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Why SM EFT?

Assuming a SM Higgs amiéicoupled new physicat higher energies, the SM EFT is the nex
phenomenological framework

The TeV Scale

What effective theory captures everything we know ex-
perimentally about weak interactions?

1933-1982 4-fermion interactions

>-< ~ GfE? = A~TeV

1982-2011 SM without Higgs

92E2
+ ~ 3 =2 A~TeV
my,

2012-now  SM + higher-dimension operators?

= A < Mp?

MarkusLutyPASCOS 2015 slide
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SMEFT framework

ANew physics appear to lmecoupled at higher energies

AGiven particle content, write dowall terms allowed by
symmetriesX

ESM:‘C?R+‘CQ+‘Ch+£y

SU@). [ ST [ UMy
Qu| 3 2 i . . _ -
g% 3 1 g Ln = Qrin*DLQL + qriv"Djlqr + Lriv* DLy + lgin* Dilg
% | 3 : ~3 ‘ Lo=—2B,B" — Lye omw
Lp| 1 2 —1 R R 4
R | 1 1 —1 Ly = (D) (D) — V(¢)
1 r _ _
a ! 2 2 Ly = yaQrdqk + yuQré°qh + yrLrdlr + h.c.

AX L y Ot highekdjfr@nsionaloperators!

C;

dim-6

AGenerated bynew physics at scal@®@| U
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SMEFT framework

AUnio
pred

ue dimb5 Weinberg operator, violates lepton numbe
ICts neutrino masses

AMoo

ulo flavour structure, there are9 dim-6 (CReven)

operators in anon-redundantbasis

Buchmuller and WyleiNucl Phys. B 268 (1986) 62:
Gradkowski et al [arXiv:1008.4884]

A~19 operators relevant for EWPT, TGC, and Higgs phys

EWPTs | Higgs Physics \ TGCs
. s
Ow =4 (HTUGDNH) D*W§,
. —
Op=14% (HTD“H) 3" By, Osw = g gf= WY Wy, Wern
PN 2
Or = % (HTD“H) Opw = ‘ig(D“’H)TO’a(DuH)I’L’ﬁv
OF) = (Lyo*y"Ly) (Lyo®yulLe) Oup =ig (D"H) (D"H)B,,
Ok = (iH'D,H)(Er"er) Oy = .‘1’3|H|2GﬁvGAW
OY = (inD! H)(iigy"ug) O, = ¢"*|H|*B,,, B*"
0% = (rHJfD H)(dry"dg) Oy = 5(0"|H[?)? In SILH basi§{udiceet al.hep-
(3)q t.a anp . 25 17(c) £ ph/0703164), adopted from
(@) JH(J'DH oyt Of =ye|H|I*FLH'Y fg + h.c. g
L =1 Qs Q) £ =yl HE ,fR Pomaroland Riva (1308.1426)
O} = (i HfD H)(QryQr) O = M\ H|°
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SMEFT framework

AUnio
pred

ue dimb5 Weinberg operator, violates lepton numbe
ICts neutrino masses

AMoo

ulo flavour structure, there are9 dim-6 (CReven)

operators in anon-redundantbasis

Buchmuller and WyleiNucl Phys. B 268 (1986) 62:
Gradkowski et al [arXiv:1008.4884]

A~19 operators relevant for EWPT, TGC, and Higgs phys

EWPTs | Higgs Physics \ TGCs
Ow — i (Hfgaﬁ’u H) DY, Combinations of
i L ) operators
Op="% (H'D'H | 0"B,, Osw = g WavWh ween _ _
5 constrained in
> .
Or =3 (HTD“H) Onw = ig(D*H)'o"(D"H)W, EWPT more easily
05} = (Lo Ly) (Lio“yLs) Oup = ig'(D"H)|(D'H)B,, set to zero in Higgs
O(R = (’.HTB,UH)( rY"€R) O_q = ﬂ.‘le'zGﬁmaw and TGCS
oY = (in% H)(apy"ug) O, = ¢"*|H|*B,,, B*"
0% (zHTD H)(dry"dR) Oy = 5(0"|H[?)? In SILH basi&{udiceet al. hep-
O(") iHa D H ook Or =y | HI2F }H(C) ‘r + h.c. ph/0703164), adopted from
L= : )(Quo*y*Qu) r =y HI°F ,'fR Pomaroland Riva (1308.1426)
0% = (iH'D,H)(Q11"Q1) O = N H|°
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SMEFT framework

AUnique dim5 Weinberg operator, violates lepton numbe
predicts neutrino masses

AModulo flavour structure, there arg9 dim-6 (CPeven)
operators in anon-redundantbasis

Buchmuller and WyleiNucl Phys. B 268 (1986) 62:
Gradkowski et al [arXiv:1008.4884]

A~19 operators relevant for EWFET, TGC, and Higgs p]wys

EWPTs | ~~  Higgs Physics \ TGCs N\
. >
Ou/ =3 (HTJ”D”H) D*W§,
5 Operators
_ ig' i) ov = gSueTyav i .
Op=14 (H D H) 3" By, Ogw = g WarWh W constrained by
2
Or=1 (HTB“H) Onw = ig(D"H)to(D¥ H)W, measurements at
O‘S}[)J[ — (ELO'H"}HLL) (LL(T A LL) OHB — ?:'(]’(D”H)T(DVH)B”‘V per Cent Ievel Or
Orﬁ’ — (EHTI{:_)};{H) R He ) O_q - 5]3|H|2GﬁuGA”H WOrse
0¥ = (;Hf% H)(tipy"ug) O, = g"%|H|*B,,, B"
0% = (;HTD H)(dry*dg) On = 5(0*|H[?)? In SILH basi&{udiceet al.hep-
O“) iHa D H ook Or =y |HI2F }11((:) ‘R + h.c. ph/0703164), adopted from
L =1 w1 Qo Qr) |\ O = yylHIFy ,'/R Pomaroland Riva (1308.1426)
08 = ((HID,H)(Qu1r"Qr) | N O = AJH° _
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SMEFT framework

AUnique dim5 Weinberg operator, violates lepton numbe
predicts neutrino masses

AModulo flavour structure, there arg9 dim-6 (CPeven)
operators in anon-redundantbasis

Buchmuller and WyleiNucl Phys. B 268 (1986) 62:
Gradkowski et al [arXiv:1008.4884]

A~19 operators relevant for EWPT, TGC, and Higgs phys

|/ EWPTs | Higgs Physics \ TGCs
[ . s
Ow =% (HT o“DﬂH) D*W§,
/ A -
Op = % (Iﬁ D“H) 0"B pv Osw =g %HE vwgpwwu
] Lo 2 ) i o
Or =3 (1/1),,/1) Onw = ig(D'H) e (DY H)WS, Operators benefit
OS_:?_’ = (Lpo®y*Ly) (Lro®yuLL) Opp = ig'(D"H)(D"H)B,, from per mille
. — . . . .
Of = UHT%JH)((_H‘;“( R) O, = g3|H G, G precision at LEP
(")7\’ - ("‘”T](){J H)(upy"ug) O'-y = ,(]IQIH|2B;WB#U
0% = (iH'D,H)(dpy"dR) On = 5(0"|H|*)? In SILH basiS{udiceet al. hep-
: ) < _
OS‘) q _ (/.[IT(T” ]);I H )((2"‘(}..’1 ,\“,t.'(")[') Of — Uf|H|2FI;H(()fR + h.c. ph/0703164), adopted from
T e ' ‘ : Pomaroland Riva (1308.1426)
\_ 0! = (H'D,H)(Q1r"QuL) Op = A H|°




LEP EWPT Example

A(Pseude)Observables
T3 = T 275 4205 Ky = ET,__;_- 8., = 13r£}?‘:§ AFIB = ?{—_ﬁeﬂf M, = G My
Ry = Ef’hx
ADepends on
27 . (9F)" - (%)
. =HG’?M*H*{ME)‘ F (Y | Ap =2 &

Cof I+ (o

-f_ :.- = -_...'._.—.' _41T'?(
% =Ty - Qe s,y Sw 27 1|‘ AP

ADim-6 operators can modify observables directly
through Zff couplings contributions or indirectly through
redefinitions of input observables

M;E -:(M;)D (HTI‘%Q G’r - G; (I—WEJ “‘-[“‘19 = *O(MQ(HTT;Q

()




LEP EWPT Example

Alndividual (green) and marginalised (red) 95% CL lim

AN [TeV] A=vel(M/ l-‘);"‘;x
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— — |
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°IL .
, , , , | | , Ellis, Sanz and T.Y. 1410.7703
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A8 (combinations of) operators probed by EWPT
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TripleGaugeCouplings in Diboson

AAssume SM Z and W couplings to fermions in dibosor

measurements

Alnterpret in anomalous TGC framework:

Lrge =
ig { (WL W= = WL W) [(1+ 6g1.) o Z” + 59 A”]

1
+§W[:5W;] (14 6k2) cgZ" 4 (1 + 0ky) sg APV |

Z. Zhang, 1610.01618

1 _
+2WTMQ%&@%“+M%4ﬂ} 0.2 —
w - et e > W' W 5qqlv, ys =198.38 GeV|
qgglv, 4/ s = . =)
R X ] M —— .
[ L e ey |
< | TTEIIhhee ]
AJustified at LEP: -~
= 0 pemmaa== 5 ettt a1 eyt =
@ R R - -
w L —— - — aaetvmgaes
Q == T eeend
g F i S
—_ 3 e LLLLEEELLT Za _
g o1k I 6g7°=00019
o - — &gy, = 0.114 Sgf¥ = -0.0043
/ Sk, = —0.181 —oaee 6g4® = -0.00095 |
A, = =014 &y = 0.00064
- I— N PR IR NS N N
=1 -0.8 06 =04 0.2 0 0.2 0.4 0.6 0.8 1
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TripleGaugeCouplings in Diboson

AAssume SM Z and W couplings to fermions in dibosor
measurements

Alnterpret in anomalous TGC framework:

Lrac =
ig {(Wj,,w—“ — W, W) [(1+6g1.) coZ” + sgA”]
7. Zhang, 1610.01618

1
+§W[Z,W;] (14 6k2) cgZ" 4 (1 + 0ky) sg APV |

1 -
JrTWJVWu p()\zCBZp'u + )\789Ap“’)}, 0-2_ -
o _ E‘+E"—>W*W—>qqfv.[ s =198.38 GeV || -
|
@ L g T
B e i
N ] 5
A\]us'tlfled at LEP. E O ettt — -
<D _:_____,:—':":__-:__
8 eI
g T
s
° ' — 6g12 = 0114
Sk, = -0.181
Ay = =014
1 | | 1 1 1 A

04 -02 0 02 04 06 08 1
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TripleGaugeCouplings in Diboson

AAssume SM Z and W couplings to fermions in dibosor
measurements

Alnterpret in anomalous TGC framework:

Lrac =

19 {(WJ"W_M ~ W WL+ 0g1:) co2” + 5047 Z. Zhang, 1610.01618
. Zhang, :

1
+§W[:5W;] (14 6k2) cgZ" 4 (1 + 0ky) sg APV |

1 -
er%/WJUWu P()\chZp“ +A789APH)}’ =.:i pp->W"W —sevpuv, \/;=8Tev ]
103 ey . - E
3 6gi, = 0.026
F | 5k, = 0.072
| A, = 0.013
L—.. ————— SgéY =-0014 =

ABut not at highpT

Zd 20036 1

Events / bin
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TripleGaugeCouplings in Diboson

AAssume SM Z and W couplings to fermions in dibosor
measurements

Alnterpret in anomalous TGC framework:

Lrac =

19 {(WJ"W_M ~ W WL+ 0g1:) co2” + 5047 Z. Zhang, 1610.01618
. Zhang, :

1
+§W[:5W;] (14 6k2) cgZ" 4 (1 + 0ky) sg APV |

! . , ;. |
er%/VWJVWy P()\zC()Zpl"+)\,ySgApf)}a =.'_'i pp->W W sevuv, ﬁ:BTeV
1035— ey ——— &g1, = 0.026
- i 5k, = 0.072
. 5 102 L.:.:,; ------ ;yg;ioigo.om E
ABut not at highpT: I s N s S
E I — -+ SM

|

Note: quadratic dinr6 effect _T_' ______ } ____________________________ ==

unless diboson SMSM 1k

interference recovered L L. 5
100 200 300 400 500 600 700 800 900 1000

Leading lepton pr (GeV)

Azatovet al 1607.05236, 1707.0806Panico Riva,
Wulzer 1708.07823ellazziniRiva 1806.09640



Tevong You (Cambridge

Updated Global SMEFT Fit

J. Ellis, C. Murphy, V. Sanz and TY, JHEP 1803.03252

ACombineEWPT, diboson, Higgkata
AFit to 20 dim6 CPeven operatorsimultaneously
APresent results ifVarsawand SILHbasis

AMatch tosimplified models
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Updated Global SMEFT Fit

ASILH basis
crl

pswn o Cw g (HT ”D“’H) D'W?, + C—B% (HTﬁ“H) 8By + 55 (HTD H)

SMEFT -
mw My,

+ 2Ly L)(LyL) + jﬂ(zH*D H)(er"er) + - (iH'D,H) (@ry*ur)

CHd( HTD H)(dﬂ’}’”dﬂ) + _( Hig HD H)(QLG’ ’}’“QL)

CH{"( H'D, WH)(QLy*Qr) + —E:«:«*(ﬂ*"’l‘f)T “(D"H)W;, + Ly g(D*H)'(D"H)By,
mw ) mw
C (I C 1 C ! s
+ mi’*—gg%mw WhWeer + m%[, —2 2| H]’G4,G* + m—%vgﬂHFBwB“
Cu 1 22 i 20 1y(e)
+F§(5“|H| ) —f:LZMU—ngm FLHY fg
+ Dfr_fgffﬂ GAUGBPGC# CuG 4g.syuHT QLT“UTH-HHG:}L; . (6)
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Updated Global SMEFT Fit

AWarsaw basis

o® (1) -

—Bi HTz(BIH) ITIyH]) + CH'! H?E(B H)(Iv*1) + C—(E’m D (Iv*1)

‘CWdr'.:-d,w
7 2

SMEFT -

HWB

Cup
+ =22 |a'D, H‘ + HT THW!, B
(HHD ) (Ev"e) + CH“ H?E(B H)(uyHu) + —= CHd’

14 (gYi'D , H)(dvy d)

~(3) O(lj =
— CW
HE(H'FE(E’I FT)(@TI'T'MQ) | fq(HTaDﬂH)(Q’T“q) ] . EIJKWF{VI:{rijErfp

arsaw G df _ GEH _
LNERT D —5 ,U (HTH}(JEH) ?(HTHHQ@H)JF 2 (H'H)(quH)

Cuo + 1 Cug - vepA, N IT A
2 (H'H)O(H H)—l—?(qa” T u)H G,

o o
+ I atawlw + 2P gt B, B + ~1C
(¥ (% v

H'H G4,G* .
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Observables
ALEP and SLC EWRTs, from ATLASTevatron

Observable Measurement Retf. SM Prediction Ref.
[y [GeV] | 24952400023 [ [39] | 2.4943 +0.0005 | [38] |
o0 bl | 41540 +0.037 | [39] | 41.488+0.006 | [38 |

Ry 20.767 + 0.025 [39] | 20.752 4 0.005 3%] |
Al 0.0171 £ 0.0010 | [39] | 0.01622 = 0.00009 | [114] |
A (P) 0.1465 + 0.0033 | [39] | 0.1470 £0.0004 | [114] |
A¢(SLD) | 0.1513+£0.0021 | [39] [ 0.1470 & 0.0004 | [114] |
R) 0.021629 =+ 0.00066 | [39] | 0.2158 £0.00015 | [38] |

RY 0.1721 £ 0.0030 | [39] | 0.17223 £ 0.00005 | [38] |
Ab 0.0992 £ 0.0016 | [39] | 0.1031£0.0003 | [114] |
Aps 0.0707 £0.0035 | [39] | 0.0736 £0.0002 | [114] |
Ay 0.923 + 0.020 39 0.9347 [114] |
A, 0.670 + 0.027 39 | 0.6678 +0.0002 | [114] |

My [GeV] | 80387 +0.016 | 0] | 80.361£0.006 | [114] |
My [GeV] | 80370+0.019 | [o4] | 80.361+0.006 | [114] |

ALEP WW measurements
AATLAS WW highil overflow bin
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Observables

AATLAS+CMS Higgs Run 1

Production | Decay | Signal Strength |] Production | Decay | Signal Strength
ggF vy 1.1075353 Wh TT ~1.4+14
ggF ZZ 113705 Wh bb 1.0+0.5
ggF Ww 0.84 +0.17 Zh Ty 0.5750
ggF TT 1.0£0.6 Zh Ww 59728
VBF vy 1.3£0.5 Zh TT 2,272
VBF ZZ 0.1+ Zh bb 0.4+04
VBF Www 1.2+0.4 tth 7y 2.2718
VBF T 1.3+0.4 tth Ww 50715
Wh 4y 0.5 tth TT ~1.9137
Wh Www 1.6%12 tth bb 1.1+1.0
pp Z 2.71%8 pp [t 0.1+25
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Observables

AATLAS+CMS Higgs Run 2



