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No obvious signs of new light states at LHC — parametrize BSM
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Motivation

No obvious signs of new light states at LHC — parametrize BSM
effects with SM-EFT = SMEFT

2Re(A%,A )
2 2 4 6
AP = | Agy’ +—3

—

interference piece. State of the art
what's SMEFT. Included in MC codes
(SMEFTsim, SMEFT@NLO,..)

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

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



Motivation

2Re(A%,A¢) 1
AP = |Agy |? + ASzM 6 +F< A2+ 2Re(A;<MA8)> L
interference piece Higher order
’ O(1/A%

usually largest effect |
corrections

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

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



Higher order effects so should be small... but

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

o faster growth with energy, E* vs. E? : increasingly 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?
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Geometric SMEFT: [Helset, AM, Trott 2001.01453]

A reorganization of the SMEFT operators, where

2 and 3-particle interactions can be determined to all orders in v/A.
Number of operators is small, ~ constant at each order

Ex.) W

-~ ~ 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



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’

_ VP
eg D,LtH(Dﬂl//)l// ?\ — p , §.
~ (py-Pyp) Hp N T (s
(myzj—mé—ml/% ) pu+py+p,=0
- 2 >HWW

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



Allowed 2, 3-pt structures:

[+ versions with GA]

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

Y(¢)h1v2, Lra(@)iv"mava(Dud)’,  da(@)ro" 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 ¢!




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

_ . d)z n+2 ] 1—,114 J¢KF§L¢L C(6) . ¢2 n+1
_ 2 (6) ¢ (8+2n) _ (8+2n) : : HD ¢ (842n)
Ex.) hy=|1+¢ CHD+§0< : > (C - cien ) | oy + == ; +Z( > ) Chi2

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



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

_ . ¢2 n+2 ] 1—,114 J¢KF§L¢L C(6) . ¢2 n+1
— 2,(6) o (84+2n) _ ~(8+2n) ’ ’ HD o (84+2n)
EX) h]] = [1+ ¢ CHI:l + ’g < N > (CHD CH,D2 ) 51] + 2) 9) + Z ( 9) > CH,DZ

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, Helset, Paraskevas, Trott '18]
More recently [Cohen et al ‘22, Cheung et al '21, ‘22, Helset et al '22]
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# operators small and remains ~fixed for increasing mass dimension

Mass Dimension

Field space connection 6 8 10 12 14
hry(6)(Dyug)' (D*¢)” 2 2 2 2 2
gAB(qb)W;j‘,,WBW 3 4 4 4 4
k17a(¢)(D*¢) (D" ¢)’ WA 0 3 4 4 4
fABC(¢)WA WErPW§» 1 2 2 2 2

Y (¢)Qu+ h.c. 2N7 | 2Nj7 | 2N7 | 2N} | 2N;

Y4 (¢)Qd+ h.c. 2N7 | 2N; | 2N7 | 2N;7 | 2N;

Y " (¢)Le+ h.c. 2N7 | 2N} | 2N7 | 2N} | 2N

df}i(qﬁ)% LWL+ h.c 4N]§ GNJE 6N]z 6N]§ 6sz

d 3; (6)Q o uWi’+ h.c. 4N7 | 6N; | 6N7 | 6NF | 6N;

A7 (9) Qo dWh+ hc. AN;7 |6N7 | 6N7 | 6N7 | 6N7
LyRA(@)(DM0)! (bp ryuoatirr) | N7 | N7 | NP | N7 | N7

LY A(0)(DF)! ($p1vuoatirr) | 2N | 4NF | 4NF | 4NF | 4N



geoSMEFT at work:

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

€, 87 sin” ¢, — functions of g, g, h, » &AB

G2 =027 =929,
_ 4
Gy = 7(09@33—39\/_3>
€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.
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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 |8
includes L\ .. [2007.00565 Hays,
( Helset, AM, Trott]
z 4

, ? - ¢ \ / suppre;i;d by
Z

and . 7(\} V2 ‘
2 ¥ —

resonant

[2102.02819 Corbett, Helset, AM, Trott]
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1 — 2 decays: impact on decay widths

eg) h—yy 2

- 4~ o ~ - ~(6) — (6)_L

2 A6 2 A6 6 " =C""—
. | & Cigk + & Clgw — £182Cws A,
defining: (2o = — s e VT
(gl +82)VT C® = c®_L
B _ A4

2
hyy

(dim-6)2 estimate: ‘«Qf ar| t2Re (ﬂgﬁ)% 177 g0+ (M 17Y) %0

Full ©(1/A%) result: EO  FO FE) F®)

H[> “"HD’ “"HD’> “HD2

W—J
2Re (o) (1 + <ﬁ44>%><h 1P+ (14 45 Re (7)) (1 7o)

2 (8 2 [ /(8 ~(8 ~(8
3CH + 87 (OB — Oz - 218:C s

(812+822) %)

hyy
EX

h
+2Re (a/27)
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1 — 2 decays: impact on decay widths

e.g) 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/A2, (dim-6)?
result: contours show
range of effects once

full 1/A” effects are

2 .
1/A~ onlys included

o~

o(h—

similar story for h — Zy



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)

Large effect, O(20%) at
A =25TeV:

only loop-level operators
(H'H)X"'X,,

enter at dim-6,
while tree-level
operators

(H'H)* X"X,,
enter at dim-8

1/A? only-

o~

o(h—

| model example:
kinetically mixed U(1) ]




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: ©(0.01)

0.10
0.05

0.00

—0.15F

-0.20

Deviations in I'(Z—fY)

16

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



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

e ’% /F
Zy _ 9z [ Y Y.pr
.= 2 ) — Opr + L3 + (L3 ]
\ Ayl eff pr QZ (255, QLZ ' 03)0pr + U1 “; { ) +o3vor(Lsy’)
U R R
j%” — <gSl\I p1> + <geff,pr>0(7~’2/A2) T <geff,pr>0(l’4//\4) T

7o

o
/y { - — N
'3

SMEFT corrections in {mw,mz, Gr}/{& mz,Gr} scheme

O(%3) (et ) (9eit ) (Geit )

scanning dim-8 coefficients (gZ:¥)? 14/5.5 -27/-11 9.1/-3.6
- e CupCuwp | -0.21/0.39 | 0.10/-0.19 0.31/-0.58
| L ﬁ C% 0.28/-0.026 | -0.14/0.013 | -0.42/0.040

i | CupCly), | -0.83/-0.19 | -0.83/-0.19 | -0.83/-0.19

%0.06 | CupCrws | 0.59/-019 | -0.29/0.097 | -0.88/0.29

5 . I | Crpl(95") 4.0/0.50 4.0/0.50 4.0/0.50
;;i i . i | (C3))?2 0.62/1.4 1.2/-28 | -0.42/-0.93

: Crwp C,,b 0.69/0.58 | -0.69/0.58 | -0.69/0.58

E Cinloz")y | -6.7/-58 13/12 4.5/3.9

S 00 Cuwp (957) | 3.7/0.26 3.7/0.26 3.7/0.26

- | Cuw Caws | -0.21/0.39 | 0.10/-019 | 0.31/-0.58
oo el LTI 1]27%03 C(g}) -0.014/0.026 | 0.0069/-0.013 | 0.021/-0.040
N C!,( p: 20.21/0.026 | 0.10/-0.013 | 0.31/-0.040

e 0.19/0.19 | 0.19/0.19 0.19/0.19

[2102.02819 Civlv -0.38/0 0.19/0 0.58/0
Corbett, Helset, AM, Trott] o 0.10/0.19 | 0.051/-0.097 | 0.15/-0.29

<(8) nn7e/0 1 | nn20/ 0 ne nN197/ 0 99




Combining SM loops with O(1/A%)

Can combine with ©O(1/A?) X SM loop

m / oz gias R 2
Fgfll\‘//[v ‘ wmwmb —- e - — e o o = oy
{43042 (F7W)2 — 351 (0(6) C}fB) f§”W + 2228 5G<6) W \
, ~ ~ 0(6) A . 4 4
b +979CHL(Clh +0.80 Clyy — 1.02C ) — 788 <c§§>m _ ZID> R fng] 4 0(/AY
N 2283 CL (L) L0.66 Cole 0.8 Clgipp) 1224 (F ) Y |
{_ 1170}% — 23 C}%V + [51 + 210g (F)] CS&VB + [ 0.55 + 3. 610g (Z‘h)] ao). . '
o &0
+ 127 - 281og ( 22 )| ReC®) 4+ 55Re C(®) +2¢8) — ZHD
A2 33 4 2
E 3200 — 75005 —3V25G1
O(1/A* x loop)
where
s = L (e®ie® Lo, ver,). . .
VG ( i+ O =3O +Cn) Combined result informs on how
= O, +020 Cf) —054C ) assumptions about coefficients affect
3 = |Clip +0.29 (Ciy + Ciy) — 0545 . UNCEItAinty
v = |l — Clih — 066 Cll 5

[Corbett, AM, Trott 2107.07470]



Combining SM loops with O(1/A%)

Can combine with @(1//\2) X SM loop Coefficient choice: i.e. C((g; VS. g32 C((%

Fsz&vﬂ <1 frsspv. ) O(1/A?) intertwines loop and SMEFT expansions!
Fgfll\‘//[v e ‘ wmmb e sEray TGS SR A PN RSP O TSR

[ 3942 (F77)2 — 351 (O}f&v O}fB)f + 2298 5G(6) W

, ~ ~ 0(6) A . 4 4
b +979C% (6 +0.80 19 —1.026%) ) — 788 ((J}f)ﬂ — %) frw g f;“W] 1 O(/AY)

. 2283 0(6) L(C, 0.66 C( ) — 0.8 O ) - 1224 ”_‘ s

1170“’ — 923 C(G) + |51 421 ; 1 (65_ i —0.55 + 3.61 WA <6> Y
j HB HW 08 | A2 HWB T + 0.0 log A W .
2 () ‘.

+ {27—2810g (%)] ReC(:é+55ReC(3; +2Ci - 2,

E 3200 — 75005 —3V25G1

O(1/A? x loop)
where
oG - % (@g m% B %(é;ééu +é;JLe)> ’ Combined result informs on how
= O, +020 Cf) —054C ) assumptions about coefficients affect
v = |Gk +0.29 (CR), + Cip) —054C) 5] uncertainty
v = |l — C5h — 066G

[Corbett, AM, Trott 2107.07470]



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

\ ’
,\) | v f’# 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 — dim-8 effects

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

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

19



Ex. pp — £7¢7,¢Fvto O(1/A%)
t ﬂ T >< new at &-pt, O(10)
M M operators at 1/A*
3pt — tn 9eoSMEFT

+
pp > 76 pp = L7V A=5TeV,2TeV < +/§ <3TeV B

. : 10[]
Dimension-6 four-fermion bounds I
O """""""""""""""""""" """"""""" . i | """"""" 8-
Ceal N § | - ;T o I
wn . . . : L
~N— N N N N
o : : : : |
S O be S e —— T — I s = 0
Q . p— 2 r
S : Z 1 @)
S : : : — -
S Ok : S U S 2
5 W s — s S
g : : : 4+
8 C : : : i
—= Wl S e
= " s 's ' *
3 T e —— -
Cu [ A=4Tev — 2
collm ooy T —_— j
lq . : : —_—l
H  O(1/AY) - - g - i
J I I I I 07\ | | | | | | | | | | | | | | | | | | | \7
-8 6 4 2 0 2 4 ~10 —05 0.0 0.5 10

95% CL range C©®
[Boughezal el al 2106.05337] [Kim, AM 2203.11976]

[see also Boughezal et al 2207.01703, Allwicher et al 2207.10714]



Roadmap for truncation studies

Library of process known to O(1/A%)

1 - 2,Resonant2 — 2: gg > h —> vy, ete” > Z —>ff

Drell-Yan, pp — Wh known; Zh, diboson in progress
[Corbett, Kim, AM]

I’ve focused on ‘bottom up’ analyses, but top down also important
[Dawson et al 2110.06929, 2205.01561]

New process:

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

/.\/} : couplings at 1/A* N
[w MG a{r-ec.:dy via G(SM X dlm 6) couplings at 1/A2 Kwow“
SMEF T sim/ '
MEFTONLO analytically

* Only need to add contact terms/novel kinematics



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

Lots to do:

 Encapsulate what we’ve learned into a truncation
uncertainty/uncertainties to hand off to experimentalists
[ex. AM, Trott 2109.05595]

e How to pin down new coefficients (e.g. remove flat
directions)?
[Alioli et al 2003.11615, Boughezal et al 2104.03979, 2207.01703]
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Thank you!
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Geometric SMEFT: [Henning et al 1512.03433]

No. of independent ops

10000000000 - :
7557369962
1000000000 - :
100000000 - ¢ &% -
(% °
10000000 |- \ 0? _-” f
o o - 5474170
2092441
1000000 4 :
100000 | -
10000 |- :
1000 # operators confributing
/ . /
100 fo pole physics
10_ 12 — |
2
1L _

Mass dimension



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

E.g. try classic S-T plot: Zero all dimension-6 operators except
Chp ~ 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
22 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
Chp ~ 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 /

: < Crpmins Corwgmin ~ 0.01 ~ O(*/A®)
0.0 I

CHwB
—0.1
_02 /C |
¥? tncluding dim-8

03 ]

—02 ~0.1 0.0 0.1 0.2

can repeat for other 2-d projections



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)

where

. _ 1 .
Ju= Z (—glyy,) Wy + (‘581> H'iD H
1/g

20



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*

27



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

28

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
bRl 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

C(8+2n) ( Hi H) I+n

A (Zarta'ts) (Fioty)  iCE ey (HH)' (H'oH) (Zators) (21,01

All orders result is possible even for contact terms:

? — ‘_}—% C,ucc,u + C//t//l,ble + 21’L + 2I’L

- [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

C(8+2n) ( Hi H) I+n

A (Zarta'ts) (Fioty)  iCE ey (HH)' (H'oH) (Zators) (21,01

All orders result is possible even for contact terms:

? — ‘_}—% C,ucc,u + C//t//l,ble + 21’L + 2I’L

- [Hays, Helset, Martin, Trott 2007.00565]



