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What If the new physics IS heavy?

> < L g

direct detection of new d.o.f! Indirect detection of new d.o.f!
as resonance, ... as new/modified interaction
between SM fields

Fermi theory : Mw >> mj
1 1 I 1 Easler full theory

Use EFT without knowing the full theory !
Low energy at the LHC : A%<<p?
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Effective Fleld Theory

Parametrize any NP but an ! number of coefficients

% % Ci

d>4 1 |
® Assumption : Eeyxp <</ l

' ¢} ., | afnite number of
L =Lsuw + AZO coefficients =>Predictive!

e Model independent (i.e. parametrize a large class of
models) :any HEAVY NP
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EFT : Example

M ()| =| MSM(x)2|+ 2R (MSM(:E)M%(@)F
V AY | =2

Should not be included,!
be small!
* Error estimate

® SMisO 19 NPisO !"'24:l

® Precision Physics : small effects! '—

e Quantisation of NP constraints!
e Hadron vs lepton collider!
® Energy range (Assumption, sensitivity)!

® Precision (Th, Exp)
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Safety tool : Unitarity

THAVKS To r“')’.S%ﬂny TooL

11‘- (fN TELL yeu, EAPT A0
T we ARE SINKINg

—N

Sibkingp, JE=—75)
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Unitarity/Perturbativity

Precise : EF T We measure 15, what is! ?
Assump. OK
(model ind.) - oo - |
SM+>100%)! : EX?FBF\)/IG :
Assume SM _ OrTUV
+Form
F r
. SM+NP - actor
1/ A?
T I Unltarlty bound 1/8
[ i SM ! °/s
v Unitarity > ! =
Perturbativity ! 8
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EW operators (CP even)

W. Buchmuller, D.Wyler !
NPB268 (1986) 621-653!
B. Grzadkowski et al

Oy = (H'H)
Opnh = Oy (H'H) 0" (H'H)
Ows = (H'H) B""B,,

JHEP1010(2010)085

Onw = (H'H) (W"*W,,)
(:)VV\A/VV — <[4711LWL{CVK)[47K?>

Ow = (DyH)' W* D, H

Og =(D.H) B* D, H

* No fermions, no gluons e
.Degrande



Example : basis translation

More operators than measurable operators

LRosetta,A Falkowski et alEPIC75 (2015) no.12, 583I

Ow =(DyH) W* D, H

Integration by part

= —(DyDyH) WM H - (D,H) DiW"W H

D*W,, = ig H "'D/H#D/H "'H

= a10nw + a20pgw + a30pH + 401 H
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Basis choice

On = (H'H) to avoid redefinition :
Oon = 0 (H'H)O* (H'H) gy HTH_%Y
Ows = (H'H) B*" By,

Onw = (HYH) (WH W)

Owww = (WH'W,, W)

Ow = (DyH) WD, H RS

Og = (DyH)' B*D,H

aTGC — aHC

Redefinition of the A/Z, EW
vector boson masses

Ino redefinition of SM Input! ‘ -
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Anomalous couplipgs

K. Hagiwara et al PLB283 (1992) 353-359, PRD48 (1993) 2182-2%” “@6
! \'\ g "
L =igwwy G (WL W' H T WHHW! V! + | QQ{N@ "W W
+igy Wy Wy (#V' + # V)| igvdd\(\g AW, LW W)V
3 (o
HyWIW VR -y (\O"
| m
gwwz = —eCotby Owws = ! €

EM gauge invariance implies: g =1 g5 = & =

11(5+6) parameters I
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Anomalous couplmgs

(pp! WW) = Isy + g

Fogm faotors ase -higher-di MiTion operators with
arbitrarily flxe%‘r covéfflments
13 C. Degrande




Anomalous coupling

L = igwwy o (Wi W BT WPRW, OV + Ty W W, VR + M—Vzwgﬁwf VHE gy W W RV TV
W

$v

>
My

Lige M7 (W "W T " W W)V + #y W W) TR+ W W, ek

CP even Operators

Owww = (WH'W,, W)
Ow = (DyH)'WWD,H
Og = (DyH)'B*D,H

CP odd operators

Owww = -W“!W!" W,
Oy =(DyH) W (D, H)
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EFT/AC

Lorentz
SU(2),
U(1)em
Scale suppression
# parameters (TGC)

Different processes

15

EFT

AC
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Unitarity

CD et al AP 335 (2013) 21-32

p B3 HEA4Z@EWiitBawipPE8.a25 €8\ -
100~
§M
o Sy
1
More than 2
@..@]I.g;:
;s orders of
magnitude
| 15100‘ - 2C_JOC
LEP @ 68%

Form factors are not

needed! cw !l 21 [" 848 1.44]
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d" 'dm,,, "pb!GeVA

O
o
S
—

Perturbativity

opt WW $ LHC 14 TeV with Cy!94&6.25TeV' 2 = 1/ (4OOGeV)2

Expansion
breaks
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d" 'dm,,, "pblGeV#

EXpansion and errors

ppt WyWr $ LHC 14 TeV with Cy!%6&6.25TeV' 2 = 1/ (4OOGeV)2

=
Q
IN

=
Q
o

=
Q
oo

NP Is suppressed . Bad estimate of the scale
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d" !dmy,, "pblGeV#A

0.1;

O
o
o
y

I_\
Q
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=
Q
(o)}

Q
~

0.01}

EXpansion and errors

optt WrWL $ LHC 14 TeV with Cy!9%4&6.25TeV' 2 = 1/ (4OOGeV)2

SM
INt

Ow
SM' Int

Expansion
breaks
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d" !dmy, "pb!GeV#

0.1

001
0.001
04 ]
10*°
10*©

10!7-

EXpansion and errors

pp# WL W, $ LHC 14 TeV with Cy!9%4&6.25 TeV'2 = 1/ (400G eV)2

Expansion
breaks

C. Degrande



QGC from EFT

e Same operators than for TGC give WWWW,
WWZA WWAAWWZZ vertices!

e gauge Invariance requires 3 and 4 legs vertices
to be related

QGCOS alone ar
TGC‘&C&P@ @@@@éeﬁfdﬁh 9REERMENSigNERINge

operatdf¥af@ghuge invariant ;nuoro g
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VBS/Triple prod.

Cld

h# h(1$ —
Ooh = Oy (HYH)O" (H'H) /' ( V)

Ows = (H'H) B"" By,

} Onws = H H! vZ B¥ By,
Onw = (H'H) (WH'Wy) \.{ = "H H! v "WH Wy, #

ZWW [AWW [HWW [HZZ[H AA [WWWW [ZZWW [ZAWW [AANVW
Owww | X X X X X X
Ow X X X | X | X X X X
Os X X X | X

X | X
X | X | X | X
X | X | X

small effects

Constraints
from Higgs

22 C. Degrande
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\VVBS/Triple prod.

e Go to dim-8 operators!
e dim-8 effects are smaller than dim-6 if EFT Is valid!
e | ot of operators (~20 QGC without TCG)!

® EFT are worse for dim-8

';' = ';' - T T T T T 171 T
g 9 c 4 E
g 8:I E E\ :
s p 5 3.5/ -
28] r a8 i i
5 ) 2 :
g 6 g X2 -
e i O L i
2 55: ; 2.5 \ -
g 4 S AN :
= i = e ——— ]
5 BEI > 2:| \:'\\ i
2 H : .
e i, | "

Ul
o
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Unitarity/Perturbativity

A

Unitarity SM+-dims

breaks dim-8 only s/!*
earlier

N\ SM+dim-6
Effects are ‘ T~ Hiiu ]]_J/SA

smaller Unltarlty
‘ SM 1 9s

v Jnitarity > | E
Perturbativityr +
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NTGC

April 2016 S —
CDF — Channel Limits JLdt Vs
. : | Zy(lywvy) [1.5e-02,1.6e-02] 46fo' 7 TeV
H Zy(lywvy) [-9.5e-04,9.9¢-04] 203fb' 8TeV
— Zy(lywvy) [-2.9e-03,2.9e-03)] 50fy' 7 TeV
— Zy(Ily) [-4.6e-03, 4.6e-03] 195fb' 8 TeV
— Zy(vwy)  [-1.1e-03,9.0e-04] 19.6fb' 8 TeV
: | Zy(lly,vvy) [-2.2e-02,2.0e-02] 51 fh" 1.96TeV
he : | Zy(llyvvy) [-1.3e-02,1.4e-02] 46fp' 7TeV
H Zy(lly,vvy) [-7.8e-04,8.6e-04] 203fb' 8TeV
— Zy(lywy) [-2.7e-03,2.7¢-03] 50fb' 7 TeV
—_ Zy(Ily) [-3.86-03, 3.7¢-03] 195fb' 8 TeV
— Zy(vvy) [-1.5e-03, 1.6e-03] 19.6fb"' 8 TeV
; L Zy(lywvy) [-2.0e-02,2.1€-02]  51fo' 1.96 TeV
h! | Zy(llyvvy) [-9.4e-05,9.2e-05] 46fo' 7TeV
H Zy(lywvy) [-3.2e-06,3.2¢-06] 20.3fb' 8 TeV
— Zy(lly,vvy) [-1.5e-05,1.5e-05] 5.0fb' 7TeV
— Zy(Ily) [-3.6e-05, 3.56-05] 19.5fb' 8 TeV
H Zy(vvy) [-3.8¢-06, 4.3e-06] 196fb"' 8 TeV
2 ; ; Zy(lywvy) [-8.7e-05,8.7¢-05] 46fy' 7 TeV
K Zy(lywvy) [-3.0e-06, 2.9¢-06] 20.3fb" 8 TeV
— Zy(lly,vvy) [-1.3e-05,1.3e-05] 50fb' 7TeV
I Zy(lty) [-3.1e-05, 3.0e-05] 19.5fb" 8TeV
H Zy(vvy) [-3.9e-06, 4.5e-06] 196fb"' 8 TeV
| | | l | 1 l 1 | I 1 | | | | | I | | | l | |
0.2 0 0.2 0.4 0.6 0.8 x10'(h),
aTGC Limits @95% C.L. x10°nh)
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C.
LnTGC I—SI\/I _D_ _|OI8

No dim-6 operatorsi

1 CP-even operator
Oz, = iH B,W!{D, D"}H, —¥» OnlyAZZ

Smaller effects

3 CP-odd operators

Opw = i1H'B, W' {D, D"} H

Oww = iH'W,W*{D, D"}H

Opg = iH'B,B"{D, D'} H
On-shell or attached to masgless fermion

C. Degrande



NTGC

e(@@! m2)' Ly e "
|= lie! 27y (1. A2, A3) (q,"\”,lzz Y tY (o +q39“')!@u.# @ G
#

o1 m2 hy X ;
.e(q3 mv) hi (g ! g¢")+ CI3[(CI3C12)9 Y

he

9P ie!@(%ﬂz,%)

C
Oz; @”'# by ! @CI?,'“#/O%#OIZ%

Z
f,y _ VZI\/IZ2 ng 5 = 0
hZ — V2M22 CBW h; = 0
: 4CySw !4 o= 0

~1.3TeV ™" < Cﬁf < 1.44TeV~*

CP-odd see CD, JHEP 1402 (2014) 101 27 C. Degrande




EFT in MC tools

e Automated MC tools (any process)!
e Madgraph5 aMC@NLO!

Model

4— from
'FeynRules

e Dedicated MC tools (process by process)!
e VBFNLO!
o MCFM!
e POWHEG Box!

® Sherpal

e Disclaimer : my apologies if anything is missing
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POWHEG Box

Anomalous Triple gauge boson couplings

L =igwwv g7 (W, W' H T WHEHWE )V + Ly W W VE + M—Vzwl!jwﬁ VH
W
+igy Wy W) (#'V + # V)L gy $UF (W W, L W W)V

-

VW W TR W W
W
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MCFM

® TGC :anomalous couplings!

® Higgs
1 (1) | 2) | 1 3 1 "
Lhac = = Zghzzzli! Z¥ h - Ohzz 41 UZH- h+ éghzzzuzuh B Z@hzzzu! Z*h
I 11
1 (1) | C @) (3) 1 "
— égh\NWWFl Wy h— gaW HHW  h+hoc + g WyW Fh — éghWWW“ W, h
1 (1)

haz

1 .
- éghazzul FHh — g(z) Z ! IJF“! h — éghazzp! EH h
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VBFNLO

TGC : AC and Dimension-six operators

QGC as dimension-eight operators

Higgs - Vector - Vector vertex
T = ai(z,y)g"" + az(z,y)z ayg"” ! y*z"] + as(z,y)e""" z,y,

+ translation to other parametrisation

gl T SR L T L g
L=—"—HZ, 7" ~—HZ,, 7" < HW  W" °— HW I W"

2A5 g i 2A5 g " As pr V= As e
Zy HZry Hryy Hryy

v J50 — v Js5e v 50 A v
HZ, A" HZ, A" HA, A" HA, A"
e W L Y Wi T Y W

H
956

+A5

and the dimension-six
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FeynRules

Input : model.fr

Output : vertices
T 32 C. Degrande



FevnRules outputs

FeynRules outputs
can be used
directly by event
generators

UFO : output with the
full information!
used by several

generators

C. Degrande



FR model/UFO for EW

Opnh = Oy (H'H) 0" (H'H)
Ows = (H'H) B" By,
Opw = (HTH) (WH W)
Owww = (WH'W,,W2)

Full UFO model :!

All the vertices (up to 6 ext)!

Any process
Ow = (DyH)' W**D,H =

Og =(DyH)" B* D, H
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Ingredients

e Madgraph5 aMC@NLO :automated NLO+PS for
the SM!

® Required ingredients !

® Tree-level vertices! /

® R2 vertices!

® UV counterterms vertices!

® Result:UFO at NLO

Done for renomalizable
models (<=dim4)

C. Degrande



Loop computation

AlTloor =N "d; Box; + » ¢; Triangle; + » b; Bubble,
+ Za Tadpole;+ R |
® Box, Triangle, Bubble and Tadpole are known
scalar integrals!
® | oop computation = find the coefficients!
e Unitarity!
e Multiple cuts!

e Tensor reduction (OPP)
C. Degrande



R, ! lim 1 dig——" 21

10 (21)* DoD1...Dmi 1

Finite set of vertices that can be computed once
for each model

Needed by Madgraph5 aMC@NLO (tool-dep.)
C. Degrande



R1

Due to the ! dimensional parts of the denominators

Like for the 4 dimensional part but with a different set of
Integrals

| " 0 _ 7;!2" 2 on (0" 1y)?
d quDj N 2 i 3 +00),
S R |
Ti550. — 2 90
P N IS
5000~ 6 o0
Only R = R1+R2 is gauge invariant [— > Check
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Relations fixed by the Lagrangian (finite part)‘

Finite set of vertices that can be computed once
for each model
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EFT@NLO

® EFT are renormalizable order by order!

Need EFT not ano. vertices !

(
P .
@L H! M GH! IR ._._;;‘:‘Q_QLQ_ H HGH! Gu!

® mixing of operators!
e full set to basis!

® Higher powers of the loop momentum in the
vertices and In the numerators of the integrals
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EVW boson Interations at
NLO In QCD

Recipe = SM with NLO QCD (i.e. tree-level vertices, R2 and UV) +
LO(tree-level only) EW dim6

4l C. Degrande



EW gauge boson Interations
at NLO In QED

® FR/MG5 aMC are starting NLO in QED for
the SM and renomalizable (dim<=4) BSM!

® All the issues of NLO for EFT!
 "rw=0.01
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Concluding remarks

® EFT :probe/constrain heavy new physics!

e EFT for EW . few operators =combination (VV,H,VVV,VBS,
)l

e | HC challenges (Validity, precision)!

e Avallable in MC!

e NLO in QCD for EW gauge boson interactions : Done
(Trivial)
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