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SMEFT

In studying NP at Anyp > v, we employ the Standard Model EFT

1 1
LSMEFT =£sm+x£5+pﬁ6+'” Log=> cQ
i

The SMEFT is formed of Lg\ and
Q of d > 4 respecting SM symmetries
& c; embedding UV physics

[ ]
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SMEFT

In studying NP at Anyp > v, we employ the Standard Model EFT

1 1
LSMEFT =£sm+xﬁs+pﬁ6+'” Log=> cQ

The SMEFT is formed of Lg\ and
Q of d > 4 respecting SM symmetries
The SMEFT is: & c¢; embedding UV physics

a Taylor series in ¥, R <1

[ ]
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SMEFT

In studying NP at Anyp > v, we employ the Standard Model EFT

1 1
LSMEFT =£sm+xﬁs+ﬁﬁ6+'” Log=> cQ

The SMEFT is formed of Lg\ and
Q of d > 4 respecting SM symmetries
The SMEFT is: & c¢; embedding UV physics

a Taylor series in ¥, R <1

The leading operator:
Ls = cap(LSANATLE) ~ vPDavg

@ = m, ~ Vv?/A

[ ]
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The SMEFT at dimension-six

D6 operators from SM field content = SMEFT @ D6

Type I: X3 Type I, Il: HY, H*D? Type V: W2H3 + h.c.

Q6 FABCGhv gBraln Qu (HH)3 Qeri (HTH)(LeH)

Q¢ FABCEArGBrGSi || Qun (HTH)O(HT H) QuH (HTH)(QuA)
Qw | wlrwilewie |l Qup | (HTDHH)*(HTDHH) || Qan (HTH)(QdH)
Qy Wl wlewke

Type IV: X242 Type VI: W2H3 Type VII: W2H2D

Qne (HTH)GR, 67w Qe (L™ e)r! HW),, Q) (HTiD H)(IvH L)
Que | (HTH)EA, cAwv Qew (Lo &)r! HBy.,, QG | (HTiD!, H)(Ir!v#1)
Quw | (HTHW, wirv Que Qo TAWAGH, Qre (HYiD . H)(&v"e)
Qv (HT YW, Wik Quw Qo™ u)yr! AW, ol (HTiBuH)(@v" q)
Qup (H H)By, BHY Qs (@™ u)AiB Qi) | (HYiBLH)@Er!v"q)
Qua (HH)B, BHY Quc Q¥ TAd)HG, Qhy (HTIDMH)(uw“ )
Quwe | (Hir'M)W! BRI Quw | (Qot d)r'HW], Qua | (HTiDyH)(dv"d)
Quwe | HI'MW, B" || Qus (Qo"” d)HB.., Quud | (HTiDuH)(av"d)

@Type VI 5 x (LL)(LL) + 7 x (RR)(RR
+

X )+
+(LR)(RL) + 4[(LR)(LR) + h.c ] S(W\U)(\TI\U)
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The SMEFT at dimension-six

D6 operators from SM field content = SMEFT @ D6

Type I: X3 Type I, IIl: HY, H*D? Type V: W2H3 + h.c.

@ | EetveBrctr [ Qu | (HTH) Qu | (HTH)(IeH)

Q¢ (HYH)(QuA)

Qw @ Take Field Content: (HTH)(QdH)

Qi X — Field Strengths
v - Fe.rmions VIl V212D

H — Higgs doublets = —
Qne D — Covariant Derivatives H 'D“H)Eh’ b
Qué +11iB!, H)(I+! v+ 1)
Quw @ Form D6 operators: (HYiD, H)(ev"e)
Quii X3, H®, H*D?, W2H3, H?X?, W2HX, W2H?D, w4 ‘HTiD H)(—,y}l a)
Que @ Remove, e.g., XDW? and (DX)? via field redef./EOM 11iD}, H)(ar' " q)
Qus H*'Duquw u)
Quwg | \m'T myw,, b Waw \Wora)T A, WHd (HTiD H)(dv* d)
Quws ‘ (Hir W)W, B ‘ Qas (Qo*¥ d)HB. H Quug | (HTiD,H)(av"d)

< (L(RR)

Type VIII: 5 x (LL)(LL) + 7 x (RR)(RR) +
) +h.c ] 25(VW) (W)

+(LR)(RL) + 4[(LR)(LR)
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The geoSMEFT, or SMEFT to all orders 0

(the very simplified version)

@ Take SM field content, X, W, H, D
@ Form Lorentz invariant, but gauge variant combos of > 3 fields

© stick towers of HTH and/or HT7AH — gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

[ ]
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The geoSMEFT, or SMEFT to all orders

(the very simplified version)

L4
A

@ Take SM field content, X, W, H, D
@ Form Lorentz invariant, but gauge variant combos of > 3 fields

© stick towers of HTH and/or HT7AH — gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

For example:

Camss = (OH)'(OH) + HLIHPOIH + Z2 1 DHI?
8 8 1
4 HD|H| |DH? + ’j\“u—u (HT A H)(DH)TTA(DH)+O(E>
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The geoSMEFT, or SMEFT to all orders 0

(the very simplified version)

@ Take SM field content, X, W, H, D
@ Form Lorentz invariant, but gauge variant combos of > 3 fields

© stick towers of HTH and/or HI7AH — gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

For example:

CHD

CHO | y2 2
Lonssa = (DH)T(OH) + ZEZ|HPTIHI® + =2 |HT DH®

®

®)
”D|H| |DH|? 4 22 ”“

[H)2(HT 72 H)(DH) T +A(DH) + © <%)

= hy(Dg) (De)’

oL () (e
_ 2 CH ,
hy = 1+¢—+Z< ) ||
/ K L 6 1 (8+2n)
N Ta, ¢kTa L® f_,L), N i dj ey o
@ 2 2A2 5 2 A2+2n
=
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three—point functions from geoSMEFT

operator form shifts:

hiy(Dg)! (D)’ SM 3—point functions + Masses

8AB Wlf,, WB.uv SM triple gauge couplings + h(aV)2 + mixing angles
YW, g + h.c. SM Yukawas+1) masses

Llj’(D“qb)J(ir”w) SM gauge-fermion couplings

d;"b WA*‘“’(J)J;th) Dipoles

fasc WAR WE WP new TGCs (8V)3
w7y (Dug)! (Dug)! W;‘V new TGCs (8h)2(dV), removed from D6 in Warsaw
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geoSMEFT on the Z-pole

operator form shifts:

LY (D) (9T 1)  SM gauge-fermion couplings

3/2

NY Zp2 Amg,
M7 gy = ﬁ-@eﬁ’ﬂ 1-

g’ = % [(2.% —3) + 7 (L3a) + o377 (L35) ]

2
& 7= B g 5 = () 500
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Z-pole pheno, arXiv:2102.02819

@ Calculate the following:
re,,uv M My, e, rbr rZ.
Ri. Re. Ro, App. Afp. Afp: 0f1aq

@® Supplement with SM predictions up to two-loops
Awramik et al. hep-ph/0608099, Dubovyk et al. arXiv:1906.08815
Freitas arXiv: 1401.2447, Awramik et al. hep-ph/0311148

© Interpolate SM pred. to {Myy, Mz, G} input scheme from {a, Mz, G¢}
— allows for comparison of scheme dependence

[ ]
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Z-pole pheno, arXiv:2102.02819

@ Calculate the following:
re,,uv I—Ty ru, rc; rb: rZ.
Ri. Re, Ry, Apg. Afp. ARp: e

@® Supplement with SM predictions up to two-loops
Awramik et al. hep-ph/0608099, Dubovyk et al. arXiv:1906.08815
Freitas arXiv: 1401.2447, Awramik et al. hep-ph/0311148

© Interpolate SM pred. to {Myy, Mz, G} input scheme from {a, Mz, G¢}
— allows for comparison of scheme dependence

@ Z-pole data alone is not able to constrain all contributing WCs
Need alternative approach to studying impact of D8
Brivio, Trott, arXiv:1703.10924
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Z-pole pheno, arXiv:2102.02819

@ Calculate the following:
re,,uv I—Ty ru, rc; rb: rZ.
R, Re. Ro, Apg. A, AP 010
@® Supplement with SM predictions up to two-loops
Awramik et al. hep-ph/0608099, Dubovyk et al. arXiv:1906.08815
Freitas arXiv: 1401.2447, Awramik et al. hep-ph/0311148
© Interpolate SM pred. to {Myy, Mz, G} input scheme from {a, Mz, G¢}
— allows for comparison of scheme dependence

@ Z-pole data alone is not able to constrain all contributing WCs
Need alternative approach to studying impact of D8
Brivio, Trott, arXiv:1703.10924

use §0g/Og\M as a measure of impact of D8 operators on O
take A =1 TeV

randomly sample values of ¢;
between 1 ("tree”—) and .01 ("loop”—induced operator assumption)

000
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Z-pole pheno, arXiv:2102.02819

Dim-8 EWPD, @ scheme, A = 1 TeV

e
3

e
=3
&

Fraction of coefficient samplings
o o
=S =
= =

0.02

0.00

-0.04 -0.02 0.00 002
(T )dims /T2, sm

Dim-8 EWPD, m,, scheme, A = 1 TeV

0.12

0.10

Fraction of coefficient samplings
g
-
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Z-pole pheno, arXiv:2102.02819

Dim—-8 EWPD, @ scheme, A = 1 TeV D1m—8 EWPD, my, scheme, A=1 TeV
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0.10
0.03
0.08

0.02

0.01

Fraction of coefficient samplings
g
>

0.02

Fraction of coefficient samplings
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(OA b )aims/Abs, v (OAkg)dims/Akg sm
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Z-pole pheno, arXiv:2102.02819

@ Calculate the following:
re,,uv Fe Ty, Tu, Te, rd,sv Ib,
Tz, Ri, Re, Ry, A{:Bv Abg AIIZ‘B' UIO-Iad
@ Supplement with SM predictions up to two-loops
Awramik et al. hep-ph/0608099, Dubovyk et al. arXiv:1906.08815
Freitas arXiv: 1401.2447, Awramik et al. hep-ph/0311148

© Interpolate SM pred. to {Myy, Mz, G} input scheme from {«, Mz, G}
— allows for comparison of scheme dependence

@ Z-pole data alone is not able to constrain all contributing WCs
Need alternative approach to studying impact of D8
Brivio, Trott, arXiv:1703.10924

Take triplet scalar model w Yy = 0 and match to SMEFT to D8

Perform x? analysis to Z—pole data
gives constraints in the Me—+ plane (2kHT72H®?, n|H|?®2 w/ n = .1)

©0
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OPENHAGEN

Z-pole pheno, arXiv:2102.02819

Triplet model L6 I'; constraint, a scheme Triplet model L6 I'; constraint, my scheme
700 700
600 600
my my
500 500
400 400
-06 -04 -02 00 02 04 06 -0.6-04-02 00 02 04 06
K/v KV
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ERSITY OF

OPENHAGEN

Z-pole pheno, arXiv:2102.02819

Triplet model L6 I'; constraint, @ scheme

700

700

g

my

Triplet model L8 I'; constraint, @ scheme

-0.6 -04 -02 00 02 04 06
K/v

=06 -04 -02 00 02 04 06
K/v

Triplet model L6 I'; constraint, my scheme

700

600
my

500

=06 -04-02 00 02 04 06
K/V

Triplet model L8 I'; constraint, my scheme

-0.6-04-02 00 02 04 06
KV
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OPENHAGEN

Z-pole pheno, arXiv:2102.02819

Triplet model L6 R, constraint, o scheme

Triplet model L6 R, constraint, my scheme

700
600
mgy
40
-4 -2 0 2 4

K/V

2
s

3
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Z-pole pheno, arXiv:2102.02819

Triplet model L6 R, constraint, @ scheme Triplet model L6 R, constraint, my scheme

700 700
600 600
mg mg
500 500
400 400
-4 -2 0 2 4 -4 -2 0 2 4
KV /v
Triplet model L8 Rc constraint, @ scheme Triplet model L8 R¢ constraint, my scheme
700 700
600 600
mg mg
500 500
400 400
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Truncation error

An amplitude squared in the SMEFT is defined perturbatively as:

2 . 1 5 :
IMP = IMsnil? + 5 ReIME Ml + 77 (M6 + Re My Mel) + O <ﬁ>

[ ]
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Truncation error

An amplitude squared in the SMEFT is defined perturbatively as:

2 § 1 i 1
IMP = Msui? + 5 Re[ME Mol + 5 (Mol? + Re Mz ra]) +0 ()

LO SMEFT contribution

[ ]
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Truncation error

An amplitude squared in the SMEFT is defined perturbatively as:

2 § 1 i 1
|MJ? = [Msml® + 22 ReMsyuMe] + (IMs]* + Re [M&y Me]) + O (ﬁ)

LO SMEFT contribution

Frequently used to “approximate” truncation error
sometimes is bigger than LO contribution

[ ]
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Truncation error

An amplitude squared in the SMEFT is defined perturbatively as:

2 § 1 i 1
M2 = Ml + 5 Re [MEyMel + 15 (IM6]* + Re [MEyMs]) + O (ﬁ)

d

LO SMEFT contribution

Full NLO result possible with geoSMEFT
= More consistent definition of truncation error

Frequently used to “approximate” truncation error
sometimes is bigger than LO contribution

[ ]

Tyler Corbett (Niels Bohr Institute) — GeoSMEFT and an application — Slide 12/13



UNIVERSITY OF COPENHAGEN FACULTY OF SCIENCE

Truncation error

An amplitude squared in the SMEFT is defined perturbatively as:

2 . 1 % :
IMP = IMsuil? + S5 Re MMl + 77 (Mo + Re [My Mel) + O (ﬁ)

[MoBS A more consistent definition of truncation error

@ Calculate consistently to D8 (geoSMEFT)
@ Many new open parameters appear, cl.(s) vith geoSMEFT
(can’t be constrained by current experiments) of truncation error

© Vary the new parameters in some way
= infer truncation error (similar to above examples)

sometimes Is bigger than LO contribution
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Conclusions

@ the geoSMEFT allows for (some) all orders in v/A calculations in the SMEFT
— most resonant processes doable, w/ some innovation can push to ~all

@ all Z-pole observables have been full calculated to all orders in v/N
— in two different input parameter schemes, My, and «

©® inclusion of D8 can have impact of ~ % in most cases
— EWPD observables are (mostly) measured to per-mil accuracy
— D8 is important for EWPD!

@ inclusion of D8 can have a large impact in other cases
— HL-LHC precision goes to O(%) for Higgs

©® geoSMEFT allows us to calculate beyond LO in SMEFT
— a more reliable estimate of truncation error
Wednesday 10:30, Adam Martin talks more about geoSMEFT = HZ~, H~~
geoSMEFT in loops, TC arXiv:2106.10284
geoSMEFT D8 + Loops D6, gg — H — ~~, TC, Martin, Trott, arXiv:2107.07470
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Saturation of number of operators

(This information is contained in the Hilbert Series)
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

Mass Dimension
| Operator form: | 6 | 8 [ 10 |

hiy(Duo)' (D*¢)’ 2 2
gap W, WBHY

2
3 4 4
5
kia(DH)! (D" ¢)! W/, 0 3 4 10 < 4,807
1 2 2 10* '

fasc W,ﬁ, WB.weyCot
Yo Wiy + hec. oNZ | 2N2 | 2n2 | 103 BD45

107
A
10° @

A vouod ol vl ool g

Ay P U0 bR WAY +he. | ANZ | 6N2 | 6NZ | 102
L:erJ A(DH0)’ (P, RwaAwr,R) NZO|ONZ | ONZ 10
Lty A(DF0)! (Wy 1yuoa¥, 1) | 2N7 | 4N | 4N7

\

SD

)
<)
O
o
O
et
o

D12

@
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OF COPENHAGEN

Z-pole pheno, arXiv:2102.02819

Triplet model L6 EWPD, « scheme

=06 -04 -02 00 02 04 06
K/V

Triplet model L6 EWPD, m,, scheme

700

-06 -04 -02 00 02 04 06
K/V
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OPENHAGEN

Z-pole pheno, arXiv:2102.02819

700!

700!

Triplet model L6 EWPD, o scheme

|

-0.6 -04 -02 00 02 04 06
K/v

Triplet model L8 EWPD, & scheme

|

-06 -04 -02 00 02 04 06

700

700

Triplet model L6 EWPD, m,, scheme

o

-06 -04 -02 00 02 04 06
K/v
Triplet model L8 EWPD, m,, scheme

-06 -04 -02 00 02 04 06

K/v

Tyler Corbett (Niels Bghyr Institute) — GeoSMEFT and an application — Slide 15/13



OF COPENHAGEN

Z-pole pheno, arXiv:2102.02819

Triplet model L6 Afy, constraint, a scheme Triplet model L6 A}y constraint, my scheme
700 700
600 600
my mgy
500 500
400 400
-15 -10 -05 00 05 10 15 -15 -10 -05 00 05 10 15
K/v K/v
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OPENHAGEN

Z-pole pheno, arXiv:2102.02819

. ' .
Triplet model L6 Agy constraint, a scheme Triplet model L6 A}y constraint, my scheme
700 700
600 600
my mg
500 500
400 400
-15 -10 -05 00 05 10 15 -15 -10 -05 00 05 10 15
K/V K/v
Triplet model L8 Afy constraint, @ scheme Triplet model L8 A}y, constraint, my scheme
700 700
600 600
mg mgy
500 500
400 400
e -15 -10 -05 00 05 10 15 -15 -10 -05 00 05 10 15

. K/v K/v
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Backup: Inclusion of Cl 3 & 4 operators

Following geosmeft (Helset & Trott 1803.08001, + Martin 2001.01453)
rewrite the doublet:

_ 1 [ $+ig _
H—E<¢j_i¢;>:>¢I_{¢17¢27¢37¢4}

Then defining the field-space metric, h:
_ 1 ArA .
hy =61 — 2cundidy + ZCHDI',JI'KL¢K¢L (I are matrices)

Then the Class 3 operators are written in simple form:

Las = hy(D"¢) (D.g)’
(D*HYY (D, H) + cyn(HYH)O(HYH) + cup(HTD*H)*(H' D, H)
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Backup: Inclusion of Cl 3 & 4 operators

Then the Class 3 and 4 operators are written in simple form:

Las = hy(D"¢)(Du9)’
Las = —38a8WauwWauw

[ ]

Tyler Corbett (Niels Bohr Institute) — GeoSMEFT and an application — Slide 17/13



Backup: Inclusion of Cl 3 & 4 operators

Then the Class 3 and 4 operators are written in simple form:

Las = hy(D"¢)(Du9)’
Las = —38a8WauwWauw

Can trivially include D8 ops. of Cl. 3 & 4 by updating h and g:

4
hy = [1 + (i + CHD2):| 81y — 2cHndipy
+1 (CHD + ¢2CHDQ) rﬂrKL(ZsK(f)L
2
gae = 0ag —4[chw(l — 0aa) + cHBOA4] 5  SaB

—4 [c( (1—bp4) + CHB(SA“} ¢_5AB
+ chws +clibe s ) (BT A6 (1 — 5aa)iss + A  B]
— o (DT B0 (DT B di) (L — Saa)(1 — d5a)
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