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EFTs: from the bottom-up

E
typicall 0= —
ypically A

sector P i

knowledge of P is not required

E <A
1 details of P can be inferred measuring C;
measurement fields 5 ES:—',’E)T: all allowed operators at §"
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symmetries free parameters | C;
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EFTs: the bottom-up
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An EFT to go beyond the SM: the SMEFT

fundamental assumptions: > new physics nearly decoupled: A > (v, E)

> at the accessible scale: SM fields + symmetries

@ 3 Taylor expansion in canonical dimensions (6 = v/A or E/N):
1 1 1 1
Lsmert = Lsm + Kﬁ‘r’ + ﬁﬁe + F& + Fﬁg +...

L,=Y,GCO=" C; free parameters ( Wilson coefficients )

O; invariant operators that form
a complete, non redundant basis
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The Warsaw basis

Grzadkowski,Iskrzynski,Misiak,Rosiek 1008.4884
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Why the SMEFT?

SMEFT describes BSM effects GLHC
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in scenarios where BSM is out of collider reach

+ a proper QFT , with regularization/renormalization schemes

+ minimal commitment to a specific UV

+ systematically includes all BSM effects, compatible with assumptions

+ universal language for data interpretation: can connect to other experiments

l

suitable for a systematic program for indirect searches of NP GLHC
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LHC: plans for the future

Run 1 Run 2 Run 3
Lst [Evers] Ls2 14Tev
13 TeV. 13 - 14 TeV. —— N GY
Diodes 5lo7.5x
splice consolidation LU Installation i 4 nominal
7Tev 8TeV button collimators fnlsacton RELUD luminosity
TR R2E project P711 T dip. coll. regions installation
Civil Eng. P1-P5
(o T I R >
ATLAS - CMS Tadiation
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2 xnom. luminosity HLupgrade

nominalluminosty " """} ALICE - LHCb 2x nominal luminosity
nominal e Y

luminosity

B 2000 (ultimate)

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. Il PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION/ BUILDINGS
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LHC: plans for the future

E won't be raised much

HL-LHC
N 2
Ls1 [ evers] LS2 LS3 14TeV
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worth having
there's much room for improvement in precision — a systematic program
for indirect searches
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The SMEFT - recent theory developments

1 1 1 1
LsmerT = Lsm + Kﬁs + ﬁﬁe + F& + ﬁﬁg +...
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The SMEFT - recent theory developments

B cons. Nf =1 — 2 76 22 895
Lomepr = Lon + = L5 + L6+ s L7+ g +
SMEFT = &~SM A 5 /\2 6 /\3 7 N4 8 LU

N =3 — 12 2499 948 36971
> # of parameters known for all orders
Lehman 1410.4193

Lehman,Martin 1510.00372
Henning,Lu,Melia,Murayama 1512.03433
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Lehman 1410.4193 Li,Ren,Shu,Xiao, Yu,Zheng 2005.00008
Weinberg PRL43(1979)1566 Henning,Lu,Melia,Murayama 1512.03433 Murphy 2005.00059

1 1 1& 1 /
£SMEFT=£SM+K£5+EE6+F 7+ﬁ£8+”'

Leung,Love,Rao Z.Ph.C31(1986)433
Buchmiiller, Wyler Nucl.Phys.B268(1986)621

>
# of parameters known for all orders BT e S

> complete bases available for L5, L6, L7, Ls
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The SMEFT - recent theory developments

1 1 1 1
LsmerT = Lsm + KES + ﬁﬁe + F& + ﬁﬁg +...

> # of parameters known for all orders
> complete bases available for Ls, L6, L7, Ls

> efficient matching techniques developed: CDE/UOLEA

Henning,Lu,Murayama 1412.1837,1604.01019

del Aguila,Kunszt,Santiago 1602.00126

Drozd, Ellis,Quevillon,You 1512.03003
Ellis,Quevillon, You,Zhang 1604.02445,1706.07765
Fuentes-Martin,Portoles, Ruiz-Femenia 1607.02142
Zhang 1610.00710

(Krdmer),Summ,Voigt 1806.05171, 1908.04798
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The SMEFT - recent theory developments

1 1 1 1
LsmerT = Lsm + KES + ﬁﬁe + F& + ﬁﬁg +...

> # of parameters known for all orders
> complete bases available for L5, L6, L7, Ls
> efficient matching techniques developed: CDE/UOLEA

> relation with the amplitude method Shadmi, Weiss 1809.09644

Henning,Melia 1901.06747,1902.06754,1902.06747
Ma,Shu,Xiao 1902.06752

Aoude,Machado 1905.11433
Durieux,Kitahara,Shadmi,Weiss 1909.10551
Durieux,Machado 1912.08827
Craig,Jiang,Li,Sutherland 2001.00017
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The SMEFT - recent theory developments

1 1 1 1
LsmerT = Lsm + KES + ﬁﬁe + F& + ﬁﬁg +...

> # of parameters known for all orders
> complete bases available for L5, L6, L7, Ls
> efficient matching techniques developed: CDE/UOLEA

> relation with the amplitude method

Lg: leading deviations from SM

. Alonso,Jenkins,Manohar, Trott 1308.2627,1310.4838,1312.2014
> Complete RGE available Grojean, Jenkins,Manohar, Trott 1301.2588
Alonso,Chang,Jenkins,Manohar,Shotwell 1405.0486
Ghezzi,Gomez-Ambrosio, Passarino,Uccirati 1505.03706
Miro, Ingoldby, Riembau 2005.06983
Baratella,Fernandez,Pomarol 2005.07129
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The SMEFT - recent theory developments

1 1 1 1
LsmerT = Lsm + KES + ﬁﬁe + F& + ﬁﬁg +...

> # of parameters known for all orders
> complete bases available for L5, L6, L7, Ls
> efficient matching techniques developed: CDE/UOLEA

> relation with the amplitude method
Lg: leading deviations from SM

> complete RGE available

> 1-loop results available for select processes

Pruna,Signer 1408.3565

Hartmann, (Shepherd), Trott 1505.02646,1507.03568,1611.09879
Ghezzi, Gomez-Ambrosio,Passarino,Uccirati 1505.03706
(Cullen,Gauld),Pecjak,Scott 1512.02508,1904.06358
Dawson,Giardino 1801.01136,1807.11504,1808.05948,1909.02000
Deutschmann, Duhr,Maltoni,Vryonidou 1708.00460

Grazzini, lInicka,Spira 1806.08832
Boughezal,Chen,Petriello,Wiegand 1907.00997

Dedes, Paraskevas, Rosiek, Suxho, Trifyllis 1805.00302 . ..
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The SMEFT - recent theory developments

1 1 1 1
LsmerT = Lsm + KES + ﬁﬁe + F& + ﬁﬁg +...

> # of parameters known for all orders
> complete bases available for L5, L6, L7, Ls
> efficient matching techniques developed: CDE/UOLEA

> relation with the amplitude method
Lg: leading deviations from SM

> complete RGE available
> 1-loop results available for select processes

> geometry of the scalar sector (R¢ gauge, Ward identities, ...)
Dedes,Materkowska, Paraskevas, Rosiek,Suxho 1704.03888
Helset,Paraskevas, Trott 1803.08001
Corbett,Helset, Trott 1909.08470
Helset,Martin, Trott 2001.01453
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The SMEFT - recent theory developments

1 1 1 1
LsmerT = Lsm + KES + ﬁﬁe + F& + ﬁﬁg +...

> # of parameters known for all orders
> complete bases available for L5, L6, L7, Ls
> efficient matching techniques developed: CDE/UOLEA

> relation with the amplitude method
Lg: leading deviations from SM

> complete RGE available
> 1-loop results available for select processes

> geometry of the scalar sector (R¢ gauge, Ward identities, ...)

Bordone,Cata,Feldmann 1910.02641

> comprehensive studies of flavor structure
P Faroughy, Isidori, Wilsch,Yamamoto 2005.05366
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The SMEFT - recent theory developments

1 1 1 1
LsmerT = Lsm + KES + ﬁﬁe + F& + ﬁﬁg +...

> # of parameters known for all orders
> complete bases available for L5, L6, L7, Ls
> efficient matching techniques developed: CDE/UOLEA

> relation with the amplitude method
Lg: leading deviations from SM

> complete RGE available

> 1-loop results available for select processes

> geometry of the scalar sector (R¢ gauge, Ward identities, ...)
» comprehensive studies of flavor structure

» matching to Low Energy EFT (below my) Jenkins,Manohar, Stoffer 1709.04486
Dekens, Stoffer 1908.05295
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The SMEFT - recent theory developments

1 1 1 1
LsmerT = Lsm + KES + ﬁﬁe + F& + ﬁﬁg +...

> # of parameters known for all orders
> complete bases available for L5, L6, L7, Ls
> efficient matching techniques developed: CDE/UOLEA

> relation with the amplitude method
Lg: leading deviations from SM

> complete RGE available

> 1-loop results available for select processes

> geometry of the scalar sector (R¢ gauge, Ward identities, ...)

» comprehensive studies of flavor structure

» matching to Low Energy EFT (below my)

> various tools available for numerical analysis ~+ SMEFT-Tools (1910.11003)

[MC generation, analytic calculation, fitting, matching, RGE running. . .]
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https://indico.cern.ch/event/787665/

SMEFT @ LHC: how many parameters?

Depends
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SMEFT @ LHC: how many parameters?

Depends on choices of low energy symmetries. e.g. flavor

observables, including/excluding quadratic terms

Focusing on interference Asy A¢ only
Selection due to SM kinematics / symmetries in the presence of:

> resonances in SM

» FCNCs op. 1* operators generally suppressed
) ] wrt. “pole operators” by

» dipole op. (interf. ~ my)

. <rB'2"B)n ~1/300  (ZW)
v 1/10° (h)

| 2

If quadratic terms |Ag|* are included, more operators contribute
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SMEFT @ LHC: how many parameters?

Depends on choices of low energy symmetries. e.g. flavor
observables, including/excluding quadratic terms

EFT calculation accuracy

E ho=--- Chw, Cug, CHwas
S 5
a
¢_? v @ Ve 5 ! ’ f 5 + Cw, Cup, Cew,
- WE heees heess L S I Ces, Cuw. Cug, Caw,
i . a1 ’ p ” ) Cag, Cery Cun, Can

Hartmann, Trott 1505.02646,1507.03568
Ghezzi,Gomez-Ambrosio,Passarino,Uccirati 1505.03706
Dedes, Paraskevas, Rosiek, Suxho, Trifyllis 1805.00302

+ dimension 8 + ...

EFT
order

llaria Brivio (ITP) Recent developments in the SMEFT program 8/34



SMEFT @ LHC: how many parameters?

Depends on choices of low energy symmetries. e.g. flavor
observables, including/excluding quadratic terms

EFT calculation accuracy

For reference:

| total Nr =3 unsuppressed interf.*

general 2499 ~ 46
MFV ~ 108 ~ 30
U(3)° ~ 70 ~ 24

Brivio,Jiang, Trott 1709.06492

* parameters entering H/Z /W resonance-dominated processes, interference only.
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SMEFT @ LHC: how many parameters?

Depends on choices of low energy symmetries. e.g. flavor
observables, including/excluding quadratic terms

EFT calculation accuracy

For reference:

| total Nr =3 unsuppressed interf.*

general 2499 ~ 46
MFV ~ 108 ~ 30
U@B)° ~ 70 ~ 24

Brivio,Jiang, Trott 1709.06492

* parameters entering H/Z /W resonance-dominated processes, interference only.
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Global SMEFT analyses

ultimate goal: measure as many SMEFT parameters as possible
fitting predictions that include all relevant terms

» individual processes necessarily have blind directions
» combination of different processes / sectors required

o
N

N

&)

Ken Mimasu ®

llaria Brivio (ITP) Recent developments in the SMEFT program 9/34



EW sector: Higgs and EW processes

> U(3)5 ﬂavor symmetry Brivio,Hays,Smith, Trott,Zemaityté in preparation

» all relevant interactions included relevant operators

R _ 0
tree IeVeI, Interference Only also: Ellis,Murphy,Sanz,You 1803.03252 20

Z,W couplings Bhabha scattering
o) = (/HTD H)(Ty /) Qee = (E7"€)(E7"e)
Qe = (iHT'D ,H)(Ey"e) Qie = (Iy*1)(&y"e)
affy (iHTﬁuH)(éV"q) Q= (lpy"lp) (Iy"lr)
Qg = (H'D ,H)(3o'"r"q) Qtibox = (HTH) o (HTH) z
QHu = (iH'D uH) (v u) Qne = (H'H)GZ, G =
Qna = (iHT'D ,H)(dy"d) O = (HfH)B,WBW =
Quw = (HTH)W,, Wirv E
Qup = (D, H'H)(H'D* H) Qun = (HTH)(qHu) a
Opwe = (H‘rgiH)Wi BHv Qan = (HTH)(gHd)

QeH - (HTH)(IHG)
QG - EachsyGlf’pG;H
Que = (ao.uu TaI:IU)G:V

QH/ = (’HT D, H)(/U 1)
Q) = (lp7”/ )(Ir’Y“/ )
input quantities

Ow = e Wir Wip Whe H processes
TGC pee
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Higgs and EW fit: main features

Brivio,Hays, Smith, Trott, Zemaityté in preparation

» U(3)° flavor symmetry
> all relevant interactions included
> tree-level, interference only
» analytic predictions (as much as possible)
> Better control on possible divergences / phase space integration

> Control on different diagram contributions
(e.g. y-mediated in h — 4f)

> Cancellation effects are reproduced exactly

> All EFT contributions can be linearized out
(relevant for propagator corrections)
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Higgs and EW fit: main features

Brivio,Hays, Smith, Trott, Zemaityté in preparation

v

U(3)® flavor symmetry
> all relevant interactions included

> tree-level, interference only
» analytic predictions (as much as possible)

> EW observables: all well known at tree level
> doubly-resonant WW production computed in BerthierBjgrn,Trott 1606.06693
> for Higgs we want to use STXS LesHouches 2015 1605.0469

LHCHXSWG 1610.0792
Berger et al. 1906.0275
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Fit to EWPD from LEP

Z-pole + my + bhabha + WW (LEP2)

Berthier,(Bjgrn), Trott 1508.05060,1606.06693
Brivio, Trott 1701.06424

T
1
1o regions for (C,- /‘/\—i) Cn t et
L L T v v v L L L L L L L
o | — aschgme  _50-15-10-0500 05 10 15 20
X ~~ my scheme X
! He r s
Cle F,_HH_H :
i Chu | ey
Cha e |
! (3) 1
I Cui t (.o
(1) ! [ — !
CHI : e 3 :
1 CHq 0 I —e—
CI(-Il) —e—i : :
o | 1
Y | CHD B —e—
Chws e Cw |
1 1
-3 -20-10 0 10 20 30 40 —200-150-100-50 0 50 100 150 200
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it to EWPD LE

Correlation matrix (o scheme)
o 2 blind directions

Che .
in EWPD
Chu 0.8 . ) .
Grojean,Skiba, Terning 0602154
Cha 0.6
o 7
0.4
Ci
) 02 reparameterization
o 0.0 invariance
Cuwp of 2 » 2 scattering

—0.2

Cup Brivio, Trott 1701.06424
(v“ ~0.4

Cec 0.6

Cie

! —038
Cw WW breaks (weakly) the
2 T ocxszoSaES 8 2 &5 s . o= -19 I I
SEIFETEE 5 s S 5 TS Invariance

leaving strong correlations

llaria Brivio (ITP) Recent developments in the SMEFT program 13/34



Higgs and EW fit: main features

Brivio,Hays, Smith, Trott, Zemaityté in preparation

» U(3)° flavor symmetry
> all relevant interactions included

> tree-level, interference only
» analytic predictions (as much as possible)

> EW observables: all well known at tree level
> doubly-resonant WW production computed in BerthierBjgrn,Trott 1606.06693

> for Higgs we want to use STXS LesHouches 2015 1605.0469

LHCHXSWG 1610.0792
Berger et al. 1906.0275

nie= L2 (0 Bic(e - A)ir
lumi «— l L> acceptance

prod xs i — h
decay BR h — f efficiency

Global fit to nk,  — (o - B)r for defined i, f categories.
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Higgs and EW fit: main features

Brivio,Hays, Smith, Trott, Zemaityté in preparation

v

U(3)® flavor symmetry
> all relevant interactions included

> tree-level, interference only
» analytic predictions (as much as possible)

> EW observables: all well known at tree level
> doubly-resonant WW production computed in BerthierBjgrn,Trott 1606.06693

> for Higgs we want to use STXS LesHouches 2015 1605.0469

LHCHXSWG 1610.0792
Berger et al. 1906.0275

nk—Ek ,fO' B,f&‘A

decay BR h — efficiency

Brivio,Corbett, Trott 1906.06949

Global fit to nk,  — (o - B)r for defined i, f categories.
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The Higgs width in the SMEFT

leading channels:
H— ff
H—gg
H =~y
H— ffy
H — 4f

> 4f ~7y, bb most relevant ones individually

> all need to be calculated for 6T}* — Br

llaria Brivio (ITP) Recent developments in the SMEFT program 15/34



The Higgs width in the SMEFT

leading channels:

H— ff
H— gg L_’Ff_) ~ 1428
Fon(H — Ff) - 08K
H =~y )
= Chp @, G =
H— ffy 5ngf—CHn———C,_,, +7—CfH
H — 4f

Alonso,Jenkins,Manohar, Trott 1312.2014
» renorm. of the H field
> contrib. to yu decay — G —

v
direct Ogy contribution (—% CfH)
+
contrib. to my — yr (+%Cﬂ-’)

> 4f ~7y, bb most relevant ones individually

> all need to be calculated for 6T}* — Br
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The Higgs width in the SMEFT

leading channels:

H— ff
H— gg
r(h— gg) 167° ~
~1 18 ~ 0.
H—)fzfy FSM(h = gg) + 20 Che, 0.375
H — ff/-y Manohar,Wise 0601212
H — 4f

> 4f ~7y, bb most relevant ones individually

> all need to be calculated for 6T}* — Br
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The Higgs width in the SMEFT

leading channels:

H— ff
H—gg — g
;\(Ah 77) ~ 1+ 127‘;{ (ﬁw, " ~ —1.65
H — vy MM(h — vv) e?l
H— ff’y Cry = 53 EHW ar Cg EHB — SpCo EHWB
H — 4f Bergstrém,Hulth Nucl.Phys.B259(1985)137

Manohar,Wise 0601212

> 4f ~7y, bb most relevant ones individually

> all need to be calculated for 6T}* — Br
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The Higgs width in the SMEFT

leading channels:

H— ff
—> H-gg rh—vy) ) ~
rSM(h - P YY) |7 ~ —1.65
—> H-—- gy (h— )
H— ffy Gy = 53Crw + ¢ Crig — soco Crwe
H — 4f Bergstrém,Hulth Nucl.Phys.B259(1985)137

Manohar,Wise 0601212

loop-factor enhancement
in the relative correction:

tree-level SMEFT vs loop SM

> 4f ~7y, bb most relevant ones individually

> all need to be calculated for 6T}* — Br
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The Higgs width in the SMEFT

leading channels:

H— ff available as H — ZZ* H — WW* x Br(Z, W)
relying on narrow width approx. for Z, W.

H—gg

H— ~y good in SM but not sufficient in the SMEFT!

H— 'Ef’Y main reason: tree 7, Zvy mediated diagrams

H — 4f

also missing:
> CC - NC interference
> crossed-current interference in ZZ diagrams

» 6Ty, 6m?, corrections for off-shell boson

> 4f ~7y, bb most relevant ones individually

> all need to be calculated for 6T}* — Br
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H — 4f in the SMEFT

@ corrections to SM diagrams

o g (SM-like)

€ &P q— Py (Zuw ZH h)

llaria Brivio (ITP)

—imzol 7z + (2mz = irz)§mz

0g1,6
8L, O8R p?> —m% + il zmz

!

hard to extract from
MC simulation!
full treatment requires
analytic calculation
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H — 4f in the SMEFT

@ corrections to SM diagrams

—imzol 7z + (2mz = irz)§mz

o« g (SM-like) 0g1,08r

2 _ 2 ir
L ZuvP-d—pPvqy (ZMVZ’W/')) p ms + 1l zmz

@ genuine SMEFT diagrams
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H — 4f in the SMEFT - complexity

h—ete ete™
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H — 4f in the SMEFT - complexity
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H — 4f - analytic calculation

fully analytical treatment. automated with general decomposition:

A : Al

Vs k 17
!

AA" ~ gnviv, gHv,v, ZT(”)

ij, Vi ij, V- ki, V. ki, Vi .
T(n) = ’C(n) (gll_Jle’gtl,R3’gL,R ngL,R4) ‘F\(/';)\/2V3V4 (Pa, ma) , a= {1717 kv l}

for m, = 0 there are only 8 independent Fv,v,v,v,. For each {V} set:
> numerical integration of phase space: Vegas in Mathematica T. Hahn 0404043
> cross-check: RAMBO + 2 independent parameterizations of phase space
Kleiss,Stirling,Ellis

Comput.Phys.Commun.40(1986)359
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H — 4f analytic - results

Example: H — eTe utu~ mg =0, my scheme

ST(H—-etep py™) = v2
Fsm(H — ete ptpu~) _Z D= Za, C’ﬁ

i i

Cow Cus  Cuws Cho  Crp C_',(.,}) C,S?) Chie 6,(4:) 6;.,? Chu  Cha (o

-0.78 -0.22 0.30 2 0.17 438 -1.62 -3.52 3.
1.04 -1.08 -0.68
-2.23  -223 1.80

a m >» N

-0.38 0.06 0.15 1.14 0.15 -0.39 -1.34 -020 0.15 -0.83

tot | 0.26 -1.30 -0.76 2. 023 230 -271 -158 -039 -1.34 -0.20 0.15 217

corrections to SM diagram
~ diagrams

contact diagrams (HZee)

o m > N

STt /I 7 sm on + off-shell Z
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oss-check: MadGraph with SMEFTsim

an UFO & FeynRules model with™: Brivio, Jiang, Trott 1709.06492

1. the complete B-conserving Warsaw basis for 3 generations ,
including all complex phases and CP terms

2. automatic field redefinitions to have canonical kinetic terms and parameter
shifts due to the choice of an input parameters set

3. 6 implementations: 3 flavor assumptions x 2 input schemes

Standard Model Effective Field Theory -- The SMEFTsim package
feynrules.irmp.ucl.ac.be/wiki/SMEFT

Authors

laria Brivio, Yun Jiang and Michael Trott

ilaria.briviognbi.ku.dk, yunjiang@nbi.ku.dk, michael.trott@cern.ch
Pre-exported UFO files (include restriction cards) NBIA and Discovery Center, Nieis Boh Institute, University of Copenhagen
SetA SetB
a scheme mw scheme a scheme mw scheme

Flavor
general | SMEFTsim_A_general_alphaScheme_UFO.tar.gz #SMEFTsim_A_general_MwScheme_UFO.tar.gz #SMEFT_alpha_UFO.zip SMEFT_mW_UFO.zip &
SMEFT
MFEV SMEFTsim A MEV alphaScheme > 4| SMEFTsim A MFV MwScheme L araz 4| S ha MEV 2ip NSMEFT mW MFV .
SMEFT | SMEFTsim_A_MFV_alphaScheme UFO.targz & SMEFTsim_A_MFV_MwScheme UFO.tar.gz | SMEFT alpha MFV_UFO.zip #SMEFT_mW_MFV_UFO.zip &

S
gﬁél__r SMEFTsim_A_U35_alphaScheme_UFO.tar.gz 4, | SMEFTsim_A_U35_MwScheme UFO.tar.gz &, | SMEFT alpha_FLU_UFO.zip +SMEFT_mW_FLU_UFO.zip &

* LO, unitary gauge implementation
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Cross-check: MadGraph with SMEFTsim

eg. h—oetu .
W+
contribution from CHW(HTH)(WSV Wanv) -
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Cross-check: MadGraph with SMEFTsim

eg. h—oetu .

W
contribution from CHW(HTH)(WSVW"’“”) -

. w=
in MadGraph5 + SMEFTsim, with fixed cHW:

» generate h > e+ mu- vm~ ve NP=0 — value of sy (tree)
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Cross-check: MadGraph with SMEFTsim

contribution from CHW(HTH)(WSV Wanv) -

in MadGraph5 + SMEFTsim, with fixed cHW:

eg. h—oetu .

wt
h

W

» generate h > e+ mu- vm~ ve NP=0 — value of sy (tree)

» generate h > e+ mu- vm™ ve NP 2==1 — value of oI from ' AsyAg

Y Cuw

0.00001

5.x10°°

0.00000

-5.x107

~0.00001
-20

llaria Brivio (ITP)
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Cross-check: MadGraph with SMEFTsim

eg. h—oetu .

W
contribution from CHW(HTH)(WSVW"’“”) -

. w=
in MadGraph5 + SMEFTsim, with fixed cHW:
» generate h > e+ mu- vm~ ve NP=0 — value of sy (tree)

» generate h > e+ mu- vm™ ve NP 2==1 — value of oI from ' AsyAg

» generate h > e+ mu- vm~ ve — value of (Isy + 6F) from |Asy + Ag|?

0.00001 .y CHW amam .y CHW +z CE/W [ ]
0.000020

5.x10°°
0.000015,

0.00000

0.000010

-6
-5.x10 5.x107°

~0.00001 0.000000
-20 -10 0 10 20 -20 -15 -10 -5 0 5 10 15

llaria Brivio (ITP) Recent developments in the SMEFT program 21/34



Cross-check: MadGraph with SMEFTsim

eg. h—etu e

V2
Msmerr = Tsm [1 + 2 ai ﬁCi]

theory MG interf MG full xs

CHW -1.48743 -1.48844 -1.48002

CHbox 2. 1.99786 2.00819

CHD -0.5 -0.499802 -0.495254

CH13 -3.76422 -3.77082 -3.76292

cll1 8 2.99626 2.99819

analytic calculation Yi/rh_,e+,,e“—,;m5M }’i/r;,_,s+ Vep— 7y ,SM
Bt Ceis Tt TS5 A from pure interference from linearized
full width

6y omitted here: requires hacking propagator corrections in MC
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2
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Cross-check: MadGraph with SMEFTsim

eg. h—etu e

2
v
r —Tsw |1+ (a —C~]
SMEFT M AR Vi two SMEFTsim columns
%

alidated with theory are consistent
theory MG interf MG full xs

CHW -1.48743 -1.48844 -1.48002

CHbox 2. 1.99786 2.00819

CHD -0.5 -0.499802 -0.495254

CH13 -3.76422 -3.77082 -3.76292

cll1 3. 2.99626 2.99819

analytic calculation Yi/rh_,e+,,e“—,;m5M y;/l',,_,s+ Ve ™ Dy ,SM
Bt Ceis Tt TS5 A from pure interference from linearized
full width

6y omitted here: requires hacking propagator corrections in MC
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Analytic results for the total Higgs width

Brivio,Corbett, Trott 1906.06949

» full inclusive calculation including h — v+, gg, bb, c&, 7t 7=, Z~,4f
> tree-level, interference only

» U(3)® flavor symmetry

with {my/, mz, G} inputs, C = C(v/N)?:

SMEFT
5rh full

roi— = 1150 Chg — 1.21 Cuw + 1.21 Crwe + 50.6 Crg
h

+1.83 Cpo — 0.43 Cpp + 1.17 G
—7.85YuReCuy — 485 Yy ReCany — 12.3 Y4 ReCen
cc bb TT

+0.002 €3 +0.06 € +0.001 Cpyy — 0.0007 Crg
—0.0009 ) —2.32 € — 0.0006 e

partial inclusive widths and {aem, mz, G} input scheme also available.
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Higgs production and acceptance corrections

Production Brivio,Hays,Smith, Trott,Zemaityté in preparation
> gg—h
> qq — qqh (VBF/VH)

> qq/gg — h///h/l/ (VH)
» gg — tth
> qq — thj
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Higgs production and acceptance corrections

Production Brivio,Hays, Smith, Trott, Zemaityté in preparation
> Manohar,Wise 0601212
gg - h I known to NLO SMEFT Deutschmann,Duhr,Maltoni,Vryonidou
1708.00460
» qq — qqh (VBF/VH) Grazzini,lInicka,Spira 1806.08832
> qq/gg — hll/hlv (VH) parton level inferred from h — 4/ via crossing sym.
> gg — tfh in progress Maltoni,Vryonidou,Zhang 1607.05330
> qq — thj Degrande, Maltoni,Mimasu,Vryonidou,

Zhang 1804.07773
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Higgs production and acceptance corrections

Production Brivio,Hays, Smith, Trott, Zemaityté in preparation
> Manohar,Wise 0601212
gg - h I known to NLO SMEFT Deutschmann,Duhr,Maltoni,Vryonidou
1708.00460
» qq — qqh (VBF/VH) Grazzini,lInicka,Spira 1806.08832
> qq/gg — hll/hlv (VH) parton level inferred from h — 4/ via crossing sym.
> 88 — tt_'h in progress Maltoni,Vryonidou,Zhang 1607.05330
> qq — thj Degrande, Maltoni,Mimasu, Vryonidou,

Zhang 1804.07773

Acceptance
N g .
A = “Hneuts o ocimed to be SM-like in STXS extraction
Ntot
» SMEFT terms with non-SM Lorentz structure (hV,., V#, hVuidyiep...)

modify distributions — AA
» AA calculable for cuts in Lorentz-invariants, requires MC for arbitrary cuts

» AA depends most on decay channel, less on production [ preliminary |
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Top quark sector

Brivio, Bruggisser, Maltoni,Moutafis, Plehn,

» U(2)g x U(2)y x U(2)a

» top interactions only

» up to NLO QCD, quadratic SMEFT

predictions: SMEFT@NLO

Vryonidou, Westhoff,Zhang 1910.03606

Q relevant operators

also: SMEFiT. Hartland,Maltoni,Nocera,
Rojo,Slade, Vryonidou,Zhang 1901.05965

tZ
ttZ, ttw
Qs = (Qfo™t)B,,
single t Que = (HID wH)(Fy#t)
- Qow = ((_?~H0'“V0'kb) we,
tt Qic = (QA* TANGA, Obes = (i1 D, H) (Fy#b)
by = (@mQ@r ) €%, = (QuTAQ)@* TAu)| | | Qg = (iH'D ,H)(Q0'1Q)
ba = (QuQNdd) Qg = (T4 TAd)| | | Qhg = (iH' D, H)(@Q)
ol = (B O = (B 0@ T ||| uw = (@Fomorews,
ta = (But)(dy"d) Q?df(f_v TAL) Ay TAd) ——
Qbi (@ Q@ ) Q5 = (QuT QG TAq)| | s = (Quuo* TQ)(@r"o* Tq)
= (Fut)(@re) 9% = (Fwn TA) (@ TAq) Qs = (Quuo* TAQ)(§y"0* TAq)

llaria Brivio (ITP)
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A typical issue: flat directions

e.g. qq — tt at LO:

q t

<
Sl

Cic

llaria Brivio (ITP)

t

<

8 terms: 2 xq X 2x: X 2 color contractions
+ singlet/triplet isospin for LL currents

!

10 operators for each initial state (u/d)
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A typical issue: flat directions

e.g. qq — tt at LO:
q t -
notation:

color
CX qXt

B2 =1—4mi/s
¢t = cosO(p;, Pg) in c.m. frame

<
Sl

s

. 2
Aoittoc| B+ Cl + Rt G| (1+ B2+ 22) + [l + G - [Cha= R | 28t
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A typical issue: flat directions

e.g. qq — tt at LO:

q t n
notation:
color
CXth
B2 =1—4m?/s
. ; ¢t = cos (P, Pg) in c.m. frame

s

. 2
Aoittoc| B+ Cl + Rt G| (1+ B2+ 22) + [l + G - [Cha= R | 28t

LO, interference only can never distinguish LL <> RR or LR < RL

— breaking: NLO QCD
(GiG) terms
other processes in the fit (e.g. single-top)
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A typical issue: flat directions

e.g. qq — tt at LO:

q t n
notation:
color
CXth
B2 =1—4m?/s
. ; ¢t = cos (P, Pg) in c.m. frame

. 2
Aoittoc| B+ Cl + Rt G| (1+ B2+ 22) + [l + G - [Cha= R | 28t

s

LO, interference only can never distinguish LL <> RR or LR < RL

— breaking: NLO QCD
(GiG) terms
other processes in the fit (e.g. single-top)

LO, interference only can distinguish (LL + RR) <~ (LR + RL)
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Same vs. different chiralities in tt

2m?

Aot or [CEL LGl + e +Ch ] (1+ﬁt e ) " [ca LGl — Ch —Ch ]wfcf

10.0

likelihood contours:

Inlpax —InL=1/2 ——
o N —10.0

(~ Ax? = 1,4 in Gaussian limit)
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Same vs. different chiralities in tt

2mt

Aol o [CEL +Chr + Clr +Ch ] 1+ Bici +

i [ca LGl — Ch —Ch ]wfcf

o+ + myg dist 75

likelihood contours:

Inlpax —InL=1/2 ——
o N —10.0

(~ Ax? = 1,4 in Gaussian limit)
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Same vs. different chiralities in tt

2mt

Aol o [CEL +Chr + Clr +Ch ] 1+ Bici +

i [CEL LGl — Ch —Ch ]wfa

o+ + myg dist 75

charge asymmetry
Ac

likelihood contours:
Inlpax —InL=1/2 ——

(~ Ax? = 1,4 in Gaussian limit)
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uii vs dd initial state in tf

Singlet vs triplet SU(2) contractions:
Qs = (QuT*Q)(@" T a) Qb = (R T Q) (g To*q)

R=() a=(().0)

u,d identical at parton level 20

only difference: PDF < x

r(x) = [uE]/[dc?] 104

L (r+1)Coy + (r — 1)C3 constrained
(r—1)Cgqy — (r +1)C3 blind

Coro (TeV/A)?

—10

2 o 0 10 20

Cor (TeV/A)?

llaria Brivio (ITP) Recent developments in the SMEFT program 28/34



uii vs dd initial state in tf

Singlet vs triplet SU(2) contractions:
Qs = (QuT*Q)(@" T a) Qb = (R T Q) (g To*q)

R=() a=(().0)

u,d identical at parton level 20

only difference: PDF < x

r(x) = [uE]/[dc?] 104

L (r+1)Coy + (r — 1)C3 constrained
(r—1)Cgqy — (r +1)C3 blind

Coro (TeV/A)?

—10

ot + mes dist
bulk kin. region

r~?2 W 0
Cor (TeV/A)?
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uii vs dd initial state in tf

Singlet vs triplet SU(2) contractions:
Qs = (QuT*Q)(@" T a) Qb = (R T Q) (g To*q)

R=() a=(().0)

u,d identical at parton level 20
only difference: PDF < x

r(x) = [uE]/[dc?] 104

L (r+1)Coy + (r — 1)C3 constrained = /S}Hef
(r—1)Cgqy — (r +1)C3 blind =
g 0 |
last bins of pr dist o0
in high-pr regime Q

r~3 —101

ot + mes dist
bulk kin. region

r~?2 W 0
Cor (TeV/A)?
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Singlet vs triplet SU(2) contractions:
Qs = (QuT*Q)(@" T a) Qb = (R T Q) (g To*q)

R=() a=(().0)

u,d identical at parton level 20
only difference: PDF < x

r(x) = [uE]/[dc?] 104
L (r+1)Coy + (r — 1)C3 constrained
(r—1)Cgqy — (r +1)C3 blind

Coro (TeV/A)?

further breaking:
including total rates of
ttW, ttZ

—10
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Impact of quadratic SMEFT contributions

|Asmert|? = |Asm + As|*> = |Asm|® + Re [ASMAg] + |Ag|?
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Impact of quadratic SMEFT contributions

|Asmert|? = |Asm + Asl? = |Asm|? + Re [AsmAé] @

> [Ag|* ~ 1/A
— when SMEFT expansion holds: |Ag|? « AsmAl « |Asu|?

— |Ag|? same size as SMEFT uncertainties :
AsmAs ASMAg insertions ASMAg,sq

» whenever precision is not enough (C;)? dominate the fit:

constraining C; < O(1) requires (E/N)? ~ O(5 — 10)%

> often included as a cross check of convergence.
» quadratics improve bounds via geometric effects
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Impact of quadratic SMEFT contributions

Dot [(CBU (G + (CLel? +(CB? + 3 ((Ch? + (G + (Gl + (Ch?) | 1+ B2
+ (G2 H(CBRI? — (CBa (G + 5 ((CL + (GheP = (Gl - (GH?) | 281

9
+ |l +CBaCh + 5 (CluCln + ChaChy) | 4
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Impact of quadratic SMEFT contributions
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9
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interf. + quad.
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Impact of quadratic SMEFT contributions

Dot [(CBU (e + (Chel? +(CB? + 3 ((Ch? + (G2 + (Gl + () [+ 5D

+ (2 H(CBRI? — (CBa (R + 5 ((CL + (GheP - (Cla? - (B o5

9
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Quadratic terms modify 4
the geometry of the fit
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Impact of quadratic SMEFT contributions

Dot [(CBU (e + (Chel? +(CB? + 3 ((Ch? + (G2 + (Gl + () [+ 5D

+ (G2 H(CBRI? — (CBa (G + 5 ((CL + (GheP = (Gl - (GH?) | 281

9
[CLLCLR +CRrCRL + 5 (CLLCLR+CRRCRL> 4mz/s

Quadratic terms modify 4
the geometry of the fit
typical measurements ~ Y., + C7 = R
= radial constraint = 0
! =)
n-dimensional fit space compact e 5
already with 1 measurement TN
! Ny £ d
angular flat directions remain 7 [ilfh 22 GET:

0 2
08 (1 TeV/A)?

tu
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Global fit to top processes: results

. o o = . .. . Brivio, Bruggisser, Maltoni,Moutafis, Plehn,
fit to tt, ttZ, ttW, single-t, W helicity in t decays Vryonidou, Westhoff, Zhang 1910.03606

Run II, ATLAS+CMS, 68% and 95% C.L.

3 | Global fit
[ Clobal fit 6,,/2

2 0.7
1
= 15 %
= 4 jnn il I g JVI 5
g7 HETET INIRL T .
S =
-2 0.7
-3

—4 @im” 0.5
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Top fit vs EW+Higgs fit results

EWPD + LHC Run I + II, 95% C.L.

al DR, <390 | Global Fit Higgs + EWPD + diboson [1812.07587)
| Global Fit Top sector [1910.03606]

2 F0.7
— 1 10—
3 =z
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Top+EW+Higgs: next step

EW

Q%; Qg; Qéd Qbu Q%q Qit Qtld
Q5y g Loa Fou 2y & <
Q4: Q4o 0w iy
Qor Qoo v A

< 50 parameters
@ LO interference

Top
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What next?

» Indirect searches of BSM physics @LHC will become more and more
important in the next runs.
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What next?

>

Indirect searches of BSM physics @LHC will become more and more
important in the next runs.

The SMEFT is a well-defined QFT framework to do this systematically:
go beyond SM stress-test!

we need precision — EFT effects in PDFs, acceptances, efficiencies ...
— NLO SMEFT calculations
— optimizing exp. analyses?

we need computational tools — signal generation
— exploit analytic res »ols

we need scalable fitting technology — go beyond
— machine le
— informatio

we need good theory understanding
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Backup slides



EW 4+ Higgs fit — observables [preliminary]

118 observables included so far

> 8 near_Z_pole EWPO: er Réoc i Af__’;’bv 0'2 LEPI combination hep-ex/0509008
» 21 distribution bins for bhabha scattering at LEPII LEPI combination 1302.3415

» 74 dist. bins for W W™ production at LEPIl 3. hep-ex/0400016
OPAL: 0708.1311
ALEPH: Eur.Phys.J. C38 (2004) 147
differential combined: 1302.3415

» 15 inclusive obs. for Higgs measurements in H — v+ and H — 4/ at LHC

» ATLAS (36 fb~!) ATLAS-CONF-2017-047
» CMS (36 tb™!)  cwms pas HiG-17-031
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Top fit — observables

pp — tt

> 5 0,7 measurements at 8 and 13 TeV

> 5 Ac measurements at 8 and 13 TeV

> 2 do/dm; dist. at 8 and 13 TeV (15 bins tot)

» 4 do/dpt(p}, pht) dist. at 8 and 13 TeV (30 bins tot)

> 1 d?0/dmyzdt,; dist at 8 TeV (16 bins)

> 2 dist in high-pr region (p%, mz) at 8 and 13 TeV (13 bins tot)
pp — ttZ,pp — ttW

> 2 o,y measurements for each V at 8 and 13 TeV
Single-top

> 6 04 g Measurements in t-channel at 7, 8, 13 TeV

> 3 045 7, Measurements in s-channel at 7, 8 TeV

> 6 oy ;i measurements in tW channel at 7, 8, 13 TeV

> 1 0174 measurement in tZq at 13 TeV
Top decays

> 4 measurements of W helicity at 7, 8, 13 TeV
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