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Effective Field Theory (EFT) Approach to NP

] , ] E [GeV]
* NP at A>>Mgy,, not directly accessible — well described R
MprL,
by opemtors with d[@] > 4 {See talks by S. Davidson and D. Marzocca}
<4 . 6 10" 8 Mgur
— D < D= 4 4
\_% J Mxp
local operators = New Physics
SM field content + gauge symmetries
NP ==
Effects scale like E*/A* |
Probe effects of
— sufpﬁressed by wl/\\ass' scale NPt o | e
or neavy new SICS
J Pn9 10> = Mew

[leading: D=6, D=8 in gen.
further suppressed — see later]

Weinberg, Wilson, Callen, Coleman, Wess, Zumino, ... SM as IR limit, expected to work perfectly well at low E

- new fundamental theory takes over at large E
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EFT Descriptions in Various Contexts

* Physics at different scales — EFT description (universal concept):

Iintegrate out microscopic dof

f[W, Z bosons| ' ’ d u - d\\//u
- SM » Fermi Theory of Weak Interactions AL

[heavy mediator]
> Dark Matter Model / . EFT for Dark Matter ><<

X

- xPT, SCET, HQET, ...

/[6_exch. phonons]

- Condensed Matter: BCS Theory . Ginzburg-Landau , ...

- Quantum Gravity - GR — Non-Relativistic GR

> allows for gradual progress: Fermi Theory - SM — ‘New SM'
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ottom-Up: SM EFT

* Write down full set of non-redundant operators (i.e., basis):

59 D=6 OIOZV'atOV'S (2499 including full flavor structure)

[assuming Bé&L conservation] Buchmuller, Wyler, NPB 268(1986)621-653,
= 0 — Grzadkowski, Iskrzynski, Misiak, Rosiek, 1008.48 84,
< whoand P
Qc | fAECarvaBegss | Q, (phe)? Qe o) Tere) Alonso, Jenkins, Manohar, Trott, 1312.2014
| PEOCIEEGS | Qun (ero)aiete ” o) (G = - _
e iia . ¢ v)* (\v‘\v) Q (v‘v)( plir @) DD R)RR) ID@ )
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L 5 Z =t TpYudr ) (7" ar) Quu (Tpyuter) (T 1) Qe (7 ) (T aty) / BSM \
(2 2 X )22 " s ( \
X' v Xy VoD Wrla) @t T'a) | Qu | (Gmd)dord) || Qe | Gpwd)(dard)
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Table 2: Dimension-six operators other than the four-fermion ones. _ ” i e s N e i
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Table 3: Four-fermion operators.

L Constrain coefficients: Amplitudes A= A(c;/A)— cross sections, distributions

For non-linear realization, see Grinstein, Trott O704.1505
Contino, Grojean, Moretti, Piccinini, Rattazzi 1002.1011
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Bottom-Up: SM EFT

* Write down full set of non-redundant operators (i.e., basis):

59 D=6 OIOZV'atOV'S (2499 including full flavor structure)

[assuming B&L conservation] Buchmuller, Wyler, NPB 268(1986)621-653,
= 0 - Grzadkowski, Iskrzynski, Misiak, Rosiek, 1008.48 84,
P, ¢" and g P2
Qe | rEcreBcor | Q, (ofe) Qs | (ote)Terp) Alonso, Jenkins, Manohar, Trott, 1312.2014
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Quw oWk Wwiw Que | (o Tu)p G, | Que | (pliDy, p)(eve,) QY (T ypte) (v dy) S| (@ T ) (@ TAuy)
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Qo5 wly E‘L,,B‘"’ Quc | (Gpo* T, )¢ G;w Quou [ B @) (tpy ur) and (LR)(LR) B-violating
Quve | rleWLBY | Quw | (go*d)T oW, | Qu ( i, 0)dntd,) || (Fe)dad) Quug e [(d2)TOuf] [(q7)TC]
Qupp | ToWLEY | Qus | (@o"d)¢ By | Qpua | (@ Du0)pntd,) | BGuleml@d) | Qo e [(gp7)7 Caf*] [(u2)"Cel] ’:—,—-
P, )o@ T4d,) || Qe e emn [(429)TC¥] [(¢™)TCIF : \ SM E /
Table 2: Dimension-six operators other than the four-fermion ones. _ i ® oy i 7 Xdk i \\ /
Llequ {Ber)zin(@ue) 999 e¥(1e) (T ) mn [(QSJ) Cgy } [( am) Cl”] ~
‘ Q2 | Wowenew(@ o w) || Quu =P [(d)TCuf] [(u2)TCe/]

Table 3: Four-fermion operators.

L Constrain coefficients: Amplitudes A= A(c;/A)— cross sections, distributions

* In general only a limited subset relevant to leading approx. (e.g. nggs observables at the LHC)

L= Lsm+

(@ HP)? - S5 M\HP]

For non-linear realization, see Grinstein, Trott O704.1505 — (FewlH QLHCtR"F S| H*QuHbr + 5yr|HP Ly Hr + b

Contino, Grojean, Moretti, Piccinini, Rattazzi 1002.1011 + 592|H| e s 72| HPB,, B Ky

CP even
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Validity of EFT Description?

* Do not know the (VV\OV'e) Fumdamemtal th@OV'g (absence of clear s-channel resonance)

- EFT approach to NP: parametrize BSM physics via coefficients of

D>4 operators and constrain them from experimental data

2

~

/

— provide guidance for constructing UV completion

— EFT Limts can be

— RG Evolution

Elias-Miro, Grojean, Gupta, Marzocca, 1312.2928; Grojean, Jenkins, Manohar, Trott, 1301.2588;
Elias-Miro, Espinosa, Masso, Pomarol, 1302.5661, 1308.18749; Jenkins, Manohar, Trott, 1308.2627, 1310.4838;
Alonso, Jenkins, Manohar, Trott, 1312.2014, 1409.0868;

Could have several heavy masses My, actually c;/A*> — C;(My, gi)
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Validity of EFT Description?

s

N

L=co:+Y cPor= 1Y cPor= ...

N J

— constraints on C”)can be set 'without further assumptions'

Rencontres du Vietnam, 30.9.2016 Florian Goertz



Validity of EFT Description?

L=ro504) cPor= 4N cPor= 4.

- constraints on CP)

1

can be set 'without further assumptions'

_ \\\

b When is such a constraint meaningful/consistent in general?
L When is it appropriate to truncate at D=6? When can higher
terms (D=38) affect limits on D=6 coefficients?

== Interpretation requires assumptions
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Validity of EFT Description?

Experimental constraints: C; < 0; °(Meyt)

e

 Depend on upper value allowed for kinematic variables that set
scale of process = M.

* In some cases fixed by kinematics: on-shell Higgs decays, e+e- collisions

22 at LHC (WW, WV, hj, hh, ...): M., in general not fixed!

* Large E is just interesting range where pronounced sensitivity to NP is expected

ew = 0.16(A%m), cp = —0.09(A%m%)
0.25 | cw =cg =0

pp = Vh

(do/dpy)/o

NP

o 100 200 00 400 500 600

pr(V)

m,,, (GeV/c?)

Biekotter, Knochel, Kramer, . . . . . Carvalho, Dall”’Osso,
Liu. Riva, 1406.7320, ... Kinematic distributions Dorigo, FG, Gottardo,
Tosi, 1507.02245

Rencontres du Vietnam, 30.9.2016 Florian Goertz Azatov, Contino, Panico, Son, 1502.00539 Q



Validity of EFT Description?

Experimental constraints: C; < 0; °(Meyt)

e

 Depend on upper value allowed for kinematic variables that set
scale of process = M.

* In some cases fixed by kinematics: on-shell Higgs decays, e+e- collisions

22 at LHC (WW, WV, hj, hh, ...): M., in general not fixed!

* Large E is just interesting range where pronounced sensitivity to NP is expected

ew = 0.16(A%m), cp = —0.09(A%m%)
0.25 | cw =cg =0

pp = Vh

(do/dpy)/o

Mcut

NP
T e

o 100 200 00 400 500 600

pr(V)

m,,, (GeV/c?)

Biekotter, Knochel, Kramer, . . . . . Carvalho, Dall”’Osso,
Liu. Riva, 1406.7320, ... Kinematic distributions Dorigo, FG, Gottardo,

Tosi, 1507.02245
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Validity of EFT Description?

L= L254+ Y GO+ O 0

* Expansion only valid if scales E probed are smaller than mass of
heavy states — if denoted collectively by A: C; — c;/A? — E<<A|

* Measurements only constrain C;(My, gi), not NP scale A itself
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Validity of EFT Description?

L= L254+ Y GO+ O 0

* Expansion only valid if scales E probed are smaller than mass of
heavy states — if denoted collectively by A: C; — c;/A? — E<<A|

* Measurements only constrain C;(My, gi), not NP scale A itself

Y Assessing validity requives (broad) assumptions about underlying
UV theory — some degree of model dependence:

4 N
Since don't know A (i.e. heavy masses) — Experiments should allow for

‘broadest range of interpretations — give results for various cutoffs [ < Meut,
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Validity of EFT Description?

L= L254+ Y GO+ O 0

* Expansion only valid if scales E probed are smaller than mass of
heavy states — if denoted collectively by A: C; — c;/A* — E<<A|

* Measurements only constrain C;(My, gi), not NP scale A itself

Y Assessing validity requives (broad) assumptions about underlying
UV theory — some degree of model dependence:

‘Quantify EFT uncertainty: missing terms of O(E*/A*)

[here and in following truncate at D=6]
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Necessity of Power Counting

L=rc524 4y cPor=+3 c®or=s 4 ...

-

* (D) (coupling)™i ™2 = #fi _ > S
Note that \Ci ~ (high mass scale) D=7 * n. = #fields O, _eLfyplf UL YplbL
n=4
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Necessity of Power Counting

L=rc524 4y cPor=+3 c®or=s 4 ...

/-

* (D) (coupling)™i ™2 = #fi = S
Note that \Ci ~ (high mass scale) D=7 * n. = #fields O, —eLfypiz Dy YolbL
n=4

* Assume power counting:

%~ g /A

one scale A +one coupling g,

(6)
— Bounds Ci A(Zg*)

< 07 (Mewt) — bound on A depends on coupling strength g,

I

. o validity
— can assess their validity

Luty, ph/a706235
Cohen, Kaplan, Nelson, ph/a706275
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Necessity of Power Counting

D < 4 (6 D—6 h\/-.(_Q‘\ e _ _
ﬁ — _I_ S C O 12 Moy =0.2TeV Sexp=(0.1TeV)2

* Note that /CgD) ~ (coupling)™i ~2

(high mass scale)P—4

J

* Assume power counting:

one scale A +one coupling g,

ni—2
— Bounds *A — <67 (Mew) = bound on A depends on coupling strength g,
N

. o validity
— can assess their validity

Luty, ph/a706235
Cohen, Kaplan, Nelson, ph/a706275
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Well-Known Example: Fermi Theory of Weak Interactions

e L.

2
a C1 g /2 2
eff DAZ PLVe V“”YPPLH)+hC F :—m%/v :—U—2

Ol
% Describes muon decay |1 — evv, inelastic scattering ve — v, ...

* From low energy measurement (muon decay) no identification

¢ =—g%/2~ —0.2; A=mw ~ 80GeV possible, only constrain ratio

¢1/A% = —2V2Gp ~ —3.3 x 1075 GeV >
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Well-Known Example: Fermi Theory of Weak Interactions

ﬁeﬂ-‘D A

Ve

2 (e%PL Ve) (D“”prL,ul +h.c.,

O1

icl/A2 = —92/2m%‘/ ~—33x107° GeV_Z: )

a g/2 2
A2 m%v_ v?

Assumption for g | A = mw
4 1.5 TeV
1 123 GeV
10~3 123 MeV
el

~mu — EFT validity
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Power Counting — Validity of Bounds

* Chosing Mey, = kA & € [0,1] allows to set bounds
in (g.,A) plane, automatically consistent with the EFT:

(6) |
C; |
) < )
. " For each A derive bound. on c§6) (g+)
employing only data below N = kA; k € [0, 1]
2
¥ 9 Mcut . tolerated (naive) error due to neglecting

| — ——» see later

A2  higher-derivative operators

See also Biekotter, Knochel, Kramer, Liu. Riva, 1406.7320; Greljo, Isidori, Lindert, Marzocca, 1512.06135; Azatov, Contino, Panico, Son,
1502.00539; Berthier,Trott, 1502.02570, 1508.05060; Aguilar-Saavedra, Perez-Victoria, 1103.2765; Englert, Spannowsky, 1408.5147

Abdallah et al., 14049.28a93; Racco, Wulzer, Zwirner, 1502.04701
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Power Counting — EFT Error

* In general: (neglected) D=8 operators contributing to the same

vertex as D=6 operators need to have same field content after EWSB

— additional derivatives or Higgs fields — suppressed by

e A

5
K;Z — E or K/Z — (g*v)z 2 M
E A E A e.g.: |H|*QrHdg

o

— relative ervor in determination of CZ-(G) (B — Mcuy)

== model dependent and should be reported separately from standard
perturbative ervors (scale variation) and pdf errors

/
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Power Counting — EFT Error

* /n general: (neglected) D=8 operators contributing to the same
vertex as D=6 operators need to have same field content after EWSB

// N

E\° g4V 2
K,%E(X) or 2= (£2)

o /

« Can trade i./\_ — 5fxp(Mcut): and address how accurate CZ.(6) needs to be constrained

(for given M_ ) in order for the bound to be consistent within the EFT (— r;<1)

M2 h )
b/@E < CUt 0P (Meut) /4:,% < V2 5eXp(Mcuti — \5eXp < min(g / Cut, 1/7)2)/

>|<

Assume n=4

Rencontres du Vietnam, 30.9.2016 Florian Goertz



Accuracy Required for Consistent Bound

15

Sexp [1TEVA2]
)

cut?’

5P < min(g2/MZ2,,1/v?)

0 | 1 1 1 | I 1 1 | 1 1 1 | 1 1 | =| 1 L | 1 1 1 | 1 1
00 02 04 06 08 10 1.2
ElMTeVl<— M.,

Stronger constraints at fixed M., — validity range extended to smaller g*

'lllustrative’ plot: for large M.y, 0P (neglected)

: _ quadratic D=6 terms become relevant
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Remark on Importance of D=& Operators

* In general D=8 contributions suppressed, as discussed before,
however can become important (while still EFT converges) in case

1) Symmetry suppressing D=6 operator but not D=8 contribution

(e.g. shift symmetry suppressing |H|*GS, G
2) Zevo at leading order:
Corvections appearing first at D=8 level without symmetry reason
(e.g. s-channel production of neutral gauge-boson pairs)
3) Selection Rules inherited from UV dynamics
(e.g. light Dilaton coupling to D=4 stress-energy tensor)
4) Fine Tuning

* Loop/NLO corvections including D=6 operators? lmportant in case weakly constrained
coefficient enters beyond LO in well-measured quantity (while tree-level correction small),

or where large SM k-factors!

See also: Giudice, Grojean, Pomarol, Rattazzi, ph/O703164; Liu, Pomarol, Rattazzi, Riva, 1603.03064;
Azatov, Contino, Panico, Son, 1502.00539; Degrande, 1308.6323; Azatov, Contino, Machado, Riva, 1607.05236
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Explicit Example of Limit-Setting Procedure

. cOmsideriq(j — Vh in Vector-Triplet Mode(:

L£>ignViH ' DyH + g,Vigryuo'ar

1 Integrate out V

1 ﬁ , 2
. 1 — 1
1%
EWSB
h — 3 2 2
Lol (5sz2ZZuZu +2y/0i 2, Y, dgr’ fauf) deo = —samh 0"l =~ = —gymamg..
f=u,d,e,v

* Corrects qq — Zh (as well as qqg — Wh)

« Amplitude for longitudinal V grows as square of partonic COM energy
— important effects at large s = M7, == EFT validity?

See also Biekotter, Kinochel, Kramer, Liu. Riva, 1406.7320
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Consider 3 Scenarios

® [Strongl)} coupled: My =7 TeV, gg = —g, = 1.75

e Moderately coupled: My =2 TeV, gg = —g, = 0.5

e Weakly coupled: My =1 TeV, gy = —g, = 0.25

* Lead to same effective coefficients, however vastly different range of

EFT validity A0 ud ->W*h
: |- /1 Full model (weakly — strongly)

}

Starts to deviate later!

Linear EFT
(+quadratic terms: purple)

1. ‘
%{}U 400 600 800 1000 1200
My, [GeV]
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Hypothetical Measurement of o(pp— WTh)

MWh[TeV]‘ 0.5 ‘ 1 ‘ 1.5 ‘ 2 ‘ 2.5 ‘ 3
ofosm | 1£12 [ 1£10 [ 1£08 [1£1.2[1£1.6 [ 1£30

1 5% CL bounds

Moyt [TeV] 0.5 1 1.5 2 2.5 3

5gVW 9 x 103 | [-70, 20] | [-16,4] | [-7,1.6] | [-4.1,1.1] | [-2.7,0.8] | [-2.2,0.7]

/

Combine bins up to M_,

2
— =~ (1+16064g, ¢
OSM ( L TeV?

consider only dg) 9 = [6g7"]11 — [097% 11
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Consistent Procedure of Setting Limits

- —_—

(0.0 « = —JH = Jq

Inconsistent to use ful
dataset for low M,

g M\[TeV]

* red: Limits from full resonance model
* red, dashed: Limits from EFT using full dataset
* dark (light) blue: consistent EFT analysis using only data with My, < Moy = My, k=0.5 (1)

— Experimental results should be reported as function of M_,
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Consistent Procedure of Setting Limits

1.0 100
0.8 80
S
0.6 s 60
g. ; Estimate: (Moue/ Mv)z
0.4 2
5 40
[=]
2
0.2 - 20
) /OH - 0
Inconsistent to use full 1 2 3 4 5 6 4 5 6 7
dataset for low M, ) My[TeV] My[TeV]

Difference between limit in EFT
\and full model for M, +=3TeV

* dark (light) blue: consistent EFT analysis using
only data with Myy), < Moy = My, k=05 (1)  * Evror explodes once My=Meu is reached
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Conclusions

* EFTS are a valuable tool to explore UV completion of the SM

* Coefficients can be measured in an agnostic way, however
Interpretation requires assumptions on UV physics

« Power counting scheme allows to asses ervor in
determination of D=6 coefficients

* Experimental results should be presented for different
kinematic cuts, My, to allow broadest range of
interpretations

Rencontres du Vietnam, 30.9.2016 Florian Goertz
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