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“Universal Theories”

For this talk, a Universal Theory is a theory of NP where,
the NP couples to SM fermions as in the SM:

U(1) mixing model (matched to D10 TC arXiv:2405.04570):
=
L = Lsm— 31X X 4+ IM2X, XF — 1 Ygk(H' D H)XH + g2Y2 k2| H|2 X, X+

—g1k Zw Yy (1/_”)’#"1’))(H
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“Universal Theories”

For this talk, a Universal Theory is a theory of NP where,
the NP couples to SM fermions as in the SM:

U(1) mixing model (matched to D10 TC arXiv:2405.04570):
L = Lsm-— iXu X+ IM2X,XH— o Yk(E'D L H)XP + YRR H2X, X

—g1k Zw Yy (1/_”)’#"1’))(H
Other examples include:
@ R Scalar singlet, (matched to D8, TC et al. arXiv:2404.03720)
@ Scalar triplet with Y = 0, (matched to D8, TC et al. arXiv:2404.03720)

@ Composite Higgs models,
(e.g. p from SO(5)/SO(4) matched to D8, TC et al. arXiv:2404.03720)

@ Extra dimensions (5d see Barbieri et al. arXiv: hep-ph/0405040)
@ Little Higgs models (see Barbieri et al. arXiv: hep-ph/0405040)
@ Higgsless models (see Barbieri et al. arXiv: hep-ph/0405040)

@ Any new scalar not coupling to fermions

@ W’ model (see e.g. arXiv:2307.10370)
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Matching the U(1) mixing model

Starting from the NP £, we want to ‘match’ onto the low energy EFT (SMEFT):
L = Lgm— 31X X+ IM2X,XH— leHk(HTi(BuH)X“ + g?Y2 K| H|2 X X
—g1k Zw Yw(TZJ’YM/’)X“

Derive the EOM, solve for X, plug back into original £
(See Henning et al. arXiv:1412.1837)
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Matching the U(1) mixing model

Starting from the NP £, we want to ‘match’ onto the low energy EFT (SMEFT):
L = Lgm— 31X X+ IM2X,XH— glka(HTiﬁuH)Xu + g?Y2 K| H|2 X X
—g1k Zw Yw(TZJ’YM/’)X“
EOM:

oL =5 6L
53X, — 9130,xX,

g 7
[~O0pu + 8p0 — M?8pp — 207 YK | H|*8p] Xp = —g1 Yurk(Hi D H) + 91k 32y Yoyt
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Matching the U(1) mixing model

Starting from the NP £, we want to ‘match’ onto the low energy EFT (SMEFT):
L = Lgm— 31X X+ IM2X,XH— glka(HTiﬁuH)Xu + g?Y2 K| H|2 X X
—g1k Zw Yw(TZJ’YM/’)X“
EOM:

oL =5 6L
53X, — 9130,xX,

R ~
[~O0pu + 8p0 — M?8pp — 207 YK | H|*8p] Xp = —g1 Yurk(Hi D H) + 91k 32y Yoyt
Solve for X (in the limit M is large):

g1k = _
X,,Nﬁ Yu(H'D W H) + > Yyyut| + -

P
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Matching the U(1) mixing model

Startine from the NP £. we want to ‘match’ onto the low enerev EFT (SMEFT):
L = Lsm— 21X X+ IM2X,XH— o1 Yerk(H' D H) X" + GYERH2X, X
—g1k Zw Y;D(JWMJJ)X”

EOM:
oL =5 oL
5x, — %r3a,x,

At z
(~O0pu + 8p0u — M?6p — 207 VK| H|?6p] X = ~1Yk(H'D ,H) + g1k 2y Yy towud

Solve for X (in the limit M is large):

g1k

= o
~ B Ya(HY D H) + Y Yoty | +- -

P

Xp

Plug into L:

gik? — 2 9ik? - : gik? P _
LSMEFT = Lsm — Q(HTiDuH) - 5 S Yyt | — 72(HT~LD#H) > Yy by
2M 2M T M T
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Matching the U(1) mixing model

Starting from the NP L. we want to ‘match’ onto the low enerey EFT (SMEFT):
L = Lgm— 31X X+ IM2X,XH— leHk(HTiﬁuH)X“ + g?Y2 K| H|2 X X+

—gq1k Zw be(TZ”YM/’)X“
EOM:
oL oL
5X, o 50, X,

[_D‘Spu + 00 — M?5pp — 291Y2 k2|H|25PH] Xp = _glka(HTZ D H)+ g1k Zw YWP’YMZJ

Solve for X (in the limit M is large):

g1k = _
X,,Nﬁ Yy (H'D W H) + > Yyyus| + -

Plug into L:

o2k
LSMEFT = LSM = 2M2 QT = 2M2 (Q(1> + QHe + Q + QHu + QHd)
2
Lo (Qu +2Q) +2Que +2Quu +2Qua + Q5Y +2Qqe +2Qqu + -+ +)
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What is an EFT /what is the SMEFT?

@ Last slide: took M to be large
= the EFT describes a NP model with mass gap

@ The EFT imprints on the IR (low E theory) in terms of the low energy field content
= All operators were formed of the SM fields, no X's were left!

@ The EFT is a Taylor expansion in 1/M
= If we need better precision, we go to next order (this talk)

@ Motivated by a specific UV (NP model) theory = “top down”

@ All NP theories with (sufficient) mass gap described by enumerating all operators
= “bottom up”
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What is an EFT /what is the SMEFT?

Last slide: took M to be large
= the EFT describes a NP model with mass gap

The EFT imprints on the IR (low E theory) in terms of the low energy field content
= All operators were formed of the SM fields, no X's were left!

The EFT is a Taylor expansion in 1/M
= If we need better precision, we go to next order (this talk)
Motivated by a specific UV (NP model) theory = “top down”

All NP theories with (sufficient) mass gap described by enumerating all operators

= “bottom up”
Weinberg 1967:

This remark is based on a ‘“theorem”, which as far as I know has never
been proven, but which I cannot imagine could be wrong. The ‘‘theorem” says
that although individual quantum field theories have of course a good deal of
content, quantum field theory itself has no content beyond analyticity, uni-
tarity, cluster decomposition, and symmetry. This can be put more precisely
in the context of perturbation theory: if one writes down the most general
possible Lagrangian, including all terms consistent with assumed symmetry

principles, and then calcul matrix el

with this Lagrangian to any

given order of perturbation theory, the result will simply be the most general
possible S-matrix consistent with analyticity, perturbative unitarity, cluster
d position and the d symmetry principles. As I said, this has not
been proved, but any counterexamples would be of great interest, and I do

not know of any.
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What is an EFT /what is the SMEFT?

Last slide: took M to be large
= the EFT describes a NP model with mass gap

The EFT imprints on the IR (low E theory) in terms of the low energy field content
= All operators were formed of the SM fields, no X's were left!

The EFT is a Taylor expansion in 1/M
= If we need better precision, we go to next order (this talk)

Motivated by a specific UV (NP model) theory = “top down”

All NP theories with (sufficient) mass gap described by enumerating all operators
= “bottom up”

This is the SMEFT
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Motivating the Universal SMEFT

Our example EFT was:

g7 k>
2M?2

g7 k>
2

[=¢ 2
H'D,/ H)" —
( wH) 2M

LsMmMEFT = Lsm —

2 2,2
_ K _
(}:yﬂwvuw) 4—%EE(H*77“H)<§:Y¢¢yuw>
P P
Purveyors of EFTs know we can use the SM EOM to change operator bases:

= _
8y By = %(Hu DuH) + g1 > Yoy
P
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Motivating the Universal SMEFT

Our example EFT was:

g7 k>
2

2,2
k
N gtB ) - =

L =L, =
SMEFT SM T o2

2 2,2
_ K _
(}:yﬂwvuw) 4—%EE(H*77“H)<§:Y¢¢yuw>
P P
Purveyors of EFTs know we can use the SM EOM to change operator bases:

= _
8y By = %(Hn DuH) + g1 > Yoy
P

Resulting in a purely bosonic operator basis:

g%k2
8M?2

91k2
2M?2

<= 2 <=
(HTi'D | H)? — 25 (8, Buu ) (8p Bup) — (H'i'D H) (9 Bpy)

LsmMerT = Lsm — 2012

Universal NP can be described by a purely bosonic SMEFT:

@ This basis needs to include “redundant operators”

@ In practice we swap operators like (8,LB;“,)2 for fermionic
(extra poles in propagators are’t fun, see: Brivio et al. arXiv:1405.5412)




The SMEFT vs Universal SMEFT at D6

In the general SMEFT at D6 we have 59 operator forms and 2,499 free parameters:

Type I: X3 Type II, I1I: HS, H*D? Type V: W2H3 4+ h.c.

Qc fABCehvaleaSr Qu (HtH)3 Qen (HYH)(LeH)

Qs fABCGtvalradr |l Qup (H mO@E" ') Qunu (=" H)(QuiT)

Qw dIEwlvwlewEKe || Qup | (HIDFH)*(HIDMH) || Qqn (HT H)(QdH)

Qs LIE Wy Jow K

Type IV: X2&2 Type VI: W2HX Type VII: ¥2H2D

Que (HTE)GL, cAm Qew (Lo eyrTHW], Q9 | @B .m @y L)
Que HYH)GA, GARY Qew (Lo*ve)r HB,, QY | W BLH) LTy 1L)
Quw @ WL, winv Que | (QomTAwAGCH, Qe (H1i'D | H)(ey*e)
Qs (HT YW, winv Quw | Qo wyrl AW], QG | (D H) @y a)
Qup (HTH) By, B*Y Qus (QoH"u) A By, Q%L | Wi BLmyariyra)
Qus (H'H) By, BHY Quc | (@o**TAQYHGE, Quu | (HVD  H)(ay"u)
Quws | HAmWL B || Quw | (@l HW], Qra (H1'D 1) (@)
Quwn HITHyW] B Qdn (Qo"¥d)HBy QHud #HD  H) (ay )

Type VIIL: 5 x (LL)(LL) + 7 x (RR)(RR) + 8 x (LL)(RR)
+(LR)(RL) + 4[(LR)(LR) + h.c.] = 25(¥W¥)(¥¥)

In Blue: Operators generated by our U(1) mixing model example, in this basis.
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The SMEFT vs Universal SMEFT at D6

In the Universal SMEFT at D6 we have 16 operator forms and 16 free parameters:
Zhang and Wells arXiv:1510.08462

1 2
Q1 = |D HYH|? Qp2 = 3 [au(HTH)] Qgo = (HTH)3
Qww = (HTH)YWL, winv Qpp = (H'H)B,, B* Qpw = (Hto!H)B,,, Wlr

Qw = (D*H)Te!(DYH)W/, Qp=(D*H)!(DYH)Bu,  Qwww = Tr [WiW/W}]
Qocc = (HTH)GS,GoHv Qaae =[Gy GrCE
Qy = (HYH)(H; J%; + h.c.) @y = I o3P
Qayw = w%' (J”Yu %1/)) (1/_1"}% %ad)') Q2B =Y YyYyr ($7uth) (%' vu’)
£ w’w/

Qajc = w%, ("Z"Y;LTQ"/J) ('@Z_JI'Y;LTaw/)

In Blue: Operators generated by our U(1) mixing model example, in this basis.
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The SMEFT vs Universal SMEFT at DS

@ At D8 the full SMEFT has 44,807 free parameters (see e.g. Murphy arXiv:2005.00059)
@ At D8 the Universal SMEFT has 175 free parameters (TC et al. arXiv:2404.03720)

@ This is still kind of a lot so let’s consider ops which are separately C & P even:
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The SMEFT vs Universal SMEFT at DS

@ At D8 the full SMEFT has 44,807 free parameters (see e.g. Murphy arXiv:2005.00059)
@ At D8 the Universal SMEFT has 175 free parameters (TC et al. arXiv:2404.03720)

@ This is still kind of a lot so let’s consider ops which are separately C & P even:

Let H=Higgs, X=any field strength, D=covariant derivative of any given field

Fields Tot. Murphy + New

HE: 1 =140
HSD?2: 3 =241
H4D*: 9 =3+6

X4 26 =264-0
X3H?2: 3 =3+0
X2H%: 5 =540

X2H?2D?: 23 =9+14
XH4D?: 5 =2+3
H?2DS: 1 =0+1
X2D%: 3 =043
X3D2: 4 =0+4
XH?D*: 4 =044

Sum: 87 =51+36

14 March, 2025
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Universal SMEFT at D8 In practice

Again some of these operators aren’t fun to work with in terms of Feynman rules
So we use EOM to replace with fermionic operator combinations:

(DFD2H) (DED?H)  —  (HVH)(@pH) + (D H)H(DH H) (G H)
+(HH) (§y.9) (x7*%) + Dy ($v09) D* (%7#X)

+in bosonic basis
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Universal SMEFT at D8 In practice

Again some of these operators aren’t fun to work with in terms of Feynman rules
So we use EOM to replace with fermionic operator combinations:

(DFD2H) (DED?H)  —  (HVH)(@pH) + (D H)H(DH H) (G H)
+(HH) (§y.9) (x7*%) + Dy ($v09) D* (%7#X)

+in bosonic basis

EOM identities involve similar operators,

Ry = an +bQ2
Ry = cQ1+dQ2

Allowing us to treat Q1 and Q2 separately instead of as correlated.

(Pro tip: The SM isn’t C and P even, so Q1 and Q2 not necessarily C and P even)

14 March, 2025



Universal SMEFT: Ops for Z-pole and Drell Yan

The relevant subset of operators for Z-pole and Drell Yan processes are:
(D6: 6, D8: 11)

Qy1 = |D HTH|? Qew = (H'e! HYW}, B
Qpp = (HTH)B, B* Qww = (HTH)W[L, Wl
Q28 = JB T Qaaw = Iy, Iy

QY = |HP(H 0! H)(DuH) o (D H) QWans = 1HPQBw

Q) a = (HYTH)(HY a7 HYWL, W

QW yap = T I (HY T DL (K H) Q) =il HP TS (HT'D W H)
QR ap = iy [(HIDLE)H? - (D H)(H1o H))|

Q4 pa = (D F)(Du I Q) pa = (D I5)(DuB..)
Q§f4)H2 = |H|?Q2sB er,i;)HQ = |H*Qzuw

Q{2 2 = (HioT IR Ip,,

Jp =a %; Yydy*ep Tt =22 %@yuaw

at Wien) The Uni



Indistinguishable parameter combinations

Some operators are just |H|? times a D6 operator...
1
Qsw = (HITHW], B & QL) ., =@ H)H W], B

Without Higgs (and multiHiggs) processes we can’t distinguish a lot of these
Introduce tilde (or bar) variables:

2
- _ v7 @)
CBW ~ CBW ~ CBW + 5 SweHA

This isn’t consistent with the 1/M power counting...
Some justification can be found in the geoSMEFT /geometric methods for EFTs

See: Helset et al. arXiv:2007.00565
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(Preliminary) Results D6

Including Z-pole, W decays, NC & CC Drell Yan:
Dim-6 + (Dim-6)*

N L
4 02 00 02 o4

100 x Ty 92 /A?

otk o
100 x Aypo? /A%

—0& 02 00 02 04
100 x &g, 1 9% /A%

I \ |
%02 o1 00 o1 o2

100 x &gy 02 /A?




(Preliminary) Results D8

Including Z-pole, W decays, NC & CC Drell Yan:

— Dim6+Dim6%+Dim8
==+ Dim6+Dim8

--. Dim6+Dim62

e DIMG

Dimension-six ops Dimension-eight ops

4L o i 4

~ o =4 F EU — -

L >

q ek 4+ < 4 Bl Bl
i

2 | L |

015010005 000 0.05 010 0.5 020 -05 06

102 x Zpp s
02 x Zp iy

| ", | |

04 07 00 02 04 06 0
10% x 7g 1 &
0% X Cp1 43

| | | | |
Toa oz oo o0z o4

5 (8)
10 x Eypge £

1 1 1 1 1 1
G0 b1 T0ms 000 005 010-035-015 010005 0.00 0.65 0.0 015 .20
E ® g

2y o® i :

10 x egtpe & 101 x el £

0.3-0.10 ~0.05




(Preliminary) Theory/Truncation error

0.20-0.8 -0.6 -04 -02 00 02 04 06 08
2= ?
10° x CBWP




Dim-6 + (Dim-6)% +
e T T

Dim-8
T

T T
L \/J
T T T 1T
o1l

040200 0.2 04

s g
102 szl

20 EWPO
10 EWPO + DY
20 EWPO + DY

1o
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Truncation, more ops vs different mtm dep

The difference in D6 vs D8 fits shown in the last slide is driven by adding 0(3)

not the momentum dep of Ayp ~ Jw J‘ . and c('z)DQ ~ DVJW’,“D”J

-
30 pp— 0l 30 pp — Ly
T T ) T T
-=== dim-6/dim-8
2,50 N 2.5F — (dim-6 + dim-6)/dim-8 N
— A/ TeV? = 0.1 and o4/ TeV! = 0.2
2.0 ] 2.0p —— %6p/TeV? = 1and e,/ ToV! = 0.8

(8)

(Ogpr — 7sM)/ (Tpr — 7sMm)
By
9
(oppr = osM)/ (OppT = osM)

0.5 b 0.5
— 0.0 _ 0.0
) e
—0.5 bl —0.5p
1.0 | | | | —1.0 | | | |
. 1000 2000 3000 4000 5000 : 1000 2000 3000 4000 5000

my- [GeV] my, [GeV]




On the Oblique parameters (STU, and more)
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On the Oblique parameters (STU, and more)

3'\r\f\_@m3 W’\’\’\‘@'W\'W

1 1
Oy v/ (p®) ~ My (0) + p*Iy,/ (0) + —p*IIY ., (0) + gpsﬂ’v”w(o) +--

2!
S = —gHgB(O) ~ cpw + D8
_ m (13)
X = - %‘:VHgB(O) ~ TpwH2D?
m
X = -mWmro) = 0
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On the Oblique parameters (STU, and more)

1 1
My v/ (p?) ~ yyr(0) 4 p*IT,,4 (0) + §P4H§//v/(0) + gpﬁnlx///vl(o) “Feos

S = *?2/33(0) ~ CBw+D8
_ m (13)
X = 7T4WHgB(O) ~ TpwmH2Dp?
X' = -ZEmy(0) = 0
T = ml%/v [wa(o) = H33(0)] ~ Cc¢ 1+ D8
3
U = [y (0) - M5(0)] ~ g
Vo= [ (0) - I14(0) = 0
V' = [y (0) — 155(0) = 0
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On the Oblique parameters (STU, and more)

1 1
My v/ (p?) ~ yyr(0) 4 p*IT,,4 (0) + §P4H§//v/(0) + gpﬁnlx///vl(o) “Feos

s = =3 2’33(0) ~ cpw +D8
_ m (13)
X o= - ZV 155(0) ~ Tpwu2D2
X' = -TEmyL(0) = 0
T = —Hs3(0)] ~ ce,1+D8
3
U = [y (0) - My0)] ~
Vo= [y (0) — TTZ(0) = 0
V' = [, (0) — I3(0) = 0
W o= _—4 14,(0) ~ row + D8
W = mW H/// (0) ~ E/II/)QD4
Yy = ™ 1 (0 D8
= —T BB( ) ~ T2+
1
Y= L 0) ~ Tl
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Comparing full fit to “oblique parameter fit”

D|m 6 + ( D|m 6)% + D|m 8

<3) ) e
w24 wi? Cpdp2

Dim-6 + Dim-8

SIS

S T w Y U X w’ Y’

I I
1T T 1
I I
1T T 1
1T T 1

Ax?
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Conclusions

@ The Universal basis is formed from purely bosonic operators
= but we frequently prefer fermionic, use EOM

@ The Universal SMEFT has far fewer parameters than the full SMEFT
= It’s less general though...
= But provides an opportunity to see the impact of D8 operators on fits! (thry error)

@ without multiHiggs processes can’t distinguish some parameters
= but tilde parameters help with this (similar to geoSMEFT approach)

@ We can achieve D8 fits!
= will provide a realistic estimate of theory/truncation error

@ Oblique parameters are outdated, SMEFT is more consistent for decoupled NP

The Univ 14 March,



Backup




An older fit for triple gauge couplings

In TC et al. arXiv:2304.03305, before the D8 basis was determined:
fwQw ~ fw(D*H)te! (DY H)W], fBQp ~ f(D*H)! (D" H)Buy
fwwwQwww ~ fwww Tr[W;WIW]
1 2 1
& D8 counterparts (f5d as F5as Fiphy )
All amplitudes grow with S (COM Energy),

so squares of D6 grow differently from linear in D6 or DS8.
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An older fit for triple gauge

T T L—— T T
P L 1L
2 o L b i
~@ L JL . i
=
q HJb dL 4

I I 1 I I L1y ]
=, T T T T ,Aﬁl
= i 7 fwepett/
% e
= o C ]
B o[ L ]
2k C ]

O TN R N B

705 05 05

d Al /A%

0
Twaep: 01/A%

osl- 1L
ol -HF
0.5 a0 7
ol 1 Y Y s

— e s 0 5 10 — EWDB O(A ) D8
| B fz(;‘r»)*ul #1/A" — EWDB O(A~?) D6

-- EWDB O(A~') D6?

[ 10 EWDB O(A %) D6

I T Y Y Y Y v | =3 20 EWDB O(A 2) D6
I 1,20 EWDB O(A ) D6?
| S /A BN 15 EWDB O(A~) D
E 20 EWDB O(A ) D8

Soww 0 /A Fpaip: /A" fyrgip: o' /A"
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Matching the U(1) mixing model

Starting from the NP £, we want to ‘match’ onto the low energy EFT (SMEFT):

L = Lgm— 31X X+ IM2X,XH— glka(HTi?uH)Xu + g?Y2 K| H|2 X X

—g1k Zw Yw (TZJ’YM/’)X“

LSMEFT =

2,2 2,2 B
Com - Lo (1B 1) — D5 (5, vydmew)” - D (HTB L) (S, Yy brav)

42 3.2
+ I ERE (et B L ? + S (1B ) O - 9407] (S, Yy brar)
42,4
+ 225 () (B L H) (S, Yo drue)
B 42,4 B
TR (5 Yoduw) O — 040%] (S, Yy ) + LB (1w (S, Yo dnew)

+%'ﬁ [4(H*H)(H*D,LH)(D“H)*H + (H*H)Q(DMH)T(D“H)]

+791YH (H'H)? (HTD?H + h.c.)
o1YER? [98 )2 B, B + g2(HT Y (YT 1YW, 1Y

S V> S = ( ) Buv +95( J(H'"o" H) wv

93 YA K> Hiel By (HY o) YW By .

‘4*91!72( )( w wy
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