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. Let me tell you some
subtleties of EFT...

... will be quick!

Michael Trott, Niels Bohr Institute, Copenhagen, Denmark.



Basic Outline

® Brief review of overall set up of Effective Field Theory in the Higgs sector and beyond.

What we know of the Higgs like scalar in an EFT context.
Linear vs nonlinear approaches.

® The linear SMEFT - status and constraints, interplay with non LHC data and EWPD.

® \Why we need to go beyond a LO treatment and theory developments in support
of this effort.

This effort is only starting!

The case of h — vy laying a
path in the NLO jungle for this effort.
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Run | Legacy

® What do we know? Without a doubt a very Higgs like boson.
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The Cut Off scale(s)

® What do we know? Without a doubt a very Higgs like boson.
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The Cut Off scale(s)

® What do we know? Without a doubt a very Higgs like boson.
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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. £ AL B B B
> 1. ATLASand CMS t .
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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 problem that needed to be solved:
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The Cut Off scale(s)

® What do we know? Without a doubt a very Higgs like boson.
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The Cut Off scale(s)

® What do we know? Without a doubt a very Higgs like boson.
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The Cut Off scale(s)

® What do we know? Without a doubt a very Higgs like boson.
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- 4o— My/S “Higgs like boson” is not a silly statement.
vy - W W A (LAac) It has to look roughly like this as it is not raining
NP particles near the EW scale.
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The Cut Off scale(s)

® What do we know? Without a doubt a very Higgs like boson.
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The Cut Off scale(s)

® What do we know? Without a doubt a very Higgs like boson.
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The Cut Off scale(s)

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

. ] . Espinosa,Grojean, Muhlleitner ,Trott arXiv:1202.3697
1. SM is of course consistent with the data.

Fit to LHC Higgs like data, inclusive

This is why this hypothesis test was introduced
In these Iinitial works, as soon as the signal
strength data started to appear in 2012.

We want to do far more now - but it is a good idea
to maintain this test going forward.

B0 05 10 15 20
a PreMoriond'12

See also:

Azatov, Contino, Galloway arXiv:1202.3415
Carmi, Falkowski, Kuflik, Volansky arXiv:1202.3144 (v2)
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There is a cut off scale.

® \Where is dark matter in the SM?

e \Where is inflation in the SM?

re (minimal) Higgs inflation - ask me later.

® Minimal baryogenesis in the SM is out.

Leptogenesis at a high scale might be right.

® \What is the origin of neutrino mass”? Beyond the dim 5 op.

e |t is clear that the SM (if assumed) breaks down at some scale.
Where are the corrections, where is everyone”?

B ———_————
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What is the EFT: |)Nonlinear EFT

Two options. Not obvious to choose between them for cut off scale reasons stated.
History of this idea is a talk itself,

1) Nonlinear EFT - built of see citing discussion in
ige T v h 1504.01707, 1409.1571
Y =e"¢

1 1 1 -
W Wy = BY By — GGy + 0D

L= 4

-‘(}2 N v i T [j
+ —Tr(D, S DFE) —— (aydy) S [ Yy “R .c.,
1 (D, ) \/5( Ldr) ( ';l/fij &, + h.c.,

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

1, 2 o h B2 B
L = §(auh) —V(h)—I—ZTI'(D,uZ D E) 1+2aW’Z;+bZ>WfU—2+b37Z>W,U—3+.” :

v o h u )
’ Yij dp

1 d 2 d 2
V(h) = —mih2+—3(3mh) B+ 4<3mh)h4+---

(%

SM mass scales then unrelated to scalar couplings - this is used in the “kappa” fits.
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What is the EFT: 2)Linear SMEFT

2) Linear EFT - built of H doublet + higher D ops

L=L + ! L¢ + ! L) + ! L +
— ~SM 6 NG AN &
A§p—o Ageo © A4

Lepton number violating, associated with neutrino mass
and higher suppression scale
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Linear SMEFT

2) Linear EFT - built of H doublet + higher D ops

1 1 1 1
L5+ Lo H~———1L

Lo+ ! L+
Asz 20 A§p—g ! °

2
A5B7é0

Baryon number violating, experimentally known to be small
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Linear SMEFT

2) Linear EFT - built of H doublet + higher D ops

Asr0 5 B=0

‘A4
§ B£0 5 L#0 A

O Glashow 1961, Weinberg 1967 (Salam 1967)

O Weinberg 1977

O Leung, Love, Rao 1984, Buchmuller Wyler 1986,
Grzadkowski, Iskrzynski, Misiak,Rosiek 2010

Weinberg 1979, Abbott Wise 1980

C_ O Lehman 2014 (student at Notre Dame) ~ arXiv:14104193

O Lehman,Martin 2015 (couple weeks ago!) asxiv:1510.00372.

We are up to one order a year!
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Complexity is scaling up...

2) Linear EFT - built of H doublet + higher D ops

1 1 1 1 1

5 B=0 5 B£0 5 L#0

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

C__ D 1 operator, and 7 extra parameters
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Complexity is scaling up...

Dim 6 counting is a bit non trivial.

Class Nop CP-even CP-odd
Ng 1 3 Ng 1 3
1 g*x3 4 2 2 2 2 2
2 HS 1 1 1 1 0 0 0
3 H'D? 2 2 2 0 0 0
4¢°X2H? 8 4 4 4 4 4 4
5 yv?H® 3 3n> 3 27 3n; 3 27
6 gyu’XH 8 8n 8 T2 8n; 8 T2
7 v H?D 8 3ng(Ing + 7) 8 51 3ng(9ny — 7) 1 30
8 :(LL)(LL) 5 in2(Tnl +13) 5 171 Ini(ng —1)(ng + 1) 0 126
8 : (RR)(RR) 7 ing(21n) + 2n2 + 31ng + 2) 7 255| ing(2lng+2)(ng—1)(ng+1) 0 195
¢4 8 : (LL)(RR) 8 4n%(n? 4 1) 8 360 4n?(ny — 1)(ny + 1) 0 288
8 : (LR)(RL) 1 ng 1 8l ng 1 81
8 : (LR)(LR) 4 4n 4 324 4n; 4 324
8 : All 25 ing(107ng +2n3 +89ng +2) 25 1191  2ny(107nj +2n3 —67Tng —2) 5 1014
Total 59 [L(107n7 + 2n3 + 213n2 + 30n, + 72) 53 1350|L(107n + 2n3 + 57n2 — 30n, + 48) 23 1149

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

arXiv:1312.2014 Alonso, Jenkins, Manohar, Trott

B — W
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Complexity is scaling up...

2) Linear EFT - built of H doublet + higher D ops

1 1 1 1 1

5 B=0 5 B£0 5 L#0

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

C__ D 1 operator, and 7 extra parameters

D 59+ h.c operators, or 2499 parameters (76 with Ny = 1)
arXiv:1312.2014 Alonso, Jenkins, Manohar, Trott

4 operators, or 408 parameters (all violate B number)
arXiv:1405.0486 Alonso, Cheng, Jenkins, Manohar, Shotwell

D 20 operators, (all violate L number, 7 violate B number)

arXiv: 14104193 Lehman
> 535+h.c. operators (with Ny = 1), 49 violate B number

arXiv:1510.00372 Lehman, Martin

e
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Complexity is scaling up...

2) Linear EFT - built of H doublet + higher D ops

1 1 1 1
Lo+ -—5—Lg+ Lo+ —Lg+ -
A%B:O A%Bﬁo ° -A§L¢o A?

L=Lgpn + L5+

Asr.+0

Can reduce the number of relevant parameters to
about 50 or so using flavour symmetry and neglecting CP
violation, using scaling when near resonances..

e WE CAN DO THE RELEVANT GENERAL CASE!
® Consistent power counting can also be done.

e Thereis no need for extra model dependence to
be introduced or vague assumptions.

Can always restrict to less general case
AFTER general analysis.
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What is the picture!?

Q@O Cut off scale raising

above the ew scale

Q Run | LHC
Linear EFT

+higher D The SM EFTs approach in one venn diagram.

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

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

® \Want to have precise and well defined patterns of ALLOWED deviations in the linear
EFT to know if more restricted formalism breaks.

B
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Post Modern Discovery Physics

e So what do we do NOW: LHC LEPII
h pole 4 fermions

Energy scale: 4—'—'—}—'—'—|—>

~ GeV ~ 10'sGeV ~91.2GeV  ~125GeV ~ 190 GeV ~ 2000 GeV
\] EDM’s LEP |
MFV < flavour Z-pole / \
80's-90's /
Constraint colliders,
vectors in /

W coeff space ® the vectors rotate as you change scale..

® To combine the various constraints consistently take into account they
rotate as you change scale.. or introduce theory error.

® Any future discovery has to be projected back on these constraints to

check consistencx.
¥ T —————————————m—m———
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Bases choice and Dim 6.

® Will focus on constraints on dim 6 that are relevant to informing searches for NP effects
(beyond inclusive signal strength measurements)

® Will use Warsaw basis - it is well defined and there is nothing wrong with it.
The basis choice is unphysical and can't matter unless mistakes are made.

Update on basis discussions. “Vigorous” discussion this year on bases in WG.

Re “Higgs Basis” - it is no longer to be recommended for data analysis in WG2
as it was in previous versions of basis document. WG2 basis note is being revised.

- - G. Isidori Sept 1st email on behalf of WG2 convenors to concerned parties.
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Bases choice and Dim 6.

® Warsaw basis: 1008.4884 Grzadkowski, Iskrzynski, Misiak,Rosiek

ABC I Av 3 Bp3C
f G p GG e

ABC I Av I Bp(XCu
f G B GErG X

IJKyrlvisJdensKu
KWW

IJK virlviasJotas K
£ Wﬂ W W,, H

sz”Z

T, ‘_4 V:‘ /)
Ple GG
o' a'x G AW
n.v “/‘."Uu, Tuw

Wlny Tuv

,,;t "B LB
¢'0 By B*

' !,,. ,/1 iy

T oW ‘“,13'

,’Qt,r!{p W’,,B“”

(l,,o“' )7t pr’u
(lpo c,-) 0B,
(on"wT" ) G;}:
(Gpo™u )T W),
(G,0" u, )% B,;

(G T, )¢ G
(Goo*“d, )T’ npl o

(g™ d: ) By

) (37 q,)
(cp’iB’ ©)(g,7'v"q.)
(' D, ) (i7" ur)
(¢'i D, 0)(dyyds)
i(§' Dyip) (0"d;)

Table 2: Dimension-six operators other than the four-fermion ones.

6 gauge dual ops

28 non dual
operators

25 four fermi ops

59 + h.c.
operators

NOTATION:
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Bases choice and Dim 6.

® Four fermion operators: 1008.4884 Grzadkowski, Iskrzynski, Misiak,Rosiek

8: (LL)(LL) 8 : (RR)(RR) 8: (LL)(RR)
Qu (Lo Yulr ) (Ls¥*1e) Qee (epvuer)(Esv*er) Qie (lpvulr)(€sv"et)
W | (@) (@) Q (Tpyuu, ) (Tsy* uy) Q1 Loyl ) (@ v uy)
& | @G e) @' r'a)  Qua (dpyudy) (s dy) Qud (Lpvplr) (dsy"de)
QY | Gml)@*a)  Qew | (Eer) (@ u) Que | (@70a) (@ er)
QY | Gyt 1)(@71a)  Qea (€pvuer)(dsyids) o | (@e) (@)
QL (Upyuur)(dsyde) o | (@ T er) (@sy* T uy)
QL) | (wpmuTAu)(devTAd) Q%) | (@ vugr)(devide)
Q% | (@7.T4q,)(dy*TAd,)
8: (LR)(RL) + h.c. 8: (LR)(LR) + h.c.
Queaq | (Her)dsges) Qb | (@ur)ein(ghd)
Q) i | (@Tur)esn(@ETAdy)
o, (Eer)en(@ur) Over 20 _years?!
0P | (Howerep(@onu,) 700 citations before full

EOM reduction?
Our priorities were

elsewhere.
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Global constraints on

Consider LEP | observables:

arXiv:1311.3107.Chen et al.

Observable | Experimental Value | Ref. | SM Theoretical Value | Ref. |
iz|GeV] 91.1875+ 0.0021 | [38] - - arXiv:1501.0280. Petrov et al.
w [GeV] 80.385 + 0.015 39] 80.365 + 0.004 [40) |
o9 [nb] 41540 +0.037 | [38] 41.488 + 0.006 [41] arXiv:1406.607/0 VVells,Zhang
I'z[GeV] 2.4952 + 0.0023 [38] 2.4942 + 0.0005 [41] . .
RY 20.767 = 0.025 38] 20.751 = 0.005 41] arXiv:1404.366/ Ellis et al.
R) 0.21629 & 0.00066 | [38] 0.21580 £ 0.00015 [41] 1211.1320 Masso, Sanz
RY 0.1721 % 0.0030 [38] 0.17223 =+ 0.00005 [41]
£
Al 5 0.0171 £ 0.0010 38] 0.01616 + 0.00008 [42] 19096387 Batell et al
AS g 0.0707 + 0.0035 [38] 0.0735 =+ 0.0002 [42]
Al p 0.0992 +0.0016 | [38] 0.1029 + 0.0003 [42]
And Many others...
| 308.2803 Pomarol, Riva.  1409.7605 Trott  hep-ph/0412166] Han, Skiba

141 1.0669 Falkowski, Riva. 1503.0/8772 Efrati et al. arXiv:1306.4644 Ciuchini et al.

Basic point is that STU is no longer sufficient in general.

Phys.Lett. B265 (1991) 326-334 Grinstein, Wise
hep-ph/0412166 Han, Skiba

Pioneering SMEFT works:
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Global constraints on dim 6.

Consider LEP | observables:

Observable | Experimental Value | Ref. | SM Theoretical Value | Ref.
nz|GeV] 91.1875 + 0.0021 [38] - -
w|[GeV] 80.385 + 0.015 [39] 80.365 + 0.004 [40]

o)) [nb] 41.540 + 0.037 [38] 41.488 + 0.006 [41]
'z[GeV| 2.4952 + 0.0023 [38] 2.4942 + 0.0005 [41]
RY 20.767 + 0.025 [38] 20.751 + 0.005 [41]
R) 0.21629 £ 0.00066 | |[38] 0.21580 + 0.00015 [41]
RY 0.1721 £ 0.0030 38] 0.17223 + 0.00005 [41]
Abn 0.0171 + 0.0010 [38] 0.01616 =+ 0.00008 [42]
An 0.0707 £ 0.0035 38] 0.0735 =+ 0.0002 [42]
Ab 0.0992 +0.0016 | [38] 0.1029 + 0.0003 [42]

M. Trott, Higgs couplings 2015 - Durham UK.
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Global constraints on dim 6.

Consider LEP | observables:

£\

Observable | Experimental Value | Ref. | SM Theoretigal Vajue | Ref.
mz|GeV] 91.1875 + 0.0021 | [38] . \ . Note that
1w |[GeV] 80.385 + 0.015 39] 80.365 4 0.004 _
o? [nb] 41.540 + 0.037 [38] 41.488 £ 0.006 theorists
I'z[GeV] 2.4952 + 0.0023 38] 2.4942 4 0.0005 worked
RY 20.767 + 0.025 38 20.751 [+ 0.005 _
RY 0.21629 + 0.00066 | [38] 0.21580 4 0.00015 hard in SM
RY 0.1721 % 0.0030 [38] 0.17223 + 0.00005 for this to be
Abp 0.0171 £ 0.0010 [38] 0.01616 = 0.00008
A 0.0707 4 0.0035 | [38] 0.0735 4 0.0002 the case.
Avg | 0.099240.0016 | [38] 0.1029 £\0.0003
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Global constraints on dim 6.

Consider LEP | observables:

™\ -
Observable | Experimental Value | Ref. | SM Theoretidal Value | Ref. arXiv:1 50202570
mz[GeV] | 91.1875+0.0021 | [38] i i Berthier, Trott
mw [GeV] 80.385 + 0.015 [39] 80.365 + 0.004 [40]
o? [nb] 41.540 + 0.037 [38] 41.488 4 0.006 [41] If you go
I'z[GeV] 2.4952 + 0.0023 [38] 2.4942 4 0.0005 [41] 0
RY 20.767 + 0.025 [38] 20.751 = 0.005 [41] beyo nd %
R) 0.21629 + 0.00066 | [38] | 0.21580 4 0.00015 | | [41] constraints, LO
RY 0.1721 % 0.0030 [38] 0.17223 + 0.00005 [41]
A%p 0.0171 £ 0.0010 [38] 0.01616 4 0.00008 [42] _SM E FT_ alone
AS g 0.0707 £ 0.0035 [38] 0.0735 4 0.0002 [42] iInconsistent.
Avg | 0.099240.0016 | [38] 0.1029 £\0.0003 [42]

Need of loops in SMEFT once measurements are 10% precise appears again
and again in the literature

| 209.5538 Passarino 1301.2588 Grojean, Jenkins, Manohar, Trott
|408.5 14/ Englert, Spannowsky many others..
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Global constraints on dim 6.

Theory error defined by what you neglect in the calculation:
e All perturbative one loop corrections, LO === NLO

Asyprr(A) = \/ Afpro, + A + A%+ A7 + Agh o)

Radiative corrections,i.e. emission, one loop,
redefining input observables, correlations... in SMEFT.

e Higher order dim 8 terms in the SMEFT

A2
=2
U

; v%  /Ne g3 U1
Asyerr(A) = /Ny i A—F‘Z + 75 sz Yi 108[ ] A:’;. (roughly)

arXiv:1508.05060 Berthier; Trott

Error is roughly per-mille to percent level for cut off scales of interest.
A < 3TeV
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Global constraints on dim 6

04 ———:

Because LEP | observables are so precise we can't ignore error in EF T
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535+h.c. operators!
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arXiv:1508.05060 Berthier; Trott
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Global constraints on dim 6.

Recent global SMEFT analysis on 103 observables (pre LHC data).

arXiv:1502.02570, 1508.05060 Berthier, Trott
Currently most comprehensive global fit of pre-LHC data in SMEFT

® | EP pole data + all these measurements below with clear theory errors

B 2 — 2 scattering observables at LEP, Tristan, Pep, Petra.
B.1 ¢*¢~ — f f near and far from the Z pole.
B.1.1 Forward-Backward Asymmetries for u, d, ¢
B.2 Bhabba scattering, eTe™ — ete™

C Low energy precision measurements
C.1 v lepton scattering
C.2 v Nucleon scattering
C.2.1 Neutrino Trident Production
C.3 Atomic Parity Violation
C.4 Parity Violating Asymmetry in eDIS
C.5 Mgller scattering

D Universality in 3 decays

® (lobal data analysis of data from PEP, PETRA, TRISTAN, SpS, Tevatron, SLAC, LEPI and LEP II

Y — T —————————————
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Global constraints on dim 6.

Recent global SMEFT analysis on 103 observables (pre LHC data).
arXiv:1502.02570, 1508.05060 Berthier, Trott

10 LEPI data with Agyepr = 0% LEPI data with Agygepr = 0.3% LEP1 data with Agygrr = 1%
00— 10 10—

05 05 05.
o

(3) (3) (3) ,
ﬂ 00 [ _CHq 00 ‘ —CHq 00 20
100 100 100
-05 -05 -05 S0
e T T 05 1.0 TS IDT I TE05111100 05 1.0 10 T s 00 05 1.0
CHe CHe CHe
100 100 100

Theory errors effect subspace correlations and constraints.
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Global constraints on dim 6.

Recent global SMEFT analysis on 103 observables (pre LHC data).

95% CL shown. arXiv:1508.05060 Berthier, Trott
Anomalous Z couplings in %:
w0ce 1006 o fwe
E | Co = f |
Ciwn :' i * { Car . f o |'7.7'74 !
| - | .
] i' i Cu !' G — 1
G m Cu ! c ir : 1'
iﬁ Go : - ;} -
Go '|::+' - ' - i
FH Go S +—~—1|
S . e o i =
| s - e o | .
o | —5 | o it [ ' |
I °: ' : ss - |
) T 10 -100 -50 0 50 -4 -2 0o T2 s
o 25"‘“‘ ;Z% Difference compared to analyses that neglects SMEFT error,
 Aeuerr =0. L
— A 0% SOMe bounds on individual parameters relaxed by factor
of 10 or so.
e e
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Percent/per-mille precision need loops

We need loops for the SMEFT for future precision program to reduce
theory error. So renormalize SMEFT as first step.

® \We know the Warsaw basis is self consistent at one loop as it has been
completely renormalized - DONE!

arXiv:1301.2588 Grojean, Jenkins, Manohar, Trott
arXiv:1308.2627,1309.0819,1310.4838 Jenkins, Manohar, Trott

arXiv: | 312.2014 Alonso, Jenkins, Manohar, Trott
® Some partial results were also obtained in a “SILH basis”

arXiv:1302.5661,1308.18/9 Elias-Miro, Espinosa, Masso, Pomarol
1312.2928 Elias-Miro, Grojean, Gupta, Marzocca

® Recent results obtained in alternate scheme approach:
arXiv:1505.03706 Ghezzi, Gomez-Ambrosio, Passarino, Uccirati
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Linear EFT renormalization program.

Why else should you renormalize?

® impress our (non german, non russian) friends, 100s of diagrams,
59 operators,EOM subtleties. 2499x2499 matrix that depends on

1
1672

x {1,6%, 0, 9%, 9%, ¢° X\ g%, N2 0%, v, 6%, g% A, gA )

® required to precisely understand measurements at different scales if the
SMis an EFT (and itis) A

ci(mp) = (57:3' — 7ij log <—>> ¢;j(A)

mp
® Loop corrections in SM EFT. Need to include all

1

x {1,0%,X,9%, 9%, ¢°\, g°y*, A%, M%, y, 0%, g, gOA )
1672

corrections to precisely compare to data as well. RGE is a guide to the loops.

® |f Basis is wrong, renormalization can uncover a problem.
Good check of formalism.

1008.4884 Grzadkowski, Iskrzynski, Misiak,Rosiek got it right!
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It is the SMEFT not Higgs EFT.

@ It does not really make sense to think of just RGE improving a sector like

“the Higgs sector”. We need the whole RGE evolution.
Reality really does not care what basis you choose.

Consider the SM equations of motion:

Higgs: D*Hy, — W2Hy + 2A\(H H)H, + @ Y] uejr + dYyqp + €Yl =0
Gauge field: P4 =Y uH;+Y, dHj, iPd=Yyq; H'Y, iPu=Y,q; H'
ipl; =Y eH;, iPe=Y, ;H,
Fermion: = [D% Gasl” = g3j7, [D*, Wagl' = 9235, D®Bag = 9178,

— ® \We need to systematically
| improve the SMEFT to one loop,

Tudq 1 1 due to field redefinitions, do full
jb = —griysq+ =Irlygl+ ~H' i DLH one loop.
B 9 8 9 8 9 gt
; b 1.t ® | used to say Higgs EFT all the
— Byive + H i DgH, ' s
” ¢=§q,e,l T TR e time. It is really SMEFT.
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NLO EFT - Full one loop

® In SMEFT the cut off scale is not TOO high. So RGE log terms not expected to
be much bigger than remaining one loop “finite terms”

® Further, no reason to expect that structure of the divergences in mixing
will have to be preserved in finite terms. So - lets calculate finite terms for ['(h — v )

® |nitial calc - mirror initial RGE work, just use operators

Oﬁ‘,’}; =giH'H B, B"",
O s =g19o H 6°H B, WF?.

L —

aw =92 HVHW? WhY,

uv "ta

Hartmann, Trott 1505.02646

BEE—

Full calculation with all relevant operators was then performed:

o = \H'HY,

Oyp = (H'D,H)*(H'D"H),
0 =y, H' H(Gyu, H),
oY) = H' HO(H' H),
0" =y H H(l e, H),
O = yaH'H(gpd, H).

0 a v
OEI%V = 9% HTHWWW: 5

O;?L - g? H*HB“,,B“V,
Of) = VKWW IPwEe,  Oiyp = 9192 H' 0°H By, WY,

OS} =l q0" es Hy By, o, 0333, =l q0* es 7l HyW!

pv?
rs rs
0 — g : 0) _ = I & wl
01(18) - qr,aa‘w Ug Ha B/,“/a 01(”1/ — qr,ao‘“’ Ug Tap Hb %% U9
7
rs rs
0 =g 0 _ =z I I
OdB = q,.‘ao'#V ds Ha B‘“,, O((id/ — Qr,ao'uu ds Tab Hb W‘“,,

Hartmann, Trott 1507.03568
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NLO EFT - Loops such as this

® Calculate in BF method, in R¢ gauge

h, do

T —

(3)

‘, 74
_ i3 -_';I-:.»—j- f ‘)
AR ‘)
W=
(c)
w=x
AV
ho=---m, & W
A .,
(f)
V& =
Ul
= ¥ W=
W .
(i)

® (Gauge dependence cancels M remaining divergences cancel exactly M
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NLO EFT - Fix finite terms

® Define vev of the theory as the one point function vanishing - fixes dv

h, ¢o, b+ U, U Z, Wy f
"’ s l', \\
i =e==y . i, ==m=g t h ==---< h =---
12

1 ov p? m?
T = m2h —16m2 — +3)[1+1og | — —Wel14+1 . (3.3
miho gy |16 57 43 (1-+1g | 2| ) + e (14108 [ ) 6039
1 1
2 A\
7}

lmZZ “2 4 “2
+§?§ (1+log [{m%])_ zz:yz- N, (l—l-log ;?- ,

2 o2 2 2 2

92 Mw M L2, Mz B
+2 m% (1+3log [ma’]) +4(gl +gz)m% (1+3log [mzz])]

® The finite terms that are fixed by renormalization conditions (at one loop) in the theory
enter as

(h(pn)IS|v(Pas @), Y(pb, B)) Bsm = (1 + 6%) (14 6R4) (14 6R)%i Y A

r=a..o
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Many interesting technicalities

Closed form result now known. Recent results:
Running of vev important modification of Hartmann, Trott 1505.02646.pdf
RGE results. Hartmann, Trott 1507.03568.pdf

Ghezzi et al. 1505.03706

Gauge fixing modified by higher D ops, higher Pruna, Signer 1408.3565 others..
D ops source ghosts!

Pure finite terms can be present for higher D operators at one loop.

Finite terms not small compared to logs as cut off scale can’t be too high.

Two processes know to full one loop in SMEFT now:

1 — €Y Pruna, Signer 1408.3565
h — v~ Hartmann, Trott 1505.02646,1507.03568
Ghezzi et al. 1505.03706

But still need to redefine input observables to one loop in SMEFT
to be more consistent. Lots more work to do.
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Do we need this SMEFT NLQO?

® Developing the SMEFT lets you reduce theory errors in the future.

® [or the current precision it is not a disaster to not have it:

Hartmann, Trott 1507.03568
Correcting tree level conclusion for 1 loop neglected effects

errors introduced added in quadrature, C; ~ 1 :

ANP £\ 72
Current data for: -o0.02 < (é;v;"” + & f‘) £ <0.02.

el

A = 800 GeV

Ry = 0-93J_r8:?1)(75 ATLAS data - naive map to C corrected |29, 4] %

k- = 0.981T015 CMS data - naive map to C corrected 52,7 %

A = 3000 GeV

® The future precision Higgs phenomenology program clearly needs it:

Y

gProj:ftunll 9 4 () 045 - naive map to C (tree level) corrected

/{p’l“oj:HILHC —14+0.03

~

gProsTLEP 1 10,0145

~

167, 21]
950, 31]

513, 64]

4

o
o

e
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The Big Picture going forward

Precision SM Pseudo-obs deviation
Calculations parameterization

Linear/nonlinear

EFT tests
LEP/ other
constraints

Amazing

test of SM

in a general
consistent EFT
framework(s)

EXOTIC .
D f
NLO EFT DECAYS BS'?:;DVGW O

M. Trott, Higgs couplings 2015 - Durham UK.



