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Framework: SMEFT at dim. 6

Standard Model Effective Field Theory:
The EFT constructed with Standard Model fields & symmetries

— expansion in canonical dimensions d (Taylor series in v/A or E/A)
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Lsmerr = Lsm + KL:B + A2 ey - . . . Lia=2 G Ofd)
Wileon basis of

gauge-invariant

coefficients
operators

SMEFT describes ~ any beyond-SM physics living at A > v

—  vast program for model-independent new physics searches at LHC

“let measurements identify preferred values of C;/A%, minimizing th. bias”
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Global analyses in SMEFT

» maximize # of free parameters
» 'combining several measurements crucial to disentangle fit directions
and reduce interpretation bias

VH/VBF

VBS
t+H/Zly

Ken Mimasu®
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Global analyses in SMEFT

» maximize # of free parameters
» 'combining several measurements crucial to disentangle fit directions
and reduce interpretation bias

talks by Zhijun Liang, Matthew Knight

talks by
Kristin Lohwasser,
Maeve Madigan ttH VH/VBF
VBS
t+H/Zly
talk by Quentin
' Bonnefoy
Ken Mimasu ®
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Global analyses in SMEFT

» maximize # of free parameters
» 'combining several measurements crucial to disentangle fit directions
and reduce interpretation bias

O

EW

o ~ diposon

llaria Brivio (ITP Heidelberg) EW processes & EFT fits 2/13



SMEFT EW fits — status

recent examples: Baglio,Dawson,Homiller 2003.07862, Dawson,Homiller,Lane 2007.01296, Ellis et al 2012.02779,
Ethier et al 2105.00006, 2101.03180, da Silva Almeida et al 2108.04828, Dawson,Giardino 2201.09887. ..

» Typically 15— 30 parameters simultaneously
— depend on Higgs obs. included, CP/flavor assum., loop order. ..

llaria Brivio (ITP Heidelberg) EW processes & EFT fits 3/13



SMEFT EW fits — status

recent examples: Baglio,Dawson,Homiller 2003.07862, Dawson,Homiller,Lane 2007.01296, Ellis et al 2012.02779,
Ethier et al 2105.00006, 2101.03180, da Silva Almeida et al 2108.04828, Dawson,Giardino 2201.09887. ..

» Typically 15— 30 parameters simultaneously
— depend on Higgs obs. included, CP/flavor assum., loop order. ..

» Strongest constraints from EWPO and diboson (WW, WZ, W)

sensitive to bulk corrections

- sensitive to new kinematics
(scaling of SM coupl.)

QW ’

67 ~ W[

Falkowski et al 1609.06312
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SMEFT EW fits — status

recent examples: Baglio,Dawson,Homiller 2003.07862, Dawson,Homiller,Lane 2007.01296, Ellis et al 2012.02779,
Ethier et al 2105.00006, 2101.03180, da Silva Almeida et al 2108.04828, Dawson,Giardino 2201.09887. ..

» Typically 15— 30 parameters simultaneously
— depend on Higgs obs. included, CP/flavor assum., loop order. ..

» Strongest constraints from EWPO and diboson (WW, WZ, W)

» Profiled constraints reach multi-TeV range, individual above 10 TeV
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SMEFT EW fits — status

recent examples: Baglio,Dawson,Homiller 2003.07862, Dawson,Homiller,Lane 2007.01296, Ellis et al 2012.02779,
Ethier et al 2105.00006, 2101.03180, da Silva Almeida et al 2108.04828, Dawson,Giardino 2201.09887. ..

» Typically 15— 30 parameters simultaneously

— depend on Higgs obs. included, CP/flavor assum., loop order. ..

» Strongest constraints from EWPO and diboson (WW, WZ, W)

» Profiled constraints reach multi-TeV range, individual above 10 TeV

» SMEFT effects at NLO available
EWPO at NLO QCD+EW Hartmann,Shepherd, Trott 1611.09879,

) Dawson, Ismail 1808.05948, Dawson,Giardino 1909.02000
diboson at NLO QCD Baglio,Dawson,(Homiller,Lewis) 1708.03332,1812.00214,1909.11576

— add dependence on new C;, modify likelihood structure
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(Near) future directions

B More refined SMEFT predictions
higher orders in loops and in EFT (d = 8), EFT in backgrounds,
improved technology for predictions (Monte Carlo, ML...)

¢~ More observables included in global fits
more complex processes — sensitivity to new parameters/directions in par. space

(VBS , tWZ, CP violation, flavor...)

Better constraints: smaller uncertainties, more information
more accurate measurements and SM predictions, more differential measurements,
better understanding of PDF /scale dependence in EFT predictions,
experiments to provide more information and do combined analyses directly
%= Fits moving to Bayesian inference
marginalization easier in many dimensions

1l

More studies of interplay with (simplified) models

“make the ends meet” in top-down vs bottom-up approaches
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New processes: VBS



Vector Boson Scattering

~~ talks by Matteo Magherini, Bianca Pinolini, Mathieu Pellen, Roberto Covarelli

interesting because
> gives access to VV — VV scattering, crucial probe of EWSB dynamics
> probes simultaneously qqqqg , HVV and TGC/QGC operators

» comes in several ViV, = {W=* Z ~} channels — discrimination power

> bound to improve significantly at next Runs

\{N

T
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Vector Boson Scattering

~~ talks by Matteo Magherini, Bianca Pinolini, Mathieu Pellen, Roberto Covarelli
interesting because

> gives access to VV — VV scattering, crucial probe of EWSB dynamics
» probes simultaneously gqqqq , HVV and TGC/QGC operators

> comes in several V;V, = {W*, Z ~} channels — discrimination power

> bound to improve significantly at next Runs

Ethier, Gomez-Ambrosio, Magni,Rojo 2101.03180

— —

cpe
cpl

c3pl
cpu
cpd
cpq
c3pq
cpB
cpBtil
cpW
CcpWiil
cpWB
cpWBtil
cpD
cWww

CWWWiil
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SMEFT corrections to VBS at d =6

Bellan,Boldrini,Brambilla,|B,Brusa,Cetorelli,Chiusi,Covarelli,Del Tatto,Govoni,
Massironi,Olivi,Ortona, Pizzati, Tarabini,Vagnerini,Vernazza,Xiao 2108.03199

> representative set of 14 operators

QW = HIDH)BH 1) Q= (H'D H)(po'y"1p)
QL = (H'iDH)(G"p) Q% = (H'iD'H)(Gpo'v"ap)
Q(l) = (@pvuap) (G ar) Qg D = (@pvuqr)(Grv"ap)
Qqq = (Govuo’qp)(@" o’ ar) Qq3 BV = (Gpyuoiar) (@G ol gp)
Qup = (H'DuH)(H! D H) Quo = (HTH)o (HTH)

Quws = (H'o'H)W], BH Quw = (HTH)Wj, wirv
Qu = sijkWL" W,{pW,;(” Q,(/l) = (vl ) by Ip)

» 4 VBS— ¢ processes (WrW*, wrw—, wtz, zz)
+ 1 VBS— ¢J process (VZ,V = Z, W)
+ 1 diboson process (qg —» WHW™)

» simulated full 2 — 6(4) processes, incl. non-resonant diagrams

> parton level analysis: only expected limits, no comparison to data yet

similar studies: Gomez-Ambrosio 1809.04189, Dedes Kozow,Szleper 2011.07367, Ethier et al 2101.03180
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Optimal observables

for each operator & channel, fit the distribution that gives the best constraint

for 1D fits:

| | SSww+2j OSWW-+2j WZ+42j 77+2; ZV+42j ww |
| R | L L+Q L L+Q L L+Q L L+Q L L+Q L L+Q |
C%K ° my = MET mee' mwz Pre—u— Pre—u p;ééls pT\\//éls Py, MET
C;(f;,) Prjt Pr mjj my "wT Prji mjjt Py m‘%s mgss MET MET
ct,g) Adag Ay my my Agj Pr o Ay PT./4 PT PT’vjés Py Py
Ct(yg Y my Pr j2 mj; Pr j2 mj; Pr j2 mj; Pr i pT'C Adji ° =
Caq’ A prp mj  Prp mjj Pr 2 mj Pt anyt AgyBs - -
5%;1) Agj PT i P2  Prj2 PT 2 Pr i PT 2 PT 2 A¢[é§j pﬁé o e
c‘zg) Pr i Pr i Prj2  Prj2 PT.2 PT.2 PT.2 Pr 2 Ay PT 7 = =
hi angt o Angt | mt ! my ! m m mj; anY any mytmyt
el myt Tt Ty mjj my ! mj;t an/t anyt | et erp
CHD Py j1 my Amjj Amnjj Mee ang' PT et pt PTetpt i P2 Pr 2 Pra  Prp
chws | Prp Prp Any; my Mee myz mpup Anj; anY AnY Py MET
CHo Pl my my my = mwz = Anjj P¥,j P¥,j2 = =
CHW Agj my Adjj my st mwz mjj myy 7‘45/ P¥,; = =
aw Dy pra | Béy mp | pra mwz Agji Pr Aqs,,V-B% U A%V-B% | mMET  MmET
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for each operator & channel, fit the distribution that gives the best constraint

for 1D fits:
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C‘zg) Prjl  Prjl | Prj2 Pr2 | Prj2 Prj2 Pr.2 Pr.j2 A‘%'V ”m;} - -
) angt At | my mjj my ! m mj; " L Anyf Any mytmyt
< A A R m;! m; ! anft o anft A prat e
CHD Pr mi Anjj Anjj Mee ATUJT Pretput Pretpt i P2 Pr.2 Pr Pr
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Optimal observables

for each operator & channel, fit the distribution that gives the best constraint

—_—
for 1D fits:
———
| | SSWW-+-2j OSWW-2j WZ+2j ZZ+2j | ZV+2j WwW |
Op.
| | L L+Q L L+Q L L+Q L L+Q | L L+Q L L+Q |
1
< c my - MET | met vy | et e PY. Prj | pra  MET
Z s : 1 1
c,(,q) Prjt  Prjt mjj mi mij Prjt mij Prjt e my® MET  MET
3
o A%y B¢y | ™ m | Ad' prp ag;! Pr, i YR Y Pr Pr
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G | Ag . i - AVt AVES
Caq P Prp o | M Prp | M Prp mjj Pr i1 njj bjj - -
(1,1) VBS VBS
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3
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CHWB Pr Pr 1 Anjj my Mee mwz Mup Any; A\/n},/ Avnjy Py MET
CHo Py my my my = mwz = Anjj PT j PT j» N -
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Optimal observables

for each operator & channel, fit the distribution that gives the best constraint

for 1D fits:

| | SSWW-+-2j | osww+2j | WZ+2j | ZZ+2j | ZV+2j | WwW |
Op.
| | L L+Q | L L+Q | L L+Q | L L+Q | L L+Q | L L+Q |

(1) v v

c,(,l,) = my - MET | mee  muz | pp T pp T PY PY s pri  MET

e Pra  Prp mj my mj Pr s mj; Pr myBS myBs MET MET
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= no strong preference over other obs.
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Optimal observables

for each operator & channel, fit the distribution that gives the best constraint

for 1D fits:

L
| o | SSWW+-2j OSWW-+2j WZ+2j 7Z+2j | ZV+2j | |
.
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SMEFT in VBS: fit results and main conclusions

> VBS constrains the most 4-quark operators and Qu
all these are dominated by ssWW

Profiled [ Profiled B individual

VBS+WW Combination
95% C.L.. 13 TeV, A = 1 TeV/ O sm

95% Profiled  95% Individual

Chtor [19.775,10.012] [-2.209 , 1.847]
o [6.172, 4.400] [-2.712,2.576]
ey — ] [-4.543,3.157] [1.012,0.994]
c? [— ©  S— [-2.021,3.168] [-0.155, 0.152]
Cw . [-2.382,2.312] [-1.384,1.464]
[ 0wl [-2.040,2.147] [-1.694 , 1.403]
cft — . [-2.114,1.742] [-0.156, 0.160]
ot [-0.982,0.865] [-0.195, 0.336]
e [-0.286,0.333]  [-0.200, 0.321]

[-0.084,0.265] [-0.066 , 0.230]
[-0.172,0.171]  [-0.191,0.148]
[-0.060,0.141]  [-0.059, 0.085]
[-0.089,0.097] [-0.087 , 0.093]

T
o ]
c CHEE [-0.352,0.100] [-0.097 , 0.080]
[ o |
==
.
==

i NI A
-10 -5

0 5
Parameter estimate
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SMEFT in VBS: fit results and main conclusions

> VBS constrains the most 4-quark operators and Qu
all these are dominated by ssWW

» VBS competitive with diboson for “input” operators: Quwg, QHp, Q,(.f;), Q

100 fo! (13 TeV)

E |_| Combined

] i Combined O(A®)
] WEWF0j

, WHWF 42

1 ZZ+2

W*Z+2]

E WHWE2j

T RN I S SO I (SN I WV MR S

-10 -5 0 5 10 15 20
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SMEFT in VBS: fit results and main conclusions

> VBS constrains the most 4-quark operators and Qu
all these are dominated by ssWW

» VBS competitive with diboson for “input” operators: Quwg, QHp, Q,(.f;), Q

> there is some sensitivity to Higgs operators , even with VBS cuts.
most sensitive channel is osWW

100 fb" (13 TeV) 100 fo" (13 TeV)
T T T

ol T -
) —
$ :, 1006 (13 TeV)
] WW+2]
1F WHWF+0j ]
L2z ]
WHW+2j
- % / ] ] Gombined (No 2V)
1 o J“ \/ ~‘f"‘-"~‘r 4 ) _2\ ‘jf,‘ o ] L L L L L L L L
-10 -5 0 5 10 -4 -3 -2 -1 0 1 2 3 4
Gy [TeV?) Cyw [TEV?]

llaria Brivio (ITP Heidelberg) EW processes & EFT fits 8/13



SMEFT in VBS: fit results and main conclusions

> VBS constrains the most 4-quark operators and Qu
all these are dominated by ssWW

» VBS competitive with diboson for “input” operators: Quwg, QHp, Q,(.f;), Q

> there is some sensitivity to Higgs operators , even with VBS cuts.
most sensitive channel is osWW

> for several operators, constraints are dominated by linear terms — “safe”

27+2j 100 fb™' (13 TeV) W*Z+2j 100 b (13 TeV)
2 2
g 2242 EWK 5 W:Z4+2) EWK
Lﬁ 7 B zz+2jQCD u>_| . W°Z+2j QCD
SM Stat. Unc. s SM Stat. Unc.

27 Quad oW
CollLinow

57 SM + EFT cW=0.01
() SM+ EFT cW=0.1
) SM+ EFT cW=1.0

M + EFT cll1=0.01
5 ) SM+EFT cll1=0.1
) SM+ EFT cll1=1.0

——

BSM /SM
BSM/SM

500 1000 1500 2000 2500 3000 @ 50 100 150 200 250 300 350 400
m; [GeV] MET [GeV]
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SMEFT in VBS: fit results and main conclusions

> VBS constrains the most 4-quark operators and Qu
all these are dominated by ssWW

» VBS competitive with diboson for “input” operators: Quwg, QHp, Q,(.,g;), Q

> there is some sensitivity to Higgs operators , even with VBS cuts.
most sensitive channel is osWW

> for several operators, constraints are dominated by linear terms — “safe”
» VBS in semileptonic final states can be very competitive (larger Br)

100 fo" (13 TeV) . 100 fo" (13 TeV)
T T T 3 7 T T ]

-2ALL

‘ ‘ ‘ ‘ 100‘¢b‘ ‘(|3T‘eV)
WEW*42)

1F WHWF 40 ]

1Ei. 7243 ]
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L ZV+2) ]

[ combined (No zv)

68%

I I I 7 Al I I I ] | |
—15 10 -5 0 5 10 15 20 25 I F 2 04 06
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SMEFT in VBS: fit results and main conclusions

> VBS constrains the most 4-quark operators and Qu
all these are dominated by ssWW

» VBS competitive with diboson for “input” operators: Quwg, QHp, Q,(.,g;), Qy

> there is some sensitivity to Higgs operators , even with VBS cuts.
most sensitive channel is osWW

> for several operators, constraints are dominated by linear terms — “safe”
» VBS in semileptonic final states can be very competitive (larger Br)

» adding SMEFT corrections to QCD backgrounds never worsens the results
. WAW+2) A =1TeV,L=1001b" (13 TeV)

T
. + 68% EWK+QCD
L I I I I . * * ‘ 1 +95% EWK+QCD

+68% EWK

0.5

1
e
o
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o

1 I I I I I I I I I
' =

®
Chy

S s & ° s 505 & e+ 95% EWK
5 X 217
il 51
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EFT < models interplay



Matching to UV models

E
UV model

(&i, M)
Q|  matching i

scale imposing all matrix elements are

equal at p = Q
!
C;i, A\ as function of (g;, M;)
EFT
(Ci7 A)
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Matching to UV models

E
UV model
(gi, M) done efficiently up to 1-loop in UV model
via functional methods:
Covariant Derivative Expansion or
Universal One-Loop Effective Action
Ci_ matching
scale
i §%S
Seff[¢] = 5[¢0] + 5 Trlog (—W >
o
EFT light fields /
(Ch /\) heavy fields. ® = &g + 7

Henning,Lu,Murayama,deAguila,Santiago,Ellis, Quevillon, You, Fuentes-Martin,
Cohen,Lu,Zhang,Kramer,Summ,Voigt,Dittmaier,Passarino
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A case study: SM + Heavy Vector Triplet

Brivio, Bruggisser, Geoffray,Luchmann,Kilian,Kramer,Plehn,Summ 2108.01094

>

MY \ivsin . 8H it
— ViV 4 SV(HID T H)

2
8\ =g ip  8ayv,—= i 8VH ii
+ S Valy o'l + SIVrayielq + S (HTH) Vv

1 . . S
Lot == 7 Vi, VI = SLV, Wi +

del Aguila,de Blas,Perez-Victoria 1005.399
de Blas,Lizana,Perez-Victoria 1211.2229
Pappadopulo, Thamm, Torre, Wulzer 1402.4431

llaria Brivio (ITP Heidelberg) EW processes & EFT fits 10/13



A case study: SM + Heavy Vector Triplet

Brivio, Bruggisser, Geoffray,Luchmann,Kilian,Kramer,Plehn,Summ 2108.01094

Lo vinw _ BM i yine o T vivin 4 BH it <58
£HVT:_ZVHVVM _7VMUWM +TVVMVH+7V/‘(HT,D H)

8\ ;—Gm ip Bayv/—z u i 8VH ii
+ S Valy o'l + SIVrayielq + S (HTH) Vv

. 1 . constraints

vVis —— V!
, - # 1- 2 M on model
field redefinition to remove — 8um ]

kinetic mixing i i gm i
W, =W, - ——=V,, fit directly
A/1— g,%/l
to g;

(Cl//\z) = f;(gM7 8H; 81, 8q> BVH: mV)

C; in Warsaw basis, f; at 1-loop in model

similar approach in: daSilva Almeida,Alves,Eboli,Gonzélez-Garcia 2108.04828
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A case study: SM + Heavy Vector Triplet

Brivio, Bruggisser, Geoffray,Luchmann,Kilian,Kramer,Plehn,Summ 2108.01094
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A case study: SM + Heavy Vector Triplet

Brivio, Bruggisser, Geoffray,Luchmann,Kilian,Kramer,Plehn,Summ 2108.01094
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Heavy vector triplet: tree vs loop matching
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Heavy vector triplet: tree vs loop matching

—10-0.5 0.0 05 1.0

my = 4TeV 7

contours S 00 y always (g + g2gm)
Ax? = 2.3, 5.991 in tree matching

bound dominated by

tree matching G (g1 + g28m)>
. Cyp~ =227
1-loop matching @ = my " m?,
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Heavy vector triplet: tree vs loop matching

bound dominated by
c® -

HQ =~
(89 + &28m)(gH + 828M)
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my
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contours
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tree matching
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Heavy vector triplet: tree vs loop matching
10 ] /';_l R . : &

profiling over Q
worsens gy bound
by a factor 2
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contours
Ax? =23, 5.991
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Heavy vector triplet: tree vs loop matching
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SMEFT vs direct searches

high complementarity

bound from
WW resonance search

6 \

10* 1 SM background
1 model 4
10° L EFT my = 4 TeV
- T [ data +/- stat 2 —— ATLAS
= T
3 10? Ty 0 —— EFT
& *LILY 1 = — EFTWW
10! TTLL}H I -2 —— EFTWH
F/ m < 5%
—4
100 ‘
6

1000 2000 3000 4000 "6
myw [TeV]

resonance s. only valid
for narrow Z’
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SMEFT vs direct searches

high complementarity

bound from EFT fit to
WW spectrum

104 1 SM background
1 model
103 L [ EFT my = 4 TeV
- T [ data +/- stat —— ATLAS
§ 10 n, —— EFT
= *L‘Lr I — EFTWW
10! I I —— EFTWH
F/ m < 5%
10° ‘
1000 2000 3000 4000
myw [TeV]

bound from EFT fit to all obs.
(incl. EWPO, Higgs)
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SMEFT vs direct searches

high complementarity

point excluded by
resonance s.
but allowed by EFT

best EFT sensitivity to this peak:
bins with smallest uncertainties!

6
104 [ SM background %
1 model 4 \\
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» Global SMEFT analyses are undergoing great developments

> Fits to EW processes already at a very mature stage:
combination with Higgs is standard. constraints reach multi-TeV range

» Several improvement directions ahead

> add new processes sensitive to new directions in parameter space.
example: VBS
— very good probe for 4-quark and TGC/QGC operators
— absolute sensitivity smaller than diboson, but can be competitive
— including SMEFT in irred. background (QCD) improves constraints

*> interplay between EFT and models. example: Heavy Vector Triplet
— we can fit model parameters “through” SMEFT
— new systematic uncertainty associated with matching scale
— complementarity of EFT and resonance-search bounds
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