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New Physics and SMEFT@NLO

 Study deviations from SM in terms of SMEFT expansion
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* Expansionsin 1/A% and in loops 1/(16m2)

Compute cross sections consistently to O(1/A?) and O(1/16x2) including all
electroweak corrections to NLO

At NLO, typically gain information about many operators that do not contribute at
tree level

RGE running of dimension-6 operators from A to weak scales known, so
logarithmic corrections come for free



NLO Electroweak SMEFT

* Broad program of computing Higgs decays at NLO in SMEFT, Z decays at NLO in
dimension-6 SMEFT

* H->vy, H>vZ, H >VV, H-> bb, Z > ff
* Results can be expressed similarly to (plus tree level EFT if applicable):
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* Cgrcan be found from RGE running
* By requires complete NLO calculation
* For H>yy and H>vZ, B and Cgr are of similar numerical size

vy: 1807.11504, 1805.00302  yZ: 1801.01136, 1903.12046  Z->ff: 1909.02000 H —->bb:2007.15238, 1904.06358
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NLO Electroweak SMEFT: Constants matter

* Example: H>Zy

A~ 1 TeV, constants can give large effects (very dependent on specific values
of coefficients)
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1801.01136, 1903.12046 . Dawson, BAL Similar conclusions for H?yy
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New Physics and Higgstrahlung

Higgstrahlung in the SMEFT:
* New interactions, plus rescaling of SM couplings

* At tree level, dependence on 7 SMEFT coefficients

Cop . Cort, Cow , Cow , Co , Coe[1,1], CH[1,1] = CL)[1,1] + €3 [1,1]

S e

* Enhanced by s/A? relative to propagator diagrams
* Expect 4-fermion operators to be important at higher energies
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New Physics and Higgstrahlung

Cop,C4n,Cown , Cow , Con , Cye[1,1],C[1,1] = Céj)[la 1] + Cﬁ)[la 1]
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Higgstrahlung at NLO EW SMEFT

* Complete NLO calculation including all dimension-6 operators for polarized e’, e*
* (~80 SMEFT operators contribute)

* One-loop virtual + tree level real photon emission

* Generate with FeynArts - FeynCalc - Package-X
 Renormalize on-shell for My, M, MS for Wilson Coefficients, C(j)

 Sensitive to poorly constrained interactions that first arise at NLO

+ many more

Higgs tri-linear coupling, C 4-fermion operators, Cl,[1133]
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e*e - ZH is window to many new
Interactions

 Sensitivity to Higgs tri-linear correlated with other contributions
 Calculate cross section to 1/A2 so results are linear bands

* How do future constraints compare with existing information?

* Assume .5% accuracy on total cross section measurement at
Vs=240 GeV, 1% at Vs=365 GeV

e Compare with limits from LEP Z-pole observables and predictions for
Tera-Z

* Compare with global fits using MFV and U(3)> flavor assumptions
* Compare with FCC-ee Z projections
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Top-loop mediated new physics

* Top mass enhances contribution

» Top contributions that contribute at NLO:

* Dipole: C.w|[3,3], Cug[3,3] * 4-fermion electron-top interactions
* Top-Yukawa: C.4[3,3] Coull,1,3,3], Cru[l, 1,3, 3],
* Top-Z coupling: CiV1,1,3,3], CiV11,1,3,3], Cue[3, 3,1, 1]

C$13,3], CV13,3], Cypul3, 3]
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Results for top quark related operators

* Polarized and unpolarized results

L.R A2

U]L\r’fo Ci( LR ~L.R s
_INLO 1 4 2L ABE(s) 4 ALE(s)log -
OSM,NLO 5

* Logs and constants frequently of the same size

S A .1 In preparation:

V3 — 240GeV 281-10 © —306-10 7 1.28-10 ¢ —1.39-10 %
Cuul1,1,3,3] /7 = 365GeV ~823-10-? —7.11-10-% —3.73-10"% —3.23-10-2
V3 = 300 GeV 2.76-107' —1.32.107" —1.27-10~} —6.07-102 Tables for a“
V3 —240GeV —2.90-10 © 3.15-10 ° —1.09-10 © 1.72-10 ~
Crl1,1,3,3] /3 =365GeV 8.45-1077 7.31-1007 4.64-107% 401-1077
Vi=300GeV 291-107' 2.29.107" 1.58-107" 7.54-1072 Ope rators that
V3 —240GeV —6.70-10 © —3.29 10 —367-10 © —1.80-10 ©
qi;‘u. 1,3,3] /7 = 365GeV) —1.11- 10, -7.62- 102 6.09-10"% —4.18-10"%

Vam 500GeV ~3.07:107" ~1.45-107" —1.66-107" 77'50"0,i Contribute for

V3 =240GeV =484 107" 252-107° —-234-107" -2.03-10" —-3.71-10 " 1.29-10
qi:'ln.x,a,z] V3-35GeV 861-1077 6.17-10°2 —4.06-10-7 —-203-10-* 4.54-10-% 329-10-2 . .

/7=500GeV 262-107' 1.20-10"' —529-10~% —201-10~* 1.29-10~' 6.40-10-2

v

V3 = 240 GeV 651-107" 319-107° 205-10° 145-10° Varlous energles
Cgal3,3,1,1] /3 = 365GeV 1.08-107" 741-107% 4.90-107% 336-10°%

/3 = 500 GeV 291-107" 1.38-107' 1.24-107' 623-10°%

*QED corrections considered separately
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e*e - ZH is window to many new

Interactions

Observables at different scales: Z pole
observables at M, Higgstrahlung at Vs

2406.03557
S. Dawson, BNL

Top-electron 4-fermion, C,,[1133]

LEP Global Fits 240 GeV, 0.5% 365 GeV, 1%
MFV [0 RGE + finite” RGE
Flavorless RGE + finite

2] = R R

efe” — ZH, A=1TeV |
Cy always RGE + finite; C,, = Ceu(Z) |

e

[ *RGE and RGE + finite in%iistinguishablc ]
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Higgs self-interactions, C,

Power of measurement
at 2 different energies

* C’sin plots evaluated at p=M;,

sstrahlung
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Go through plot slowly

A=1TeV
Assume accuracy of 0.5% for Vs=240 GeV

At Vs=240 GeV most of the information
from Log terms

C, does not have log dependence

S. Dawson, BNL

C.u[1,1,3,3]

LEP — Global Fits 240 GeV, 0.5% 365 GeV, 1%

MFV 1 RGE + finite* RGE
U(3)® RGE + finite

Hiﬁggstrahlémg

ete = ZH, A=1TeV |

Cy always RGE + finite; Ci, = Cey(Z) |

| *RGE and RGE + finite indistinguishable ]
. |

-5 0 5 10
Co
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Results have different energy dependence

LEP — Global Fits 240 GeV, 0.5% 365 GeV, 1%
* Assume accuracy of 1% for Vs=365 GeV MV L

e Result at Vs=365 GeV much less
sensitive than at Vs=240 GeV

Ceu[1,1,3,3]
o

ete = ZH, A=1TeV |
! Cy alwayé RGE + ﬁnite.i Coy = Ceu(2) ]

S. Dawson, BNL
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Now add constant pieces

* At Vs=365 GeV, both constant
pieces and log terms matter

Cel1,1,3,3)]

S. Dawson, BNL

LEP — Global Fits

MFV

240 GeV, 0.5%

365 GeV, 1%

[0 RGE + finite* RGE

RGE + finite I

*RGE and RCE + finite
. P R

Cy alwayé RGE + ﬁuitc,f Cey = Ceu(2)
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Add limits from Z-pole data

* Z-pole data has no C, dependence

* Consider new physics only in top quark interactions
(MFV) or with a U(3)> flavor symmetry

] O

Z pole SMEFT NLO: 2304.00029, 2201.09887

S. Dawson, BNL

LEP — Global Fits 240 GeV, 0.5% 365 GeV, 1%
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Limits will be improved with future Z-pole
running

FCC — Z Pole Fits 240 GeV, 0.5% 365 GeV, 1%

MFV [ RGE + finite* RGE
RGE + finite

* Z pole running and Higgstrahlung give
complementary information

* (Note y-axis scale)

Cuall,1,3,3]
o
o

Bellafronte S. Dawson, BNL 16
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Sensitivity to CP violation

Vs =240GeV
e~ et—HZ

* Higgstrahlung at e*e” colliders is sensitive to CP violation in the di .
gauge sector at NLO

* At tree level and to O(1/A?), CP violating dimension-6 operators do
not interfere with the SM contribution from e*e” - ZH (since SM
contribution is real and CP violating piece is imaginary)

At one-loop, there is a contribution from imaginary part of loop

] _ob. —— SM:1072 . — . Cyp
Integra|S — Cw — Cywa
~ C v
Oy =€apc W WP EH apo
1 vby T L
Oy =Wy, W (67 ¢) 5
O¢>B :BWBWWT@ i) 0-:-%2\ \\%;
Oyiirp =W, B (670" 9) z
—2F
* These operators contribute at tree e e e 0o H
level to e*e” > W*W-

S. Dawson, BNL 17



CP violation at future e*e colliders

* Define CP violating asymmetry

o(cosf > 0) — o(cos < 0)
o(cosf > 0) 4 o(cosf < 0)

Acp =

* CP violation in the gauge sector is strongly limited by

eEDMs
 eEDM depends on SMEFT coefficients
de = ﬂv[m{sin@w Cj'igv — cos Oy Cj’{f}

* RGE evolution generates Cuip: Coi Cos

* Limits from angular observables at LHC from H-> 4 |lepton

eEDM, LHC, e*e  probes of CP
violation are complementary

2406.03557
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ATLAS limits

— ete” —» Z(—» W)H
B2 5 b1, 240 GeV

etem—ZH
EEER 240 GeV, Acp < 1%
1 365 GeV, Acp < 2%

TLAS

8

cEDM

eEDM: 2109.15085, 1810.09413
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Sensitivity to top operators in efe” - ZH

Combination of
measurements at different
energies can pin down
coefficients very precisely

Example: 2HDMs
generate Cu¢[3,3] and Co

Global fits: 2012.02779, 2404.12809

ete” - ZH
E=EE 365 GeV, 1%
[0 240 GeV, 0.5%  HH  single parameter fit

a0
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Higgs self-interactions, C,
S. Dawson, BNL
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Including QED

* QED treated separately from weak corrections to aid in including with Monte
Carlos for ISR

0 =0r0(l+0wrarx +0QED)
a s
0QED ~ o log( )

2
me

» Effects at Vs=240 GeV are large and negative

S. Dawson, BNL
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Conclusions

* We are happy to produce numbers for specific operators,
polarizations and energies

* Eventually, results should be combined in global fits with NLO
predictions to determine sensitivity to new operators

* Fits including only C;, overestimate sensitivity

* Not all relevant NLO SMEFT calculations exist (Z pole and
Higgstrahlung complete at NLO dimension-6 SMEFT)
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