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What if the new physics is heavy!
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What if the new physics is heavy!

> < Lk —2
i G

direct detection of new d.o.f Indirect detection of new d.o.f

as resonance, ... as hew/modified interaction
between SM fields

Fermi theory : Mw >> my
Easier full theory

Use EFT without knowing the full theory
Low energy at the LHC : A2<<p?
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Effective Field Theory

Parametrize any NP but an 00 number of coefficients |

L = £SM—I—LLAd 1

d>4 1 |
® Assumption : Eep << A l

. 2 finite number of
L=Lsm+ Z A2 O coefficients =>Predictive!

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

M(2)[* = [Msnr ()| 2R (M () M gg () | Mas ()| + .
| A | A3 oA

Should not be included,
be small
Error estimate

® SMis O (A%),NPis O (A?):
® Precision Physics : small effects —
® Quantisation of NP constraints

® Hadron vs lepton collider
® Energy range (Assumption, sensitivity)

® Precision (Th, Exp)
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Safety tool : Unitarity

11‘- (fN TELL yeu, EAPT A0
T WE Are SIMK NG

—N

Sibkingp, JE=—75)
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Unitarity/Perturbativity

Precise : EFT We measure 55, what isA?
Assump. OK
(model ind.) 'E""r
SM+>100% | X?"J\’,e:
Assume SM _ OL Y
+Form
SM+Np -.Lactor
..... 1/A2
......................... Unltarlty bound 1/8
| SM AY/s
v Hrieaiey = A E
Pertarbativity ~ A
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EWV operators (CP even)

W. Buchmuller, D.Wyler

NPB268 (1986) 621-653
B. Grzadkowski et al

O, = (H' H)

Oon =0, (H' H) 0" (H'H)
Oup = (H'H) B* B,
Opw = (H'H) (WHW,,)
Owww = (WHW,,W?-)

JHEP1010(2010) 085

(D, H) W" D,H

V' B** D, H

* No fermions, no gluons
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Example : basis translation

More operators than measurable operators

LRosetta,A Falkowski et al EP)JC75 (2015) no.12, 583|

Ow = (D, H) W D,H

Integration by part

— —(D,D,H)'W*"H — (D,H)" D,W" H

= 10w + a2O0pgpw +a30pg + a4Osp
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Basis choice

O, = (HTH)B to avoid redefinition :
Opn = 0, (H'H) 0" (H'H) (HTH)%<HTH_£>
| 2

Onp = (H'H) B* B,
Opw = (H'H) (WH'W,,)
Owww = (WHW,,W?#)

_ T v
Ow = (DMH) WH D, H Onp — (HTDMH)T (HTD”H)

Oupw = (H! BWWWH)'\

Redefinition of the A/Z, EW

L. ) vector boson masses
Ino redefinition of SM input! ‘ -
. C. Degrande

Op = (D, H)" B* D, H

aHC

al GC




Anomalous couplipgs

K. Hagiwara et al. PLB283 (1992) 353-359, PRD48 (1993) 2182- (b)\;\ﬂ
L :ZQWWV (gl (WJI/W—M — W—I_’UWM_V)VV + K GQ'CX + — WV+W_pVM

LigY WHW, (04VY + 0°VH) — igk ddx‘z‘pw,, 0, W, W, )V,
< %3
~ A
—I—IZJ\/W;WV_ VHY 4+ ‘2/ / ‘QO\) )
m
gwwz = —ecotlOy Jgww~ = —e€

EM gauge invariance implies: ¢ =1 g9/ =95 =0

11(5+6) pa,ra,meters\
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Anomalous coupllngs

L =igwwv

gV
+ 2 (WEWH —
%%

Foum-factors are -highler-di¢ g lon operators with

V
arbitrarily |xed coefficients
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Anomalous coupling

A
L =igwwv (gY (WL W= = WHHW VY 4 iy W, W, VI 4 M—‘QWZZW; VI tigl WEW,(9MVY 49" VH)
%%

—igs T (W, S0, W, — O,WI W, Vo + Ry W W, VI + ~VWV+WPW>
CP even Operators
Owww = (W"W,,W})
Ow = (D, H)' W'D, H
Op = (DMH)Jr B D, H
CP odd operators

= (7, W)
Oy = (DMH)T W* (D, H)
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EFT/AC

Lorentz

Scale suppression
# parameters (TGC)

Different processes

EFT

SN XK

AC

(V')

| |+
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U n itarity CD et al. AP 335 (2013) 21-32

& HEQ4 TV G A6 0TIV

M

S
% 'S
>
£ More than 2
5 001 -
5 oon orders of
magnitude
107# L
500 1000 1500 2000
My
LEP @ 68%

Form factors are not

cwww /A? € [-11.9, —1, 94]
needed!

cw /A? € [—8.48,1.44]
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do/dmy,, (pb/GeV)

0.001

10—6 .

0.1+

001 -

10_4§

10_5§

Perturbativity

pp—~WW @ LHC 14 TeV with Cy/A’=6.25TeV? =1/ (400G eV)2

‘- |
-~

500 1000 1500 2000
Expansion
breaks
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do/dmy., (pb/GeV)

Expansion and errors

pp—WrWr @ LHC 14 TeV with Cy/A’=6.25 TeV> = 1/ (400G eV)2

0.01 -

SM+Int+Oy,

NP is suppressed : Bad estimate of the scale

C. Degrande



do/dmy,, (pb/GeV)

0.1

001,
0.001
10!
105
106

1077

Expansion and errors

pp—WrW;, @ LHC 14 TeV with Cy/A’=625TeV? = 1/ (400G eV)2

SM-+Int
SM+Int+Oy

Expansion
breaks
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dO'/ dmww (pb/ GCV)

0.1

001%
0001 |
10,
10—5é
1076

1077

Expansion and errors

pp— W W, @ LHC 14 TeV with Cw//\2:625 TeV 2 — 1/ (4OOG6V)2

SM+Int
SM+Int+0W

Expansion
breaks
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QGC from EFT

e Same operators than for TGC give WWWW,
WWZAWWAAWW/LZ/Z vertices

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

ot v L A

QGC’s alone are

TG4 RGO ARROROLIEAER enSigRSiX ) o
operatéB¥amiaBhuge invariani,vapiant
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VBS/Triple prod.
Oon = 0, (H'H) 0" (H'H) /'h%h(l_%d )

Az
Oup = (H'H) B* B,
o = | T " } Opp = (HYH —v?) B*B,,,
1%
Ouw = (H H (WHW ) \.{OHW _ HTH—U )<WWWW>

ZWW | AWW |HWW |HZZ H AIWWWW | ZZWW | ZAWW | AAWW
Owww | X X X X X X
Ow X X X X X X
Op X X
X

‘ <

SRl ol
SR ‘ols
> P

Constraints
from Higgs

small effects

Combination
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Unitarity Violation Bound [TeV]

VBS/Triple prod.

® Go to dim-8 operators

2 D W MO O N o ©
T TTTTTTTTTIGITTTTTTT T I-II-I Iél-l [l

1 10

Cow/A® [TeV?]

® dim-8 effects are smaller than dim-6 if EFT is valid

® | ot of operators (~20 QGC without TCG)

® EFT are worse for dim-8

Unitarity Violation Bound [TeV]
w
CT) [ I.(J:I T T I-Ihl
5¢ .
N _
| |

N

)
L
|

AN
-/ EEEEEEEEEEEEEERE -
AN
1.5 N
10"
23 fr/A*[TeV*] Degrande



Unitarity/Perturbativity

Ubnita||~ity SMtdimg
= dim-8 only s/A*
earlier
‘\ SM+dim-6 2
Effects are ‘ ~——— dim-6¢ 1/A
smaller Unitarity 1/s
‘ SM A%/s
. Unitarity > A E
Perturbativity ~ A
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NnTGC

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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No dim-6 operatorsi

| CP-even operator

Oz = i H'B,, W+ {D, D"} H —» Only AZZ

Smaller effects

3 CP-odd operators

Opw = iH'B,W"{D, D'} H
Oww = iH'W, Wt {D, D'}H
Opg = iH'B,B"{D, D'} H

On-shell or attached to masgless fermion

C. Degrande



N1 GC

29y
| = el (a1, g a3) = e(qj’wz ) (7Y (g5 9 + dzg"*) @f‘w‘ﬁp (a1 = a2)p
2 _
i e 2 24
v | o . _e(q —m ) « Q hv «
Cé) ielF% (d), A9, 43) = ?\4% = <\h1V(q‘59 B—ng“BH@qg (a3d2)9"? — dyd)
B hV
— - @Wﬂpq% - @ngMBPGQZSpQQU}
Z
9 N /
g, _ v M% CBW 5 — O
4
Ac,y Sy A hf = 0
W? = Z = 0
Cow Sw
= 0
—4 CBW —4
—1.3TeV "~ < A4 < 1.44TeV
CP-odd see CD, JHEP 1402 (2014) 101 2 C. Degrande



EFT in MC tools

® Automated MC tools (any process)

e Madgraph5 aMC@NLO Model
4— from
® Sherpa FeynRules
® Dedicated MC tools (process by process)
e VBFNLO
e MCFM

e POWHEG Box

® Disclaimer : my apologies if anything is missing
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POWHEG Box

Anomalous Triple gauge boson couplings

A
L =igwwv <g¥(W:VW_“ — W_I_MWM_,/)VV + /ivW:WV_V’LW + M—ZW,Z*W;”VP“
W

+ig) W,IW, (04VY + 0"VH) —igy e (W,F0,W, — 8,W W, )V,
Av
2

Ry W, VI 4 =
w

V1A —P Y,
W, W, pr“> :
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MCFM

® TGC :anomalous couplings

® Higgs
1 1 1 -
Liac= - o\ 2, 2" h — g\?) 2,0,2" h + 5 g\>) 7, 70h — J sz Z 2
1 1 -
— ST W Wl = g0 WO Wb+ e | + gl WaW ¥ h = G WH WS,

1 @ v 2 v 1 nn%
_ iggcfzzw,w h— g2 7,0,F"h — 5 9haz Zu PP T

haz
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VBFNLO

TGC : AC and Dimension-six operators

QGC as dimension-eight operators

Higgs - Vector - Vector vertex
T = ai(2,y)g"" + az(x, )|z - yg"" —y'a"] + as(x, )" xpy,

+ translation to other parametrisation

o417 GB72 o gy I e e S
L= HZ, I ° HZ, /IH = HWT W = HWT W
2A5 g i 2A5 g " As pr V= As e
gHZv gHZv gHw gHw
5e v 50 ~ v 5e v 50 A v
HZ, A" HZ, A" HA, A" HA, A"
TN A T A AT Ty e A AT S A

and the dimension-six
3| C.Degrande



FeynRules

Input : model.fr

utput : vertices
T 32 C.Degrande



FeynRules outputs

FeynRules outputs
can be used
directly by event
generators

UFO : output with the
full information
used by several

generators
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FR model/UFO for EVWW

Opn, =0, (H'H)O" (H'H)
Oup = (H'H) B* B,
Onpw = (H'H) (WH"'W,,)
Owww = (WHW,,W?-)

Full UFO model :

All the vertices (up to 6 ext)

Any process

Ow = (D,H)' W" D, H
Op = (D,H)"' B*D,H
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Ingredients

® Madgraph5 aMC@NLO :automated NLO+PS for
the SM

® Required ingredients :

® Tree-level vertices /

® R?2 vertices

® UV counterterms vertices

® Result: UFO at NLO

Done for renomalizable
models (<=dim4)

C. Degrande



Loop computation

AlTtoor = N ", Box; + » ¢; Triangle; + ) b; Bubble,

+ Z a; Tadpole, + R

® Box, Iriangle, Bubble and Tadpole are known
scalar integrals

® | oop computation = find the coefficients
® Unitarity
® Multiple cuts

® Tensor reduction (OPP)
C. Degrande



R>

A@) = —— [ &g N(E’) — (Gt pi)? P

(27)* DoD; ..
( » Qg D( q7q7)

1 N (q
Ry = lim I /ddq_ — (q,q,_e)
e—0 (27’(’)

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

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



N

Due to the & dimensional parts of the denominators

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

~2 2 2
n 4 i o o (P — D)
d"g—— = ——— |m; _ O
/ qu'Dj 9 mz+mj 3 + (6)7
~2 2
_ q 17T
It = - 40
/ D:D, Dy y 7O,
~4 2
_ q (¥
Gt = - 10
/ "D,D, D, D, g O

N,

! N

| \\\\'
i
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Relations fixed by the Lagrangian (finite part)‘

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

39 C.Degrande



EFT@NLO

EFT are renormalizable order by order

Need EFT not ano. vertices !

(

P ~
_ -f .. U
QLHO_’L”/GMVtR .-—’::Q D0 O HTHG'L“/GH

mixing of operators
full set to basis

Higher powers of the loop momentum in the
vertices and in the numerators of the integrals
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EVV boson interations at
NLO in QCD

eWw
coﬂect.\o“;x\)O“s
No Q¢ woson et
ga“%e N
g

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

® Orw = 0.01
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Concluding remarks

EFT : probe/constrain heavy new physics

EFT for EW : few operators =combination (VV,H,VVV,VBS,

)

LHC challenges (Validity, precision)

Available in MC

® NLO in QCD for EW gauge boson interactions : Done

(Trivial)

43
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