SMEFT beyond
O(1/A?)

Adam Martin
(amarti41@nd.edu)

v_l_ UNIVERSITY OF

Based on:

2001.01453
2007.00565
2102.02819
2107.07470

NOTRE DAME

Helset, AM, Trott]

Hays, Helset, AM, Trott]
Corbett, Helset, AM, Trott]
Corbett, AM, Trott]

EPS, July 28th, 2021


mailto:amarti41@nd.edu

In SMEFT framework

2Re(A&,Ag) 1
|A|2: |ASM|2+ A*;M +F<|A6|2+2R6(A§MA8)> + ...
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
@(1000) operators at dim-8



Higher order effects so should be small... but

e they are a form of uncertainty; ‘theory error’ on extracted scale A

* there are instances where interference term isn’t present or is
suppressed, e.g. helicity mismatch between SM and dim-6

e faster growth with energy, E*vs. E* : iIncreasingly important when
looking at high energy (e.g. tails of some kinematic distribution)

How do we proceed?

Is there a simple estimate, i.e (dim-6)2 that works?
Do we need to do case by case?



Geometric SMEFT: [2001.01453]

A reorganization of the SMEFT operators (= a basis), where
2 and 3-particle interactions are sensitive to the
minimal number of operators

‘o-l’ \A/

7 ~ e,

With fewer operators around, can actually do complete 1/A*
calculations for certain processes.

Use those processes as simple laboratories for truncation error
studies

[see talk by T. Corbett too!]



SMEFT operators:
have the form  D*H yy? F~

For operator affecting 2,3-pt vertices: restrictions

1.) Can’t have too many fields

e.g. (DH"YDH)DH"(DH) — 4+fields, can’t contribute

2.) Momentum on fields other than H is ‘trivial’

_ s,
eg D’uH(D’ul//)l// ?\ — p , §.
~ Py Pyp) Hp N T (s
<ml/2,—mé—ml/% ) pPu+py+p,=0
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Just changes coefficient of H y y : not a new operator structure



Allowed 2, 3-pt structures:

[+ versions with GA]
hiy(9)(Dud) (Due)’,  gap(@)Wi, WEH

k15 (0)(Duo) (Dud) WY, fapc(d)Wi, WEVPWE#,
Y(9)r1ta,  Lra(@)bry"rave(Dud)’,  da(@)dro"” oWy,
functions of H'H/A? = ¢?

Functions can be figured out order by order, # of structures saturates

n=0

_ 0 [ 4 n+2 i FI{” KF§L¢L c© s [ 52 n+1
n n ’ ’ HD n
=) s 1+¢2C%+2<7) (et - ) | o+ =5 |5 +2<7) o
n=0

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

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




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
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includes !'\ g [2007.00565 Hays,
( Helset, AM, Trott]
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resonant
[2102.02819 also

Corbett, Helset, AM, Trott]




1 — 2 decays: impact on decay widths
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1 — 2 decays: impact on decay widths

e.9) h— yy: Quantify effect by randomly drawing coefficients and
comparing dim-6, (dim-6)2 and full 1/A* result:
for ‘tree’ operators: O(1) , loop’ operators: ©(0.01)

[Arzt’93], [Einhorn, Wudka ’13], [Craig et al *20]

fixing 1/AZ, (dim-6)?
| result: contours show
1/A% + (dim-6)* range of effects once
| full 1/A* effects are

1/A? only- included
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1 — 2 decays: impact on decay widths

e.d) h— yy: Quantify effect by randomly drawing coefficients and
comparing dim-6, (dim-6)2 and full 1/A* result:
for ‘tree’ operators: O(1) ,loop’ operators: ©(0.01)

e @/4/7'\L)(/.\,XM ex.) (HFH) X" X o

1.0 et ————

| Large effect, O(20%) at
1/A? + (dim-6)> A =2.5TeV;

only loop-level operators
enter at dim-6, while
tree-level operators
enter at dim-8

1/A? only-
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similar story for h — Zy




1 — 2 decays: impact on decay widths

e.qg.) Z = £~ : Quantify effect by randomly drawing coefficients and
comparing dim-6, (dim-6)2 and full 1/A* result:
for “tree’ operators: O(1) ,loop’ operators: 0(0.01)

0.10
0.05

0.00

—0.15F

-0.20

Deviations in I'(Z—fY)
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Now tree-level operators present
for both dim-6 and dim-8

smaller impact, O( % ) at A = TeV

~ (dim6)2 piece not a bad estimate



Combining SM loops with O(1/A%)

Can combine with O(1/A?) X SM loop

FSJ\V4VEFT ~1 “788me, ‘ @(1//\ )
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[Corbett, AM, Trott 2107.07470]



4-pt interactions: can we go ‘full metric’?

v Key part of 2- and 3-pt result is
A that special kinematics made all
py 7N 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

Effects must be added in by hand. But for many n =4
processes and O(1/A*) number is manageable

qqg — h+ W/Z

Ve
—r \\
>Mc/ . Pas

3pF — (1 geoSMEFT new af ¢-pf, O(10)

4
[Corbett, AM, Trott, in progress] operators at 1/A
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So where does this leave us?

How do we include truncation error?

e geoSMEFT basis: 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

Find (dim-6)2 is not a great proxy for full 1/A* effects, at
least for theories falling into tree/loop categorization and
in loop-level SM processes

14



So where does this leave us?

Lots to do:

 Encapsulate what we’ve learned into a truncation uncertainty/
uncertainties to hand off to experimentalists

e Expand the ‘laboratory’: more 1 — 2, 2 — 2 processes,
other coefficient choices (what choices?)

e How to pin down new coefficients (e.g. remove flat

directions)?
[Boughezal et al ’20]
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Backup

16



Kinetic mixing model

Try a specific UV model: kinetically mixed U(1)

1 1 k
_ U 2 U
AL ==K, K"+ —miK K" = —B"K,,

integrate out to dim-8 (tree level only)

k2 k2 _ k4 g12k4
AL = ——]jj"+ (a2')'ﬂ+ H'H)j,j*
2m12(J” ] 2mg Ju ) dmg ( )J” /

where

. _ 1 .
Ju= Z (—glyv,) Wy + (—581> H'iD H
1/g
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Kinetic mixing model

dim-6 dim-8

H4¢2D
4
H*D? oL ®) yegl g4 _ 9 (k2 — kA (21 + gf+g§)
H2’QZ}2D 0(6) e Amie mic 4
HO 1,(8) 24 42
CLO | vty Smf; Cil | okt - Gy (i? — k) (20 + 1522 HD?
H 2 6 2k 4.4
mK 01(113) ‘ _g;n%{ 02(8) Zi’q£]1 /{4 91 Zq (k2 _ k}4)(2/\ + @) C}_??DQ ‘ ginkél - gl 92 (/{32 )
C}(r?) Ye 91 by q miy K 5 - 4; -
2 2
L o (DL R |yl g~ shye e gyon g oty Ol | R - SEW -0
1,(6
CH( : ;qgl by 1,(8) Yd91 4 _ givd (.2 4 9i+gs
2 8 m2
0(6) yugl b K 2,(8) 2 2 4
e 2mi 1,(6) 1 g3k Cre _1%1”% (k* — k%) Cg)B ‘ ~ gt (K2 — k)
0(6) yd91 by qu T2 2 mi 027(8) 91 95 B2 _ A (8) g2 gQK 2 4
Hd 2m?, 1.06) R Hgq —m( — k%) Chriv 161m311( (k* — k%)
Cy, 3 3,(8 2 2
2 12 %( ijg ) _1%17;‘?;( (/{32 _ /{Z4)
3,(8) 2 2
i BT R

No operators that operators impacting
impact h — yy h — yy present

.'. at dim-6 level, no effect, while there is an effect if we go to full 1/A*
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Model example: kinetic mixing

2 H
integrate out KM at tree level

/ N

1 1 k
_ U 2 U
ASF = — —4 KWK” + —2 mKKﬂK” — —B*K ’\]

I — X2H4
No dim-6 operators Dim-8 operators

K

gfggL (k2 — k%)

16m?,

. t h CS)B ‘ _%(H_kél)
: —>
that impact 7 — yy Impacplrr;ient N




Model example: kinetic mixing

1 1 k
— v 2 ]
Ag _- — ZK,W/KIM + EmKK#K'M — EB’M K’m/ "l

/

No dim-6 operators
that impact 7 — yy

integrate out KM at tree level

N

Dim-8 operators X
. . Cp | iy (6 kY
impacting h — yy —; TR
HwW 16 m%,
present
I'(h — yy)

I'(h = yY)smEFT

U(1) model constraints, a scheme

L -0.1 _
L \ i




Redo classic SMEFT LEP1 analysis to O(1/A%)
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scanning dim-8 coefficients
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[2102.02819
Corbett, Helset, AM, Trott]
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SMEFT corrections in {mw

iz, Gr}y/{a,mz,

Gr} scheme

O(57) (9t ) (et o) (et )
(9572 14/5.5 -27/-11 -9.1/-3.6
CusCuws | -0.21/0.39 0.10/-0.19 0.31/-0.58
c2, 0.28/-0.026 | -0.14/0.013 | -0.42/0.040
CupCyy), | -0.83/-0.19 | -0.83/-0.19 | -0.83/-0.19
CupCuwp | 0.59/-0.19 | -0.29/0.097 | -0.88/0.29
CuplgZ?) | 4.0/0.50 4.0/0.50 4.0/0.50
(Cy))? 0.62/1.4 1.2/-2.8 -0.42/-0.93
Cuws ng) -0.69/0.58 -0.69/0.58 -0.69/0.58
Cﬁf,ﬂ 9=y | -6.7/-5.8 13/12 4.5/3.9
Cuwp (957) | 3.7/0.26 3.7/0.26 3.7/0.26
Cuw Cuwp | -0.21/0.39 0.10/-0.19 0.31/-0.58
i\ -0.014/0.026 | 0.0069/-0.013 | 0.021/-0.040
%), -0.21/0.026 | 0.10/-0.013 | 0.31/-0.040
Ciy) 0.19/0.19 0.19/0.19 0.19/0.19
e, -0.38/0 0.19/0 0.58/0
c® -0.10/0.19 | 0.051/-0.097 | 0.15/-0.29
<(8) nn7e/0 1 | nn20/ 0 ne nN197/ 0 99




Redo classic SMEFT LEP1 analysis to O(1/A%)
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SMEFT corrections in {rmw
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Gr} scheme

O(4r) (9aiten) (et pp) (et o)
(9272 14/5.5 -27/-11 -9.1/-3.6
CusCrwp | -0.21/0.39 0.10/-0.19 0.31/-0.58
c2, 0.28/-0.026 | -0.14/0.013 | -0.42/0.040
CupCyy), | -0.83/-0.19 | -0.83/-0.19 | -0.83/-0.19
CupCrws | 0.59/-0.19 | -0.29/0.097 | -0.88/0.29
CuplgZ?) | 4.0/0.50 4.0/0.50 4.0/0.50
(Cy))? 0.62/1.4 1.2/-2.8 -0.42/-0.93
Cruws CHU -0.69/0.58 | -0.69/0.58 | -0.69/0.58
cgu 92" 6.7/-5.8 13/12 45/3.9
Cuwp (957) | 3.7/0.26 3.7/0.26 3.7/0.26
Cuw Cuws | -0.21/0.39 0.10/-0.19 0.31/-0.58
i\ -0.014/0.026 | 0.0069/-0.013 | 0.021/-0.040
%), -0.21/0.026 | 0.10/-0.013 | 0.31/-0.040
Ciy) 0.19/0.19 0.19/0.19 0.19/0.19
A

Excludes 4-fermi terms, dipole operators.

<(8)

| TNN7Q /N 1= | NN/ N0 N7 |

N19/7.0N 99




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

E.g. try classic S-T plot: Zero all dimension-6 operators except
Chup ~ T, Chws ~ S but leave all dimension-8 on. Set all dimension-8
coefficients to 1 (tree) or 0.01 (loop) and fix /A, then compare )(2
ellipses with and without dimension-8 terms

CuwB

0.2]
0.1
0.0

—0.1

—02

_0.3;

A =1TeV
72 dim-b (linear) only
x? itncluding dim-8
02 o1 oo o1 o2
CHD

can repeat for other 2-d projections



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

E.g. try classic S-T plot: Zero all dimension-6 operators except
Chup ~ T, Chws ~ S but leave all dimension-8 on. Set all dimension-8
coefficients to 1 (tree) or 0.01 (loop) and fix /A, then compare )(2
ellipses with and without dimension-8 terms

A =1TeV

020 T T

- dim-6 (linear) ouly
0.1 /

: < Crp.mins Corwgmin ~ 0.01 ~ O(*/A®)
0.0 I

CHwB
—0.1
_02 /C |
7% tncluding dim-8

03 ]

—02 ~0.1 0.0 0.1 0.2

can repeat for other 2-d projections



# operators small and remains ~fixed for increasing mass dimension

Mass Dimension

Field space connection 6 8 10 12 14
kr1a(¢)(D o) (DY ¢) Wi, 0 3 4 4 4
fac(@)Wib, WEvP W 12 | 2| 2 | 2
Y (6)Qu+ h.c 2N7 | 2N7 | 2N7 | 2N} | 2N7
d 0 2 2 2 2 2
Yy (¢)Qd+ h.c 2N? | 2N7 | 2N? | 2N7 | 2N?
Ve (¢)Let h.c 2N7 | 2N7 | 2N7 | 2N7 | 2N7
d3" (¢)LoweW) + h.c ANF | 6N7 | 6N; | 6N7 | 6N
dP"(9) Qo uWh! + h.c AN; I6 N7 | 6N7 | 6 N7 | 6 N7
A3 (9)Qo Wy + hic, 4N? | 6N? | 6N? | 6N? | 6 N?
L%, (@)D )’ (dp rrpoatr) | N7 | NP | N} | N7 | N
LYE (6)(D ) (Up1yuoathyr) | 2N? | AN? | AN? | AN? | AN?



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

23

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 about Gg?

Gr involves more than quadratic terms:

L L
bl Pt
+X + *

L L L L L . DL L

However, since Gr derived at muon mass scale (D ~ m, <K N\)

and SM term is from L4, # of higher dimensional contributions is
dramatically reduced

CeH (HH)'™ (2y70'¢)) <z,21;/”0,fl) iCe, (HTH)" (H'o'H) (Zy'as) (2,01 )

All orders result is possible even for contact terms:

| cu |
apt — __ | O ~(6) i ’
g = - Ciov,+ Cioe + S

o4 [Hays, Helset, Martin, Trott 2007.00565]



What about Gg?

Gr involves more than quadratic terms:
DL L
L L L L L & —
L L L L L . DL L

However, since Gr derived at muon mass scale (D ~ m, <K N\)

and SM term is from L4, # of higher dimensional contributions is
dramatically reduced

CeH (HH)'™ (2y70'¢)) <z,21;/”0,fl) iCe, (HTH)" (H'o'H) (Zy'as) (2,01 )

All orders result is possible even for contact terms:

| cu |
apt — __ | O ~(6) i ’
g = - Ciov,+ Cioe + S

o4 [Hays, Helset, Martin, Trott 2007.00565]



