Don’t be a tool, do the SMEFT right.
(And use a tool to check)

((first talk dibs on the punning))

M. Trott, SMEFTtools 2019
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Why develop the SMEFT?

ATLAS Exotics Searches” - 95% CL Upper Exclusion Limits

ATLAS Preliminary
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What wasn’t discovered at LHC

ATLAS Exotics Searches” - 95% CL Upper Exclusion Limits

Gauge bosons Extra dimensions

i
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Vs =8, 13 TeV
Reference

1T N
1707 D447
103 00017
1606 022%5
1512 (2586
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What wasn’t discovered at LHC (yet)

ATLAS Preliminary

ATLAS Exotics Searches® - 95% CL Upper Exclusion Limits
y U1 Vs =8, 13 TeV
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What does this mean?

Is theoretical physics in crisis? Not a crisis, an opportunlty!

By:

Now we know what to do.

-~

)
‘1
niheres n'c-‘.f' ng left? Find out What the future holds for theoretical physics in our final In Theory series
I =

BOOKS AND ARTS - 12 JUNE 2018

How the belief in beauty has triggered a crisis in
physics

Anil Ananthaswamy parses Sabine Hossenfelder’s analysis of why the field is at an impasse.

'We'll die before we find the
answer': Crisis at the heart of
physics

Ambitious new theories dreamed up to explain reality have led us nowhere. Meet the
hardcore physicists trying to think their way out of this black hole

The Higgs hunter has just turned 10.
Why is nobody celebrating?

The Large Hadron Collider unleashed unprecedented euphoria when it switched on, but
the search for the true nature of reality has proved harder than we thought
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Runll and beyond: Resonance limits to local operators

ATLAS Exotics Searches® - 95% CL Upper Exclusion Limits

ATLAS Preliminary
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— T resonances a
Vs = 13 TeV ] 1 1
- 10 0 Mass scale [TeV]

same time

Deviations then look like local contact operator effects in EFT
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When you do measurements below a particle threshold

® Observable is a function of the Lorentz invariants:

f(87 t? u)

@ Generally an analytic function of these invariants,
except in special regions of phase space, ex. where
an internal state goes on-shell.

IF the collision probe does not reach ~ mieavy
THEN observable’s dependence on that scale simplified

1
s—m?+il'(s)m

Y

® You can Taylor expand in LOCAL functions (operators)

EFT approach not a guess.

<> NOO 4 fl(satvu) fQ(Svtvu)
General approach based on S i M }%eavy M }‘feavy
matrix theory and motivated by

experimental situation.

This is the core idea of EFT interpretations of the data.
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A “BSM is heavy” approach is SMEFT/HEFT

>

VERY! Efficient to
constrain BSM/interpret the
data in EFT

No BSM resonance seen

Decoupling
v/M <1 no other (hidden) light

states.

SMEFT =il
observed scalar

observed scalar :

: not in doublet

in doublet

Basics of the SMEFT formulation: IR operator form
N4 C'-(d) y
Lsmppr = Lsm +LO +LO 4 L0 4, L@ =37 520 ford >4,

1=1

UV dependent Wilson coefficient
and suppression scale

SMEFTtools 2019 7




The Cut Off scale(s)

® What do we know? Without a doubt a very Higgs like boson.

1. SM is of course consistent with the data.

The observed Higgs LIKE boson pushed the unitarity implied cut off scale
away from the EW scale.

My,

Aocp

SMEFTtools 2019 8
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Relevant questions are - how far is the cut off scale?

“——— Exactly the SM Higgs.
Nothing else coupled to the SM.

What is the right EFT to capture the IR limit of the unknown UV.
This question is not trivially about assuming the Higgs mechanism or not.

R




What is the EFT: I)Nonlinear EFT

Two options. Not obvious to choose between them for cut off scale reasons stated.

Idea stumbled upon over and over..

1) Nonlinear EFT - built of F. Feruglio arXiv:hepph/9301281
_ “ Burgess et al. 9912459
3 = e%aT /v h (understood non-linear possible)
Grinstein Trott , arXiv:0704.1505
1 1 1 B (clearly articulated distinction)
v’ T u U aiaiyy [ Vi W
+ TTl(DuZ' DVY) —E (uzdy) B A I ol (X
' Yij IR

“Higgs like boson” couplings are given by adding all possibly “h” interactions

1 5 v? P h h? h?
L = §(auh) _V(h)—l_ZTr(DMZ D E) 1+2aW’Z;+bZ’WU—2+bg’Z’WU—3—l_.“
v i w,d h w,d h? y’? ut}%
_ﬁ(uLdL)E [1+ci ;"’CQJ U_2+] ( y,fzj-d‘}; + h.c.,
V(h)_ﬁmhh+6(v Ao\ e )T
SM mass scales then unrelated to scalar couplings - this is used in the “kappa” fits.
e =

SMEFTtools 2019 9



Nonlinear EFT: important developments

® Used in Higgs data analysis and developed into kappa formalism

1202.3415 Azatov, Contino galloway , 1202.3697 Espinosa, Grojean, Muhlleitner,, MT
1209.0040 Higgs XS working group 1504.01707 Buchalla et al.

® Subleading operator basis developed 1212.3305 Alonso et al
1203.65 10 Buchalla Cata (no h), 1307.5017/ Buchalla Cata Krause (+ h)

® Matchings/correlations explored

[ 3111823 Brivio et al. 14055412 Brivio et al. 1406.6367 Gavela et al.
|409.1589 Alonso et al. 1603.05668 Feruglio et al. 1412.6356 Buchalla et al.

® Power counting discussion
|312.5624 Buchalla et al, 1601.0/551 Gavela et al. 1603.03062 Buchalla et al.

® Curvature interpretation (linear/nonlinear distinction = field redef.
invariant curvature measure) 151100724 1602.00706 Alonso et al.

I T ——
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Higgs Inflation - but as an EFT..

2
e

2” +E&HTH

® Thebasicidea: Lyx;=Lsy —V—g R +---

Spokoiny Phys Lett B 147B 39 (1984)
Salopek, Bond, Bardeen Phys Rev D 40 1753 (1989)
Bezrukov, Shaposhnikov Phys Lett B 659, 703 (2008) arXiv:0710.3755

® Further interesting lesson:

THISTERM EXISTS. (unless some unknown symmetry forces it to be 0)

1
6
(in the absence of a Higgs vev)

Higgs Inflation: ¢~ 5 x 10 ( ) Conformal symmetry: &=

SMEFTtools 2019




Higgs Inflation - but as an EFT..

2
ms,

® The basicidea: Ly; = Lsy —V—9¢ +¢HYH|R +- -

e

Spokoiny Phys Lett B 147B 39 (1984)
Salopek, Bond, Bardeen Phys Rev D 40 1753 (1989)
Bezrukov, Shaposhnikov Phys Lett B 659, 703 (2008) arXiv:0710.3755

e Flatten the SM potential with a large non-minimal coupling.
Weyl rescaling to the Einstein frame:

¢ AL Vi(d
SO o ()
and VEe(9) = £ 52

Guv = Vg, where 02 =1+

172 POI
Mpl (14 57 )2
10p - , ~ Mpi
Vo el slow roll
_.E | . .\lp1
“'(] - O >
04k \/?
| S
o2}t
C'O:. A A A A A 3
0 2 4 L] £ » 12
) e
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Higgs Inflation - but as an EFT..

mi

¢~ ~4 . e
® As (=5 110) (\/21) | largest .dep.endence on & origin
of the scattering that violates unitarity.

cE\ 2 cp O\ 2L
Ay(E) ~ (= >
1(B) (.\1,,,) (mM,,,)

Insisting on unitarity ie o x 1/E* we find

A],,[ "‘UP’
¢ M < T

E < Epmar >

hh— hh
gh — gh

In the EVWV vacuum this is the case - old news. arXiv:0902.4465,arXiv:1002.2730
Burgess,Lee, Trott

See also arXiv:0903.0355 Barbon, Espinosa
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Higgs Inflation - an important lesson.

® Cut off scales easy to understand (goldstone scattering)

5619 5k + ¢ 5% 69! + u 6 57

_2 )

X

= (s 69 6F 4t 6% 67 4 u 6 61’°) , small field
pl

Aot o’ — ok a') = (1 — (asm + 6a)2)

i ki § 14 okl ik ol il cik
A(c'd? = o 0)=ﬁ3[36”6 +t6" 6" +ud 53], large field

® Between the scales the cut off scalerisesas A ~ 47y

As in a theory with un-higgs massive vectors.

SMEFTtools 2019




Higgs Inflation - an important lesson.

® Cut off scales easy to understand (goldstone scattering)

56" 6K + £ 5% 67! 4 u 6% 67

X :

( 51 gkl 4 ¢ §ik gl 4 o 5l afk), small field

A(o* 07 = o*d') = (1 - (asm + da)?)

Sl

Ao o? — o" al)

X < L 1 »L

® Exactly the scattering physics of the nonlinear realization Higgs EFT.

[s 5 6F £ 6 59 4 u 6¥ 69"‘] , large field

SMEFTtools 2019




The fundamental Higgs EFT is...

® NONLINEAR. Even when the Higgs mechanism and doublet is present.

® Theright EFT has to reproduce the IR of the UV theory, and gravity introduces

nonlinearities due to the singlet higgs field mixing with a scalar gravity
component proportional to

X
J M,

® The question is not is the Higgs doublet or mechanism present.

The question is “do we have interactions in the UV that force us to use a
nonlinear formalism to reproduce the IR".

e Note that convergence on SM values of couplings implies the cut off scale is
parametrically separated from the ew vev scale, not a linear EFT.
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Consistency in bounding the SMEFT

e We need to bound the SMEFT consistently and precisely and look at
patterns of deviations (if any found) and relations between observables
to even know the right EFT formalism.

® Linear EFT H D h and relations
between measurements that follow
from this hold

® Non-Linear EFT, singlet h. Broader
range of relations between
measurements.

® Non-Linear EFT not equivalent and
more general

® So why SMEFT? Its more minimal
and simpler, thats basically it.

SMEFTtools 2019 9




® Please develop your tools with an eye to relaxing constraints due
to linearly realized symmetry in design. This has 2 advantages.

1) can allow reinterpretations to the HEFT - if we need it

2) allows relaxation of constraints due to L6 relations, when we
start getting serious about dim 8 theory errors interpreting things



https://arxiv.org/pdf/1706.08945.pdf

Care required in linear realized sym relations

Example. It is frequently asserted that "gauge invariance™” by which
linearly realized symmetry in EW sector is meant, impose relations
between couplings shifts In:

Lwwv.e Ay
=T wet] =) (I-V,j;,w-ﬂv” - W, VW ““’) + Ry W W, VI & SLVRWW,
qwwy MW

Frequently asserted that ~ dkz = dg¢ — t2 ok,
for L6 SMEFT corrections:

Initial paper mentioning this, Zeppenfeld et al careful, they are
aware that L8 can change this in statement made.

B —————— B ——————
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Care required in linear realized sym relations

® Question: If its gauge invariance how can it be violated at
sub-leading order in the SMEFT expansion respecting the global
symmetries too?

VAL gV (WhEW VY — WV, W ) iy W W, Vi

. 2)“ Y
—tgwwv

pp?
gy

I’

Really a{a:mzl, Gr} scheme dependent accidental relationship.

2 l g (3) dmw
dg) = CUD—u 4Cy +2Cu — Cuwn :
4\/-G1‘ ( u 'mz HE fmi mﬁ
A mz ’
7 T : Cup — 40D o0y + 42 [y - Mwe o
{mW7 mz, GF} SCheme 4\/_0} ( H#D = ge 4w ] HW B)
m 3)
0Ky = (CI W__ _4c®) + 2Cu)
\/-Gb mu HE
dkz = Cup — 4C%) +2Cu),
Kz = \/_GI, ( HD HE H)
5A 630 mu Cu
Gwwa
6/\4 - 600 mu CH

General L6 relationship is:  éxz - g7 = —t(6xy — 6g]),  Brivio, MT 1701.06424
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More requests.

e Use more than one scheme in fits and analysis.

® |f you see the EWPD SM prediction guys (Erler, Freitas...),
please ask them to report the LEP pseudo-observables
completely to highest accuracy in the MW scheme.



https://arxiv.org/pdf/1706.08945.pdf

The Standard Model EFT

® The SM, an SU(3) xSU(2)xU(1) gauge theory:

lwl WI[J,V . l

1 A ~Auw
LSI\'I - _ZGuuG — 4 K 4

B,,B" + (D,H")(D'H)+ Y  ¢iDy

wZqusd:LE

2

T —

2
~A (HTH - va) - [H*JEYd g; + H'@Y, q; + HUEY,l; + h.c.],

THE STANDARD MODEL

u ,r:)-\r, t Elyo::on.'.
- 1 ® A fundamental scalar Higgs is a NEW type
4 | | 1 .
com  wage botom  Zhowen of particle.
v, V. V. W . . . .
- kowon  mon wu e The interaction strengths of the Higgs with
e T 9 the other SM particles are
sewon men  w not fixed in magnitude by a gauge symmetry.
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The Standard Model EFT

® The SM, an SU(3) xSU(2)xU(1) gauge theory:

1 1 1 —
g _ZG;},,GAW - ZW,{,,W““’ ~ 7BuB" + (D HYD'H)+ Y $ibv
v=q.u,d,l.e
1 .\?2 _ ~.. .
- (H*H - 51)2) - [H”de g; + H'T@Y, q; + HUEY,l; + h.c.] ,

T —

THE STANDARD MODEL 1 1
Fermions Bosons £SMEFT :@+ A—@—I_ “ e

u ¢ t 4 § L0
o up charm top photon
fdl's |'b | Z Glashow 1961, Weinberg 1967 (Salam 1967

V. V. V W O Weinberg 1979, Wilczek and Zee 1979
11— Leung, Love, Rao 1984, Buchmuller Wyler 1986,

e U4 T 9 ' Grzadkowski, Iskrzynski, Misiak,Rosiek 2010

i m-i R — —
S — ———
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Complexity is scaling up...

Linear EFT - built of H doublet + higher D ops

1 1 1 1 1

5 B=0 5 B£0 5 L#0

O 14 operators, or 18 parameters (+ 1 op and then 19 with strong CP)

C__ D 1 operator, and 7 extra parameters (mass, mixing, CP
phase) 9 with majorana phases rather hard to measure

SMEFTtools 2019 14




Complexity is scaling up...

In Warsaw basis arXiv:1008.4884 (SMEFT standard basis)

CP-even
g
2
1

4
3n>
8n
3ng(9ng +7)
:(LL)(LL) 5 in2(Tn? +13)
:(RR)(RR) 7 ing(21n) + 2n + 31n, + 2)
: (LL)(RR) 8 4ni(n2 +1) 360 4n2(ng — 1)(ng + 1) 288
: (LR)(RL) 1 n 81 ng 81
: (LR)(LR) 4 4ny 4 324 4ny 4 324
: All 25 ing(107n) +2n2 +89n, +2) 25 1191| £ny(107n) +2n2 —6Tn, —2) 5 1014
59 |£(107n] + 2nj + 213n2 + 30n, + 72) 53 1350 +(107n] + 2n; + 57nj — 30n, + 48) 23 1149

27 :
72 8n;
51 2ng(9ng — 7)
171 Ini(ng —1)(ny +1)
255|  £ng(21ng + 2)(ny — 1)(ng + 1)

27
72
30
126
195

— 00 =] C1 00 OO W = N = DO
-0 O O = 00 W b O O -

Table 2. Number of C'P-even and CP-odd coefficients in £®) for ng flavors. The total number of
coefficients is (107n3 + 2n + 135n2 + 60)/4, which is 76 for ny = 1 and 2499 for n, = 3.

2499 arXiv:1 312.2014 Alonso, Jenkins, Manohar, MT

e T E————————————————
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SMEFT requires a GLOBAL approach: matching

(d)
LsmerT = Lsy + 5(5) -+ 5(6) - [,(7) (d) = Z f; 4Q( ) for d > 4,

® The operators are defined in a BASIS, fixed by SM field redefinitions.

1 , _
Lo = —;BluB" — g1y, ¥ B' v+ (D*H) (D, H) + Cp(H' DHH)(DYB,,),
+ Con(DPH)' (D7) B + CJQS) + Cage Qe+ CIQ) + Cipy @, | QST COMPlEte st of
ot it tt it ops depending on B

+ Cf{tdQthwLCHBQHBJrCT(HT D“H)(HT D”H)-
t

1706.08945 |. Brivio, MT

, H'i'D H
® Perform a field redefinition B, — B, + by zA2 : then L5 — g1 boAB

The physics is not changed by this choice of path integral variable.
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SMEFT requires a GLOBAL approach: matching

C(d)
Lsmerr = Lsy + LD +£6) 4 £ LD = Z Ad 4Q(d) for d > 4,

® CHOOSE b2 =Cp THEN

L, _
Ly = 3B B" — g1y, b B Y+ (DH) (D,H) +M

+ Cpu(D*H)' (DVH) B,,,, + C3;)Q5}) + Che Que + C}}),Q(” + Chiu QHu, Non—redund_ant set OL
ittt -t t bt tt ot ops depending on B

+ CHdQHd‘*'CHBQHB"'CT(HT(B“H) (HT(B“H)-
tt tt

1706.08945 |. Brivio, MT
® BUT terms that remain SHIFTED = £B —9102AB

1 .
AB = YzQ -+ YeQHe + YqQ + YuQHu + YdQHd, + yu (Quo+4Qup) + EB“"(%(H*%T?)VH).
tt tt

EWPD, diboson, Higgs data all modified globally
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Z,W couplings Top data
Q) = (iH!D . H) (T Q' = (@7 a) @yt
Qne = (iH' D, H)(&y"e) prst
Q) = (H'D,H)@va) b Qa, = (@7"74r) (@ma), e
Qg = (iH' D, H)(qo'y"q) Qp@;gt = (Upy"ur ) (UsTutie),
Qnu = (iH" D ,,H) (" u) (1) . 7
Qua = (iH''D ,H)(d~*d) Qp?nfglt = (@7 ) (deudn),

Q(ud — (UPVMTAUT)(JS'YMTAdt)a

prst ‘

= Z—

Bhabha scattering

) = (§7"”e)(57”e)
Qle — (/7“ )(87“8)
Qu = (lpy*lp) (" 1r)

- - kit
QW = Ejjk M/;:j Wiﬂp Wp K

TGC /multi-boson

S —

Field redefinitions are WHY a global SMEFT is needed

D, H'H)(H! D" H) B anomalies

HD = (
<§ (H'o'H)W;, B QY = (B t:)(mb)
( H“ D H)(Ia - pr B
Q” ( )(/”u/p) H Qi?éb = (&7 ;) (311 Yub).
mput quantities o — ——
L — —

We are looking for few % to 10’s% effects in SMEFT.

Partial image credit . Brivio
SMEFTtools 2019

-

QHbox = (H'H) o (H'H)
OHe = (HtH)Ga GV
Oug = (HtH)B,wB“"
Qnw = (H'H)W,, W'k
QuH - (HtH)(qHu)
Qan = (H"H)(gHd)
QeH - (HtH)(qe)

Q¢ = EachaVGprC”
QuG — (qo.pu TaHU)

H processes

T —




Why few percent corrections of interest?

® When you don’t rely on a resonance discovery the SM interactions are perturbed
by local interactions

® \\Ne now have a scalar with mass mn ~ 125 GeV
reasonable to expect g; M, ~ few TeV

® | HC reach limited = 14/6 ~ 2TeV (rule of thumb due to PDF suppression)

® (Corrections expected on the order of

2 E?
(sl mlp !

o few % Vi few — tens%

A~ M/\/g in this talk
(LEP data few % to 0.1 % precise)
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s this already ruled out by flavour?



https://arxiv.org/pdf/1706.08945.pdf

Flavour and CP assumptions

r
Y A % § VS ><
_ o« -« -« < -«

Recall SM contribution to meson mixing: Integrate out your desired NP states/sector
2 . . .. . .

g ~ o (Vi Vi PR 7 ] )| M) 0i; = 55 (QL7" Q1)

SM PATTERN has GIM suppression,

CKM suppression , and loop suppression We assume MFV for TeV new

A~02 so N~107% M ~1073 physics to be robust (for now).

® SM flavour violating
pattern validated
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Flavour and CP assumptions

Isidori 1302.0661
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Operator Bounds on A in TeV (exp = 1) | Bounds on exp (A = 1 TeV) | Observables
Re Im Re Im O - i
(5pv#dr)? | 9.8 x 102 1.6x 108 [90x1077 34x10% |  Amg;ex CP VIOIatmg effeC_tS
(8rdL)(5LdR) | 1.8 x 10° 3.2 x 10° 6.9x 1077 2.6 x 10~ Amg; ek Strongest constraints
(ery ur)? 1.2 x 10° 2.9 x 10° 56 x 1077 1.0x 107" | Amp;|q/pl,¢p
(érur)(éLur) | 6.2 x 103 1.5 x 10* 57x107%  1.1x10"% | Amp;|q/p|,ép
(bytdL)® | 6.6 x 10° 9.3 x 10° 23x107°  1.1x107° Amp,; Syk
(brdy)(brdg) | 2.5 x 10% 3.6 x 10° 39x10°7  1.9x10°7 Amp,; Syk
(bpy*sp)? 1.4 x 10° 2.5 x 10% 50x107° 1.7x107° Amp,; Sys
(brsy)(brsr) | 4.8 x 102 8.3 x 102 88x10°% 29x10°° Amp,; Sys
3 4 TeV 9x 103 TeV x |eng|'/2  from K°—K° @ \Wilson coefficient that
A< : << 4x10%2TeV x |e31|'?  from By — By carry the CKM factors
[ViiVajl/leis |2 7 x 10* TeV x |esg|'/? from B, — B
32 s — s (MFV) can resolve
Operator | Boundon A | Observables
¢! (DrY Y0, QL) (eFuw) 6.1TeV | B — Xy, B — X6
] L(QLYuYid7.QL)? 5.9 TeV €K, Amp,, Amp,
® |nthe MFV case, still o' (DY} Y0WT*QL) (9:GL) | 34TeV | B X1, B - X £H6-
flavour violation, but (QuYu¥iv@r) (BryaEr) 5.7TeV | By — utu—, B — K*utyu-
TeV sectors viable i (QuYuYinQr) ' Dy 41TV | By putp, B Kty
QrYuYd.Qr) (LryuLe) 5.7TeV | By = ptp=, B— K*ptp~
ChartS a” from QLYuYuT’TﬂQL (eDyFyy) 1.7 TeV | B = K*'u"pu~




Flavour and CP assumptions

https://arxiv.org/pdf/ 1 603.03049.pdf V. Cirigliano, | W. Dekens, |. de Vries, and E. Mereghetti

%4

0.6 M T .

04!

02r | — Combined |
- Future ]

0.0+

V2CW1

-02/

-04/

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

04 =02 0.0 02 Ry ~0.1 0.0 0.1

VZC)' V2th

0.005 L2008

FIG. 2: 90% CL allowed regions in the v?c, —v?é, (left panel) and v?ew: —v?éw. planes (right panel), with couplings evaluated
at A = 1 TeV. In both cases, the inset zooms into the current combined allowed region and shows projected future sensitivities.
Future EDM searches will probe v2é, ~8:107% and v?éw, ~ 7-107°,

® “The overarching message emerging from our single-operator analysis
Is that the CPV couplings (top-higgs) are very tightly constrained, and
out of reach of direct collider searches.”

e One operator at a time. But symmetry violation constraint leads to
symmetry conclusions.
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SMEFT parameters that violate SM symmetries

® Beyond the general SMEFT, if is of interest to examine the following cases
Respect the SM flavour symmetry that exists in the Y, Yp — 0 limit in a new sector.

Gr =U(3)° = Sq ® S ® U(1)°

where S5 =SU(3)q, ® SUB)y, ® SUB)p, S = SU3)L, ® SU(3)k,

Technically the Yukawas act as spurions:  Yu ~ (3,3,1),Yp ~ (3,1,3)

® U(3)"5 SMEFT with possible CP violating phases beyond the SM

® MFV SMEFT with NO possible CP violating phases beyond the SM

One operator at a time analysis does not matter so much for SYMMETRY violation tests
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..are there too many parameters!

® Number of parameters convolution of power counting

O~ Oy + LELY | Dolsbu) ;

heavy heavy

+ numerical suppression due to interference with SM and resonance
domination, or not

® EX - flavour indicies

for neutral currents: Le
3ur g3 - my
Afk:1627z;? Z/}i [yiKLVk]Ag PL+yJVkJ‘/2kA2 ]¢J’
W W
2 3V/93 + 95 93 Vi Vi mj }

W

This IR SM physics projects out parameters.
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On the poles things are do-able

Case CP even CP odd | WHZ Pole parameters
General SMEFT (ny =1) | 53 [10] 23 [10] ~ 23
General SMEFT (ny =3) | 1350 [10] | 1149 [10] ~ 46
U(3)° SMEFT ~ 52 ~ 17 ~ 24
MFV SMEFT ~ 108 - ~ 30

Brivio, Jiang, MT https://arxiv.org/abs/ 1 /09.06492

® 5o long as a measurement is dominated by a near on-shell region of phase
space of a narrow boson (like W,Z,H) many other parameters suppressed by

(FB mB) {Re(C’),Im(C)}, (FB mB) {Re(C’),Im(C’)},

o7 gsm Cj p? gsm Ck

i Measurement/facility design can DEFINE a subset of SMEFT parameters in a fit

® Suggested strategy of https://arxiv.org/abs/1709.06492 use this, do a
dedicated pole parameter constraint program, then expand to tackle tails
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https://arxiv.org/abs/1709.06492
https://arxiv.org/abs/1709.06492

Key processes to focus on

Higgs o/Br (narrow higgs)

Vector current scattering

LEP/Tevatron
pole scans
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q .

e \arious operator based perturbations can appear W

q

H

EWV in Higgs properties

X:!

h

wr

/.-\ L‘CG;-‘\yGﬁJﬂGSp

f.-\ U("GSUGSJ(JGS,‘

AIK vy Jow Ku
KWW Iow!

LK vy Jews K u
£ H“ W, l‘lp

X'Jy:?

v Xy

¢ GLGW
oo &:"(;:\uy
el WL Wik
Pl WL W i
¢'e B, B*
Yl I}P,,B“"
ol W, B

',a'r’pwlyﬂ‘“’

(Loe )WL,
(ho* e ) B
(Ggo*Tu, ) G4,
(go™u)r'gW,,
(30" u, )7 By,
(@0 “TAd, ) G;:y
(gpo*d, )T o W,
(@™ d, ) B

i(@' D) (iipy"dy)

Table 2: Dimension-six operators other than the four-fermion ones.
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Soon to appear - the SMEFT Higgs width

Brivio, Corbett, MT https://arxiv.org/abs/this.week.damn.it

® These analyses look overwhelming. If you stick near the SM poles
and interfering with the SM at LO, its a small subset of parameters we can
consistently bound even now. We find the inclusive higgs width (preliminary)

SMEFT
5Fh, full

Sy 1 —1.50Cyp — 1.21Cxw + 1.21Cxw 5 + 50.6CHe + 1.83C o — 0.43CHp
h

+1.17C}, — 819y, | Curr | —48.0yp | Camr | —13.3y, | Cepr | +0.002CY) 4 0.06 Cy)
+0.001 Cgy — 0.0007 Crrg — 0.0009 C41) — 2.32C) — 0.0006 Crre
e To be used for all Higgs BR based measurements. NOT 2499 parameters!
See ilaria’s talk for more details.

Narrow width approx of W.Z in this calc failed rather badly.
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https://arxiv.org/abs/this.week.damn.it

EFT Corrections to EOM


https://arxiv.org/pdf/1706.08945.pdf

Recall the SM EOM

® Principle of least action to EOM

SM SM
M M SM e [OL oL
$= [ dogea 0-a5= [axa 5 0x-0 (505,0) %
N
nggS D2Hk — A’U2Hk + 2/\(HTH)H]¢ == &7 YJ UE + EYd dk +§Y'elk =0
Fermion: iwqj=YJUﬁj+deHj, ’iwszdq_jH”, 'L'w’U,:YquﬁTj
Z'Elj=YJeHj, z'ﬁezYele”,
G field: o A _ - A o I __ 74 DYB..a = .
auge field:  [D% Gupl” = g3J5 (D%, Wogl|" = 9253, af = 918
: — Notation:
SM jg = D, PT sy,
currents: ”izu’d’q . . H‘i:l__{uH = iH'(D,H) - i(D,H)'H,
ih = 5571’76‘1 + 51 gl + §H’r i‘BéH, H'iDLH = iH'r(D,H) - i(D.H)'T'H,
) - 1 . [D“’Q]I = oM Ql—g2€JKI WﬂQK:
— . _— T J
.7}9 Z "by'g'.y‘ﬁ?,b + 2H ?/(BﬁH) [D“, Q]A — OH QA — g3 fBCA A%QC

w=u3d3q363l
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Recall the SM EOM

Principle of least action to EOM

SMEFT SMEFT

4-2¢,, suprrf o [OL ac
L(x,0x)d 0=65="[ a2z [66x 9, (6(3 )>5x],

N

arXiv:1806.06354 Barzinji, MT,Vasudevan
This leads to a tower of corrections to the SMEFT EOM:

SMEFT

A () o0 AA (d)
2me =u" [Y ]nm HJ + d" [Yd]nm HJ + Z AZ "; [D GMV] = g3 ]V + 93 Z Ad 4 ’
o0 J (d) 00 AI (d)
i nrri
me [YC]nrn H + dz Ad 4 ’ [Dﬂ ;.LV] - gQ]v + g2 Z Ad 4 ’
o0 A(d) o0 (d)
iDd = (Yoo @ HI + 3 —2, Ab
3/ [Ya] Z Ad—4 D¥Buy = g1jv + 01 Z Ad—1"
(d) d=5
iDuy, = [Yylmnq H“+ um, . .
m = [Yulmn @ Z Ad—4 D?*H? = M?H7 —2X\(H'H)H? — G [Yu]h,, u™€™,
D = Vol £ HY ) | A
WY Em = [ c]mn + Z Ad—4 - c—i"[Yd],,,,lq;’n €" [Yelnm€™? + Z "
d=5
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SM SMEFT EOM

® Example -~ -
g ol = (¢ i) (' )
— \ arXiv:1806.06354 Barzinji, MT,Vasudevan
o0 (d)
i 6, = [Yelnm "HJ+Z T Ay = —20@r i (A7),
AR = —c@r e (o (AT 6) + @) €]
R — —
D2H) = M2HI — QA(HTH)HJ — G [Vl u™ eki.
. AGE This is an example of “higher order compensation”

- @ Wl Welan™ + 3 41 Ad=d in the lan fP ino’s talk

. guage of Passarino’s talk.

S —

® | eads to matching corrections as in the Seesaw model case.
arXiv:1703.044 15 Gitte Elgaard-Clausen, MT
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SM SMEFT EOM

arXiv:1806.06354 Barzinji, MT,Vasudevan

1, 1
L+

1 1
® Example | £ _ £g), + Ls+ Lo+

L7+
AsL20 Afp—o

3
_ Asr o
‘r

Notation: (g, G) = {(,I),(I,71), (A, T4)}

2
A(SB:O

o A(d) ISP = Py Py, OB = a1 oy,
o Z B,.v pv — " — o . Lo Y he _ H .
DuB[JV — glJV + gl Ad_4 ) Cw’l)gf: Cﬂ;’;’F 7/)2,1)0';LVG Wl,rH + h°(ﬂa cw;,;'f:f;l‘ Cw;}rF u)2,1)0;tuGU)l,v H + }l.(,.,
d=5

JI;L;:A, [T 1_%7# TA by,

T —

R —

AY =2pHH) | Y Ccq)aer+ Y Crry Ty + —C;’ P HYD H| +2yp(H m H) S %) J8in,

Hy “pr HyYpr
v=£gq P Y=e,u,d v=£gq PT
4C 2C 2
+ ==HB ov(H'H)B, , + ——2WB pv HirH|;W!,, + 4Cup H'H j, + =2 Cawp (H' 1 H)JL,
g1 g1 g1 g
4 = ~ 2C i ~ 2C 6 ~
- —(;’”3 8" (H*HB,,“) - —;1 WB p¥, H'rH],W] , + —;1 WB (D, W, .| H'r'H,
1 1 1
9 .
+ - (BVC:;‘B + 6VC:(‘;B + aUCZ:B) ’
g1 pr pr pr
e R

® These matching contributions are EOM effects so there is no trivial IPIl diagram.
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LEFT, symmetry currents and gauss’s law


https://arxiv.org/pdf/1706.08945.pdf

Post Modern Discovery Physics

LHC LEPII
h pole 4 fermions

Energy scale: <—|—|—|—|—|—|—>

~ GeV ~ 10's GeV ~91.2GeV  ~125GeV ~ 190 GeV ~ 2000 GeV
EFT. WET (or LEFT) EFT. SMEFT or HEFT
| I l Running l
Complete LEFT RGE: Complete SMEFT RGE:

arXiv:1301.2588 Grojean, Jenkins, Manohar, M T
arXiv:1308.2627,1309.0819,1310.4838 Jenkins, Manohar, MT
arXiv: 1312.2014 Alonso, Jenkins, Manohar, MT

1711.05270 Jenkins, Manohar, Stoffer

HEFT/SMEFT matching LEFT:

1709.04486 Jenkins, Manohar: Stoffer 1o+ | RGE: |
| 710.06848 Alonso, Kanshin Saa
LEFT EOM: | 710.064 12 Buchalla, Cata, Celis, Knecht, Krause
arXivi812.02991 Helset, MT SMEFT EOM: arXiv:1806.06354 Barzinji, MT,Vasudevan
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LEFT and LEFT EOM

® LEFT notation: Ligrr = Ligpr + LY + LO + L0 4+ .
C.
d) _ (d)
L )_Z?Pi for d > 4,
i

LEFT defined integrating out the W,Z,h,t SM states. This means parts
of linear multiplets are integrated out, other states retained.

SM contributions:

1 v v 0 CD - v - (3) _ . — y —c
LEII\E‘,/IFT 1 [F;WF“ + GfVGA“ ] + BC;TGfVGA# Liger = zu;?/’l}[Mw]r#g +ur Crslfgl/% + h.c.
0QED ~ A — . 3
+ o R F A 43T Gilb + vLilbvr + LiZer.
"

® Higher dimensional operators in LEFT come about due to possible higher d
ops in SMEFT, in LEFT’s UV, and also integrating out SM states.
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Symmetry currents

® Recall a symmetry of the action is such that when an infinitesimal change to a

field is made x(z) = X' (z) = x(z) + aVx(z),

® Actionis unchanged S — S’ up to a possible surface term 5, (a(gﬁx) vx),

Then the Lagrangian is unchanged up to a possible total derivative

L — L+ ad, K",

For each such change we can define a corresponding current

. oc
a a(auX)
And if the theory preserves the symmetry then 9,J* =0. ‘

JH

Vyx — K*.

EOM correction
feeds in
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Lepton humber example

Consider a simple symmetry example, lepton number, perform rephrasing

er — e'“er, er — €'“er,

L L R R current Je =J. +Jg=ev"er +errer+...
Is this current conserved?  ,J, =i (duer) v*er + ey (apeg)
= (—ERMe +- ASG)) er, + €r, (Me eER — Ag6)> \
p Pr 6{: - p ™ I’;

Higher dimensional operator contributions to current, an effect not individually
Invariant under charged lepton rephrasing

A.(gi'L)eL - eLA((:i'L) + AS_'(ZL)eR - eRAg;L) = (CV'“‘J“
L P

vedu uc,L‘]:f/u,L - Cx‘l/:‘:([lltf‘.']c‘:‘u,l,']:d.l‘) Nuv
r P p . r prst pr st rpts pr st
+ (C:,e'gf‘]ra,l.']:u.i? o Cx‘l/r_.'tzi‘f.'lz‘:‘u,b‘]:d.l?) Nyw + Cfé?fsuc,Lsdu,L - Cf‘_:?f‘scsu,}?sud.ﬂ
prst pr st rpts pr st prst pr st rpts pr st
+ (C:éj:{n‘;uLm?L - CZ;(II{uR. 7:’:11.1117::51{) NauT8y + Cfc'g,flsue,LSdu.R - Cfégf.seu.RSud,L.
prst pr st rpts pr st prst pr st rpts pr st
Corr ndin rrections to the neutrin rrent JY =viytvr +
orresponaing correctons 1o tne neutrino curre v =EVLY VL T ...
T T T
(6,L) , _ —~ A(6,L) (6,L) , = A(6,L) (6,L) — A(6.L) _ L
Bep er—epfes + Bepter—erfcy” £+ 450 Al =0 Current conserved 8.J;”% =0,
r p
e

e
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Lepton humber example

® (Consider a simple symmetry example, lepton number, perform rephrasing

er, — e %er, er — €'“eR, current Je =JY, +J
P P P D rr 1z 7:

Is this current conserved?  ,J, =i (duer) v*er + ey (apeg)

™

) g

Higher dimensional operator contributions to current, an effect not individually
Invariant under charged lepton rephrasing

6.L 6.L . v, V.LL«
A'(?L ler, - e"A‘(‘i‘“ + AS’R en - eRAE’(;':L) - (C LLJ“(!.LJ:IIu,L - Cuc.(% Jo pdua,L

vedu Yv
r P oo P

) Nuv
p prst pr st rpts pr st
VLR u v V.LR* u v S,RR SRR~
+ (Cuedu Juc,L']du.R - Cucdu qu,LJud.R) Nuv + Cycdu sUﬁ,Lsdth - Cuedu Sc:u,RSud,R
prst pr st rpts pr st prst pr st rpts pr st

I (6) - __ A(6)
_< e;;M;r-f-AE{:) 81;+6£; (Mrepe? AeL

T\RR4pv 7-03 ’I'.RRoTuu 7-OB S,RL S,RL»
+ (Cucdu 7:'8..L du,L ~ Cucdu ev,R ud.R) NauTgy + Cucdu Sve,LSau,r — C Se"~RS“de'
s pr st

vedu
prst pr t rpts prst pr st rpts pr st

Corresponding corrections to the neutrino current Jo =vy* v +...

i
rr r r

Ag Ve — e ALY + A5 Ver —erAGY  + ANy, —7,A5P =0, Current conserved 8,7 =o,
r r p r " p T " P p
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Hypercharge example

® SM hyper-charge current 4 o= Y yo¥r*y, yo = {-1,2/3,-1/3,-1/2,1/6}.

V=ep,ur,dgr,
£r.9L

Not manifest in LEFT. (includes states integrated out)
Defining a current of the states retained %, = > yrT¥T. T = {Yr¥ru)
T

Is this conserved? (impose matching to SMEFT and SM)

. M . (Y‘UR - Ydu) V,LR 12 v V,LR‘ /7 v Vl,LR M v . VI,LRIO M v
zaﬂJTy — =2 Cuedu Jue,LJdu,R - Cuedu Jeu,L ud,R + Cuddu Jud,LJdu.R Cuddu Jdu,LJdu,R Y
match U prst pr st rpts pr st prst pr st rpts pr st

+ (Yw - Yh’JL) (Eg [Mw]pr’i,/)% - J% [MJ,] 11112) + 2 UTYy, [vgct VE - l_/(l:,cg VL]

pr v pr p PT T

+ (Yoo {;— Yirr) Z ["ZR aaﬂTA,d)L Cﬁac _ @L o,aBTA,d)R CZ';G] G;B
T Die P T rp p r rp

+ (sz, -_ Ywn) [QZRO'QB"I)L C;)'r — 1|_bLo'a'B1/)R Ci:,] FQB T ene
v 2 T o rp p TP

No. Even the contributions coming from the SM are such that  9uJgy,sm # 0.

e ———————————
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Hypercharge example

® \What is going wrong is some states missing from spectrum that carry hypercharge

® How do we find the conserved current? Define a current with the spurion:
JtLErr = Jhy + Ji's, e =3 (€)' (Du6).
Assigned charges:

~. =~ ~ ~
Jis =Y ysCtiD*C. for CVLR - CVLEIR

Yé = Ydr — Yunr vedu °* uddu
© Yé = —Yu for C,,
Using th]? IIEdOM209ntr|but|on of the Y& = Yon — Yo, for Cyry, Cyc,
rion fi = *. >
spurion field D*C = §Lpgpr/6C Y& = Yo, — Yon for Cy.

One recovers the conserved current: 9uJy pgpr = 0.

B e
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Hypercharge example

® \What is going wrong is some states missing from spectrum that carry hypercharge

® How do we find the conserved current? Define a current with the
JtLerr = Jhy + Jb's, e =3 (€)' (Du6).
Assigned charges:

T S . =
Jis =) ysCliD*C. for VLR @AVLLR

Yé = Ydr — Yunr vedu °* uddu
C Yé = —Yu for C’,,,
Using th]? IIEdOM209ntr|but|on of the Y& = Yon — Yo, for Cy,Cyc,
spurion r1ie D*“C = §Lygpr/6C*. Y& = Yoo — Yor for Cy.

One recovers the conserved current: 9uJy pgpr = 0.
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Current redefinition and gauss’s law

® Gauss'’s law (1845), see also Lagrange (1773!) relates time component of
EM current j# =3 4#y, tO

V-E

—€phys

JO =

Its a good thing if the EM current is conserved: 4, J* =0,

There is a subtlety. Sorted out in Collins, Manohar, Wise arXiv:hep-th/0512187 [hep-th].
See also Lurie 1968

A &« Cancel!

b

<€— Current insertion

. . . Gupta-Bleuler
There is mixing with a surface term condition

E 6SLEFT n 1
- — eps I + Z38, FF + ~ G - A.
> N > . 0 (SAp,(.’ZI) o JN 38 %

B ——————— e
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Current redefinition and gauss’s law

® Counterintuitively, a naive definition of the current runs

d 1

—J* —9 UF(O)’"“.
o Jiis = 274 eOZ36
Just redefine the current to cancel the log o () Ja
Collins, Manohar, Wise arXiv:hep-th/0512187 [hep-th]. UEFTPlys — TMS  gpue TV

e? m?
H(O) —_—— 127;2 l()g 'I?'

2

FllngT,phys = [1 + H(O)]1/2 FV#’
eLEFT,phys = [1 + H(O)]_l/2 eps.
® [ eft has a natural generalisation of this

Z3—1
e

9, (ZcCor (10" eR) + ZEC (€ro"Per)) + ... i Dipole

B 7K v
Jm—JN+ o, F"#

VZ3Zs
€

ep

+
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Current redefinition and gauss’s law

® | eft has a natural generalisation of this

a) e b) e
Ve N vd \,| . .
\\\\\\\\\\\\\ s i WD e Calculated in 1711.05270 Jenkins, Manohar, Stoffer
- .

9 ey D ey
- i
) T, f) ;r_,."""’vd\’"‘x‘\tl

: MS ~ YN e “

$ § H

£) Pt VAVA _ _

' + 0y (Z(;Ce,y (CLUW‘CR) + 26027 (eRa"“eL)) + ...

e

S - Corresponding surface diagrams with current insertions.

/
I G | -
\T/ \"T'/ Have to redefine the current with higher D ops
: : (multipole expansion) to have the divergence cancel
< » [ S —
H(O) v 2
JEEFTphys - J%— el O F"",  1(0) = —1;2 log ':;
€qe * mf
+ 21r2(Ctlt‘ir[Mﬂ]11 +C¢iv;[l\’!g]11)10g F 4L
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Current redefinition and gauss’s law

® | eft has a natural generalisation of this

a) e b) r—
:'/‘. ~\-. t'/ \." [ [
\. } A_AN.J.N.{‘ .w C al cu | aJ[ e d N | 7 | | OS 270 J en | in S, l\/l aNo h an St Oﬁ(er
N ‘___/’ \_\__‘ S/
) A 1)

b4 ¢

$

$ 3

g ST Ty Vv Z 3 ZQ
€

{ % + o Oy (ZCCe7 (epo”er) + ZE;C;, (EROV“GL)) +...

"; “In summary, the manuscript is very technical, difficult to read, and lacks any “
i novel results that could be of interest to the particle physics community.”

— anonymous (no doubt unbiased) Phys Rev D reviewer

(The “don’t be a tool” title of the talk seems to apply here as well.)

- . e =

SMEFTtools 2019



Thx, and have a nice workshop!




