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In SMEFT framework

2Re(A%,Ag)
_|_ oo
A2

\J iInterference piece, usually

largest effect. State of the
art what's SMEFT

A7 = |Agy|” +

Determining A is THE goal of the SMEFT strategy — it’s
the scale where you build the next collider

Want to know A as well as we can ...



In SMEFT framework

2Re(Ad,Ag) 1
A7 = |Agy|” + ASZM +F<|A6|2+2R8(A§<MA8)> 4o
interference piece, ‘Higher order’
usually largest effect. o1/ A4)
State of the art corrections

SMEFT
What’s the impact from 1/A* corrections?

SMEFT Warsaw basis: ©(60) operators at dim-6
(flavor universal)  O(1000) operators at dim-8



Why do 1/A* 2

e it's a form of uncertainty; ‘theory error’ on extracted scale A

(loop X 1/A? vs. 1/A* ? Effect changes with energy, so role of 1/A*
different for inclusive xsec vs. high energy bins)

. there are instances where 1/A* can have an exaggerated
impact

e Hierarchy in coefficients, either from e.g. tree/loop origin or
Impact of existing constraints

e Polarization mismatch suppresses 1/A? interference

e New kinematics

With geoSMEFT organization, can actually calculate 1/ A*without
drowning in operators!
)
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geoSMEFT: [2001.01453 Helset, AM, Trott]
Generic ops have the form  D*H p y? F~

While total # grows exponentially with mass dimension, # operators
that can contribute to 2-, 3- particle vertices stays small, nearly
constant

1.) can’t have too many non-Higgs fields
20 st
Fyy'D W4¢2
l//4D2 Fl//4 X
Fy’¢D*>  p342

2.) can be smart about where to put derivatives (IBP, EOM)

O(D*H?Y) - (OHTH)[OHH) (DH"Y(DH)(DH")(DH)

X v




geoSMEFT:
Generic ops have the form  D*H p y? F~

While total # grows exponentially with mass dimension, # operators
that can contribute to 2-, 3- particle vertices stays small, nearly
constant

3.) kinematics for 2-,3- body interactions is trivial

e.g. D”H(D'ul/_f)l// ) " 7 €L
N(PH'Plp)Hl/_/l// N T (s
2 2 2

Just changes coefficient of H y y : not a new operator structure



geoSMEFT: Allowed 2, 3-pt structures:

[+ versions with GA]

hiy(8)(Dud) (Do),  gap()Wi, WHH
k15(8)(Dud) (Duo) WY, fapc()Win, WEPWE

Y(@)1tp2, Lra(@)h1v*7Tatha(Dyue)’,  da(@)dro oW,

Can’t have derivatives in them, so only thing left is HTHIAN? = ¢2

Additionally, # of possible EW structures for the functions saturates

Ex.) i;; multiplies two doublets: can either be singlet = 0;; , or triplet.

Can be worked out to all orders in ¢!



geoSMEFT: Allowed 2, 3-pt structures:

[+ versions with GA]

hiy(8)(Dud) (Do),  gap()Wi, WHH
k15(8)(Dud) (Duo) WY, fapc()Win, WEPWE

Y(@)1tp2, Lra(@)h1v*7Tatha(Dyue)’,  da(@)dro oW,

Can’t have derivatives in them, so only thing left is HTHIAN? = ¢2

n=0

| S ()" | et (an &0\
_ 2 (6) @ (8+2n) _ ~(8+2n) : : HD v (8+2n)
Ex) hy=|1+¢ CHD+§0<2> (C - cien ) | oy + == : +Z(2> Chona

Dim-6 : 2 terms Dim-8+: 2 terms

Flat ‘metric’ in SM, curved in SMEFT. Geometric perspective -> geoSMEFT

[ Burgess, Lee, Trott 10, Alonso, Jenkins, Manohar ’15, ’16]
More recently [Cohen et al ‘22, Cheung et al '21, ‘22, Helset et al '22]
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geoSMEFT at work:

SMEFT phenomenology for processes involving 2, 3-pt interactions now
doable to any order in v2/A?

Specifically, ©(1/A*) easily calculated for a large set of processes

f Y
eludes l\ [2007.00565 Hays,
- Helset, AM, Trott]
-z ! ¥

, ? - ¢ [ suppressed by
and Z \ / Lzmy
_ 2
‘ e 7(\’(; _
2 ¥ —
resonant ( l )

12102.02819 also .
Corbett, Helset, AM, Trott]
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4+-pt interactions: can we go ‘full metric’?

v Key part of 2- and 3-pt result is
, ¥, that special kinematics made
/ A all momentum products trivial
P'— ¢ \ 1’5

No longer true at > 4-pt interactions, i.e. for 4-pt: O ~ s" "

— Infinite set of higher derivative operators can
contribute, so we can’t find ‘all orders’ results

Need to add results at each new mass dimension ‘by hand’...
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But:

Can still manipulate derivatives to minimize # operators

dim-8 effects enter O(1/A%) by interfering with SM, therefore need
to match SM helicity/color/flavor structure

If we only care about energy enhanced effects, # is even
smaller, easy to identify for a given process via derivative/vev/
propagator counting

In practice means # of by-hand’ operators is small for many relevant
N = 4 processes

[though need a '9eoSMEFT compliant basis... neither
2005.00009 Murphy or 2005.00008 Li <t al are!]
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Redo classic SMEFT LEP1 analysis to O(1/A%)

¢ 7 £

\fdanmﬂ'
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Using:

2

C© — c©_ F®) — ¢
A2’

ZW

Jeft ,pr

®)_Y

92 [(253, Qu — 03)dpr + or(LET") + o7 (LYE")]
<gSh;“pr> + <g§f’ﬁ;r>0(v2//\2) + <g§f?:,1->0(v4/1\4) T
e - o
SMEFT corrections in {mw,mz, G F}/{a, mz, G F} scheme
O(43) (defi i) (Geti o) (Geit )
(9572 14/5.5 -27/-11 -9.1/-3.6
CupCuwp | -0.21/0.39 0.10/-0.19 0.31/-0.58
o 0.28/-0.026 | -0.14/0.013 | -0.42/0.040
CupCl), | 0.83/-0.19 | -0.83/-0.19 | -0.83/-0.19
CHD CHH B 0.59/-0.19 -0.29/0.097 -0.88/0.29
Cruplgz") 4.0/0.50 4.0/0.50 4.0/0.50
(Ci))? 0.62/1.4 1.2/-2.8 -0.42/-0.93
CawpCY) | -0.69/058 | -0.69/0.58 | -0.69/0.58
O ZYy | -6.7/-58 13/12 4.5/3.9
Cuws (g5%) | 3.7/0.26 3.7/0.26 3.7/0.26
C~'Hu CHWB -0.21/0.39 0.10/-0.19 0.31/-0.58
) -0.014/0.026 | 0.0069/-0.013 | 0.021/-0.040
i), -0.21/0.026 | 0.10/-0.013 | 0.31/-0.040
(Z*}?L 0.19/0.19 | 0.19/0.19 0.19/0.19
CHH 2]

~ Q)

-0.38,[2102.02819 Corbett, Helset, AM, Trott]
. | . | _ |



Redo classic SMEFT LEP1 analysis to O(1/A%)

e m o Saws 92 (253, Qu — 09)0pr + o1 (L§T") + o300 (L§Y"))
\ (d‘dh“y"r — <gSh;Jpr> + <g§f$r>0(v2/A2) + <g§f?;)r>(9(v4//\4) + -
P j%” K A ~
/ ‘( SMEFT corrections in {mw,mz, G F}/{a, mz, G F} scheme
N 20 O(57) (g254%) (Geti o) (9art o)
(9572 14/5.5 27/-11 9.1/-3.6
CupCuwp | -0.21/0.39 0.10/-0.19 0.31/-0.58
Using: C*HD( 0.28/-0.026 | -0.14/0.013 | -0.42/0.040
I Cup C},’U -0.83/-0.19 | -0.83/-0.19 | -0.83/-0.19
' =C el ' =C n Cup C,?B 0.59/-0.19 | -0.29/0.097 -0.88/0.29
C]1D< ot “) 4.0/0.50 4.0/0.50 4.0/0.50
(Ci))? 0.62/1.4 1.2/-2.8 -0.42/-0.93
CawpCY) | -0.69/058 | -0.69/0.58 | -0.69/0.58
Lowest order. Cg’i(geﬂ") 6.7/-5.8 13/12 4.5/3.9
Excludes 4-fermi Cuws (g5%) | 3.7/0.26 3.7/0.26 3.7/0.26
terms, dipole Crw CHWB -0.21/0.39 0.10/-0.19 0.31/-0.58
Operators_ CHD -0.014/0.026 | 0.0069/-0.013 | 0.021/-0.040
i), -0.21/0.026 | 0.10/-0.013 | 0.31/-0.040
(Z*}?L 0.19/0.19 | 0.19/0.19 0.19/0.19
Civy o1 -0.38,[2102.02819 Corbett, Helset, AM, Trott]
~ Q) . | . | _ |




Redo classic SMEFT LEP1 analysis to O(1/A%)

Ex.) 2D projections: Zero all dimension-6 operators except two
but leave all dimension-8 on with coefficients +1. Fix A, then
compare )(2 ellipses with and without dimension-8 terms

A =3TeV
020 "

shaded: y* for linear dim-6
0.1

- /) blue: y* For linear and
O -0 quadratic dim-6
~02 .
03 pod: full O(1/A% Dim-8 effects small but present,
: ’ similar order to (dim-6)2
_0-4;\ \ \ \ \ \ | ]
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Truncation error: Combining SM loops with O(1/A%)

Can combine O(1/A%) with O(1/A?) x SM loop. Worked out for
g2 — h, h — yy = key processes for SMEFT global fit.

#s are SM inputs, pdf factors, constants

>
1/A (all known analytically)

UgMEFT(gg — h)
&SM,mt—mo(gg — h)

~ 1 +289C\) o 1A
2 . 1 - . .
+289 0 (L — 700 ) +4.68 x 104 (C%)* + 289 O3

e (C<6> _ _C(6> ) +369C)., —0.91C%) — 7.26Re C'9)

A2

2
loop X 1/A* -, | _ 6066 - 142Re 0 log (1) - 0126Re06(i(;10g(:@”>

— 0.057ReC\Y) +2.06 C0).

[2107.07470 Corbett, AM, Trott]

INNPDF3.0, W/ 4 = pp = my, BFM, 11y, scheme] 2305.05879 AM, Trott]
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Truncation error: Combining SM loops with O(1/A%)

—FS%EFT ~ 1 - 788 f",
Tsnt
5G(6) _ L 0(3) + 6(3) - l(é/ el ) . .

T p\ta T Ty e )] Combined result informs on how
=[Ol +029 Ol — 054 ] assumptions about coefficients affect
e =[O85+ 029 (Ol + Ol —05a €l UNCErtainty
;= |Gl — Gy — 066 Cily )




Truncation error: Combining SM loops with O(1/A%)

G =

myy
1
myy
2
myy
3

Ty ;
—SMEFT | 788 "W

mw !
I‘Sl\/[

+ 3942 (f*w)2 _ 351 (C'
+979C9 (¢, +0.80 ¢©), —1.02¢9) ) — 788

+2283C0) (C(

6)

B

)

W

. . . (6) 2 (6)
Coefficient choice: i.e. C.77 vs. g5 C -0
intertwines loop and SMEFT expansions!

GOy fmw 4 9298 5GO

6)

= ¢ m ™
(et - i) g |

+0.66 CO) —0.88C0) ) — 1224 (f7)2,

~

~ 2 ~ 2
—1176€). —236© + [51 +2log (mh>] co 4+ [—0.55 +3.6log (mh>] ©

V2

ee oy peept

6 ~(6 ~(6
Ciaty — Clirp = 0.66 Clpyy

~ 2
h

+ [27 — 2810g (%

—32C0 7501

|

)

WB

1 ~ ~ 1 - -
_<C§2+C§)§(Clu +C" )

eppe

= |Cfh +0.20 Cifl —054C 3, )

A? A?
_ _ _ C1(6)
Re C,ffg + 5.5Re C%’I + 2 Cg% — %7

325G,

)

Combined result informs on how
assumptions about coefficients affect

i +0.29 (CRly + Cla) — 05460 4] uncertainty
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Sneaky large dimension-8 effects: 1 — yy

h — yy affected by H'H F? at dim-6, (H'H)? F? at dim-8.

Former are ‘loop-level’, while latter tree-level’, following classification of
[Arzt’93, Craig et al '20] (weakly coupled UV completion)

Ex.) pick random values, study impact

loop = 0(0.01)
tree = O(1)

o(h—yy)

Large effect from dim-8,
as coefficient hierarchy
compensates for extra

powers of v2/A?

.A (TeV.)
[explicit UV example = kinetically mixed, U(1): 2007.00565 Hays, Helset, AM, Trott]



Sneaky large dimension-8 effects: VH [2306.00053 Corbett, AM]

\\//_, Effects at large § controlled by:
+ T=pu 1 in
| /\. Q'o"t"QH'D;H
. ° \ . > S
3pt — in geoSMEFT contact G-pt interference ~ gSMF
)
§
squared ~ —
3 sM || 4
10_1 — CSQ)HQD?’ g
chd And
_ —u_I
o | 10 2 QTG'MT DVQ D'MHTT[D{M,V}H
SIS - : o
— | © 5 B B _ f 0 A
10~ Interterence ~ gSMF
1074 ¢ E _
; - both contribute toV;
coefficients = +1, A = 3TeV 4 polarization, dominant SM piece

|
200 400 600 800
Er

18



1 do

Sneaky large dimension-8 effects: VH

<>
But, Q'6*7!QH'D /H etc. are constrained by LEP, while
Q'6"t7'D,Q D'H TTID{ w1 are not

O
2%
.
\ L LI \

complying with those

1072 | | constraints, large § is a
2) i i window into dim-8
® 1078 E

10—+

dim-6 coefficient = 0.1
[Ellis et al 2012.02779]

|
200 400 600 800
Er
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Sneaky large dimension-8 effects: diboson

W+
Y WWW
exvew | SM | dim-6 Cw
5w
+— 1 0
v ’U\/g
+0 NG Az

Foe I A

with dim-6 alone, largest
energy enhancement (to

O(1/A%) ) comes from from

S2

: 2
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Sneaky large dimension-8 effects: diboson

+
yW WWW Dy W2
evew | OM | dim-6 Cy | dim-8 contact
’U2 S 82
T Az A%
2
+— |1 0 A3
v ’U\/g ,083/2
+0 | 5 A A

See also Degrande 2303.10493

[Kim, AM in progress]  [similar behavior for W*Z]

X
But: dim 8

(0'6*'D 0)W! B
v uppu

can interfere with
dominant SM
polarization

S2

SM x dim=-8 ~ —
A4

.. tails tell you about the

sum, not just Cy,

Motivates polarization
studies, ‘taggers’



So where does this leave us?

e geoSMEFT: approach where 2 and 3 particle vertices sensitive
to a minimal # of operators, # ~ constant with mass
dimension. Physics with 2-, 3-particle vertices doable to any

order in v/ A (tree level)

e Can study select processes to 1/A%, use them to form

guidelines for how to include truncation error more generally In
SMEFT studies

Several key processes for global fits already known to 1/A*
Resonant2 — 2: gg > h = yy, pp = Z = ff
Drell Yan, pp — Vh; diboson in progress

ready for use/study
[ex. 2109.05595 AM, Trott]
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So where does this leave us?

Expanding the list of processes:

30’)1[;: M + 1,1 chinng] + L(‘%“\/(

« geoSMEFT pieces have same kinematics at dim 6 and 8
.". can capture many effects by reweighing:

[n MG already via
SMEF Tsim/ o(SM x dim-6)
SMEFT@NLO

couplings at 1/A* Known
couplings at 1/A2 analytically

* Only need to add contact terms/novel kinematics

* |’ve focused on ‘bottom up’ results, but top down also important
[Dawson et al 2110.06929, 2205.01561, Mimasu et al 2304.06663]

e Interplay with positivity bounds?

23



Thank you!

24



[Kim, AM 2203.11976]

Ex. pp = ¢, * v to @(1/1\4)
new af ¢-pt, O(10)

M ﬂ x operators at 1/A*

3pF — i geoSMEFT

+ - +
pp = C7C pp = v A
A =5 TeV, coefficients = +1 U A=5TeV,2TeV < A/§ <3 TeV -

2500 -

2000_— i
I 6.
) s |
1500/ ! 5
L _ . 4_
[mpact of quadratic :
1000 - dim-6 as a function |
of cuts ‘
soo  WE :
500 1000 1500 2000 2500 3000 M e remr—————
—~ -1.0 -0.5 0.0 0.5 1.0
V Smin

C©
[see also Boughezal et al 2106.05337, 22Q/.01703, Allwicher et al 2207.10714]



New kinematics from dimension-8

e X
H /\ new at ¢-pt, O(10)

3pt — (n geoSMEFT

operators at 1/A*

new spherical harmonics in angular distribution of Drell Yan show up at
dimension-8 [2003.1615 Alioli et al]

do

d-m?l dydS

~ 167 d-mfl dy

3 do

A .
{(1 +c2) + 70(1 — 3c2)

A
+ A4 826C¢ + ?2890205 -+ 43896¢, + Ayco

+A5332 + Agsogss + A78p84
+B§sgc¢, -+ Bgsg’% + B.zesgcecw

B .
+BYspcesas + 7139(505 —1)eg




Redo classic SMEFT LEP1 analysis to O(1/A%)

Ex.) 2D projections: Zero all dimension-6 operators except two
but leave all dimension-8 on with coefficients +1. Fix A, then
compare )(2 ellipses with and without dimension-8 terms

A=3TeV
027“7
Sy (6),)2
0.1- . quad N ¢V
2 2
I )(lin A
00~ ~
I 2 2 .2
I 5)(dlm—8 8smV
C(3)HQ -0.1- | g
I )(2m c(© A2
02 i
| ; | (c©)?
_0'3f ] Ratio i >
: | 8SMm
_0-4;\ | | | | | L
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Example: L;(¢)y17" rav2(Dyug)’

contributing QL+ — (HYH)" HY D! Hidyrypby,
operators b
Q3 (6F2m) (HTH bzl Z?“H%%%%,

pr
Q2 ,(84-2n) _ (HTH)n(HTOaH) HT i%MH@Zp’V,uanra

p’f‘

p’f’

compact form for connection:

o2\ N 2
LY = () s6a4 Z Cl ) (%) — (@74)s(1 —0a4) Z CH I (_>

p’l”

2 n
+ §(¢’74) 7(1 = 6a4) (6T 1 8") ZC?{ff;% (%>

_ pr

Géc« ,(8+2n) ¢2 "
+ Lo 8)s (0xTE L0 ZCHW )

_ pr
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higher dim. versions

/7” 4
of class F

N

Q55 — e (HVH)" (HTo H) HY iDY Hyyuoatb,. ?

/

operators

new effects
from d > 8

n



What can we do with this? EW inputs’

With geoSMEFT setup, can set EW inputs to all orders:

e, g,, sin*0, — functions of 2,8, Ny, 8ap

G2 =027 =929,
_ 4
Gy = T(CQ\@SB—S@\/_S)
€0, 0

e = g (sava” +cov/g™) = o (eov/a™ +53v5™).

mixing angles
2 91(v7" 55 = /5" c5) f\/‘\
0, — )
Z 92(\/53309_ . \/§34S§) _|_ 91(\/54439‘ . \/§3460_)

2 (917/F" — 921/5°")?
" RV + (VI + BV + (VITH - 201925 (VG + g

( Sg g —09\/_ > couplings

_9 95 2 9 _9 97y 2 9 9 masses
miyy = —+/ h11 07, my = —=+\/hss U7 my = 0.

[Helset, Martin, Trott 2001.01453]
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