Interpretation of Higgs
data within the SMEFT

Ken Mimasu
King’s College London
14th Conference on the Intersections of Particle and Nuclear Physics
30th August 2022

[J. Ellis, M. Madigan, KM, V. Sanz & T. You; JHEP 04 (2021) 279]
fitmaker https.//qgitlab.com/kenmimasu/fitrepo


https://rosetta.hepforge.org
https://gitlab.com/kenmimasu/fitrepo

[CMS-PAS-EXO-19-019]

CMS Preliminary 140 o' (13 TeV)
?59103 3 NR| SR : Data |
a3 772 = W'
210F W, tW, WW, WZ, 2Z, v
m 91845 [ JJets
w 10° E [ ]Total MC (NR)

10 years since the Higgs discovery o
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* No clear sign of new physics at the TeV scale
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* Direct searches are saturating the energy frontier
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Energy & precision

Paradigm shift at the energy t 7/,

frontier for BSM searches S

Direct (bumps)

ndirect (tails) SM

= New physics Is heavy = E > Einc
Heavy new physics Standard Model
Precision measurements Effective Field Theory
High energy (SMEFT)

A QFT parameter space for BSM
interactions between SM particles
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SMEFT: SMv2.0 =X

SM is low energy effective description SU(3)e x SU(2)L x U(1)y
* Supplemented by a tower of irrelevant operators o= ( G+ | ) 9,

* Respecting low energy field content & symmetries vth+iG ’
aTGC X2 e Wy, WHWPWR X2H? : (pTp)? Gy, GhY ggh(h)
A H®: (¢Tp) HYD? : (" D )" (" D) 5M7
Vi VPH? : (¢79)* (G5 u; 9) Y XH (g 0" uj; ) By ‘dipole’
fy  UPHED: (61D, 90)(@n" ) s (@7 ) (@ @) 4F

More than ‘just’ a parametrisation of ignorance

e Unlike anomalous couplings * Renormalisable QFT (order-by-order)

« Finite energy range (~A) * Well defined matching procedure
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SMEFT IS Left = ; /C\il?i

Model independent
Heavy new physics: M > Eexp

* Underlying assumptions SM field content & gauge symmetries
Linear EWSB: Higgs = doublet
Systematically improvable ,
E

/
* Double expansion higher dim. A2 & {gs, g, g} more loops

Global

 Model independence: we don't know what operators NP will generate

» Patterns & correlations among operators & observables are key
« Ultimate goal: complete SMEFT likelihood confronted with HEP data

EWPO, Higgs, multiboson, top, DY,
Established part of LHC programme

K. Mimasu - CIPANP- 30/08/2022 5 Interpretation of Higgs data in the SMEFT



SMEFT interpretation

Ingredients:
(6) (6)
Ao, |— |oEXPL SM|_ Z a’n,i(:u) ¢; (1) O 1
n n n i A2 A3
\ 4 \ 4 v
Global nature Sensitivity Interpretation
As many observables Experiment: Relies on accurate
as possible Best measurements & knowledge of the size
understanding of & correlation among a;
[dentity patterns & uncertainties and
correlations in fits correlations Determining ci6)
requires most precise
Exploit energy-growth Theory: available SMEFT
Best available predictions
predictions for
observables (NLO,
NNLO, N3LO,...)
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HIQQgs data

OiH X BRH—>f

Signal strengths, #ir ~

CMS [CMS, Nature 607 (2022) 7917, 60-68] 138 ! (13 TeV)
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O-i—>H X BRH—>f
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K-framework
Interpretation

CMS 138 fb-! (13 TeV)
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[CMS-HIG-19-010]
[ATLAS: PRD 101 (2020) 012002]
[ATLAS: EPJC 80 (2020) 957]

I—l I g g S d ata [ATLAS; JHEP 08 (2022) 175]

Simplified Template Cross Sections (STXS)

[ATLAS,; Nature 607 (2022) 7917, 52-59] gg = H
pl! < 200 GeV pt > 200 GeV
1 1 1
0 jets 1 jet >2 jets
1
1 |
m; < 350 GeV m; > 350 GeV
301 10 4 ‘ ‘
: ) 3 : 15F | 10° =i
2% - AS:T s 52 5 1.0f |
0 - 0 B Ko} i 0 Or o) B
e I e e I e 8 10rfel € 102k
- of . : L : i
i 1 ! 1 1 _nl 1 [ 1 1 1
% 10 200 0 60 120 200 20 120 200 0 %0 300 450 =
P (GeV) Pl (GeV) P (GeV) P (GeV)

* Production binned in Higgs/associated particle kinematics (unfolded to SM)

geF @ {py, Miet My, ...} EW qqH : {p?, Miey My, ...} VH — leptons : {p}/, Mips .-} 1TH {pr>...}
. Measured for each decay mode: bb, vy, 1T, 47, ...
* Detailed correlation information for consistent combination
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HIQQgs data

Differential cross sections
[CMS; PRL128 (2022) 081805] [ATLAS: JHEP 08 (2022) 027]

) = T T T T T T T = - T T T T T T T T T 7T T T 71T T T
> = . Observed . % [ ATLAS - gg—H default MC + XH
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Nant = XH = VBF + VH + ttH (POWHEG) - - ; I g2 gg—H SCETIib:qT + XH
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T 't == z 2
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> 10F
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. 1 T ——— o
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Z é § 0 1 1 1 1 1 1 1 1
% oz é s K R 5 X O 0a0a0a0% L0200 Ko Coes, S O e T e (e i (ol o 0_45 45_1 20 1 20_350 0_45 45_1 20 1 20_350 0_45 45_1 20 120_350 0_45 45_1 20 120_350
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o o G e s pT [GeV]
5 200 400
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T

« Most fine-grained binning — best individual sensitivity

 No correlation information with other channels

e Statistical overlap with, e.g., STXS
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HIgQs data

CP properties
[ATLAS,; PRL 125 (2020) 061802]

8 2 - | T | R -
.  —To -+ Best fit YXSM ]
2.—- 1 5 :_ ..... 26 ————— _:
1 f_ --------- 3(5 ............ _f
0.5[ 3
oOF b+ =
~0.5) E
1B R N E
- ATLAS | .
~1.55 {s=13Tev, 139 b E
_2 - Lo bvov v bwovov v b bvovow v bovov v by 0 -
15 -1 05 0 05 1 15 2
K,cos(a)

Breadth of SMEFT framework

Upper limit on u (95% CL)

£

6

5

Rare decays
[CMS-HIG-19-014]

L
X
)

IIII|IIIIIIIII|IIII|IIII|IIII|II
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---- Expected
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3
—|V-
1))
O -
Q-
®
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IIIIIIIIIIIIIIIIIIIlIIIlIIIIIIIIII

1 I 1 1
120

1 l 1 1 1 l 1
128 130
m,, (GeV)

1 I 1 1 1 l 1 1 1 I 1 1
122 124 126

* All measurements can be interpreted in a global analysis

« Data & Wilson coefficients: search of hints of heavy new physics
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BOSONIC operators .

[Grzadkowski et al.; JHEP 10 (2010) 085]

X3 ©® and @iD? W28 V2
Qe | [ABOGAaGBeGor | Q, (¢Tp)3 Qe (ote)(ere) —|{1+C HD_z 0”116” h
Qs | fABCGAGEPGSH | Qun (PTo)O(e ) Quyp (0" 0)(Gpurd) 2 A
Qw | EWIWIPWER L Qup | (01D"0)" (0'Dup) | Qup | (010)(@pdre0)
Qu EIJKW,{I/WI;]pWPK'/_L
X2p? V2 X V22D

Qo | ¢'0GAGY | Quv | (hore)r oWl | QY | (pliD, ) (y)
Qg ol GA,GAw Qe | (L,o"e)pBu, QY (w*ig,f 0)(
Quw |  PloWLW™™ | Que | (Go" T u)2Gh, || Qpe | (ol D, 0) (@ er)
Qv | PeWLW™ | Quw | (4o u)r W], Q| ("D, ) @"e)
Qes |  ©'0BuB” | Qus | (50" )@ Bu & | (0D o) (@ v,
Q5 | ©0BuB* | Quo | @0"TAd)0GL | Quu | (¢iD, )@ ur)
Quws | ©TToWLB"™ | Qaw | (Go*d,)T"o W), || Qua (¢1i D, ) (d,yHdy)
Qs | P oWLBY | Qup | (30™d)¢Bu | Quua | (3 D) d,)

c
[N

>
N

W3 A~~~ AN~ B

122%
% \

EW precision tests EW Higgs production & decay Gluon fusion: Higgs, di-Higgs

K. Mimasu - CIPANP- 30/08/2022 11 Interpretation of Higgs data in the SMEFT



Yukawa/dipole operators

WiWr

[Grzadkowski et al.; JHEP 10 (2010) 085]
X3 0% and @*D?

Qe | [ABCGLGPeGSH | Q, (ple)?

Qg | FABOGIGEGSH || Qen | (¢lo)(el)

Ow EIJKWI{VWI;IPWPKM (goT D“(p)* ((p’r D,ﬁp)

Qw | eEWlwlrwke

w
X?p? VX

e plo GL,GH (o e )T W,
Qe plp éﬁuGAW (lyo* er) o Buy
Quw | PloWL W (@G0 Tu,) PGy,
Qv | ¢loWlwiw (G0 ur)T G Wy,
QB ¢'o By, B* (0" ur)P By
Q5 ¢t B B* (G T4dr)p G,
Qews | ©'TloW[, B" (Gpotd, )T o W,
Quvs | o Wi B™ (G,0"dr) B

Chiral flip: f; £

— Leading effects my

= 3rd generation couplings

ggH ggHH ttH
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Current operators

[Grzadkowski et al.; JHEP 10 (2010) 085] (¢ "D, )ry*y)
X3 08 and *D? W23
Qe | fABCGIGErGOr | Q, (1) Qe (o) lperp)
Qg | fABCGHGEPGS | Qun (eTo)T(pT) Que (©70) (Gour @)
Qw | e"EWEW]WEL | Qup | (¢'D*0)" (¢'Dup) | Qap (©70) (qpdrp)
QW EIJKW,{VWI;]pWPK/_L
X2 VX

Qe | ¢lGaG™ | Qew | (Lo* e )T oW,
Qg ol GA,GAw Qe | (L,o"e)pBu,
Qow | PleWL W™ | Que | (G0 Tu,)p Gy,
Qv | PleWLWH | Quw | (@ u)r WL,
QB ‘PT‘P B,,B" QuB (‘7100 Hu,)p By
Q.5 o'oBuB” | Que | (Go"TAd,)p G2,
Quws | ¢'lo W,fuB” g Qaw | (go™d.)T"p W/{u
Quvs | T WLB™ | Qs | (30" d,)¢ B

E? 2
~ 2 i
EW Higgs production Diboson production Precision EW on the Z peak (LEP)
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Interplay
fr—Dgosonﬂ top EW j

ttV \
(Cus || ¢ Cows Cn Ch N O
C v co || ¢
o Cu. CH CH | 0
Cuaw Ciro C.xs
Cy) Cy) Cuu Cua
Cue Kk ’ ’ ) J Co.

EWPO

o |\

Con Ce Cg, O35, Cg, €,
Crn Co C5 C3 C
tG td _Ttu tq
(G & J
Higgs —

[Ellis, Madigan, KM, Sanz & You; JHEP 04 (2021) 279]

K. Mimasu - CIPANP- 30/08/2022 14 Interpretation of Higgs data in the SMEFT



Status in a nutshell

Global new physics searches via high precision/energy

[Han & Skiba; PRD 71 (2005) 075009]

* £ &W-pole data: handle onthe EW gauge sector -~ - ¢ miva: JHEP 02 (2015) 039)]

e LHC: thriving Higgs & top programmes
* Probing gauge interactions at high energy (VV, VBS, VVV, ...)

How much cross-talk? Where does being global matter?

We know that Higgs data greatly complements LEP

0.15

* Access unconstrained directions in parameter space

* Allows for a closed fit to flavor-universal SMEFT

e Crucial to combine EWPO, Diboson & Higgs data 5

[Corbett et al.; PRD 87 (2013) 015022] . ,
[Pomarol & Riva;, JHEP 01 (2014) 151] [Ells et a(/ZOJ/in 406? —0.05] :
[Ellis, Sanz & You;, JHEP 03 (2015) 157] i Combined
[Biekdtter Corbett & Plehn; SciPost Phys 6 (2019) 6, 064] —01k

=02 —0.1 0. 0.1 0.2 0.3

[Anisha et al; arXiv:.2111.05876]...... \g
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vvvvvvvvvvvvvvvvv

TO p / H I g g S I f te I p ‘ ay [Maltoni, Vryonidou &

" | HL-LHC 3000 fb™!

C nt-li |
4G Point-like Cpo Cyy | o}
C.y Yukawa - - -- : E
C,c Dipole Co /\ |

10+

gg — his well measured now... | -
-20| pp—Hj ,
/\ Can'’t exclude top partners/anomalous Yukawa , 004 —003 000 002 o004
* Degeneracy in coefficient/model space %---

Need more data! 88F
. 11H production for direct Yukawa measurement f \

. 11 data to constrain dipole ttH <— tt

Several other new interactions can affect tr ¢ t

E2
A2

Y

- Notably ggtt operators, of which there are many (14)

7 I
« To what extent do these limit ultimate NP sensitivity in top/Higgs sector?
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Answer: do the fit

Top, Higgs, Diboson and Electroweak Fit to the
Standard Model Effective Field Theory

John Ellis,**¢ Maeve Madigan,? Ken Mimasu,® Veronica Sanz®/ and Tevong You®%9 [JHE'D 04 (202 7) 279]

Global SMEFT interpretation of 4 categories of data I
aseda on
14 « Electroweak Precision Observables (EWPO): Z-pole & W-mass  [Ellis et al.; JHEP 06

(2018) 146]
118 « LEP2 & LHC diboson production: differential WW, WZ, Zj]

72 * Higgs measurements: signal strengths & STXS Big thanks to authors of
| | SMEFIT analysi

137 « Top data: single-top, ttbar & asymmetries, ttV, tZ, tW [JHEP 04 (éﬁgfﬁé

| for sharing some of their

341 measurements across categories lop preaictions

* Chosen to be statistically independent & maximise reach

* Correlations included when publicly available (mostly are)

SN Y a ol
: : ' . — o a. — —
Linear EFT approximation: Hx Xy, i i A2 A4
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Degrees of freedom

OHWB) OHD) Oll) 0$37 nga OHea OS()]) O_(r;()], OHda OH'U,

Ouno, Ong, Ouw , Ous, Ow, Og,
Ora, Our s Ove , Osa,

0%, 04) ., One, O, O, O,

Bosonic
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Individual limits: U(3)5 2018 data: [Ellis et al.; JHEP 06 (2018) 146]

SU(3)°: EWPO + Diboson + Higgs

0.05 | .
#W 2018 data M 2020 data o e C~ (1Tev)? ||
0.04| m No STxe = o Zi 95%CL individual; C; A2 ] :_
0.03 5 5 '
S&T
0.01" | \ o
0.001| I{ m HH-—tt—t m H +++ H Hy—1H H . H
—0.01; B .
—0.021
—0.031 é |
—0.04 Dominated by Z-pole ~ Dominated by Higgs
EWPO EBosonic
PR e 5 s o: ' oer e 2 o: oz e ' o' s
S O O U O U U U U & O ¢g 0 ©
T o
S — — S —
—

CH wB
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|\/|arg inalised Iimits: U(3)5 2018 =2020: only LHC data changed

2.51 : — [ __
2018 data I 2020 data o T ) _(1TeV)2 [
> 0l | m No STXS = No Zj 95%CL marginalised; C; A2 ]
1.51 '
1.0; :
0.5 vl
0.0- | H f H oo 1 i} k |
—0.51 1 | Iy
~1.5-
50 LHC driving ‘EWPO’ ggF STXS :
5 & |EWPO operator sensitivity! ' Bosonic power! Yukawa
. Im IQ = al\ :I\ ] '{;Ic- :Ic- S S - x IQD = Aa) = IL'J | II II T ISE
LT T ST T SS £46 3566 9S8
o — — — | = ~ = |_||
= 9 = TS S & 3 = 39
o
—
1021 X - previous individual limits . ¢ = (an)?
|—G=1 |
S F'x Eii T e ;X E—IC,'=0.01 L
o 10t [ X ah
n b
<Y 100 X
| x | E
-1 15 l
10 © © O 3 =
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wemci Top-Higgs interplay
o ttH

?§gF+21jetSTXS 2D COﬂS’[I’aiﬂtS
O tth\)/mbined
1 Marginalised

. ggF/ttH complementarity for (Cyg, C,7)

e « H+jets STXS & t1V not yet competitive

. Strong impact of #f evident for (C,, Cp;)

« Tension with SM ~ 2o

e Significant correlations remain

e Large marginalisation effects

-0.02 -0.01 0.00 0.01 0.02 -10 -5 0 5 10

10F 10F

What is the concrete
impact of 4F7?

Co

'
w
U=

Triple-gluon %@“

K
o
:

-0.02 -0.01 0.00 0.01 0.02 -10 5 0 5 10 2

C HG C tH CtG

Point-like % Yukawa >> Dipole }QQJ
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Marginalised 4 I: | m p a Ct

Marginalised 95% C. L.
Higgs data (no ttH)

Higas data Fit to "Higgs-only’ subspace

Higgs & Top data

Higgs & Top data (+4F)
+ SM CHD’ CHG’ CHW? CHB’ CtH’ CbH? CTH’ C,uH
2 504 0.02 0.00 0.02 0.04 + CtG & CG
S * Allow a closed fit to Higgs data only

. Emphasises impact of ttH & tt

Now add in ¢f 4F operators

3,8 1,8 8 8 8 8
+ Co8,C8.C . CS . Ch C

q°> ~tuw’

8
Ctd

-0.04 -0.02 0.00 0.02 0.04 _4}25 20 -15 -10 -5 0 5 10 15

. . . . . e e Relatively mild impact
@9’%@5 1 I " || » Preferred 1 phase space

IS different

CZG . low mﬁ
AF : highm,

0.04 0.02 0.00 0.02 0.04 25 20 15 -io&s 0o 5 10 15 T R T Able tO COﬂStra”’] them
tH

. t;{:: - " N Sl independently
oint-like ukawa poie [ATLAS-CONF-2021-031]
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cQQ1
cQQ8 -
cQt1 |
cQt8 -

ctt1 |
c81qq
cl1qq
c83qq
c13qq
c8qt
cliqt
c8ut
clut
c8qu
clqu
c8dt
cidt
c8qd
ciqd
ctp
ctG
cbp
ccp
ctap
ctW
ctZ
c3pQ3
cpQM
cpt
cpG -
cpB -
cpW
cpd -
cWWW -
CpWB -

cpD -

linear

quadratic
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More top/Higgs interplay

[Ethier et al.; JHEP 11 (2021) 089]

Fisher Information:

Hessian of Log-likelihood
at the best-fit point

= : t
=]

5 4F operators: L

= mostly top data A

3. g 7
]

é Yukawa &

& | Chromo-dipole

ttV couplings
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Bosonic Yukawa . Top 2F Top 4F

| |
( : r re | at I O n S . . +0.6/+0.6 +0.4 +32|+0.6/+0.6 0 +0.4 . . +42|+34 +18 4100
. +0.2/+0.2 +0.3 /0.4 +28 (0] -2, . +1.3 +35|+1.7 +100

+2.5+2.5 +1.7 +21+2.6/+2.6+0.2 0 |+0.1/+0.3/+12 +0.8+0.2 +35 +30 +100 +18

BlOCk dlagOﬂa| : +0.7 +0.7/+0.6 +1.1 10.5+9.6 +0.4 +13 4. 425 411 +48 +3.0 +16+100 +1.7
CorrelathnS W/th/n : +1.0 +1.3/4+1.2 +2.1 f1.5 +25 +58+2.9 +7.4 +100+16+35

. +0.1+0.5/+0.5 +0.1 +16 +0.5+0.5 O +0.3 +0.1 +14 +2.2 +2.6/+0.2|+16 +93+100 +30+34
4 )
SeCtOr . +0.1 +0.2|+0.2 +0.1 +18|+0.2+0.2 O +0.4 0 |+16 +1.5 +2.7+0.2/ +17 +100 +93 +35+42

+0.2+1.2/+1.2/+0.3 +0.5 +1.3+1.2+0.3|+5.5+1.5/+0.4/+2.3 +57 +1.1 +100 +7.4+3.0 +1.3

. . . +0.4/+0.1+0.1+0.1| O +0.1 +11/+0.1+0.1 O +0.1 +0.1+7.7 +1.4 +100 +17 +16 +48|+0.2
Block off-diagonal:
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EWPO & top +2.0/+11 F44| +67 +9.3 +100 +11 +9.4 +49|+1.5+7.7 +16 +14 +13 +12
+40 +0.5/+39 +43|+43 +20 +1.2 +41/+38|+10 +24 +4.9+100 +4.8 +0.14+2.3 0 4+0.1 +0.3
~uncorrelated

6.6 +0.6+1.7+6.7 +6.7 +1.3 +1.1+6.6/+6.3/+0.8/+0.2+4.0+100+4.9 +0.8 +0.4 +0.1 O
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& YU kawa . +1.3 +1.4/+1.5 +0.8/+2.3 +100+2.0+2.3 +1.1 SESR0 +5.3/+0.6 +11 +18 +16 +9.6|+21 +32

with EWPO
+20 +19 +32 +100 +40 +1.0 +21 +14 +0.1 +2.141.1 +0.3

. . . . 222 |28 +6.5+100 +2.3/+26(+26|+2.0 +1.7+1.3]+1.2 +4.6 +0.1+0.3 +0.5+0.1+0.1 ardl.7/ +0.4
Higgs precision
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+1OO +13/+12+100+100 sl -76 +1.5/+98|+98 |+9.6 +11 +6.7 +43 +2.2 +0.2 0 |+0.1+1.2/+0.2/+0.5 +2.5 +0.6
+99 +7.4 +11+100+100 Sy -75 +1.4/ +97|+98 |+9.4 +11 +6.7 +43 +2.2 +0.2 +0.1+1.2+0.2|+0.5 S ) +0.6

TO p_H Iggs +2.7 +12+100+11 +12|+57|+6.7 +20 +3.0/+3.1/+13 +3.0/+1.7 +39 +2.6/+4.4 +0.2 +0.4+0.2 +0.1/+1.0/+0.7

C C C +100+12 +7.4 +13 +9.8 +1.3/+14|+14|+3.9 +0.7/+0.6+0.5 +0.4 +0.1 +0.6 +0.2
HG? G7 Z'H +26 | +42 +76 +59 Hm +1.4 +20|+17 +2.4/+1.1 +0.4

100
Wlth 4': +100 +154+2.7/+99 +100 +2.2/+98/+98 +8.5 +11 +6.6 +40 . +0.2+0.1+0.1+1.2+0.2+0.5
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BSM implications

SMEFT-UV connection is model dependent by construction

 New physics implications & EFT validity are a posteriori
* Depends on sensitivity & energy scale probed by data
* Bottom-up philosophy: new physics scale unknown

. . . c \? | |
arbitrary dimensionful parameter =5 coupling/mass scale of new physics

A2 T M2
constraint: ¢c/A2< X

Non-pert. Difficult to address in a general way

e Joday we are probing TeV scale new physics
« Hierarchies in sensitivity EWPO 2 Higgs > top (EW)
* Moderate-to-strong coupling scenarios most safe

e Generic NP in loops looks challenging for the LHC
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rrrrr

BSM implications

rer=1

102y 4 T T

[TeV]

A
/G

CobH

m X O T I
SO0 Jd

Chc
Chw

Individual/marginalised = optimistic/pessimistic
* Real models should lie somewhere in between
* |ess underlying parameters - more correlations

* Need to ‘re-run’ the fits to infer on underlying model parameters
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Single field extensions

Name | Spin | SU(3) | SU(2) | U(1) Param. Name | Spin | SU(3) | SU(2) | U(1) | Param.
S 0 1 1 0 (Mg, Kks) Aq % 1 2 —% (Ma,,AA,)
Sy 0 1 1 1 (MSI ,ysl) Aj % 1 2 _% (MA:; 3)\A3)
Scalars @ 0 1 2 1| (My,Zg cos B) ) z 1 3 0 (Mx,Ay) VLL
= 0 1 3 0 (Mz,kz=) 2 : 1 3 -1 | (Mg, )y)
=1 0 1 3 1 (M=, ,k=,) U % 3 1 % (My,A\v)
/| B 1 1 1 0 (Mp,gh) D : 3 1 —% | (Mp,Ap)
W’ By 1 1 1 1 (M31 ,931) Q1 % 3 2 % (MQU)‘Ql)
W 1 1 3 0 (MW’QE/) Qs % 3 2 _% (MQs’)\Qs) VLQ
Wi 1 1 3 1 (MW1 ’ngI ) Q7 % 3 2 % (MQ7 ’)\Q7)
VLL N % 1 1 0 (Mn,AN) 1y % 3 3 '—% (Mry, A1y )
E 1 1 1 -1 (Mg, \E) T, ! 3 3 2| (Mry21)
VLQ| T L 3 1 : (Mr,st) B | 1 3 2 Lol (Mrp,sy)

Considered single field extensions of the SM

» Complete tree-level matching dictionary is known  [de Blas et al.; JHEP 03 (2018) 109]
* Interpret in terms of simplified 1 & 2 parameter versions of the models
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See also: [Dawson et al.; PRD 102 (2020) 5, 055012]

One parameter models

Model | Cup | Cy Ciy, Chi | CHe |CHO | Cru | Cim | Con
S 3
S 1
1 3 Yr
)Y is ig 4
_ 1 _ 3 Yr
2 116 116 8
v E
1 _1 Yr
E 4 a . 2
Ay 3 b
1 -
As —3 v
_1 _Yr | _y | _wm
B, 1 2 2 2 2
= —2 5 Yr Ye | Ub
_1 _1 _Yr | ¥ | _%
@ —Yr | —Yt | —Yb
{B,B,} —3 =y |~ | — W
{Qla Q7} Yt
1 1
Model || C}, | Chq | (Ciig)33 | (Cho)33 | Cru | CHa | Cim | Com
_1 1 1 1 Yt
S e e B :
_1 _1 _1 _1 Yb
D 1 1 1 2 2
Q 1 Yb
5 - 2 2
Q7 2 =
1 | _3 _ 1 _3 Yt Yb
Ty 16 16 16 16 4 8
T —1 [ 3 1 3 vt U
2 16 16 162 162 8 . 4
1 M 1M M
T 292 | 32 Yt
30
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One parameter models

M(A=1) Mass limits (in TeV) AM = 1TeV)

N . . D2 < 3.8 x 1072 1.60
W, - | 135,17 < 8.6 x 1072 1.60
= , k2 <11x107*(TeV?) 1.6 0
S - . : : lys,|? < 1.6 x 1072 1.20
T - (sh)? < 0.04
S - K% < 1.7(TeV?)
As - | . Aag)? < 2.9 x 1072
Qs - |Aqs|? < 0.24
g - | | As|? < 4.5 x 1072
T, - | Az, |? < 0.099
E - . - | IAg|? < 2.2 x 1072
U - . |A\v]? < 7.2 x 1072
¢ | Zgcos 8 < 0.995
0,07 - 1A@.0-|° < 0.88
0; - ' |Ag,|* < 0.14
D- , | IAp|? < 3.8 x 1072
BB, - 9Bp, < 0.92
B, - _ ] , ‘ 195, 1% < 6.9 x 1073
T, _ Az, |? < 0.22
5, - _ , ‘ As, |2 < 2.7 x 102
A, - ) , | Aa, > < 1.7 x 1072
. T . . T .
0 2 - 6 8 10 12
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Pull-ology

Brute force: fit to all combinations of n-coefficients
#=561 #=5984

102 , 102 ; ,
] 2 parameters ] i 3 parameters
] 1

_ 2 2
P = \/)(SM_)(ﬁt

wn
[
o 102 1
. E M Only tt ops. :
» Agnostic search for g = No tf ops.
improved fit w.rt SM 8 == o
H*
NP hints could show
up in this way 100 e e e e 107

10% 5 7 10° 3
: 4 parameters

|
i 5 parameters

* Advantage of fast,
linear fit method

104 E

* Highlights tension in
tt data

102 3

# Combinations

[y
o
()

10! E

* No conclusive NP
. 100 -
hints so far... Tt

100 4
0 1 2

#=46/36 Pull #=278256
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Conclusions

Presented first EWPO, Higgs, Diboson & Top fit in SMEFT
e Higgs data are driving global sensitivity beyond EWPO

* Jop & Higgs sector are starting to talk to each other

« Interplay is against 4F operators in ¢t

Analytic, linear analysis has many benefits
« Simple likelihood described by best fit+correlations, PCA exact
* Easy to interpret/combine with other likelihoods

* Fast: repeat for subsets, BSM interpretations

Drawbacks
* Potentially important quadratic effects, especially in top data

* (Gaussian priors only, not really appropriate for th. errors
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Outlook

Much more to be done

* Explore the likelihood further - how? opportunity for exp/th exchange
« Compare results to a quadratic fit to test validity

« SMEFT theory errors?

* Explore impact of new observables: VBS, VVV, rare top modes

Impact of loops
* Top operators in loops: Higgs decays + EWPO

e NLO corrections

BSM implications
* (Go beyond 1 particle benchmarks towards realistic models

* Are there compelling top/Higgs scenarios that admit a valid EFT interpretation
with LHC data?
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Bonus: myy, Interpretation



Tlalk by A. Kotwal

The result

m— Statuncertainty B |
—— Total uncertainty

LEP2 80376 + 33 p— ——
DO I 80375 + 23 [T —
ATLAS 80370+ 19 —e—]
LHCb 80354 + 32 | -o-
CDF I 80434 +9 o=
World Avg. (w/o CDF) 80370+ 12 —e—

| WorldAvg. (w/CDF) _80411x8 -
SM 80361 £ 7 o Indirect w/o myy
SM electroweak fit 80354 £ 7 o+
SM + S,T fit 80378 + 24

80100 80200 80300 80400 80500
my [MeV]

Onwp = HiTTHWL,BW, Opp = (HTD“H)* (HTDMH>

— — <> —
Ou = (Gryuty) (Esvits), OF, = (H'iDLH) (f;r'v"¢,)

omy,  sin26, v? [ cosb, Ot sin 6,
mZ,  cos20,, 472 HD

- ( 0(3) — QCU) +4CywB
sin @, cos 0,
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S & T parameters

0.2
0.1
X CHD - 0.0
—-0.1
. oM
+ SM 2020 fit+ LHCb my 7
' nomy [ 2022 my update
-0.2F .. _ , , —— : . . L
—-0.1 0.0 0.1
S
X CHWB
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Global fit (20 parameters

SU(3): EWPO + Diboson + Higgs

0.05

2
0.04 ‘ 95%CL individual; ¢; 17SV) |
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0.02
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Global fit (20 parameters
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Subsets

—-0.02}

0.02

0.00}

S

-0.02
—0.04f -\
0.010f

0.005}

Chws

—0.005}

—0.010¢}
—-0.08 -0.04 0.00

0.02¢

2022 my update

No my

2 parameter fit

4 parameter fit
+ SM

""" T T L B L S .
Chws 80385+ 5 o+ o m— SM
Chp 80408 + 7 — i mw world avg.
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Single field extensions
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Data: EWPO & Diboson

EW precision observables Nobs
Precision electroweak measurements on the Z resonance. 12
Lz, 004, RY, A%, As(SLD), Ay(Pt), R), R? A%y, A%y, Ay & A,

Combination of CDF and DO W-Boson Mass Measurements

LHC run 1 W boson mass measurement by ATLAS

Diboson LEP & LHC Nobs
W W~ angular distribution measurements at LEP II. 8
W W~ total cross section measurements at L3 in the fvfv, lvqq & qqqq 24
final states for 8 energies

W™ W~ total cross section measurements at OPAL in the fvfv, fvqq & 21
qqqq final states for 7 energies

W W~ total cross section measurements at ALEPH in the vfv, fvqq 21
& gqqq final states for 8 energies

ATLAS W+ W~ differential cross section in the evur channel, %, 1
pr > 120 GeV overflow bin 1

ATLAS W+ W~ fiducial differential cross section in the ervur channel, 14
&

ATLAS W Z fiducial differential cross section in the £+#~¢*v channel, 7
fg

CMS W+ Z normalised fiducial differential cross section in the £T¢=¢*y 11
channel, %d‘%

ATLAS Zjj fiducial differential cross section in the ¢~ channel, #;ﬂ 12
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Data: Higgs

LHC Run 1 Higgs Nobs

ATLAS and CMS LHC Run 1 combination of Higgs signal strengths. 21
Production: ggF, VBF, ZH, WH & ttH
Decay: vy, ZZ, WHW—, 7t7— & bb

ATLAS inclusive Z~ signal strength measurement 1

LHC Run 2 Higgs (new) Nobs

ATLAS combination of signal strengths and stage 1.0 STXS in H — 4/ 16/19|25
including ratios of branching fractions to vy, WW*, 757~ & bb
Signal strengths|coarse STXS bins| fine STXS bins

CMS LHC combination of Higgs signal strengths. 23
Production: ggF', VBF, ZH, WH & ttH
Decay: vy, ZZ, WHW—, 7t7=,bb & ptp~
CMS stage 1.0 STXS measurements for H — 7. 13|7
13 parameter fit | 7 parameter fit
CMS stage 1.0 STXS measurements for H — 777~ 9
CMS stage 1.1 STXS measurements for H — 4/ 19

CMS differential cross section measurements of inclusive Higgs produc- 56

tion in the WW?* — fvfv final state.

do | do
dnjee dpy

ATLAS H — Z~ signal strength.
ATLAS H — putp~ signal strength.
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Data: Tevatron, LHC

Run 1 & 2 top

Tevatron & Run 1 top | Nobs I Ref. || Run 2 top Nobs I Ref. |
Tevatron combination of differential tt forward-backward asymmetry, 4 [7] CMS tf differential distributions in the dilepton channel. 6 [46,
Arp(myg). din 50]
A;FLAS tt differential distributions in the dilepton channel. 6 [31] || CMS t# differential distributions in the £+jets channel. 10 [53]
aa_ da
dmu; - _dm“'
A;FLAS tt q‘iaﬂ'erentialddistribut:ons in the £-+jets channel. 7|5/8/5 [24] ATLAS measurement of differential tt charge asymmetry, Ac(my;). 5 [55])
o a o

dm,; | dfy,;l | dp!’ | dly:|" ATLAS titW & ttZ cross section measurements. oy |04i2 2 [58]
C‘E\'IS tt dlfzerentla.l (tiilstrlbutldons in the f+_]ets channel. 7| 10'8 |10 [25, CMS ttW & ttZ cross section measurements. THiw Io-tzz lll [48]
B | = | T,:r' | I 34| CMS ttZ differential distributions. 4|4 [60]
CMS measurement of differential tt charge asymmetry, Ac(my) in the 3 [33] E‘i%v o
dilepton channel. _ ATLAS tiy differential distribution. 11 [62]
ATLAS inclusive measurement tt charge asymmetry, Ac(mq) in the 1 [32] do
dilepton channel dp?

- = M t of differential ti d ch tios for t- 56
ATLAS & CMS combination of differential tt charge asymmetry, 6 [38] CM3 mea'suremen © erentia .cross seciians and charge ratlos for Sl [56]

. . channel single-top quark production.
Ag(my;), in the £+ jets channel. der R, (T
CMS tt double differential distributions in the dilepton channel. 16]16 [18, dp . ; | ¢ (p”“_)
do do do . i i i
el iz — | T | . |16]16 35| CMS measu;‘zement of t-channel single-top and anti-top cross sections. 4 [42]
ATLAS & CMS Run 1 combination of W-boson helicity fractions in top 3 [40] 9t, O, Ty & Be. . . .
decay. fo, f1.& fr CMS measurement of the t-channel single-top and anti-top cross sections. 1111 [45])
ATLAS measurement of W-boson helicity fractions in top decay. 3 [30] ||-2¢ log| 911t | Be.
fos fr& fr C‘I:'IS t-channdil single-top differential distributions. 4/4 [44]
o

CMS measurement of W-boson helicity fractions in top decay. 3 [29] dpT_, I dlyer|
for fr& fr ATLAS tW cross section measurement. 1 [43]
ATLAS ttW & ttZ cross section measurements. oy |0viz 2 [23] CMS tZ cross section measurement. 1 [47]
CMS ttW & ttZ cross section measurements. o4y |04z 2 [26] || CMS tW cross section measurement. 1 [52]
ATLAS ti~ cross section measurement in the /4 jets channel. 1 [36] ATLAS tZ cross section measurement. 1 [49]
CMS tty cross section measurement in the £+ jets channel. 1 [37] CMS tZ (Z — £+£~) cross section measurement 1 [54]
{\E LAS t-il’la.nnel six;gle-top Ziifferentia,l distributions. 4l4j4]5 [39] || ATLAS four-top search in the multi-lepton and same-sign dilepton chan- 1 (63]
aor | ar | dwq | dn nels.
CMS s-channel single-top cross section measurement. 1 [28] || ATLAS four-top search in the single-lepton and opposite-sign dilepton 1 [51)
CMS t-channel single-top differential distributions. 6 |6 [19] || channels.
#'{1_; | #ﬁl CMS four-top search in the multi-lepton and same-sign dilepton chan- 1 [61]
CMS measurement of the t-channel single-top and anti-top cross sections. 11/1]1 [20] nels.
ot |og|oeri| Re. CMS four-top search in the single-lepton and opposite-sign dilepton 1 [59]
ATLAS s-channel single-top cross section measurement. 1 [27) cha.nnels._
CMS tW cross section measurement. 1 [21] || CMS #ébb cross section measurement in the all-jet channel. 1 [57]
ATLAS tW cross section measurement in the single lepton channel. 1 [41] || CMS ttbb cross section measurement in the dilepton channel. 1 [64]
ATLAS tW cross section measurement in the dilepton channel. 1 [22]
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-Isher information breakdown

C; || EWPO

LEP WW

Run 1 SS

Run 2 SS
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Wz

23]

Whel.
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72%
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lechnical detalls

X C. 1
_ _ z: X 1 _
IMX=—X —1+ i Cll- A2+@<A4>

EXp. data: HEPdata, WebPlotDigitizer, ...

» Construct ‘signal strength’, w.r.t. SM prediction from exp. paper
* Otherwise computed with MG5, fastnlo, directly from theory papers

* Combine all sources of uncertainty in quadrature (stat., syst., th.)

Theory predictions: MG5 (SMEFTsim & SMEFTatNLO)
. LO, parton-level, linear dependence in (a, Gz, M,) scheme

* Tree-level + 1-loop gluon fusion Higgs production

- a;: Effects from production, decays, total width

* No theory error from EFT, assume SM error dominant
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fitmaker  https:/gitlab.com/kenmimasu/fitrepo
TNE COAE iy vorstonw oxamie oteoooks mprogres
Main analysis: linearised least-squares fit
X2(Ci) = (F— i@(Cy)" V(7 — i(Cy)) pa(Ci) = poM + HoiC
sestiit ¢ = (HTV-IH) " HIV-L(7 - M) = F1@
F=H'V'H , g=H'V({7-a")

Fisher information

»

F-1 = U Covariance matrix of least-squares estimators

Va\

(x2,» C,U) fully characterise likelihood

Implemented as part
 |Individual, profiled/marginalised bounds & correlations of the fitmaker

» Principal component analysis (eigensystem of F) framework

Also nested sampling routine for general likelihnoods
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T h fitmaker  https:/gitlab.com/kenmimasu/fitrepo
e C O e public-friendly version w/ example notebooks in progress

Database of input measurements encoded Iin . json format

e \alues, errors, metadata, ...

Python-class based definition of theoretical models

* Predictions for observables can be hard-coded

e ...0rread-in froma . json file

uis  =10.98%07 usst =1+435.8Cy; —0.122C
—0.959C,; — 0.121Cy + ...

“"observable_name": g
“"measurement_name": - "mu_ggF_H_ZZ CMS_Run2",
"CDS": -"http://cds.cern.ch/record/2706103",
“reportnumber": - "CMS-PAS-HIG-19-005",
“DOI": - ™",

"date": -"2020/01/10",

"experiment": -"CERN:LHC -Run-2, -CMS",

"observable': "ggF@3)",

"params":- [-"CHG", - "CuH", -"CuG", -"CHbox" -1,
“"constant:-1.0,

"linear":  [-35.8

"quadratic": [

"description': -"Higqgs -boson-signal -strength:for
gt 4 : deeend [-321.0,--1.095, -8. 45

AQLs O ORAT A ADQOK )
1.09¢ 9.00371, - -0.02925, ‘0.
A A il A o b

"value'::0.98,
"uncertainty": - {
“"tot":-[:0.12,:0.11-])
},
"uncertainty_sigma': -1,
s ‘Lrue

}
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[G. Durieux, C. Degrande, F. Maltoni, KM, C. Zhang, E. Vryonidou, PRD 103 (2021) 9, 096024]

SMEFT@NLO

Loops & SMEFT: active field in recent years

« Non-universal K-factors in EFT space < new information at NLO
« Loop-induced sensitivity (e.g. gg¢ — H)

« Control theoretical uncertainties

* Experimental interest in higher precision for SMEFT analyses/interpretations

Challenge: many processes x many operators
o« LO = NLO = more cross-talk/operators/complexity

* Automated tools for fixed-order/NLO+PS are essential to the LHC programme

Solution: SMEFT@NLO

 UFO model for MadGraph5 aMC@NLO
* Process-independent implementation: SMEFT in top-specific flavor limit
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SMEFT@NLO In STXS

Gluon fusion Simplified Template Cross Section bins

 LO inthe SM is one-loop
e Tree-EFT x loop-SM + loop-EFT x loop-SM interference terms
* Heavy top limit is OK for O-jet, breaks down at high-pr

2 jet 2 jet
0<m;<350GeV  0<pl<200GeV high-pr

STXS 1.1
................................................ . ggF prediction

CHG x 1072
Cic X 0.2

EEERN
o
(0]

CHbox

L L 7
R N A A A
BN N S @@ <
D5 © ©
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See also: [ATLAS-CONF-2021-053],[ATL-PHYS-PUB-2021-010]
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Standard Model Effective Theory at One-Loop in QCD

Céline Degrande, Gauthier Durieux, Fabio Maltoni, Ken Mimasu, Eleni Vryonidou & Cen Zhang, ~»arXiv:2008.11743

The implementation is based on the Warsaw basis of dimension-six SMEFT operators, after canonical normalization. Electroweak input parameters
are taken to be Gg, Mz, M. The CKM matrix is approximated as a unit matrix, and a U(2)q x U(2)y x U(3)q x (U(1) X U(l)e)3 flavor symmetry is

enforced. It forbids all fermion masses and Yukawa couplings except that only of the top quark. The model therefore implements the five-flavor
scheme for PDFs.

A new coupling order, NP=2 , is assigned to SMEFT interactions. The cutoff scale Lambda takes a default value of 1 TeV~2 and can be modified
along with the Wilson coefficients in the param card . Operators definitions, normalisations and coefficient names in the UFO model are specified
in definitions.pdf .. The notations and normalizations of top-quark operator coefficients comply with the LHC TOP WG standards of

1802.07237. Note however that the flavor symmetry enforced here is slightly more restrictive than the baseline assumption there (see the
dim6top page for more information). This model has been validated at tree level against the dimé6top implementation (see ~»1906.12310 and
the =» comparison details).

Current implementation

UFO model: SMEFTatNLO_v1.0.tar.gz

The current implementation imposes CP conservation. In the quark sector, it focuses primarily on top-quark interactions. The light-quark current
operator, qqHDH, uuHDH, ddHDH, with coefficients cpg3i , cpgMi , cpu, cpd are however included. The triple-gluon operator, with coefficient
cG , is currently not available (see the loop-capable GGG implementation). Vertices including more than four scalars or four leptons are not
included. Scalar and tensor QQ11 operators, with coefficients ctl1s3, ctlT3 , and cbls3 , break our flavor symmetry assumption and are not
available for one-loop computations. Top-quark flavor-changing interactions, not compatible with the imposed flavor symmetry, are not included
(see the loop-capable =* TopFCNC implementation).

Unlike prescribed by the LHC TOP WG, the top quark chromomagnetic-dipole operator coefficient ctG is normalized with a factor of the strong
coupling, gs. This normalization factor temporarily ensures compatibility with the 2.X.X series of MadGraph5_aMC@NLO but may be dropped in

MG5_aMC>import model SMEFTatNLO
MG5_aMC>generate pp >t t~ NP=2 [QCD]
MG5_aMC>output

MG5_aMC>launch
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[Ethier et al.; JHEP 11 (2021) 089]

Top couplings via HIgQs

95% Confidence Level Bounds 95% Confidence Level Bounds
]t 0 All Data (2D) [ All Data (2D)
1 All Data (Marg) At [ All Data (Marg)
6 0 Higes ] Higgs
O wZ [ ttZ
A 1 tZ
4r 9t [ HZ
2 L
N
s 0 3 0

_¢. Without 4-Wi’[
| 88— Zh & h —yylZy gg
“150 —100 50 0 50 100 150 T TR
cpt cpt
tr tL/r  Significant effects on individual
observable sensitivities, e.qg., i/
~% VS ~ 5
A ' A * Loop-induced processes bring new
b tn constraints (h — yy/yZ)
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