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The standard model
as an eF1



The SM success story

We have found a scalar that couples to mass
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Ratio to SM

The SM success story

We have found a scalar that couples to mass

* |t behaves quite a bit like the SM Higgs
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The SM success story

We have found a scalar that couples to mass
* |t behaves quite a bit like the SM Higgs

35.9fb" (13 TeV)
AL

> L) | L LB L R Y| LI Y | t'
> 1F
2 |> :CMS wZ
J :
S 10"
L
e >
‘\_ALL
1072 5
------- SM Higgs boson
102 — (M, ¢) fit
° B
BEY
=
(D |
@)
O
..(-“‘ ! p o+ o3 el ! p o ol X TR |
0
o 10" 1 10 102

Particle mass [GeV]



The SM success story

We have found a scalar that couples to mass
* |t behaves quite a bit like the SM Higgs

35.9fb" (13 TeV)

> ftems 00 wz»%  Atleast one missing ingredient...
= h

m? 107 i Still some way to go to pin down
> [ ] : : :

&l : { precise interactions

So far, all HEP data is broadly
consistent with SM expectations

The LHC mission continues...

Precision measurements
Particle mass [GeV] New physics searches

Ratio to SM



The best motivation for EF
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The standard model is a great candidate for EFT
A well understood low energy theory around the weak scale, v
Low energy degrees of freedom:  {Q;, L;, u;, d;, €, 9,7, w* Z. h}
LHC data indicates a gap to the new physics mass scale

A

Paradigm shift at the energy
frontier for BSM searches

(bump hunts)
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The standard model is a great candidate for EFT

A well understood low energy theory around the weak scale, v

Low energy degrees of freedom:

{Qia Li) U, dia €i, 49,7, WZI:) Za h}

LHC data indicates a gap to the new physics mass scale

Paradigm shift at the energy
frontier for BSM searches

(bump hunts)
Indirect (scouting tails)

A

SM

E E > ELHC

+ Heavy new physics

Standard Model Effective Field Theory (SMEFT)



c; OF fields
AD—4 — more
7}

Operator expansion: Leg =

SM gauge symmetry & linear EWSB SU(3)e x SU)L x U(1)y
Higgs is an SU(2) doublet ( G+ > .
Operators are SU(3)c x SU(2)L x U(1)y singlets B 3

Parameter space for new interactions between SM particles

With all nice features of EFT (gauge symmetry, matching, improvability,...)

1 1
£:£SM—|—K£5—|—F

At dimension-5, only one operator

Lepton number violating Weinberg operator (neutrino masses) (L€ - H)(L - H)

L+ -

Dimension-6 Is the lowest non-trivial order



Operator classes

Dimension-6 operators of the SMEFT:  Interaction

X2 1 €W, WP W™ #  gauge boson self-coupling

HY : (pTp)3 Higgs potential, self-coupling
VEH? : (pT0) (Giug ) Higgs-fermion (Yukawa)
WH?D: (¢' D) (@" ay) gauge-fermion (Z,W)
X2H?: (p'p) G, Gh gauge-Higgs
H*D? : (o' D"p)*(o! D*) Higgs-Z
VX H : (G 0" u; ) B dipole
ot (@™ 45) (@ Ve @) gritﬂpgs?ﬁgéts four fermion

Impact

diboson
di-Higgs
ttH, H—=bb
Z,W prod.
ggH, H—=VV
mz (LEP)
ff\V, fiVH

ffff scattering
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D=0 basis

‘Warsaw’ basis

X3 0% and @p*D? P23 (LL)(LL) (RR)(RR) (LL)(RR)
QG fABCGﬁVGfPGEH Q‘P (@T(p)?’ Qecp ( (p)( perso) Qll (p’)’u )( sz'ult) Qee (ep’Yuer)(_37ﬂet) Qle (f_ )(es’y et)
_ ABC (3Av (3Bp(xCh t t t & (Tpyuar) (@7 ) Quu (Upyuur) (TsyH ) Quu (LpVulr) (Usy ur)
Qe | f 2 GUPG | Qen (P'e)O(e'e) Que (") (@pur®) o k 3 !
. P dv,d,)(d"d I id
Qw | EVEWEWIWER | Qup | (#7D#0)" (¢'D,p) || Qup | (#10) (@) " @ura) @) | Qu | (@Gnd)dad) ) Qu | (G ()
O TIKT vy Jopy Ki Qi (bpyulr) (@7 1) Qeu (Epvuer)(TsyHur) Qqe (_p’Yu(Ir)(es’Y”et)
W p Vv Yy -
X 2(,02 ¢2X % '¢2 2D Ql(g) (p')’.uT ! )(qS'Y“"'IQt) Qed (ép7uer) (dsy*dy) .SL) (qP'Yuqr) (s )
T GA GA z I WI 1) tr D u QS} (’EP’Y#UT)(JS’YMdt) 4(1%) ((ip’yuTAqT)(ﬁsfy“TAut)
uv Qv _ _
Q<PG ()OTQO N;:/ ) QeW (pij er)T 2 uv Qz;l) (QTO 7 I,LL 90)( p”Y ) QEZ) (’Ulp’)/y,TAUr)(ds’)’“TAdt) Qgi) ((jp'}’u%)(ds’)’“dt)
Qua | ¢'eGLG™ Qe | (bo"e)pBuw | Qg | (¥1iD; @)l vly) QY | (G T4 (A" TAdy)
Quw | PoWLW™ | Qua | @o"T*u)5Gh, | Que | (#iDu9)(En*e,) (LR)(RL) and (LR)(LR) B-violating
—~ <>
Q‘PW SDTSOWI{VWIIW QuW (qPO-Iqu)TI(ID Wl{'/ 8‘1) (SOTZD“ (’0) (qp’y“qr) Qledq (l_z%er)(dsqg) Qduq EQB’YE ik [(da)Tcuﬁ] [(qzj)TClz{c]
v =~ v =~ 3 .1 ~ .
Qs | ¢'9BuB” | Qur | @o"w)fBu | Qm | D D@™ Ve || Q0| @u)en(@d) | Qun e [(q29)TCa¥] [(u3)T Ce]
Qi | ¢eBuwB” | Qi | (Go"Td)eGh | Qeu (Wgu P) @y ur) || | Qi | (@T4un)en(@TAdy) || Qi e ke mn [(47)TCqP] [(g7™)7CIp)
Qows | PT'oWLB™ | Qaw | (Go*d)T o WL, | Qua | (P1iDu@)(dpydr) | | Qo | (Ber)esm(@ue) Son (1) ju(T7€)mn [(457)7C¥] [(g7™)7CI7)
Qs | ¢'ToW.,B> QaB (q0"d, )¢ B, Quua | H(@'Dyp)(uyy*d,) Q,(fgu (Bouwer)en(@o u) | Qauu e [(d2)TCuf] [(u7)"Cey]

59 independent o

perators

# real parameters (degrees of freedom)

/6: flavor universal
2499: flavor general Independent coefficient for all flavor combinations

Number for Dimension 8 (835, 36971) known (up to D=151)

All fermion generations have the same coefficient




[Buchmuller & Wyler; Nucl. Phys. B 268 (1986) 621]
[Grzadkowski et al.; JHEP 10 (2010) 085]

D=0 basis

‘Warsaw’ basis

X3 0% and ¢*D? P2p? (LL)(LL) (RR)(RR) (LL)(RR)
QG (l_p’)'ulr)(ésryﬂet)
Qs | 7oGer \\Narsaw [Grzadkowski et al.; JHEP 10 (2010) 085] | o™
QW p Yubr )\ Qs t
. (@ Yuar) (€57 er)
Strongly Interacting [Giudice et al.; JHEP 06 (2007) 045] | (@;’;‘1"@2‘3
o { Light Higgs “SILH’ [Elias-Mir6 et al.; JHEP 11 (2013) 066] (q”z;jm‘;f)gjudt)“”
Qcp@ ‘ (‘jp'YuTAqr) (Js'Y“TAdt)
Qow v, Hi Basi [Gupta, Pomarol & Riva; PRD 91 (2015) 035001]
Qi IggsS BasIs [Falkowski & Riva; JHEP 02 (2015) 039] figraw
Qs [(u2)7Cel]
Qs HIS/ [Hagiwara et al.; PRD 48 (1993) 2182] [ l™"cy]
QowB i ¢7*] [(ggm™TCiy]
QngB ‘PTTI(PW;{VB'W Qap (qPU wjdr)‘PB/w Qcpud i(LTO’TD;AO)(ﬂp’Y“dr) Ql(ggu (l_%o'uver)gjk(qfawut) Qauu g [(d;)TCUﬂ [(UZ)Tcet]

59 Independent operators
# real parameters (degrees of freedom)

760: flavor universal All fermion generations have the same coefficient
2499 flavor general Independent coefficient for all flavor combinations

Number for Dimension 8 (835, 36971) known (up to D=151)

[Henning et al.; JHEP 08 (2017) 016]
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[Buchmuller & Wyler; Nucl. Phys. B 268 (1986) 621]
[Grzadkowski et al.; JHEP 10 (2010) 085]

D=0 basis

‘Warsaw’ basis

X3 0% and ¢*D? P2p3 (LL)(LL) (RR)(RR) (LL)(RR)

QG fABCGﬁqu ‘ (l_p')'ulr) (és’)"uet)

Q@ | G+ \\Narsaw [Grzadkowski et al.: JHEP 10 (2010) 085] | G

7 7~
QW EIJKWl{uWI;Ip (lp7ulr)(ds7 dt)

IIKTi Tvyisd (@ Yuar) (€57 er)
% 3 W”VWV a

e Strongly Interacting [Giudice et al.; JHEP 06 (2007) 045] | (q‘qur;f”’; " |
e | evai¢] Light Higgs “SILH” [Elias-Mir6 et al.; JHEP 11 (2013) 066] ™~ = *
Qs”@ ('OT('O éﬁ" G’ (QP'YMTA%) (Js'Y”TAdt)
Quw | oloWLWw i Basi [Gupta, Pomarol & Riva; PRD 91 (2015) 035001]
o | ooWiw| MIGYS DASIS [Falkowski & Riva; JHEP 02 (2015) 039] liares
Qch QOT‘P B/WB [(u’sy)TC'et]
Qs | ¢eBuBl H|S/ [Hagiwara et al.; PRD 48 (1993) 2182] [ lar™ci]
Quws | ¢'TleW.,I ¢7*] [(ggm™TCiy]
Quirs | o WLB | Q| (0.0"0)0 Buw | Qo | i(GD) G de) || 00 | (Boerlen(@e™u) | Qu o [(d)TCuf] [(17)7Ce)

Rosetta: an operator basis translator for SMEFT
[Falkowski et al.; EPJC 75 (2015) 12, 583]

https.//rosetta.hepforge.org
/6 flavor universa AT fermion generations have the same coefficient

2499: flavor general Independent coefficient for all flavor combinations
Number for Dimension 8 (835, 36971) known (up to D=15!)

[Henning et al.; JHEP 08 (2017) 016]
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The SMEFT Wilson coefficients are theory input parameters

In addition & analogous to SM input parameters {as, apw, Gr, My, My, my, }

LHC precision programme

Measure the parameters of the { }
SM at dimension-6 (and beyond) v

Extend the energy reach of our colliders to NP beyond Ecwm

In order to do this, we must understand the impact of
SMEFT interactions on scattering amplitudes in the low
energy model (SM)



A) New Lorentz structures: contact interactions & derivatives
Explicit source of energy growth

¢4 : (@, 7“ Qj)(@c Y QZ) X EIJKW;L/ Wvp W?M
B) Modification of SM (dim-4) terms

After electroweak symmetry breaking

1 /0 (") (qu@) = v*(qup)
N ( ) I 2 e (U MU (UC) e
(" Du)(f A" f) = v ZH(f A" f)
(o1 )2 FME,, —v?F*F,,

(V)

06 — 005, U204

Shift of SM-like interactions
Spoiling of unitarity cancellations of the SM — more energy growth
SM inputs are extracted by comparing a few measurements to theory

= Extraction of SM inputs now depends on ci



Gr example

Muon decay data gives: Gr = 1.17x105 GeV2— v = 246 GeV
» EFT contribution: A [0,]7M = [[® y# 1] [[®,, 10]
B,C [(’)g})]ij = [@TT;C(B#@] [l_(i) TRAH l(j))] ,oi=1,2.

* A contains the Or up to a Fierz transformation [0,]'?*? =% EY* (1 —5) Vo) (T v (1 — v5) ) + - -+
» B,C shifts W couplings to leptons after EWSB  [0.]"** =i (e (1 = 75) V) (Pe (1 — 35) 1) + - -
. 2 e _
e _i\% o z% [1 + [C3]" F] [0 =7 @7 (1 =75) vu) e yu(l = v5) ) + -+
Gr _ 1 1 v’ c® 11 1 ﬁ C® 22 li 9 1212 1221 2112

o ] \/5 _ 21}2 + F [ wl] + A2 [ sol] o 4A2 ( [C”] + [cll] + [C”] )

” 1 | | |

~ v = \/—2—Gf New relation between Higgs vev and Fermi constant

DO | =

@711 (3)722 1212 1221 U(2)
v=uvo |1+ ([Ccpl ] + [Cwl ] - [C”] a [C”] ) A2

Propagate to all observables that depend on V!
(expanded to order 1/A\2)

Vi



Pick a SMEFT basis and appropriate symmetries

Control the number of parameters (2499 is a bit tough) flavor structure,

, CP conservation,
Work out the Feynman rules (e.g. using FeynRules) -

Calculate Matrix element of scattering processes e.g. pp— X

Generic contribution from SMEFT is an expansion [aWA%
Ci 44 ' CiCj 4
A:ASM—'_ZFA _>O__O_SM+Z (1nt)—|_z : (SJQ)

’.ASM‘Q QRG[.AZM.AEFT] |~AEFT|2

Leading contribution from interference
Quadratic EFT term is formally higher order, although basis independent

Subleading unless interference forbidden/suppressed (symmetries/helicity)

Importance with respect to dim-8 operators is model dependent



SMEFT roadmap
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SMEFT roadmap

Warsaw, SILH, HISZ, Higgs Basis

Flavor assumptions
Universal, diagonal, 3rd gen, general?

Symmetries
CP Baryon/Lepton number?

K. Mimasu - 21/11/2019 50 Searching for new physics with EFT



SMEFT roadmap

O

Rate measurements Ttot. s M= ——

OSM
Differential do. enerqgy, angular
dMxx
asymmetries
High-level gggg?/;b/es
NN-output
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SMEFT roadmap

Determine dependence on
Wilson coetfticients

0 = OSM+Z —07’#2 ' o
Precise Monte Carlo tools
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SMEFT roadmap

_ oms  mawlustey

8 i 5Bgtnaprompte/u =:Tzzq 1 FldUCIal VO|Ume

o T Wz o ZZ 7

T 60 COtiX/tX = Xy" — o

0 i -M_ultlboson B3 Total unc. Not Sens,tlve l‘o

ch . 2-3 jets, 1 b-tagged (BDT > 0.5) | o )

= deviations outside
acce,otance
(model dependent)

. , , Extract limits
15 (] Stat. unc. [JTotal unc. L _

1}!_ : ¢ l g _9
o5 * TV T ¢ C [a,b] [TeVTE

0 50 100 150 200
p.(2) (GeV)

[CMS.; PRL 122 (2019) 132003]
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SMEFT roadmap

Degeneracies/blind directions
New processes/observables

Map to UV models

Hints of new physics?
Constrain classes of models

Validity of EFT

A posteriori: depends on sensitivity
Intrinsically model dependent
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Part 3
Application:
SMEFT in the EW sector



SMEFT@LHC: key players

BRH

VH/VBE

VBS
t+H/Z

single
top

FCNC VA T6e
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Big news of the year
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The top couples to the Higgs!

CMS Preliminary
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N L B B

> B T N

8 oo [ ttH i =1.3 All categories ]
g - H—yy S/(S+B) weighted .
o’ - i
c . ¢ Data i
S °C — S4B -
5 N R Lt Background i
£ 10 s Bl 1o ]
=) +2 O .
D i
= ]
= a
+

<)

S~

)

T 1
L

- B
A

L )

- L7
———
——

——
]

B component subtracted -

o (&)
—@—
S
E=
—@—

Ll | IIII|




Big news of the year

The top couples to the Higgs!

* Indirect evidence from gluon fusion production

* Direct determination of the top quark Yukawa
interaction via ttH observation at > 5¢

511" (7 TeV) +19.7fb" (8 TeV) +35.9 fb" (13 TeV)
@® Observed

CMS = +10 (Stat @ syst)

s +10 (Syst)
—— 20 (stat @ syst)
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ttH(ZZ") [ X
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{iH(bb) —————
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Combined +
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Big news of the year

. g
The top couples to the Higgs!
* Indirect evidence from gluon fusion production A ¢ A h
* Direct determination of the top quark Yukawa

Interaction via ttH observation at > 5o q

HHWW*)
ttH(ZZ*)
ttH(yy)
ttH(t*1)
ttH(bb)
7+8 TeV
13 TeV

Combined

511" (7 TeV) +19.7fb" (8 TeV) +35.9 fb" (13 TeV)
@® Observed

CMS = +10 (Stat @ syst)

s +10 (Syst)
—— 20 (stat @ syst)

L — ) —

————

_:‘_
——

v b oo by by ow by e b b

PRI B
-1 0 1 2 3 A 5 6 7

Consistent with SM ~ 100% errors
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All players are in the game

LHC legacy = precise measurements of EWSB
the interactions that govern EWSB h

SM is a spontaneously broken, gauge-Yukawa theory

Offers a parametrisation, lacks dynamical origin for the weak scale

Symmetry « Constraints/

_ 1 5 L
yr Fofre (D) (D) Wi, Wi iFF
\Vass & Self-interactions &

Delicate ‘balance’ conserves unitarity & renormalisability
SMEFT contributions break this balance



Current operators

Contact operator
predicted by gauge
invariant construction

X3 0% and @*D? P23
Qc | fABOGGEGSH | Q, (¢Tp)® Qey (o) (lper) 7 W
Qa | FPOGIGEGSH | Qun | (#le)D(pTe) Qug (' 0) (Zpurp) ’ X—z + - -
Qw | eEWIWIPWELE | Qup | (¢"D0)" (¢'Dup) | Qap (70)(@pdr)
Qw | eVEWIWPWwKe

X?p? VX D=4
e o GAG | Qew | (Lo™e,)TIoW],
Qi | 9GAG™ | Qs | (bo™e)pBu No energy
Qaw | FeWLW™ | Que | @0" T u)Gy, v growth w.r.t SM
Qi | W™ Qu | (@0 e} G W, (overall rescaling)
QB ¢'o By, B* Qu | (30"ur)@ By
Q5 | ¢'0BuB™ | Quc | (@o*TAd,)pGa,
Qawa | P'TIoWaBY | Quw | (Go*d)r'oW,, Precision EW on the Z peak (LEP)
Qs | ©TeWLBY | Qs | (30™d.)¢ Bu

EW Higgs production

Energy growth from non
energy growing vertex...”?

Unitarity non-cancellation

Dilboson production in ff=>WW scattering!



G a U g e O n ‘y Anomalous triple & quartic

gauge couplings

X3 306 and 904D2 w2s03
fABCGAGEGSH | Q, (¢e)? Qo | (¢'0)Gerp)
FABCGRGHG | Quo | (W'0)0We) | Que | (') @ud) E + -
el VKWW IrwEe [ Qup | (¢ DPe)" (¢'Dup) || Qup () (@pdrp)
VKW W oW K
V2 X V?p*D
Qo | ¢1oGAE | Quw | (Go™e)r WL, | QY | (¢iD,e)TnH,) W—
Qe | 0CGAGY™ | Qs | (ho"e)eBu | QD | (61D )Ty, Diboson

v o ~ .2 2 .
Quw | ¢'o /Wv/,f,,WI . Que | (Go*Tu,)p Gy, sz; (¢l 2# ©)(ep7*er) % D roduction
Q. w PoWLWI | Quw | (30" u)T WL, | Qe | (¢'iDy )@ er) | EP/LHC
~ . H
Q<pB SOT(,O B;WBIW QuB (Qp(fﬂyu'r)(p B/,w ngl) (SOTZ D;{ (P) (QpTI’)’MQT) W+
~ <>
Qu5 ¢ By, B Qac | (30" T4d)p G, | Quu | (iDL o)

(
Quws | e WLB™ | Quw | (Go"d) "o W}, | Qua | (#iD,¢)(dyrd) Large energy growth w.r.t SM
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Multi-jet production

Operators have CP violating versions



Gauge only

Anomalous triple & quartic
gauge couplings

X3 @6 and Q04D2 ¢2803
fABCGLGEPGSH (¢'p)3 Qe (o) lperp)
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Large energy growth w.r.t SM

Multi-jet production

Operators have CP violating versions



G a U g e/H | g g S CP violating versions

AN
\\
X3 0% and p*D? PP o v \\ E? _|_ ...
Qu | fAEcamaEgos | Q, (oho)? Qp | (o) bere) A RS
Qs | fABCGMGBGSr | Qun | (')Dele) | Quo | (¢T0)(@urd) //
Qw | EWLWIPWS T Qe | (D) (¢'Dup) | T-parameter
Qw |eKWiwlewkn | | .
Vi X V2p?D d
— > v 7
Qaw | (Lot e)rToWL, | Q% | (#liDyue)Byly) %5 -—- f—j
Qs | (ho™e)pBu | QO (so*iﬁf o) lrIyl,) AN
Que | @ Tu)FCh, | Qe (so*zD o) (ere) ‘ _ AN
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Two fermions

X3 0% and @*D?
Qe | fAPCGGRrGSH | Q, (')
Qg | [*PGrGad | Quo | (ple)Dlely)
Qw | KWW lew (¢'D"0)" (¢"Dygp)
Qw | VKWW IrwKn
X2SO2
Qec ol Gi, G4
Q.G plp GG
Quw | ¢loWiWwiw
Qw elp WJVWI” v
Qus ' B, B*
o ol EW/B w
Qews | ¢TI W,, B
Qs | ¢ WJI/B’W

ggH

Yukawa operators

N\

Dipole operators: Z,W,7,g

~v< N\
vE
A2

Different energy & helicity structure

b t W+
vE
A2
t ——a 25
q q b

EW top production & decay

Non-Abelian




Global approach

Global approach essential §

* e.qg. direct ttH measurement breaks degeneracy /\0'

among vi, ggH and dipole in gg-fusion
[Maltoni, Vryonidou & Zhang, JHEP 1610 (2016) 123]

Blind directions

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

> | HL-LHC 3000 fb!

" ppottH
1 i pp—H

pp—Hj

|||||||||||||||||||||||||||||||

Pin down heavy coloured >

particles in the loop

20 -

Single measurement ~ —20;

|||||||||||||||||

HL-LHC 3000 fb!

.................

|||||||||||||||||||||||||

HL-LHC 3000 fb~!

|||||||||||||||||||||||||

-0.02 -001, 000 001 0.02

E:’ _____
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Four fermions

(RR)(RR) (LL)(RR)

Pandora’s box of SMEFT

(ép")/ue )(Esy*er) pVul r)(Es7er) E?

(e (
(Upyuur) (Usy ur) ( pVulr) (Tsy*ur)
( (

p'Y,u ) d ’Y'udt) p7ul )(d ’Yﬂdt)
EpYulr ) (@sy ug) (qu)’uq )(Esy*er)
)

) (dirds ) () Many structures allowed:
(g 0r) (Ao @)@ ) || orentz scalar/vector currents

(
("_‘p'YuTA'U' )( e dy) (TpYuar )(J YHdy)

Y | @naedrma) | SU(2) singlet/triplet

LR)(RL) and (LR)(LR) B-violating '
Be)ddd) | Qua ey [(d3)TCuf] ()7 O] SU(3) singlet/octet

(c
(e
(e

(@u)esn(@Sd) | Quan e*ej [(g7)TCaP] [(3)7Cel] They appear everywhere...
(@T*u,)ein(@TAdy) | Qal e jkEmn [(g57)TCP¥] [(g1™) T CL] . .

Geen(atn) | Q8| e () (GO (@O We can limit their number by
(Boer)ein(@o™ w) | Quu e#7 [(d2)TCuf] [(ug)7 Ce] assuming flavor universality

For the LHC, the interesting set involves at least one g current

Four light quarks (gggag) — dijet production (strong constraints)
Two light-two lepton (ggll) = Drell Yan (strong constraints)

Two light-two heavy (9gQQ) — tt invariant mass, single top (quite strong constraints)
Four heavy (QQQQ) — 4 top, ttbb (relatively unconstrained)

Also contribute to higher point (ttH, ttZ, ttW, Zjj,...) and ‘pollute’/complicate fits



SMEFT for EWSB sector
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SMEFT for EWSB sector

Bosonic operators of flavor universal bases
cover deviations in the gauge/Higgs sector
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SMEFT for EWSB sector

Bosonic operators
cover deviations ir

K. Mimasu - 21/11/2019

X3 0% and ¢*D?
Qe | fAPCGGErGSH | Q, (p1p)? A
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SMEFT for EWSB sector

Bosonic operators of flavor universal bases
cover deviations in the gauge/Higgs sector
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SMEFT for EWSB sector

Bosonic operators of flavor universal bases
cover deviations in the gauge/Higgs sector

Including the top — going beyond
universal flavor assumption

Exploit approximate SM flavor symmetry (broken by Yukawas)
universal  U(3)L X U(3)e X U(3)a x U(3)u x U(3)q
top  UB)L x U(3)e x U(2)a x U(2)u x U(3)g

Single out independent  ¢2H?: (0Tp)2(Qt o)
operators for moditied  y2xp. Qo t¢)B, LW, Ga)
top/EW interactions = _
P/ , _ WH?D : (¢'D, 0)(Q* Q) [(QA*7T' Q), (E4* 1), ...]
well nown: LHG 15 the st (@1 Q@1 9). (@7 QQ Q). -

precision top machine



SMEFT programme requires MC tools for precise predictions

Several implementations exist, mostly FeynRules/UFO

htto.//feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage
At LO:

HEL, SMEFTsim, dim6top...
Higgs Characterisation, BSMC, HiggsPO

NLO precision can be important

Reduce scale uncertainties, get better predictions for normalisations/shapes

Operator sensitivity can arise at one-loop Useful if relatively weakly constrained
directions contribute to precisely
This is the state-of-the-art measured observables

Currently NLOQCD is available
Will provide required precision in SMEFT analyses for the LHC lifetime


http://arxiv.org/abs/arXiv:1802.07237

Going beyond: SMEFT@NLO

NLO QCD (FeynRules//NLOCT/UFOQO) Full EWSB sector (top/Higgs/EW)
htto.//feynrules.irmp.ucl.ac.be/wiki/SMEFTatNL O
Based on: single-top
ttZ & tty
ttH, ggH, H+j
VH & VBF
tZg & tHQ

Advantage: process independent

NLO QCD for any desired process 4 fermion operators forthcoming

The full (2499 x 2499) anomalous dimension matrix known

RG-improved predictions possible
Running from matching scale to e.g. LHC

EFT scale uncertainties



Single & double Higgs
HiGlu, SusHi, HPAIR, HiggsPair

eHDECAY for BR https.//www.itp.kit.edu/~magqie/eHDECAY/

HAWK http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk
VBF and VH @ NLO in QCD & EW for SM + 2 anomalous couplings

VBFNLO
General (FO) tool for Higgs/weak boson production @ NLO in QCD

VH via POWHEG-BOX/MCFM
NLO QCD + PS event generation for Higgs/EW operators (SILH)

HELatNLO http://feynrules.irmp.ucl.ac.be/wiki/HELatNLO
FeynRules/NLOCT/UFO implementation of Higgs/EW operators

https://www.itp.kit.edu/vbfnlo

http://powhegbox.mib.infn.it

VH, VBF & any other process of interest (CPV operators also on the way)

Dilepton & EW Higgs in POWHEG-BOX

Larger set of operators considered

http://[powhegbox.mib.infn.it



http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk
https://www.itp.kit.edu/vbfnlo
http://powhegbox.mib.infn.it
http://feynrules.irmp.ucl.ac.be/wiki/HELatNLO
http://powhegbox.mib.infn.it
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Applications: LHC

Increasing number of EFT interpretations in LHC analyses

CMS Preliminary 775" (13TeV) CMS Preliminary 775" (13TeV)
top EFT — 95% CL v SM top EFT — 95% CL v SM
model 68% CL A best fit model 68% CL A best fit
C\’J\ frrrr T T Tt 2"" L L L L L L
=
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= 10p
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< o
= L
O B -
—10F
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ttZ differential



Applications: LHC

Increasing number of EFT interpretations in LHC analyses
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Applications: LHC

Increasing number of EFT interpretations in LHC analyses
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Applications: LHC

Increasing number of EFT interpretations in LHC analyses
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Limited to small subsets of operator space



| HC top measurements

March 2019 CMS Prellmmary

: : : : : @ 7 TeV CMS measurement (L<5.0 fb™)
‘o ﬁ ; 7 @ 8 TeV CMS measurement (L<19.6 fb™")
5 : : ' ' : @ 13 TeV CMS measurement (L < 137 fb™)

, © [pb]
2,
Lol

- -@- ' : — Theory prediction
| | ' ‘ i : 7 4 7 CMS 95%CL limits at 7, 8 and 13 TeV

—
o
(\}
1
— |
o3
e
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| IIIIIIII

Production Cross Section

—

°.

[\

UL IIIIIII
L1 llllllI

‘tt T 1j12jl3jl4jltmhltwlts£hltt.yltquttzl ty'ttW'ttH'tHitttti
All results at: http://cern.ch/go/pNj7
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State-of-the-art top EFT fit

(N)NLO QCD predictions for SM > 100 7,8,13 TeV LHC measurements
Mostly NLO QCD for SMEFT > 10 production processes
34 Wilson coefficients 9 0000 —=—1i 9 OO00—=—i 90000 —=—1

| AN~ 2y e — = A

I QQQU——1 9. QQQQ/——1 I QQQQ/—+—1
7 g 000 —»— ¢

9 0000+—=e—: 9 V000 —=—
6 =~ | 6 ' |Let’s dissect
— ¢ - t

70000 . 4.0ogo)—»— | theresults
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SMEFIT analysis of LHC top quark data

SMEFIT results
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Some scales as low as few 100’s of GeV

N |ci| (TeV) at the 95% CL

1.6

1.2 A

1.0 A

0.8 1

SMEFit analysis of top quark sector

1.4 A

tt+single-top (differential): ‘rare’ top modes
large statistics = stronger constraints (inclusive)

tV, tZq, 4t, ttbb

B SMEFIT
| HCtopWG

LHC measurements easily at this scale!

Validity in
question...

Still much
further to go

= 100 fb-"

!
3000 fb-1



Validity

Check impact of high energy by removing differential My data

102 SMEFIY analysis of LHC top quark data

| mm-_ SMEFIT, Baseline dataset Not all measurements dominated by high energy
| mmm SMEFIT, no My data

| mEE SMEFIT, only inclusive tt data

10%

1009 4

1071 4

95% Confidence Level Bounds (1/TeV?)

1072 -




95% Confidence Level Bounds (1/TeV?)

102 -

10%

100 -

1071 4

1072 -

Higher orders o-om+¥ jou+ X%

Impact of NLO and 1/A4 LO vs 1//\? vs

SMEFIT analysis of LHC top quark data

| mmm SMEFIT NLO, O(A~%)
| s SMEFIT LO, O(A™%)
| == SMEFIT NLO, O(A~2)

pure 1/N\4




So far, global analyses consider top & Higgs/EW in isolation

Many rare top/EW processes are within LHC reach

ty] (2018), 1Zj (°2018), ttZ (2019), t

at the heart of EWSB FWSB

Timely moment to consider them together
Make statements about models that address the origin of the weak scale
Exploit new NLO QCD technology for SMEFT

Thorough programme of sensitivity studies
|dentify new processes e.g. ttbb

Maximise energy growing effects



Can we do better? Many EW processes considered so far:

Do not grow maximally with energy (E2) 9 (0000} —=— 1
Have suppressed SM interference ~ 02 /A2 g~~~ 7
Are not at the heart of EWSB 9. 0QQQI—+— ¢

This is the heart of EWSB!

%‘Mﬁ b/b %Wﬁ | ‘%
t/t
q——» —

Embed top/EW 2—2 scattering amplitudes

Probe mixed top/EW/Higgs interactions
Unitarity violating behaviour (energy growth) « vE, E2




Scattering unitarity
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Scattering unitarity

WL WL = WL WL Unitarity ‘cancellations’ in the SM
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Scattering unitarity

WL WL = WL WL Unitarity ‘cancellations’ in the SM

A= g g |+ = ~ FE?
2
9
~ F4 ~ E4
triple-gauge quartic
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Scattering unitarity

WL WL = WL WL Unitarity ‘cancellations’ in the SM

A=| g g |+ +o(muly o Lmw = pO
2
g
~ E4 ~ E4 ~ 2
triple-gauge quartic -\WSB
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Scattering unitarity

WL WL = WL WL Unitarity ‘cancellations’ in the SM

A=| g g |+ +o(muly o Lmw = pO
2
g
~ E4 ~ E4 ~ 2
triple-gauge quartic -\WSB

Diboson (TGC) VBS (TGC, QGC) EW Higgs prod./decay

Deviations from SM interactions — energy growth

» Cancellations are a feature of gauge invariance & EWSEB mechanism

* E-growth: theory has limited validity range — heavy new physics



lops ana unitarity

Analogous behaviour in scatterings involving fermions
V/h V/h
A ~ E? — EY gauge interactions

A ~ me —> E_l FWSB mechanism
/ J

igh-energy limit with finite mass effects

* Jop quark scattering sector especially rich

Limited validity range

SM Eftective Field Theory

Heavy new physics



Dim-6 2 - 72
A~ Agu 1_|_Ci_—|_Cj——|—CkF

A2 A2 ) ‘Energy helps accuracy’

Rate measurements will become systematics dominated
Increasingly measurements scale with lumi.

However, inserting an SMEFT operator into an amplitude
does not guarantee energy growth...

Operator contribution to a given process:
May not grow maximally with energy (E2) Have suppressed interference w/ SM

There will always be scattering amplitude that
displays maximal (E2) growth w.r.t the SM

Find and exploit them!



B B’ Single-top Two-top (tt)

w/o Higgs |bW — t(Z/v) |[tW —tW
t(Z/v) = t(Z/7)

w/ Higgs |bW — th t(Z/y) —th
f! th —th

f

Considered 10, 2 — 2 scattering amplitudes with > one top

High energy limit: s ~ 1 t 1 » v2 Max. unitary energy dependence: EO
Study unitarity cancellations/energy growth in SMEFT vs. anomalous couplings
Do they interfere in an energy-growing way with the SM?

How can we access them through ?

Interesting processes: ‘rare’ EW top production
tZj, tWj, tHj, tZW, tHW, ttW|, VBF-tt, ...



Example: bW+— tH

W+ h W+ h W+

b t b t b

In the SM, fully left handed, longitudinal W configuration ~ EO
Anomalous interactions:

* tbW vertex: present in all diagrams — overall rescaling ~ EO
« bbH vertex: « mb = 0

« HWW & ttH Iinteractions: participate in a unitarity cancellation ~ v E

A(bln WL7 tR) X \/jt(zm?/vgth — Pw4mt)

* Fixing couplings to SM values sends it to E-




pW+— tH In SMEFT

One source of energy growth from modified SM interactions

* Yukawa operator: disconnects kinematical mass from coupling to Higgs

, h
0., = (9102 (Qt@) ~v*/Np---=h =iy %)EW
t b t

S
i



One source of energy growth from modified SM interactions

Yukawa operator: disconnects kinematical mass from coupling to Higgs

+\
N\
N\

, h
0., = (¢10)*(Qt@) ~/Ap---= 1 =y //\\/N\UE/AQ hG™ i, br
t b t

‘Unitarity cancellation’ OR dim-5 w/ charged Goldstone

Max growth from dim-6 contaot—terms

0(3) :Z(SOTD T SO)(Q/Y TIQ ~ 2 /A2 » NE2/A2 ha G"" tfylu’b
Opu = i(P Dpp)(t7* b) + hoc. /\

No anomalous coupling analogues (recall Wtb vertex only rescales)

Prediction from gauge invariant dim-6 operators



Collider processes: rare top production

, b t b W

'W=/Z/7/ h

t

(a) ttX

)

{
_>_
t
W/Z[v/h

—— ——
q q

(d) tEXj

g
q




Collection of ‘sensitivity’ studies, general discussion

tWy | tZy tyg | tWZ | tW~ | thy | thW
bW —tZ v v v
bW — tr v v v
bW —th v v
W ()| ttWW | ttZ(j) | tty(y) | ttyy | ttyZ | ttZZ | VBF
tW —tW v v v
tZ -tz v v v
t7 =t~ / / / /
ty =t v v v

tth(j) | ttZh | ttyh | tthh
tZ —>th v v
ty —th v v
th—th v




Collection of ‘sensitivity’ studies, general discussion
tWi | tZj | tyi | tWZ | tWy | thj | thW
bW =tZ | v v
bW =ty | v v
bW —th v v
HRY gt L b we |BE_
i / / - / -
R2Z zZ L z V]
t 2 W %
1 —————q [ i/t |y
tth(j) | ttZh | ttyh | tthh
tZ —th v v
ty —th v v
th —th v




[Mantani, Maltoni & KM; arXiv:1904.05637 (accepted by JHEP)]

tZ] total & high energy xs

interference/SM square/SM
Oocp =~ log(r) : log(ri,i) e 100
s o pptZ] o ¥

> A
A
\\ »
\
tw ) tw
\
.
\
\
., N
.
.
.

Ots Ots

Inclusive
o7 (Z)> 500 GeV
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Expected growth from 2—2 absent!




[Mantani, Maltoni & KM; arXiv:1904.05637 (accepted by JHEP)]

tZW total & high energy xs

interference/SM square/SM
Oocp = - / (I) / ( i,i) e [0g(riot
O I d pp-tzW o R
* max lim

-
~.
-~

O tions Oy
O Very interesting process 9= Ci=1
Expected growth is there! that should be Inclusive
measured at the LHC p1 (W,Z)> 500 GeV
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EFTs are a powerful tool for new physics searches
complementary to the direct approach

SMEFT is a thriving field in the LHC era
Opportune time to study EWSB sector in full

Healthy, ongoing dialogue between theory and experiment
Precision MC tools available

Global top/Higgs/EW fit on the way!

New insight into the origin of EWSB

Roadmap for the future
High energy EW-top quark production

Increasingly rare processes that exploit energy growth
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