind el
EWPD done to dim 8 .... for first time ...in three weeks!

2102.02819 Corbett, Helset, Martin, Trott

Micel Trott 11a
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Gauging the SMEFT/renorm




Aside on the BFM

: Abbott Acta Phys.Polon.B 13 (1982) 33
® Here we are gauge fixing in the BFM: F — F + F

Double the fields, introduce background fields that have gauge sym unbroken when gauge
fixing quantum fields

1
2w
L
T 26

From the gauge fixing term, choosing £ = &w, one directly finds Coun_ter terms then gauge
Invariant. t'Hooft, Veltmann

Nucl.Phys.B 44 (1972) 189-213

2
Lorp = Z [3’1”m,;: - g Cu’bc"i?b,;r,ﬂyé‘ +ige § (}}'Toq-HJ o, H:’fgf;_ﬁj)] ,
@

2 [ el ¥ i %) /

E 5 i 2
[B“B# +igr 2 (HJH, . HJHi)] :

Lor = -3¢ (G4 +(@P +26% 6],

where
GA = 8, A" +ie (I—i--'ﬁ-t—-’; “ u--’;ﬁ--;) +ieé (arqﬁ o (;Bh;r) :
. Cuw Zy S o ol : 1 . . o~ - b
G? = 8,2" +ie ™ (Wi W, - Wi, ) +iet——1(c, - 2) (479" - d%97)
1

QCwa

GE = W tie [fi“ + @7;#] Wk F ie (A“ + @Zﬂ) W,
Sw )

Cw Sw

— ek (‘1{50}1 — heo — 'l’¢>u) .

Sy

s . .
s ((1.1 +hid)dt—(hF -than)r/;i) .

Michael Trott
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Aside on the BFM

f Abbott Acta Phys.Polon.B 13 (1982) 33
® Here we are gauge fixing in the BFM: F — F + F

Double the fields, introduce background fields that have gauge sym unbroken when gauge
fixing quantum fields

1
2w

S
2¢p

From the gauge fixing term, choosing £ = &w, one directly finds Coun_ter terms then gauge
Invariant. t'Hooft, Veltmann

5 % (G + (G7) +2G* G, Nucl.Phys.B 44 (1972) 189-213

2
Lop = Z [3’1”m,u - Cu.bcﬁ_..rblﬁi_yét +iga _‘E_ (f}'.’_’o‘"-Hj L, Hfgﬁx_ﬁj)] :
@

2 [ Tl ¥}  Thalh ] ;

2
[BFB" +ig % (HJH, — H,:rffi)] .

where

GA = 9,4 +ie (I—i--'ﬁ-t—-’; - u--’;ﬁ;-;) +ie (arqﬁ - (;Bﬂ/r) ,
G = 0,2" +ie= (WiW, - WiW,) +iet L& -42) (4-0* - ¢*¢7),

Sw
1
QCwa

G* = PWE tie [;-1“ + @7;#] W F ie (A“ +
Sw

Sw

Cw Sw

= et (‘1{50}1 — heo — 'l’¢>u) :

1 . !
—eé E ((1.1 +hF iq‘)n)gbi —(h=Fx 'id)n)(f)i) :

Michael Trott

Pirsa: 23050156 Page 27/36



SMEFT gauge fixing solution!

Problem: contact operators change mass and weak eigenstate relationship as seen.
This can be understood as a “curved field space” due to the contact operators.
So we should gauge fix the correctly redefined field. We need the tetrads.

Solution:define a gauge fixing term on the “curved field space”

3

G* =g W+ —¢ opWC W D) X" hix ’?C,JQEJ-

f’DFdet !ﬁ—g;] 1’(‘5 F+F]+‘C(=}'+QCDJCWU Hthy JJé‘?s )
(87

arXiv:1803.0800| Helset, Paraskevas, Trott

Michael Trott
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SMEFT gauge fixing solution!

Escalar,kin = (DP«H)T (DPH) + CHD (HTH) O (H’[H) ElhIJ((b) (I),U,d))lr (DP-¢)J
+Cxup (HiDuH)* (HTD#H), 2

| BN U | % CHB v 1
Lwn = — W, WH — ~B, B + 2 —=H'HB, B* ;_ZgAB(H)w;ﬁ,WBW

CIIVV t a Q. LY
+ A,) HHW W o T ag pu

0 = aﬂwx’“ — E‘GDWE’WD ok + 6 ,{CQJJI iLIK ’?g‘J(}nﬁJ.

A = 4 -~
/DF det [ﬁ] ei(S[F+P‘]+»CC1P‘+§C'DJE'WD'“ +hIJ,]$¢;J)
AaB g

Michael Trott
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Another geoSMEFT clue

Goes back to arXiv:1505,02646 Hartmann, Trott

w&B A CEJ&W') (

’%“B-W (044, 8" 2,) === \@‘\W}.

The geometric BFM gauge fixing cancels this mixing at all orders in the vev expansion!
Exactly as it should be. You n fix metricall have th | BFM

benefits.

Michael Trott
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GeoSMEFT based loop corrections?

e Will this simplify the NLO SMEFT radiative correction program?(Yes)

Immediate BFM Ward Identities have already been denved/verlﬂed
1909.084/0 Corbett, Helset, Trott

2010.0845| Corbett, Trott

6F[F 0] . . X 5T 5.7+ 0T
(5(1 = (. # 0= (a“o;{,‘ —E% WG"‘) W = T‘fﬁ‘jﬁ
t

—{izes O GL..
+ ) \Tilp; e —~ 775 ) -
(Background field gauge transformation ) Z,‘( 2GS i )

Photon identities: Z jdentitiess  sGeomelicin s
»

0 82T 82r

21 27 e Mz S T

i (.}.” #‘ i {"_]H A() 1 e (:, _15;1 P} _1} iy (5(1)3(5_4\' v
SAMSAY v AP &°r ; 8°T

0=0"—— - My———— |
d. 45“ P! SP3aPp!
+ 8 ~3,: — 4,1 ;
+ fj_/ i = (\! ’!.[4_4] \/h.“ ! = \/}?[,1_3] \/E[1 i]) (\j

2 38
LA A (k2 = 0, ﬂ44 0. o

Y smerr(k “7.5merT(0) =
or [3,4] ~ [4,4]
q_;/ ():I) (\/_[4 4] \/H = \/]?[4 3] \,"/_ ) ("‘pl
One loop behaviour works! !

Michael Trott
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Second order variation of action

A ‘ o i e
[Xoml's (Xl (Bus) (20 2], = Dl 5 = Bk (Dud) (Dug) + VTAFS,
[Apc](AHa) 5 (K] ARA) g, s = Rpx1(Dud)  (Dud)" — fUnFy, + T1RtEF,,

v jhe

2212.03253 Helset, Jenkins, Manohar
® \Where after lie derivatives used action variation can be beat into form:

1 f o { e J - g - x :
SmS =3 f d's {h.u(sf,.u) (%un)” + [-Rixsn(Dud) " (D*9)" - (V1V4V)

- % (\;'rv.m.uu) FAwED UAH;‘} ﬂ'ﬂ"}

. ; ; 1,5, :
. - E - B J = .
ém—S = frﬂ:}, { {E[V"F_M} + l'.‘."(VJ},’_-],U) - EIJ {VIQ,-L‘J) (DH.\d)} . [(1.1‘!: { —gag "‘ﬂld_-ailu[-f;'?ﬂcj-““n(?“c}”““

e 5 = ) - 1 e . . X

+ (- Reawn 10uss + 2R1sauayous) ) F TR”""’(DN?’)J}’!I‘J i + [trathus = Rican 0 (Pat)! (0°6) + 30081 (FuD.0)' +(8.D,0)')
+ (ViVigas — 9419 968.7) (Dud) (Dug)”

D

i He, i
+ = (gonfBa - 9pafs +290pf6) Fl - Eyuu.h—h“ Lgea L FSF

~Ap ~Br

1o, " find 1 .
+ gh!“_(,’.4}1,_1)'5'[1“[),!F:.:_;-_aFD s + Eﬂf "5’.4;:,M1'.mm,-]c, ¢ }

e Here cov deriv and killing vectors are

I
3 n! 3 o ; "IC,J"1'5+F£J1(DH¢) ‘—Féﬁﬂﬂ n’ tn = i B " c |-
Rilltie i g8 r'4,FS — 5 5A5 M0 + T{p(Dud) s | |8 =0p0y, + JopAL,

Michael Trott
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GeoSMEFT based loop corrections.

e Further generalisation: 2212.03253 Helset, Jenkins, Manohar

~ 1
A = _AC I,B AB,J T
(PuC)™ + 597 9c8,1(Dud) C°F — h1sg""tpn
-~ A I A
(2,6)" +T1p(Dug) ¢* —t1n’ .
Where o
(Bc) ™' = (Du*4)" + Tfa(D,g) B4 + T4 FE bayl .
Generalisation used to clean up expressions and cancel cross term
In fluctuations, as well as lie derivative clean up
Cool running expressions for these also derived

d(ﬁl V.}QAB)
dlog

Michael Trott

Pirsa: 23050156 Page 34/36



Pirsa: 23050156

Simple all orders results for the vev expansion

@ Glue Glue higgs

. \/544 L 0KAA
(h|GG) = e (hG,.,G"") %

@ Higgs to gamma gamma

(h|A(p1)A(p2)) = —(hA* Ay )= +2(

4

X {<5933(¢) €2 (5934(¢5)> e . 5944(@)%

® Where the geometric electric chargeis & = g, (35\/;‘3 i Cé\/g:”)

i (91v/9" — 92v/9")?
) g%[(\/g““‘)ng(\/Ei’l)Q]+g§[(\/§53)2+(\/§3‘1}2]—291ggﬁ3"‘(ﬂ33+ﬁ'1"1)'

Michael Trott

6ps ' g3 dds " G192 ods "g7]’
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An instant pay off of “geoSMEFT”

Growth in operator forms in connections

Always saturate to fixed number, this is just the

simplest organization exploiting this

Mass Dimension

Field space connection

h1(9)(D,¢)! (D*¢)”
9AB (cﬁ}WﬁL W
k114()(D)! (D*¢) Wy,
fasc (q’))}’\.r’;j, whB -vvwf iz
Y (¢$)Qu+ h.c.

};ﬂ ($)Qd+ h.c.
}';‘r((.b)ECWL h.c.
dgpr(qﬁ)l‘apuc}viu + h.c.
ds" (6)QouWy '+ hec.
&% ($)Q0r ., AV + hec.

Lo A(@)(D#6)! ($p,r1u0 a¥r,R)

LyEA(6)(D*$) (p, L Yuo a¥r,1)

2N}
o
2N
1N?
4Nj;’
4N?
N7

2
2Nf

2001.01453 Helset, Martin, Trott

Michael Trott

® Once we have things to dim eight
it is sufficient in many observables

Mases

TGC, Higgs to ZZ,WW
QGC,TGC + Higgs

Yukawas

Dipoles
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