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Parameters in the SMEFT

In Warsaw basis arXiv:1008.4884 (SMEFT standard basis)
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Table 2. Number of C'P-even and CP-odd coefficients in £ for ng flavors. The total number of
coefficients is (107nj + 2n + 135n2 + 60)/4, which is 76 for ny = 1 and 2499 for ngy = 3.

2499 1312.2014 Alonso, Jenkins, Manohar, Trott

® Thats a lot of parameters in general.

® Linearly realised symmetries (exact or softly broken) of the SMEFT relate parameters
T R
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https://arxiv.org/abs/1312.2014

Dim 6 SMEFT EW Lagrangian terms

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

e EW sector parameters redefined in the SMEFT

w3 _ 1 —3v2Chwp cosa_ sin? Z,
B, -5 v% Cawn 1 —sinf cosf | | A, ’
Mass redefinitions Mixing angle redefinitions
— 2,2 — - 2 = —2 —2 y
2 _ 9277 00 — 91 1490 92 92 — 91
My ==+ M At raE L 2 g glgl VP
2 — - 2 = =2 =2 y
2 _Vp,.—2 , -2 14 — 2, =2 14—— vy il g2 V1 91 92" — g1
MZ - 4 (gl +g2 )+ SUTCHD(gl +g2 )+ 2UTQIQZCHWB' cosf = \/glz-k—gzz -1 2 gz 522+5120HWB-

Interactions to remaining SM fields via:
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Dy=08u+i—=[WITH+ W, T7]| +ig; [T3 —5°Q] 2. +i€Q A,
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| 2 _n?fo 9 D@ —07) o
13122014 Alonso, Jenkins, Manohar, Trott TN @t LR

® Note the complications are proportional to the vev.
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https://arxiv.org/abs/1312.2014

Inputs also needed -SMEFT Muon decay

® Decayof p~ —e” +7.+v, still measured far below the W pole.
| 312.2014 Alonso, Jenkins, Manohar; Trott

e Still probes the effective lagrangian

4G ,_ _
Loy = ¢§ (7u 7" Prp) (€7 Prve)

Pt P 4 X

2
SO now _‘“JTF =——+ (C 0 +C oy ) —2 <C§3+C§3)
9 (e peef eppe ee o

0GR
e Tons of work to redefine things at dim 6, can we go to dim 87
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https://arxiv.org/abs/1312.2014

Automation of this approach

e Need to keep all operators and carefully compute S matrix elements avoiding
uncontrolled approximations (and human error) - hard even at Lg

e Automation of L& SMEFT in the SMEFTsim package has enabled
The experimental program to do this 1/09.06492 Brivio, Jiang , Trott.

— & @ feynrules.irmp.ucl.ac.be

@ SMEFTsim is consistent with the geoSMEFT at leading order

wiki: SMEFT
Standard Model Effective Field Theory -- The SMEFTsim package

Authors

Ilaria Brivio, Yun Jiang and Michael Trott

brivio@thphys.uni-heidelberg.de, yunjiang@nbi.ku.dk, michael.trott@cern.ch
NBIA and Discovery Center, Niels Bohr Institute, University of Copenhagen

References

e I. Brivio, Y. Jiang and M. Trott, The SMEFTsim package, theory and tools, JHEP 1712 (2017) 070 =»arXiv:1709.06492
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Eigenvectors
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Interpret this pattern as it gets firmed up to find the UV.
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2012.02779 John Ellis, Maeve Madigan, KéR Mimasu, Veronica Sanze, and Tevong You
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https://arxiv.org/abs/2012.02779

Can we do better re basis independence!? Yes.

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

0g34(¢), € 0g44(®) 52]

2
(h|A(p1)A(p2)) = —( ( + ) + ( )

004 " 9192 dps g7
Kinematic structure /

Geometric Dressings

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

How do we get to such results?

Michael Trott, NBI 6



Why all the geoSMEFT stuff.

We needed a physics principle that is active at L¢ and Lg
to efficiently organise the physics. Is there one?

YES THERE IS - THE MOST BASIC ONE.




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

geoSMEFT General Relativity.

® Field coordinate choice invariance ® Space-time coordinate general covariance
iIn amplitudes

® Mathematical quantities: metrics, ® Mathematical quantities: metrics,
Curvature, tensors of INTERACTION Curvature, tensors for SPACE TIME
TERMS (field spaces)
1 1 R
LsmerT = ghu(qﬁ)(Dm)I(Dm)‘] = ZQAB((b)nyWB’“V + Ruv - 5 Guv T A Juv — /ipr

H — 1 [¢2 +Z¢1] WA _ (W1,W2,W3,B>

T V2 |¢1 —igs
In general terms: G. A. Vilkovisky, Nucl. Phys. B234 (1984) 125.

Modern uptake:
1002.2/30 Burgess, Lee, Trott

1511.00/24 Alonso, Jenkins, Manohar
1605.03602 Alonso, Jenkins, Manohar

| 803.08001 Helset, Paraskevas, Trott.
1909.084/0 Corbett, Helset, Trott

T ———— e
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https://arxiv.org/abs/1002.2730
https://arxiv.org/abs/1511.00724
https://arxiv.org/abs/1605.03602
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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

Michael Trott, NBI 9



What is the Geometric SMEFT?
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Powers of —
LsMEFT and symmetry generators

D <4 D >4
Gives masses, mass eigenstate fields. Gives geometries that define the mass

eigenstate fields and interactions in the EFT
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What is the Geometric SMEFT?
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Powers of —
and symmetry generators

Kinematic structure / . .

Geometric Dressings Geometric couplings
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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 = .
M V2 |1 — g3
(1 0 0 0 ] <HTH>
1J 01 0 0 h S
- . r C; = oF
VR =1001-20mp 0 ere 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
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https://arxiv.org/abs/1803.08001
https://arxiv.org/abs/1909.08470

Generators for SMEFT vs SM




Generators on scalar SMEFT space

To think in a unified gauge space 00 0 —1 "0 01 07
manifold need generators SR OOl IR S [
(reformulate SM generators) 100 0. 010 0.
; ; Apel N 0 -1 0 0- 0 —1 0 0
(Dr@)! = (%05 — WYL 1) ; |t o0 o0 R
BI= 1o 0 0 -1 47T (o 0 0 1|
EABC = g 6ABC7 with €123 — +g27 _0 0 1 O h _0 0 -1 0
92%4 ,, for A=1,2,3 (this last one also “i")
Va,s = 9174 5, for A=4. 1803.08001 Helset, Paraskevas, Trott.
Some interesting math here, we also define T x =74 71k
001 0] 0001 —1 0 00]
0 0 0-1 0010 0 —-100
i = i, = Il = , = —Iyn4.
1,.] 1 O O 0 ) 2,J 0100 ) 3,.] O O 10 4,,] 4x4
0-10 0 1000 0 001
T — e ————
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https://arxiv.org/abs/1803.08001

Generators on scalar SMEFT space

® The mapping of operator forms works via:

Hio,H = ——¢IF J¢J
HYIDMH = —¢AL ;(DHe)’ = (D*¢)1 4L 547,

HUDEH = —¢ 4L (D)’ = (D )L 0,
2H'D*H = ¢1(-T4 ; + i) (D*¢)”.

It is useful to “real” the SM symmetry representation on the scalar
manifold for lots of reasons. Makes more manifest possible contractions

o1l ;67 # 0, b17s g0’ = d17i497 =0.
® All orders results follow, for example:
1+ ¢*Cil +Z (¢2) (ngzn) @ = ]5IJ

T ;6xTh ,L¢L C}?}; ¢2 i oB+2n) |
+ 2 2 + H,D2

hry =

Michael Trott, NBI




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 ———————————

Michael Trott, NBI



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”?

T ————Wmm

-
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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

(d)
Lsmerr = Lsy + £0) 4 26 4 £ 4 v £ — Z jf;l 4Q(d) for d > 4,

v/M < 1

LSMEFT = Z fila---)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.
T EE—————=——=——=——wwwwwmm
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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.

Michael Trott, NBI
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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 —

Michael Trott, NBI



https://arxiv.org/abs/2001.01453

Field space connections to all orders

2001.01453 Helset, Martin, Trott

e Off shell operators contributing to three points  (D.¢)'oa(D.¢)' W,

oy = i (HTH)™\(D,H)! (D, H)B",
by = 6u(HH)™ (D, H) o%(D, H)W}",
= i€ae(HH)"(H0®H)(D, H)1o"(D, H)W£,
QU | = i6uSeal HTHY(H'o*H)(H'o°H)(D,H) o*(D, H)W".

This connection saturates last in op dimension. This is due to EOM
reduction. No entries at dim 6 in Warsaw basis.

A (8+2n) [ ¢ R s+2m) (° "
k1j(9) = ——’74 1,76 44 Z Cupus ( ) - _'YA,J(I —044) Z Cpaw ( 2 )
1 . (10+2n) ¢2 "
— §(1 — d44) [d)KI‘A Lo ] [quFB L¢ '7B J Z CHDHW3

1 8+2n ¢2 "
+ J€aBC [0k T 5 18" V¢, Z Céwmzvz ( 5 )
n=0

Michael Trott, NBI
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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 —— e ——
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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

Michael Trott, NBI
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Field space connections to all orders

2001.01453 Helset, Martin, Trott

® Field space connection for W,Z coupling to fermion pairs (D#¢)! ¢ Ty

Q}}E/?-i_zn) = (HTH)TLHT BMH"Zp'Yuwra

Q35+ — (HtHY" HU iDEH 00t
p'r

Q%+ — (HTHY(H'o,H) H DM Hepyyu0athy,
pr

Q58 — & (HTH)" (H'o H) H D! Hepyry,0athy.
pT

Not that many op forms. Closed form field space connection.

2\ " 2 n
LYY = —(¢m) J5A4ZCI D (%) — (¢74)s(1 — da4) Zcszjzn) ( )

pr

2\ N
+ 5(6m)s (U= 6a0) (6T 167) INerin (¢—)

n=0 p’r‘ 2

6230 K L e 8+2n) (H*\"
——(97B)J (¢KFC,L¢ )ZCHd)L (7) .

Notice the clean form due to generator structure and real fields.
30— EEEE——————=—=—===——;w—ww
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Need input parameters defined at all orders

{ MW MZ GF Mh} Scheme D {rw,z, Gp} input-parameter scheme at all orders in (72/A%)"
In this scheme we can again use Eqn. (E.2) to define a shift to gz. We also use
go=921/9"" = % (D.1)
and
IO
I CAV (02
Sorted |n to solve for s% via
Hays, Helset, Martin Trott: 2007.00565 - 1 (92VI_\? w\2 ([ an)? ) 2 a2 a1\ 2
i e U C50) (607 (@) (0 [+ (]
Input parameter dependence  -2(*-) J (Va2 [(\@4“)2 () - (") ] } - (D3)
I ﬂCreaSGd Order by Order The remaining Lagrangian parameters can then be defined via
dug to Lag rangian parameters _ fg (s0a®+ ™). o
being redefined geometrically !
and
2 i (35\/-644 — c@\/§34) (D5)

Sy, = — .
9z (/g + 55v/5™)

In both schemes, g and sgz have the same definition in terms or other “barred” Lagrangian

parameters.
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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
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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

Michael Trott, NBI
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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
A (TeV) A (TeV)

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.

R
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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

A=1TeV A =2TeV Dim—8 EWPD, m,, scheme, A =1 TeV Dim—8 EWPD, a scheme. A = 1 TeV
02 T T Al T T T T T T T T T T T
0.04} o
0.4} Z o
g L 0.10}
0.1 = 5 = o
0. =] n g
< 0.03 I =9
@ | | § 0.08}
=2 N ] =
Cuws Cuws % 0.02 Eg 0.06}
—0.1}+ -0 8 :
kS % 004l
—0.4} = S
o2 g oo1} 3
QL =
002}
—o0.6} IE
—03 ]
0 ) y . = . . s 0.00
-02 —0.1 0.0 0.1 0.2 -06 —04 -02 0.0 02 0.4 ~1.0 —-0.5 0.0 0.5 1.0 0.00 G 0.0 G
Cup Cup ! 1 - —0.5 [ E
A =1TeV A =2TeV ) (SAEB)dims/AFB, sm . (ALY dims/Aby sm
0.02F T 0.10F ] Dim—8 EWPD, m,, scheme, A =1 TeV Dim—8 EWPD, a scheme, A = 1 TeV
wn 0.14 e
- 025
0.00f | £ : g
] 0051 =. 0.12 gb
§ E— 0.20
—0.02} 1 Z o0.10 N
= N m Z
COu C© 00| g P
/ =2 0.08} S 0.15
—0.04+ B o =
8 g
. S 0.06f S
S S
—0.06} ] —005¢ 2 = 0.10
s 0.04+ 8
—0.08L . . . . . . g 0.10 i‘_’ 0.02} ] 0.05
—0.25-0.20-0.15-0.10-0.05 000 0.05 0.10 . —wy —53 o5 o5 o 000
Cup Cup =10 —05 0.0 0.5 1.0 0.00

b b —1.0 —-0.5 00 015 1.0
(OAFB)dims/AFB, sm (6ALR)dims/Als_sm

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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GeoSMEFT for the Higgs

®  ® 4 e SMEFT diphoton decay
72 &2 &2
h -------- '\/\I\\i\: (h|A(p1)A(p2)) = —(hA* A L) \/244 [(59(?;?))% + 2<5g§;5i¢)>g1gz + (59:;;?))%] )
8

e What is the detailed difference between squaring the dimension 6 correction,
and the full dimension 8 result?

® Now we know. Using the expression above, just expand.

Correct result: 2007.00565 Hays, Helset, Martin, Trott

2 1

A 4 2Re(AM) (1 + (VR Y p®) (hY) e + (14 407 Re(A)) ((BIvY) 20))?,

~(8 ~(8) ~(8) ~(8)
95 C H}? + 91 (Cyw — C wa2) — 9192 Chywp

+ 2Re(AX7) —
T+ R)or

Michael Trott, NBI
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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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GeoSMEFT for the Higgs

® All orders SMEFT higgs couplingto W*, Z
Z 2001.01453 Helset, Martin, Trott

(h|Z(p1)Z(p2)) = —

(hZ,,2Z"")

VR 5 | ,6933(6) b, 8934(®) s, S, . 09aa(d), S
g 9z ( dP4 >92 - X Jox >9192 4 0Py )91

~2 D v
+ VAL | B0 ()" ) L | (2,29
2 2

44 Co,
+ vh ggﬁT {(km) S <k34> 7 ] (0"hZ2,ZH),

(RIW(p1)W(p2)) = —

44
\/Z % [<5g§<1b(¢)>92] W W)

n \/—44 [ Jh(;;(qb ) ( 5 ) + (h11(¢)) %r] (RWu W)

+2f““92 L i (ko) — (B30)] (@ R) W, W2 + Wi, W),
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GeoSMEFT for the Higgs

® All orders SMEFT higgs couplingto W*, Z
Z 2001.01453 Helset, Martin, Trott

<h|Z(p1)Z(p2)> = = (th/ZNU>

VR 5 | ,6933(6) b, 8934(®) s, S, . 09aa(d), S
g 9z ( dP4 >92 - X Jox >9192 4 0Py )91

+ \/544% [<5h§;£¢)> (6;)2 + (h33(¢)>%T <«— SM like kinematics
C2 2
+ \/544.@%1—@ {(km) ; <k34) ] (0"hZ,ZM),
2 g1

W) = - Lz ()5 | )
+ Vg [<5h;;(¢)> (%) + () 5| (w) )

+2f““92 L i (ko) — (B30)] (@ R) W, W2 + Wi, W),
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GeoSMEFT for the Higgs

.
AY
N a1

.
4
7
7’

h

® All orders SMEFT higgs couplingto W*, Z
Z 2001.01453 Helset, Martin, Trott

C C2 32
B2 2 = -V [<5933(¢)> o _ o 005u(0), %, %o, S0ua(8), %, L ]@zzﬂyz%)

1 ods ' g3 004 9192 004
+ \/544% [<5h§;£¢)> ("_’;)2 + (h33(¢)>%T <«— SM like kinematics

2 2 . : .
+ VR 2 |32z — ) 2z (@ hz,zm), Anomalous kinematic population
92 91 correction factor - not many!

In the hands of ATLAS for kinematic studies
Thx to Tyler Corbett for coding SMEFTsim mod.

44
W) = ~Log3 [ (20D 2 e

+ Vg [<5h§;(¢)> (%) + () 5| (w) )

+ 2\/_4492 or [ (kiz) — (kz%z)]@aﬂh)(mﬁ WZ+W, W+)>)
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GeoSMEFT based Theory error.

® 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. (SMEFTsim mod ongoing of this form with T Corbett)

e Being applied to associated production, already done for I'(h — )
0(GG — h), T'(h = GG)

Michael Trott, NBI
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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
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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 —

Michael Trott, NBI
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Need for consistent dim 8 and loop

Operator expansion and loop expansion are NOT independent.

Can use geoSMEFT to get £s in many cases

oSuprr(99 — h)
75" (GG — )

+1.58 (('ﬁj’u ('}}’,,) +362C'9). —1.50C%) —12.6Re Y — 11266 — 7.70 Re C'©) l()g.,( ”")

—0.19 Re 6'( log ( A2 ) —0.09 Ro(v(;) +3.54 16

0.05 —r——r—v—r—v— R

0.04

\\
: .
0.01} S ...
—

-~
Sea
Se

-

FIG. 1: Uncertainty on o(gg — h) from higher order terms
as a function of the new physics scale A relative to the min-

1.0 15 20 s 30 @ OtherW|Se *
A/Amin

~

dH"

® Justified triage
for the SMEFT
global fit program
with theory errors

-

2109.05595 Martin, Trott

Michael Trott, NBI

~ 14519 CifY, + 504 Cfpl (Cigt, - _(v;y})) +8.15 % 10" (Cl)* + 504 Ciyy

&2

uls

A2

0.4F

0.0

o(gg—h)

-0.2F

-0.4}

i 2 3 4 5
A (TeV)

I'IG. 4: Deviation in (GG — h) relative to the SM with
C ;,( = 0.01, and all other coefficients sampled according to
gaussian distributions with zero mean and width of either 1.0
or .01 depending on whether the corresponding operator is
generated at tree or loop level following the classification in
Ref. [7-9]. The deviation is plotted as a function of A, and
the color scheme for the lines and bands is the same as in
Figs. 2, 3.
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Current geosmeft limitations



GeoSMEFT Pushing to higher n points

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

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)

® Not all physics is derivable from two and three point functions

t

g g _
(0
> Z
(o
g h

L —
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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
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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.
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Conclusions.
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Backup slides for discussion.



Model Example




Consider a kinetic mixing model to dim 8

® [ ets see how this works in the simplest benchmark model to dim 8

1 1 k
AL = =KK™ + §m%(KMK“ = 5B Ky,

Only has 2 parameters. Dimension 6 matching:

4 2 = = N
i H'D *: (RR)(RR) Y : (LL)(RR)
24D e | -y o® [ pdE o | a2
oL® | _yesty K -~ 2 mk te 2 mi
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Consider a kinetic mixing model to dim 8

® [ ets see how this works in the simplest benchmark model to dim 8
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Consider a kinetic mixing model to dim 8

® [ ets see how this works in the simplest benchmark model to dim 8
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® Dimension 6 squared approximation:
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Consider a kinetic mixing model to dim 8

® [ ets see how this works in the simplest benchmark model to dim 8

1 1 k
2
® To Dimension 8 consistently:
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Consider a kinetic mixing model to dim 8

® Strong input parameter dependence in any one observable:

['; bounds on U(1) model, actual L8 result
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Figure 8. Illustrative bounds on a U(1) mixing model parameters due to bounds on I' ;. Shown is
the {1,2,3}o allowed region in green, yellow, gray. Here 1o for 6"z = 0.0023/2.4952. Results shown
are for the &,,, input-parameter scheme in the first row. The results in the second row are in the My,
input-parameter scheme.
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Consider a kinetic mixing model to dim 8

® Strong input parameter dependence in any one observable:

Deviation in Z Width, mK=500, U(1) model, @ scheme Deviation in Z Width, mK=1000, U(1) model, a scheme Deviation in Z Width, mK=1500, U(1) model, a scheme
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Figure 9. Deviation in the Z width in the U(1) mixing model for fixed mg comparing the partial-
square result in red and the full SMEFT result at £(®) in green, and the full SMEFT result at £(%) in
blue.

® The power of the EFT is that you can combine observables and you have to do it
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