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LWas hard.We also need one loop L¢ and (£6)?, Ls

® Is pure automation the only way forward? It has been claimed a few times.

® Maybe not. Can the SMEFT for precise experiment be practically simpler?

® Physical results are field redefinition invariant. Operator bases are the result of
using field redefinitions to fix variables for calculations. Any non redundant
operator basis is not field redefinition invariant. And this is a pain in the...

Your development of tools in a fixed operator basis is guaranteed to have many
technical hurdles. So, let us minimise them.

Main message: If you start to think field space geometrically, and
make sure your tools are consistent with conventions of the
geoSMEFT, long term you (and everyone using your tools) will benefit.

T —— B L
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GeoSMEFT basics.




Field coord. invariance leads to field space geometry

geoSMEFT

® Field coordinate choice invariance

In amplitudes

® Mathematical quantities: metrics,
Curvature, tensors of INTERACTION

TERMS (field spaces)

1 1

Lsmprr = 5h1s(9)(Dud) (D) = J9an(@Wi, W5 + ..

_ 1 1¢2+id
H= V2 {¢4—75¢3]

T —=

R, —

W4 = (WHL W2 W3, B)

General Relativity.

® Space-time coordinate general covariance

® Mathematical quantities: metrics,
Curvature, tensors for SPACE TIME

R
— G +Ngu = k1),

T ———————m
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Field coord. invariance leads to field space geometry

1 1

A 117B,
LsmErT = §hIJ(¢)(Du¢) (Du)” — 1 9AB ()W WY
. . o . (HTH)
® Dimensionless expansion into operator bases C; = A2 Ci
o O ow 80
_ _ 0 1+C 0 0
\/E 10 0 1—% HD ) 0 . \@AB: 0 OHW 1+ Cuw —Cuwn B
00 0 14+ Cyo — 2Cup 0 0  —Cuwe 14C0pp

- - 2
-
. .
1 1

(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 -ASM‘l‘ Oﬁ\fl 2N2—|—'°'

Deflned by field space geometries
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The intermediate language between

Pure amplitudes, and pure operators,
is field space geometry.You can use it.




What is better about it!

More basis independent results are possible!

All orders expression for Higgs to gamma gamma o
can be defined in closed form as:

Yes! Its a Vielbein of a Higgs space defining asy.
particle states in SMEFT

2
(h|A(p1)A(p2)) = —( ( + ) + ( )

004 " G192 o
Kinematic structure /

0g34(¢), € 0g44(®) 52]

g3

Geometric Dressings

No explicit SMEFT expansion op forms. But all orders in vev expansion

How do we get to such results?
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Curved SMEFT spaces: scalar fields

® Curved SMEFT field space manifest in background field formulation
In general terms: G. A. Vilkovisky, Nucl. Phys. B234 (1984) 125.

Metric on Higgs field space, SM a FLAT field space

< 1

1 I J P2 + 101
Escalar,kin :_hIJ(d)) (D d)) (DN¢) ) Where H — T = .
- g V2 |®4 — 193
(1 0 0 0 ] <HTH>
1J 01 0 0 ~
_ i C; = Ci
Vh = 00 1-3%Cup 0 here A2
00 0 14+ Cuyo — zCup| Small perturbations so positive semi-definite
' Matrix and unique square root
1002.2730 Burgess, Lee,Trott\ (sqrt) Metric in SMEFT, a carved field Space
|511.00/24 Alonso, Jenkins, Manohar RI 0
KL 7

1 605.03602 Alonso, Jenkins, Manohar
: e ——
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https://arxiv.org/abs/1002.2730
https://arxiv.org/abs/1511.00724
https://arxiv.org/abs/1605.03602

Curved SMEFT space: gauge fields

® Similarly in the gauge coupling space a curved field space

Metric on gauge field space, SM a HAT field space

/

1

Lgauge,kin - _ZgAB(d))W;?uWB,“Va Where WA — (W17 W27 W37 B)
1+ Crw 0 0 0
AB _ 0 1+ Crw 0 0 . HYH
V9 0 0 NG T e here C; = < 5 ) Ci
0 0 —Cawe 14 Cyp A

N (sqrt) Metric in SMEFT, a earved field space
1803.08001| Helset, Paraskevas, Trott.

1909.084/0 Corbett, Helset, Trott

E———
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https://arxiv.org/abs/1803.08001
https://arxiv.org/abs/1909.08470

All orders SM Lagrangian parameters

® | ow n-point interactions of fields are parameterised in terms of
COUpliHQS, 1909.084/0 Corbett, Helset, Trott

Jo=g2\V9 =g,

Gy = 902 (Ce \/—33 sz \/—34) 0 ( P \/544_ cs \/—34)

e = g2 (55v/5" + cgv/s™) = o1 (cav/a™ +s9v/5™) |

® Masses 'r?z,%,v = '64—% hllz’t_)%, 77’1,22 = %\/ h332’l_)% 77234 = 0.
e Mixing angles: , _ gl(\/ﬁ‘*“sa - \/53%5)
'z 92(v/9%cg — /37 s5) + 91(/G 55— /3 )
2 (91v/7" = 924/97)*
2

g7 + (VT + Bl(v57)? + (V™) - 20192/57 (V5 + /")

(Interesting way to think of the Weinberg angle)

e T ———————————
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https://arxiv.org/abs/1909.08470

All orders expressions are known now

® All orders scalar metric -leading to gauge boson masses in SMEFT
00 2\ N+2
1+ ¢*Clh+ (%) (cis™™ - CS,“L%"))] 517
0

I ;oxTE o8 (8 & /g2 8+2n)
+ - 2 ’ gD + Z (?) C.§T[,D2 o
n=0

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

(6+2n) (6+2n) ¢\
9aB(¢r1) = [1—42(0 (1 —044) + Cyp n5A4) (7) ]5,43

Z CSITVQ;) (_) (61T% 707) (6T B xd"™) (1 — 644)(1 — Oa)

Z (0} caki (—)] [(¢1Th ;¢7) (1 — 844)0B4 + (A & B)],

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

arma 1 1
Tz'kae — 5 (5z'e5jk - N(Sijdke)

T — T EE————————=——=——=—wwww»wwwmm
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SM weak-mass eigenstate relations

® \Neak eigenstates Mass eigenstate

™~

A

WAY = §AB Upc ACY,
~ A AC
o = 5AB UBC'/B .

¢! = (SJK.VKL(i)La

/ \ Rotations

Flat field space'’s. 0"
0

DuetoD <4

0
0
U pu— pr—
BC o~ Vik

I
© ¥~
= oHlLSk

| 1
o oSl
(@) O&l»—ﬂslls
ol oo

_o o O

9 &

0
_Sa

@7 = {1, ¢2, ¢3, P4}, ®F = {®7, 0T, x, h}
aA = {92 g2agz,gl}’ WA = {W1)W2aW3,B}1
C _ '92(1—7;) g2 (1+1) [H 2 2 20192 C _ (vt A—
:8 - <\ \/5 ) \/5 ) gl +g2(cg 39)) \/E%—I-_g% ’ A - (W aW )ZaA) .
What else could you write”?
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SMEFT weak-mass eigenstate relations

® \Neak eigenstates Mass eigenstate
WA = g PUsc A, Generator transform
A AB A
1909.08470 Corbett, Helset, Trott ~ &” =+v/g" UpcB, &g = %&Q,J\@“‘BUBC.

= VB Ve BT

/ \ Rotations

SMEFT Field space metrics

(Now known to all orders) (5 Vs g g 7 00
N Sy = —= 0 0
Gl L IR b e
L0 0 —s5 g 0 0 0 1
= {¢17 ¢2’¢3,¢4}, K = {(I)_,(I)+,X, h}
aA = {92 92;92,91}, WA - {Wl,WQ,Wg,B},
[ 1—4) ga(1+9) o 2y 29192 C -
ﬂC:<g2( , A\ 91+ 93(c5 — s5), } A= Wr W, 2, A).
\ /2 /2 91 + 95(c5 — s3) \/E%_}_—g% ( )
What else could you write”? Nothing that generalises to all orders.

T
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https://arxiv.org/abs/1909.08470

Dim 6 SMEFT EW Lagrangian terms

® EW sector parameters redefined in the SMEFT (already in SMEF Tsim)

w3 _ 1 —2v2Chwp cosg_ sin? Z,
B, —%’U% Cawn 1 —sinf cosf | | A, ’
Mass redefinitions Mixing angle redefinitions
— 2,9 — - 2 = =2 —2 .
2 _ 927Vp 7 91 1497 92 92 — 9
My = 4 ind V32 +732 L T2 91 522+§12CHWB_
2 — - —_ - — -
2 _Vp,.—2 , -2 14 — 2, =2 14—— vy il g2 _ﬁ9_1922—912
Mz = 1 (91" +927) + 8UTCHD(Q1 +9,7) + 2UT91Q2CHWB- cosf = N _1 2 7 _9—22+§12CHWB_

Interactions to remaining SM fields via:

92

V2

Dy=0,+i==[WiTT + W, T7] +i7, [T5 —5°Q| Z, +i€QA,,

9192 1 9192

—_ 2
€= - T’UTCHWB]
V3.2 47,2 922 + 7,2

gz =32 +52 + ¢£—2§3v%CHWB
] _ A A A 2 —gin2f — g:° 9192(9.° — 91°) v2Caws.
® Dim 8,10 etc solved in closed form. Just expand. 240t @49
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Generalisation for composite ops

Fun. of 4 vectors (kinematics)

AZASM—|—<OﬁVl—|—<O>2NQ‘|‘

Defined by field space geometries

Making this decomposition more manifest from the start
The usual operator focused language is not particularly helpful.

Nd C-(d)

Lsmppr = Lsm +LO +LO 4+ L0, L@ =37 S0 ford >4,
1=1

v/M < 1
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Generalisation for composite ops

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

Reformulate!
Reformulate!

LSMEFT = Z filoe---)Gi(I, A--

Derivative expansion Vev expansion - [ _
Composite operator form Scalar field coordinate dependence
With minimal scalar field And insertions of symmetry generators

coordinate dependence
\ .

Mixes expansions, but grouped with derivative forms.
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Generalisation for composite ops

® Such connections can be defined from the Lagrangian expansion constructively

Hy 6° LSMEFT

g
hry(¢) = d §(D,¢)6(D,¢)’

L(a,B:-)—0

non-trivial Lorentz-index-carrying Lagrangian
terms and spin connections {W,, (D*®), goty, g}

® Limited number of such connections for up to three point functions

V()  his(¢)(Dud) (Dud)’, gap(@)WoLWPH | ki (8)(Dud)' (Dye)’ WY,
faBc (@)W, WEPWSH,

With fermions Y (@)12, Lra(@)ry Tabe(Dus)’, dA(¢)%510W¢2wa

Gluon fields kas(9)G, G™,  kasc(9)Gy, G2 GOMP, c(p)hrot Tae Gy,

B i ———
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Generalisation for composite ops

® Such connections can be defined from the Lagrangian expansion constructively

_g"  6°LsmEFT
") = S 5,8 6D, 9

L(a,B:-)—0

AN

non-trivial Lorentz-index-carrying Lagrangian
terms and spin connections (W, (D*®)X, ok, by}

® Limited number of such connections for up to three point functions

This is a non trivial fact proven in  2001.01453 Helset, Martin, Trott

There is a theory choice here - its REMOVE DERIVATIVE OPS, USE EOM.

Same reasoning built into, and led to the “Warsaw basis”.
Also why we were able to renormalise the Warsaw basis completely in 2013.

EFT Industry standard in flavour physics, chiral pert theory etc.
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GeoSMEFT Pushing to higher n points

® Limited number of such connections for up to three point functions

This is a non trivial fact proven for: F = {H,y¥, W*"} via the following:

D?*F =

f(H)(D,F1)(DyF3)Dyyy F3 =

f(¢) Fi (DuF2) (DuFs) = (Duf(¢)) (DuF1) F> F3 + =(D*f(¢)) F1 F> F3 + |EOM

EOM

EOM

and higher-points, 2001.01453 Helset, Martin, Trott

and higher-points.

1

2 )

<

® How to incorporate such higher n-point effects is the key challenge.
® Pert corrections advancing fast- higher n points also moving.

T —

Michael Trott, NBI

T ——————=——————wmwmmme



https://arxiv.org/abs/2001.01453

GeoSMEFT Pushing to higher n points

® Note these integration by parts steps were used

f(H)(DuF1)(DyF2) Dy F
=— f(H) [(D*F)(DyFs) + (DyF1)(DuDy, Fs) + (DD, F1)(DyF) + (D, Fy)(D*F)| (D, F3)
— (Duf(H)) (DyF1)(DyF) + (D, F1)(D,F»)| (D, F3)

f(¢) Fi1 (DuF2) (DyuF3) = (Dyuf(9)) (DpF1) Fo F3 + %(sz(d))) Fy Fy F3 + |[EOM |,

These steps were critical to reducing the number of connections for two
and three point functions. This just fails for four points and higher.

One knows that there are an infinite set of higher derivative terms lurking
In higher n points, dependent on  {Du¢', Dy16", Dy’ 1,

This is a problem for measurements away from SM resonances.

Michael Trott, NBI




An instant pay off of this approach

® Growth in operator forms in connections

Always saturate to fixed number, this is just the
simplest organization exploiting this

Mass Dimension

Field space connection 6 8 10 12 14
h17(¢)(Du¢)' (D*¢)’ 2 2 2 2 2
gAB(P)WSLWEH 3 4 4 4 4
krya(¢)(D#¢) (DY ¢) We, 0 3 4 4 4
fapc(@)WAWBrPWSH 1 2 2 2 2
Y% (4)Qu+ h.c. 2N7 [2N7 | 2N; | 2N7 | 2N;
Y2 (4)Qd+ h.c. 2N7 [2N7 | 2N7 | 2N7 | 2N;
Y5 (¢)Le+ h.c. 2N7 [2Nf | 2N; | 2N; | 2N;
d5¥" (¢) Lo, eWh” + h.c. AN? | 6N? | 6N? [ 6N? | 6 N?
d%P (¢)Qo uWl’+ hec. AN} | 6N? | 6N? [ 6N? | 6 N?
d%7" ($) Q0 dWH' + h.c. AN? | 6N? | 6N? | 6N? | 6.N?
LVR,(8)(D ) (Yp,rYu0atrr) | N7 | N? | N7 | N? | N?
LYE () (DH9)’ (70 atsr) | 2N7 | ANF | AN | AN | 4N}

2001.01453 Helset, Martin, 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

T —
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Application to theory error

10000000000 - -
7557 369962
2795173575

1000000000 |
100000000
10000000 |
—® 5474170
1000000 |-

100000 +

10000 |-

No. of independent ops

1000 |-

100

10 -

Pole parameters O(10’s

1L

1 1 1 1 1 1 1
5 6 7 8 9 10 11 12 13 14 15
Mass dimension

® General growth in operator forms from Hilbert series
1503.0/537 Lehman, Martin. 1512.03433 Henning, Lu, Melia, Murayama

1510.00372 Lehman, Martin.  1706.08520 Henning, Lu, Melia, Murayama
T — B
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https://arxiv.org/abs/1503.07537
https://arxiv.org/abs/1512.03433
https://arxiv.org/abs/1510.00372
https://arxiv.org/abs/1706.08520

Application to theory error

10000000000 -

7557369962 |
2795173575

1000000000 |-

‘
100000000 175373592 (

10000000 +
4 —=® 5474170
8 1000000 +
S
§_ 100000
£
E 10000 -
© . .
- 1000} DIts this structure
100 s
101 12 — ?|Po|e(s) built of 2,3 pts

1L

{Parameters O(10’s)
jNumber of parameters
S S S e S e s s s aamamnsramize=®”™saturates to a constant

® General growth in operator forms from Hilbert series with mass dim
1503.0/537 Lehman, Martin. 1512.03433 Henning, Lu, Melia, Murayama

1510.00372 Lehman, Martin.  1706.08520 Henning, Lu, Melia, Murayama
T ———— W
Michael Trott, NBI 18a
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https://arxiv.org/abs/1503.07537
https://arxiv.org/abs/1512.03433
https://arxiv.org/abs/1510.00372
https://arxiv.org/abs/1706.08520

GeoSMEFT example

e \Vhat does this allow one to do? 2001.01453 Helset, Martin Trott

] /?/ Consider a W=, Z coupling to a fermion bilinear.

The all orders coupling in the SMEFT is a sum of
two field space connections.

Wwilpy :with a consistent change weak to
mass eigenstates in SMEFT

Added to this is the scalar, fermion connection L%, () (D) (p, 140 4%, )
(with a background field expectation) LY 4 (6) (D" ) (p,LVu0 A%r,L)

B
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https://arxiv.org/abs/2001.01453

GeoSMEFT example

e \Vhat does this allow one to do? 2001.01453 Helset, Martin Trott

] /‘/ Consider a W=, Z coupling to a fermion bilinear.

—AA’N(T/;p7u7:A¢r)5pr + -AC’N (Q;p'Y,uo'A"p’P) (L}p,ﬁr> (_7613',4)1_)T)

CE S Compact all or/A orders answer!

e T ———————————
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https://arxiv.org/abs/2001.01453

GeoSMEFT example

e \Vhat does this allow one to do? 2001.01453 Helset, Martin Trott

] | Consider a W*, Z coupling to a fermion bilinear.
\ . 5. ,’ 7

—AA’N(T/;p7u7:A¢r)5pr + -AC’N (Q;p'Y,uo'A"p’P) <L’(Ip,,£r> (_7613',4)1_)T)

The coupling of the canonically normalised mass eigenstate fields is then

e

Gote) = Lt [(253,Qu — 09)65r + o5or(LYE") + o (LET)] o,
&p'&r) - _é_"zp f_A Qz,b 5pr ¢r,
Goir) = ~TeBlfyys) T* [Sr — or{LLT") & ior (LEE)] o

Michael Trott, NBI
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GeoSMEFT example

e (Can build up observable quantities, such as a decay width.

] /‘/ Consider a W=, Z coupling to a fermion bilinear.

— AN (D, Tt )8pr + ACH (P10 athe ) (LYE Y (—E 4) o

® o
® Two body decay widths:
4M2 3/2 Y 4M2 3/2
T ,/—2 L4 5 N Ne oo wwpe [ M
Z—p — Z 247 mZ|geff ( mZ ) FW—HMP - g 247 mW|geff | 1 m%/V
Zy _ Y,pr Y,pr g
gii’ = %5 (258, Qu = ou)dyr + on(ZE) + oxor (LA ™ = T [VEi — or (L") o (157
i = =% (VB — or(L35") + on(Li5™)]

e
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SMEFT expansion correction error estimate by process.

® Process by process many of the dimension 8 corrections are also fully
known now. We can examine process by process to be informed
in defining the error. EX. 2102.02819  Helset, Corbett, Martin, Trott

Z

- <gSl\‘i",'pr> + <geﬂ:,;‘)r>0('v2/z\2) -+ <geff’pr>0(.v.l/A-1) 4+ e,

e O SMEFT in SMEFTsim

SMEFT corrections in the {my, mz, G r}/{a, mz, G F} scheme
v \u .d L \u .d N4 N
O(%2) | (o5%s8) | (oFm) | (o&2) | (e&h) | (e&s) | (oFE) | (&)
5G| -0.08/0.15 | 0.04/-0.07 | 0.12/-0.22 | 0.18/0.41 |-0.22/-0.34 | -0.15/-0.49 | 0.26/0.26
¢ | -0.22/0.05 | 0.11/-0.03 | 0.33/-0.08 | -0.13/0.15 | 0.02/-0.12 | 0.24/-0.17 | 0.09/0.09
Cl) 1 -0.21/0.39 | 0.10/-0.19 | 0.31/-0.58 | -0.21/0.39 | 0.10/-0.19 | 0.31/-0.58
C\9) | 0.37/0.37 | 0.37/0.37 | 0.37/0.37 | 0.37/0.37 | 0.37/0.37 | 0.37/0.37 | 0.37/0.37

(6 -0.37/-0.37 | 0.37/0.37 | 0.37/0.37 | -0.37/-0.37
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https://arxiv.org/abs/2102.02819

SMEFT expansion correction error estimate by process.

e EWPD to dim 8 now known in both input parameter schemes.
2102.02819 Helset, Corbett, Martin, Trott

SMEFT corrections in {ry, 7z, Gp}/{a,mz, Gr} scheme
O(_‘:I) (geffuR> <gefde> (geffeR )
(95¥)? 14/5.5 -27/-11 -9.1/-3.6
Many cross terms | Gofims | S8R e | aon
. . 2 28/-0. -0.14/0. -0.42/0.
NOT in quadratics CupCly, | -0.83/-0.19 | -0.83/-0.19 | -0.83/-0.19
but known for error CupCrws | 0.59/-0.19 | -0.29/0.097 | -0.88/0.29
Estimates Cup(g5?) 4.0/0.50 4.0/0.50 4.0/0.50
(CLy? 0.62/1.4 -1.2/-2.8 -0.42/-0.93
Crws C},’ -0.69/0.58 | -0.69/0.58 | -0.69/0.58
C}f&( Yy | -6.7/-5.8 13/12 4.5/3.9
Crws (g§f¢> 3.7/0.26 3.7/0.26 3.7/0.26
Craw Crws | -0.21/0.39 | 0.10/-0.19 | 0.31/-0.58
Cz}%}) -0.014/0.026 | 0.0069/-0.013 | 0.021/-0.040
: . G -0.21/0.026 | 0.10/-0.013 | 0.31/-0.040
F_eW new dimension o) 0.19/0.19 0.19/0.19 0.19/0.19
Eight parameters ¢e, -0.38/0 0.19/0 0.58/0
c® -0.10/0.19 | 0.051/-0.097 | 0.15/-0.29
5G® -0.078/0.15 | 0.039/-0.075 | 0.12/-0.22
(¢ )2 | 0.19/-035 | -0.096/0.18 | -0.29/0.53
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GeoSMEFT directly informs theory error

e (Can build up observable quantities, such as a decay width.

. .
\ 7’
N\ 4
N LI I | ,

N ’

N 4
’

N ’
\ , €

® Dim 8 effects on
Z decay now known

Consider a W=, Z coupling to a fermion bilinear.

—AA’“('l/;p'Yqu@br)dpr + AC’N (&p'YMO'A")bT) (L}p,f{w) ('—7(13',4)1_)T)

.. . Deviations in ['(Z—¢f
Deviations in I'(Z-{/) 0.10 : : , ( )
070 T —
0.05} ] 0.08F
0.00
006}
: S
[I] -0.05 N
= =
© 0.04}
-0.10
0.02+
-0.15
020 1 I.O 1 I.5 2i0 215 3‘.0 3‘.5 40 0.00 1 ‘.0 | 1.5 2‘.0 2‘.5 3‘.0 3‘.5 40
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Figure 3. The deviations in Z — ££ from the O(v%/A?) (red line) and partial-square (black line)
results, and the full O(v*/A*%) results (green 105, yellow +2 05, and grey +3 o5 regions). In the left
panel the coefficients determining the O(v?/A?) and partial-square results are C}{’gﬁ) = —0.46, CEEG) =
1.24, Cgig = 1.53,0}?}) = —0.79,C§f‘),VB = 0.007, and 6G§,§) = 0.16. In the right panel they are
CL® =1.55,05 = —0.71,0) = 0.23,C) = —0.51,C%), . = —0.008, and 6G'Y = —0.44.
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Yes people do over interpret EVVPD.

e (Heretical) Doubts were raised years ago that dim 8 neglect and loop neglect

In EWPD can significantly impact naive bounds with significant implications
1502.02570, 1508.05060, Berthier, MT ,1606.06693 Berthier; Bjorn, MT , arXiv: 1 701.06424 Brivio, MT

2102.02819 Helset, Corbett, Martin, Trott
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Figure 3. The green/yellow/gray contours correspond to the 68%/95%/99.9% CL two par...... S S R e
ter fit determined by Axé(v4 /A4 while the red rings correspond to the same CL determined using

AX%(Uz /A2)" In the top panels the free parameters are Cyp and Cywpg, while in the bottom panels S » Y. - - -
the free parameters are Cyp and ng. Note that the axes ranges vary from panel to panel. In the ® l nl f ’can t l m I’ ca t’ On S f Or
left ls, we have taken th le A =1 TeV, while in the right Is A = 2 TeV. All calculati g y
fsei)}?:xwv&;ih:;za en the scale eV, while in the right panels e calculations future colllder StUdleS,
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https://arxiv.org/abs/2102.02819

GeoSMEFT for the Higgs

® . /‘ v ® How much does dim 8 effect things? Alot.
2007.00565  Hays, Helset, Martin, Trott

Deviations in I['(h—yy) Deviations in ['(h-yy)

R 2 02
L L
EFT studies that ignore
this geoSMEFT enabled
|nformat|0n can be 10 15 ';'.0 25 30 35 40 By v T TV
. . A (TeV) A (TeV)
misleading.

Figure 1. The deviations in h — vy from the O(v?/A?) (red line) and partial-square (black
line) results, and the full O(v*/A?) results (green 105, yellow +205, and grey +£3 05 regions).
In the left panel the coefficients determining the O(v?/A2) and partial-square results are C}?L =

—0.01, C\%), = 0.004,C%) . = 0.007,C%) = —0.74, and 6G'? = —1.6. In the right panel they are
c') =0.007, %), =0.007,C8) . = —0.015,C) = 0.50, and 6G = 1.26.

Loop processes are more subject to SMEFT theoretical errors
In the cases we looked at.
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https://arxiv.org/abs/2007.00565

GeoSMEFT based loop corrections?

® The simplicity of the results for two and three point functions points to
radiative corrections being more elegant than expected.

The renormalisation follows the dependence on the Wilson coefficients.

. . ® O
® Do we have hints of this yet? Yes. e

LoF

® PBackground field gauge fixing with preserved background
Gauge invariance 1803.08001 Helset, Paraskevas, Trott.

‘CGF - _gA_BgA gB,

2¢

GX = 9 WNH — ELWIWPH + gg’f%’ hik 78,97

® (Gauge fixing confusion directly solved generalising to GeoSMEFT

Michael Trott, NBI


https://arxiv.org/abs/1803.08001

Consistency checks at one loop/dim8 for tools

® The operator and loop expansion are not independent.

A=Asu+C%a; +---

If you choose to rescale (or not) the Wilson coefficient at L6 it changes the
one loop result and the dimension 8 result in a correlated way.

Only game in town for full dimension 8 with all input redefinitions etc is
geoSMEFT. Loops should be done in BFM for consistency with background
field independent formulation defining geoSMEFT.
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Consistency checks at one loop/dim8

Benefits of the Background Field method one loop approach in SMEFT.

® NMany cross checks afforded (Ward identities and more).

e Clean understanding of ward identities.

e One loop redefinition of input parameters INDIVIDUALLY gauge
independent.

e Cross checks of AZ, = —5AZy, Our calc in 2107.07470
AR, = _lARjt' Stoffer/Denkens in 1908.05295
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https://arxiv.org/abs/2107.07470
https://arxiv.org/abs/1908.05295

Consistency checks at one loop/dim8

Cancelation of large mt dependent logs in relations between observables:
Expected and anticipated in Hartmann/Trott. 1505.02646

® [Expected cancelation confirmed in 2107.07470 and 1908.05295

2

i o T -~ -
vp =Ur [1+ Ji Nc_—f; 1+log(“) +---
My

my

Av 27 . Mm% | Ay
or T 16n2 2 [T T8 2 ||

® (Cancelation in single Higgs, single dev observables with tadpole term and
GF extraction.
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https://arxiv.org/abs/1505.02646
https://arxiv.org/abs/2107.07470
https://arxiv.org/abs/1908.05295

Consistency checks at one loop/dim8

Gauge independence of a common partial matrix element in single Higgs
processes in BFM:

ha¢0 d)d:
RN ,'—>_\\
h----e lﬁi h----® -{\i
\\~—,/ \\-(’/
ha¢0 ¢:t

(a) (b)
Figure 2. One loop contributions to (¢4| F’ F)(MAB).

(¢4 F(p1)F (p2))* o M

y oM
(¢aFm F,,)0(*Has(e))0

_ (AR A (v/3m—6)A 1 (3 352 Y
My = (A4 42+ VR 4 i (T + 7F +6) log |72 ]),

ke (SZima) + (% + X)(Zlmz) + 2Zlmw))
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GeoSMEFT based loop corrections?

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

Immediate BFM Ward ldentities have already been derived:

1909.084/0 Corbett, Helset, Trott

ST, 0] 6T by .y 6T
_ B A - el _ TByJ
568 » 0= (055~ #he WC“) i 2 g
) :
: ) +Z(f” b~ sl

(Background field gauge transformation )

Photon identities:

- 2
0=or— L : 0oL
SAMIAY Y S APl
A, A AA
Z:L,SMEFT(kQ) =0, ZT,SMEFT(O) = 0.

One loop behaviour works!

Z identities: -~ Geometric mass
52I

N —(M'}
sAms A\ Jsdss Ave

2 2
0o Ot g, 0T
dA3LHPI! D3PI
or [3 3] (4,3]
9z (\/_[4 4]\/_ \/5[4,3]\/E ) 5?

2 5P SbHa
3.4 4.4
(\/5[4,4] \/E[ - \/5[4,3] \/E[ ]> 87,

gZ 5F

2 §Pp4

L —
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https://arxiv.org/abs/1909.08470

GeoSMEFT based loop corrections?

e Expanding out the Ward ID you get expressions like this:

0 = 572 (k) — RPN (k?),

Consider the operator Cyw i 7 Geometric mass

_ 5 \/ 2 25 5 . div C~' TR 5 . div
2 Cuwa 2 g% + g% SM

o, 0192391 +593) . 9192 (93 + 393)
= ~Cuwp o7 (§ +3) [ 256 72 € + 25672 €

g7 (97 +293)
64 72 €

= —Cuwp 07 (£ +3)

: 2010.0845 | Corpbett, Trott
2010.15852 Corbett

_ o o div 2( .2 2
Which exactly cancels: [zfz(k-Q)]ém_B = Cuwp (“3)91(21 - igz)
All one and two point ward ID working out at one loop. Powerful new
NLO code tool is being developed using this as a theory cross check by

Tyler Corbett.
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https://arxiv.org/abs/2010.08451
https://arxiv.org/abs/2010.15852

GeoSMEFT based loop corrections?

e There was some debate about something called the “higgs basis”
Years ago. Here is an explicit example of the problem using such
A construction, you need to track the modifications of the tadpoles

Somehow to not violate gauge invariance:
2010.0845 | Corbett, Trott

0 = D22 (k2) — iMzE2X(k?), (37)
0 = kK2X2X(k2) — iMz Y% (k%) + %ZTH (1 - CHD) : (38)
and
0 = SWVF (k2 1 1y S¥WVT (k2), (39)
0 = K22V5F (k2) 4+ Ny 20T (k2) T %TH (1 —Cun+ %) . (40)

® |f you violate gauge invariance, you can write down many other gauge
dependent interactions. The resulting construction is difficult to map
To a consistent SMEFT result
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https://arxiv.org/abs/2010.08451

GeoSMEFT based Theory error/higher order.

® GeoSMEFT efficiently organised the physics for dimension 8 calc that
follow from rescaling dimension 6 results with the same kinematics.

® An algorithm to develop calc to dimension 8 efficiently to use, and
also inform theory errors 2106.13794 Trott “Methodology...”

SMEFT RGE is transparent to simulation chain. Thus infer logs of
missing pert corrections for theory error.

Use geoSMEFT to rescale dim 6 results with common kinematics to
post-facto (avoid redundant Monte Carlo) get dim 8 from SMEF Tsim

Extra dim 8 bits with novel kinematics define in geoSMEFT consistent
basis. Put in code. (A SMEFTsim mod by T Corbett exits for a few terms)

e Being applied to associated production, already done for I'(h — )
0(GG — h), T'(h = GG)
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https://arxiv.org/abs/2106.13794

Conclusions.

_ Tools designed consistent with geoSMEFT

| allow you to leverage some dim 6 results
SMEFTTOOl ] with analytic rescaling, to obtain higher
ZOZZ Zirich 4
W»” order results.

Still true (and cool!)
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