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Abstract: <p>In recent years the Standard Model Effective Field Theory (SMEFT) has emerged as a well defined and systematically improvable
theory to study the constraints on physics beyond the Standard Model. This formalism explains old mysteries in interpreting LEP data and offers a
field theory framework to combine such data with LHC measurements of the properties of the Higgs. We discuss the current status of these
combined studies. The lack of evidence for new physics resonances at LHC has aso encouraged new approaches to explaining the observed value of
the electroweak scale, in the presence of physics beyond the Standard Model. One such approach is the Neutrino Option, that generates the
electroweak scale from an underlying Maorana scale, when Neutrino masses come about due to a seesaw mechanism. We discuss how this
approach is embedded into the SMEFT.</p>
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Motivation and theory framework
More info: The Standard Model as an Effective Field Theory review
llaria Brivio, MT https://arxiv.org/pdf/ | /06.08945.pdf

SMEFTsim and pole parameter program
llaria Brivio,Yun Jiang, MT httpsi//arxiv.org/pdf/ 1 7/09.06492.pdf,

SMEFTsim UFO files http:/feynrules.irmp.ucl.ac.be/wiki/SMEF T
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The big picture: what was discovered at LHC

e Discovery of a (Higgs like) J” ~ 0t particle in 2012
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e And what is not discovered as yet...

Michael Trott, Niels Bohr Institute

Page 4/46



Runll and beyond: Resonance limits to local operators

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
iy 2018 [Ldt(32-798) " Vs = 8,13 TaV

£y Jetst ET™ fragn) Limit Reference

; O
ADD non-resanant yy My
[
M
M

A GEH

+ WV s qqag model B
HVT Vo W 2 modal B mull
LABM W), th mulll«

CHRNEP 2018 143

ATV o,
Fep 40.0 Tov
Vew 2.57 TeV
1,88 Te¥
1.67 Tav

Bogp

Doy 0O eV

2o 10 mass 11 Tev
2 2 2 |Lomems 1.08 Ta¥
e
1.37 To¥
134 TV L
1,64 Tov BTy Wi
1.44 TaV By Webhs 1, 0f Y¥l)s 17 W2
1.21 eV w=108

VLD TT o He/ZeiWh e X mull
VLD O~ Wi Zh + X i
Tanal T = WY "

Hb & X
VLD QO — Wokvy

et lepton v
Type 11l 5a Ve
T

2340 (88)

0" Mass scale [Tev)]

Michael Trott, Niels Bohr Institute

Pirsa: 18110076 Page 5/46



When you do measurements below a particle threshold

® Observable is a function of the Lorentz invariants:

._f('gs f! ’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 ~ 1},
THEN observable’s dependence on that scale simpﬁfied
1
s —m?2 +il'(s)m

i~

® You can Taylor expand in LOCAL functions (operators)

EFT approach not a guess. g -
dsm o

heavy heavy

General approach based on S
matrix theory and motivated by

Sxparimental situation. This is the core idea of EFT interpretations of the data.

Michael Trott, Niels Bohr Institute
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General “BSM 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 A=F
observed scalar

observed scalar :

Llaatblet not in doublet

0704.1505 Grinstein, Trott
Basics of the SMEFT formulation: IR operator form (for distinction)

g (d)\

‘ ; CcON
Lsmerr = Lsm+ L3 +£O) 4 £ 4 4 = Z WQ?) for d > 4,
i=1

UV dependent Wilson coefficient
and suppression scale

Michael Trott, Niels Bohr Institute
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SMEFT:development cycle

SMEFT - built of H doublet + higher D ops

: ! | L 1/
L+ AM‘#]{ A2 { A2 Lg 4 A3 * F/_:x+---

dB=0 Dy B2£0 SL#0

O Glashow 1961, Weinberg 1967 (Salam 1967)

-

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

Weinberg 1979, Wilczek and Zee 1979

Weinberg 1979, Abbott Wise 1980

> Lehman 1410.4193, Henning et al. 1512.03433

Lehman,Martin 1510.00372, Henning et al. 1512.03433

The Lagrangian expansion theory technology is a solved problem Henning et al arxiv:1706.0852.

Michael Trott, Niels Bohr Institute
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Complexity is scaling up...

In Warsaw basis arXiv:1008.4884 (SMEFT standard basis)

Nop CP-odd

Ty

1 e 4

2 e

3 H'D? 2

442°x0? 8

5 ypHY 3 3n} an?

G au?XH 8 8n? 8n?

7 VH?D 8 Eng(9n, +7) ng(9n, = 7)
S(LL)(LL) 5 ing (T +13) Ing(ng — D(ng +1)
(RRY(RR) 7 in,(21n) + 2n3 + 3ln, + 2) 25¢ ing(2lng + 2)(ny — 1)(ng + 1)
(TL)(RR) 8 4n?(n? +1) 36 An(n, — Dng +1) 0
:(LR)(RL) 1 ny ' ng 1
(LRY(LR) 4 an} - an) 4 324
: Al 25 &1, (10703 + 2n% + 89n, + 2) 25 1191 4n,(107n} + 2ni — 67n, — 2) 5 1014

59 | §(107n) + 2ny + 21302 + 30n, + 72) 53 1850 §(107n) + 2n} + 57n3 — 30n, + 48) 23 1149

o 00 ol kI = B

<4 ]

Table 2. Number of C'P-even and CP-odd coefficients in £(%) for n, flavors. The total number of
coefficients is (1077'1: + JH{: + 13571;2‘, + 60)/4, which is 76 for ny = 1 and 2499 for n, = 3.

2499 arXiv:1312.2014 Alonso, Jenkins, Manohar, Trott

Michael Trott, Niels Bohr Institute
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Is the SMEFT too complex to use!?

¥ .. A—l® A_l@ Az_l_[,[’; \- A;_1@+[\11 R

A LF#0 aB=0 SB#0 SL#0

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

O 1 non-hermitian flavour dependent operator (neutrino masses and mixing)

@ Number of parameters to go after in next SMEFT step at LHC is about 30 as will be shown.
This is an achievable challenge.

® Why do we have a significant SMEFT parameter set to simultaneously constrain?

lts because of the Higgs when using £(?) :

V2urm ~266ev - +d <4 on-shell simplification
+d >4 local operator degeneracy

Michael Trott, Niels Bohr Institute 9
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SMEFT requires a GLOBAL approach

Ny

; ; c@
Lsmepr = Ly + L£O + 6 4 ™ 4 £ = Z Af}- 4Q§d) for d > 4,

i=1

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

1., ,
B, B"™ — gy, v B¢ + (D*H) (D, H) + Cp(H! D H)(D"B,.),

74 iy
c ‘DEH t DVH)B' (1-{_” (1) o v(1) (1) N
+ CpH( ) ( ) v + “HI QHI + CHe QH& + (f'”,,Q”q + Chu QHu,
> ) >
+ OaQuia + Cup Qup + Cr (H' D*H) (H' D*H).

ﬁBr _—
Over complete set of
ops depending on B

1706.08945 I. Brivio, MT

=
, _— / H'iD,H /
® Perform a field redefinition By = By+by——p; then Lp— g1 02AB

— ——

The physics is not changed by this choice of path integral variable.

Michael Trott, Niels Bohr Institute
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Z,W couplings Oop data Bhabha scattering

Q(“ Ht D H = (.q?Janq-r')(qs"f{.ﬂq!)1 Qee — (?H{ﬂe)_(és{ﬂe)
Qne = (iH! D H L _ i ‘ Qie = (Iy'1)(8y"e)
QY = (W'D ;fH ) Q%) = (@7 m-)(rn%mnh [-] Qu = (py"lp) (")
(_) ; \f 3\ £ g _ i i in n
5Hu gt Ml \ L) _' = (.”__‘”,)_ff ”"I')({zs!}“(zi)! QW = Eik VV-'J'r VV’{{ ijq
JHd = o

TGC /multi-boson

(H.,,‘-,""I"" e (dy v, T4 ds),

) =
sl @
-

Field redefinitions are WHY a global SMEFT is needed

B anomalies Qhbox = (HTH) o (HH)

Qup = (D, HTH)(H'D*H) Que = (H'H)G2, 6™

(D

sz,ﬁ “‘”” iz = (Ey"t:)(31.b), Qe = (H'H)B,, B
Qu = ( )(Toy#1) . Quw = (HTH)W,, W'r

Q"‘” = (I ,r )( AH ] ) H o= (.E.drf'yf‘.gi)(.ﬂr; Yub). H Qun = (HTH}(Q;HU)

Qan = (H"H)(gHd)

mput quantities QeH = (HTH)(_ 3

QG = Eabe GJUG {JGL,M
Quc = (go "” T"Hu)G“

iy

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

H processes

Partial image credit: | Brivio.
Michael Trott, Niels Bohr Institute
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Automation of this approach

e Need to keep all operators and carefully compute S matrix elements avoiding
uncontrolled approximations (and human error)

® Automation of leading order SMEFT in the SMEFTsim package now
https://arxiv.org/abs/ | 709.06492

@ feynrules.irmp.ucl.ac.be/wiki/SMEFT

A - Y (G
1406.2332.pdf

R rmeine [vew maes | —— =
Standard Model Effective Field Theory - The SMEFTsim package

Authors
Ilaria Brivie, Yun Jiang and Michael Trott
ilaria.briviofnbi.ku.dk, yunjianginbi.ku.dk, michael.trotticern.ch

NBIA and Discovery Center, Niels Bohr Institute, University of Copenhagen
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SMEFTsim

e 2 input parameter schemes, with all higher dimensional operators included

e 3 symmetry cases: General flavour indicies and phases (2499 parameters!)

arXiv: 13122014 Alonso, |enkins, Manohar, Trott

Minimal Flavour Violation SMEFT at LO
Fully flavour symmetric SMEFT at LO

e SMEFTsim designed to take the grind out of these studies,
canonical normalization and input relations all done for user.

See: feynrules.irmp.ucl.ac.be/wiki/SMEFT
SMEFTsim paper : https://arxiv.org/abs/ 1 7/09.06492

This code undergoing validation in new LPCC effort to develop SMEFT results/tools
for LHC experiment. Contact Trott/Maltoni for more details on this effort/to contribute.

Michael Trott, Niels Bohr Institute
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..are there too many parameters!

® Number of parameters convolution of power counting

) 1(s, t,u a(s.t,u

heavy heavy

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

® EX - flavour indicies
for neutral currents: ' Lo
2

7y 1 'm’ﬁ P IR Vs my P
Vi |YiVig Vi = Pr+yi Vi Vik =5 Pr| ¥5,+- -

3vp g3
h "9y
Aj ~

162 72 mw

2 2221/% V., 4l
N _3\/91+9292ij"9*- de‘) mp i€l 4
32m2 mi, U ’

This IR SM physics projects out parameters.

Michael Trott, Niels Bohr Institute
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Leading “WHLZ pole parameters”

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, Jlang, MT https://arxiv.org/abs/| /09.06492

® So 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 mn) {Re(C),Im(C)}, (FB 'mB) {Re(C), Im(C)}

v% gsm C; p; gsm Ck

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

Michael Trott, Niels Bohr Institute
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EWPD measurements in SMEFT

1 @ EWPD is a scan through the Z pole

~40pb~" off peak data
~ 155 ph_] on peak data

N f'/:

TRISTAN G, e - \:' @ many more 'l/.’-.,l

LEP 1 LEPII 3

IR SRR R R EPRTETES BRI SPArAET SrArE ST SR S
40 60 B0 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)

ops suppressed by "z (I‘Z
..“3

Details: arXiv: 1502.02570
Berthier, M1

The pseudo-observable LEP data is not subject to large intrinsic
measurement bias transitioning from SM to SMEFT.

Michael Trott, Niels Bohr Institute

Pirsa: 18110076 Page 18/46



Recall a prediction is always inputs to outputs

® This is a multi-scale problem

0
R,

& p°~0

0
RS

2 2l a2
(& popT = "'”-;:,

9y 9 2
Ve /

® Measured inputs fix Lagrangian parameters which predict observables

2 __ 2 HAD
ESMEFT(/" = mz) I'z

rZ—}-:j.qp

I'z

® Can CHOOSE your inputs as you wish, 2 general schemes in use

{"f}f W s ’J"fi.z , (} I }

{&vew, My, Gr }

mw scheme

alpha scheme

Michael Trott, Niels Bohr Institute
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Global constraints on dim 6.

Global SMEFT analysis on 103 observables (pre LHC data).
arXiv:1502.02570, 1508.05060 Berthier, [rott
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 ¢t ¢ = f f near and far from the Z pole.

B.1.1 Forward-Backward Asymmetries for u, d, ¢
B.2 Bhabba scattering, ete™ — ete” Despite all this, 2 unconstrained

directions in wilson coefficient space.
Low energy precision measurements (first identified by Han and Skiba)
C.1 v lepton scattering

C.2 v Nucleon scattering
(C.2.1 Neutrino Trident Production Now understood as

%3 Atomic Parity Violation A reparameterization invariance

(
C.4 Parity Violating Asymmetry in eDIS arXiv: 1 701.06424 llaria Brivio, MT
C.b Mgller scattering

D Universality in 8 decays

® Global data analysis of data from pEp, PETRA, TRISTAN, SpS, Tevatron, SLAC, LEPI and LEP 11

Michael Trott, Niels Bohr Institute
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EWPD flat direction example.

® For measurements of LEPI near Z pole data and W mass at LO:

® Rescaling invariance presence in EWPD:
Brivio, MT 1701.06424

(Vig) & (VI(1+e).d (1—¢)

V2 (HUH) ~ 246 Gov

® Effects like this cancel out in subsets of measurements.

® Note the crucial role of the Higgs classical background field here.

® Systematically a reason why the constraints on the C;
in the SMEFT fit space is highly correlated.

Michael Trott, Niels Bohr Institute
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SMEFT reparameterization invariance

® At one scale, you can get rid of the effect of the operators
HT g B*v Biw, Htgwmry W,

D _°) ) )

YT puv 2 12
1 A2 B P L1 (.‘/‘j(c-)f{l-i)h'n_}

,ru I/
M Lwirrwr,.

y}l q](‘)H“ Sh —

D — P /

® via B — B(l+ Cppv?), g1 — g1(1 — Cppv?)
Which leaves B g, — Bg, invariant.

e LEP data also can’'t see what is EOM equivalent to these operators in ¥ — )

2

'y 9 — l )
(yn 911 ) s, =|( Z yi g3 b, yate (Hi T at) +° (”ul |+ 4Qup) — 5 QW R) sy,

=,

a0

(H-f(..)nn').w” ={(g3 (G 1vq + 17 ypl) (HT ”‘f]-“J F205Qun— 201 92Yn Qun B)Sgk

Michael Trott, Niels Bohr Institute
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Correlations are also key when combining

EWPD diboson

(&} HR']I(‘I]IL" ey r%t‘lli‘lll{‘

Corr.
matrices

ot oy RS EY T E .= S RS ] oot o BT
L W (S T NS A (I LU bt L T R G R N T o = U

e This likelihood is now internally available in ATLAS

® EWPD StUdi_eS that id. Han and Skiba http://arxiv.org/abs/hep-ph/0412166
correlations in SMEFT as Berthier, Bjorn, MT 1606.06693

a key issue Brivio, MT 1701.06424

Michael Trott, Niels Bohr Institute

Pirsa: 18110076 Page 23/46



Gauge Fixing In SMEFT space
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Recall: SMEFT gauge fixing issues.

® The fields are redefined at each order in the power counting, this leads to the appearance
of L6 Wilson coefficients in the gauge fixing term.

L 8G>

Lrp = —u* — u”. Some operators in Lg then source ghosts!

608

.
R VAVAVL
¢ -

® This cancels the unusual divergences in FSA,[EFTUI- — -7-7) exactly.

® The mismatch of the mass eigenstates in the SMEFT with the SM means gauge fixing
in the former also results in some interesting local contact operators

(‘S?n 7 C?}:)(S:ﬁfﬂ + C;%’Jgu")

EBéw

Michael Trott, Niels Bohr Institute

Coyy S

’ Crw pv?
— £p Ew € — 'SH.’) (()ﬂAu & Z,) — HW B

(0" A, 8 Z,)-
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SMEFT reparameterization invariance

® At one scale, you can get rid of the effect of the operators
}{”gBuuBﬂm fﬂfﬂyﬂ"ﬂlw

2 -9 ) )

gi 07 : 5 ’
V1 01 Qup)s, = e B*" B, {a3Quw)s, = 297 vy et

m —>m//‘

4 A? 21\ e

® via B — B(l+ Cppv’), g1 = gi(1 = Cppv?)
Which leaves B g, — B g, invariant.

® |EP data also can’t see what is EOM equivalent to these operatorsin ¥ — )

2

o 1 )
(v _fiij(;’.rru).s',, = Z Yk -‘!1 U, YWk (U i U aH) + (”ul 1+ 4Qup) — 2 QW B) sy,

l,. r:nr

0,0

(!t-f(..)nn').w” ={(g2 (G vaq + 17150 (HT i ”\’ H)+ 23 Qun — 291 g2¥n Qun B)Sgk

Michael Trott, Niels Bohr Institute
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Recall: SMEFT gauge fixing issues.

® The fields are redefined at each order in the power counting, this leads to the appearance
of L6 Wilson coefficients in the gauge fixing term.

L 8G>

Lrp = —u* — u”. Some operators in Lg then source ghosts!

608

@i x =
R aVavaVL LV V VL 5 o
2 2 RAREERN [~
. . P L .
h----e_ v o= h----e_ MR h"".: BN
~ ) ~ | \ F -
N ‘f‘\, PP \«-m‘
+ .\/\/\,“Ir .\/’\/\/’}'

u= u=

¢

® This cancels the unusual divergences in I'sarprr(h — v7y) exactly.

® The mismatch of the mass eigenstates in the SMEFT with the SM means gauge fixing
in the former also results in some interesting local contact operators

- C?}:)(S'ﬁ)gn + Cﬁ)ﬁl’l")
Epéw

Michael Trott, Niels Bohr Institute

Coyy S

 Eptw

Cryw pv?(s?,
(‘EB _ guy) (apAu oY Zp) . HwW BvY (5"_ (B#A# 8" Zy) .
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SMEFT gauge fixing solution!

ﬁm:aln.r,kin - (D,HII)T (D“II) + C"ﬂ (II1II) O (IIFII) Elh[.](qb) (Dlu,fb)I (D#qﬁ))r .
+Cup (HiDuH)* (H'D*H), 2

_ _9ABoa B
Lgr = 26@ G”,

gX = G“WX"” — € (J!DW‘E:YWD'#' + §§XC¢I EIK ’?g’,]é]

A A . =
/“DFd(:‘t |:Ag } 6?;(3“7+F]+C(';1~‘+Q(‘:I_JJf[W”‘”+M.I-]J,¢'!)
" | AaPB '

Michael Trott, Niels Bohr Institute
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SMEFT gauge fixing solution!

ﬁm:aln.r,kin - (D,HII)T (D“II) T C"ﬂ (II1II) . (IIFII) Elh[.](qb) (Dlu,(b)I (D#qﬁ))r .
+Cup (HiDuH)* (H'D*H), 2

a @, s 1 v CIIB v 1
EWB = - IV'U,UIV Y - ZBHVB# + — A2 HTHBIWBP: = —ZQAB(II)W‘?‘,WB ‘LW
(1};1,.1/ t o a,pv (1HVL 'B yrt _a a w
+ =i HUHW, W — G Hlo“HW, B!

£n .
20 %" i & 97

gX = G“WX"” —€ (J!DW‘E:YWD'#' + 2

/DFdet{ } ( [F'+F']+C(1+gc;_,] W”'+h”f'q5!)
AaB .

00 0 001 0 0-10 0 0 -1 0 0
I 00 10 _, 0 00 ~1 1 00 0 . jro 0o
=11 0 of* 227|100 0 00 01" T "o o o1

10 0 0 0 10 o010 0 0 =10

Michael Trott, Niels Bohr Institute
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Global fit — observables [preliminary]

126 observables included so far

10 near-Z-pole EWPO: 'z, R} ., Afc'g'b”"r, ) LEPI combination hep-ex/0500008
21 distribution bins for bhabha scattering at LEPIl LEPI combination 1302.3415

74 dist. bins for W W™ production at LEPIl (3. hep-ex/0400016
OPAL: 0708.1311
ALEPH: Eur.Phys.J. C38 (2004) 147
differential combined: 1302.3415

21 STXS for Higgs measurements in H — v and H — 4¢ at LHC

> ATLAS (36 ﬂfl) ATLAS-CONF-2017-047
> CMS (36 fb 1) CMS PAS HIG-17-031

llaria Brivio

Michael Trott, Niels Bohr Institute
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Global fit — correlations [preliminary]  Provided by . Brivio

muw scheme
Sestit (profiled) * Best fit (profiled)

Crwir |

0.00094 + 0.000385784 "¢ | C:W RiDest & QHIGTHES
0.0032 + 0.00837061 B . Crp -0.18 + 0.13943

Cup

0.017 + 0.0125669  |Cun Chw -0.11 + 0.145152

0.0016 + 0.028008 |Can 2 Chpax | -0.039 + 0.165857

1ol
0.050 + 0.0374125 Cue| | oa | Cenl 0.090 + 0.171895

0.062 + 0.0436375 Cipu | -
|Can] 0.10 + 0.202495

0.061 + 0.0482166 )
- g
0042 + 00536819 (41 e Co 0.44 + 0.217008

0.040 + 0.0554775 o] [ o 1Cucl -0.20 + 0.664419
o)

Crwa 0.058 + 0.0630901 g | |Cunl 2.2 + 5.05548

€|

e 0.097 + 0.0750314 Cu En Ci -8.8 + 9.67349
Ce 0.088 + 0.0753358 i C 9.2 + 10.0279

v NN - .

Ongoing fit being developed by : |. Brivio, C. Hays, G. Zemaityte, MT
see also Ellis, Murphy, Sanz,You 1803.03252
23 parameters simultaneously constrained, ~ pole parameter set

Michael Trott, Niels Bohr Institute
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The Neutrino Option

Q: “Are any of these damn Wilson coefficients in the SMEFT not 07"

A: “Yes.” — Motivation for this neutrino work.

arXiv:1703.044 15 Gitte Flgaard-Clausen, MT  JHEP 1711 (2017) 088
arXiv: | 703.10924 | Brivio, MT  Phys.Rev.Lett. 119 (2017) no.14, 141801

arXiv:1809.03450 I. Brivio, MT
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Are any Wilson coefficients not 0?

] - ] - J . 1 5 1 .
EZLHI\J’+ L.")—Jf_zi[a(j'*h’z L;'+ 3 L7+~—£LH+
A'W—-.%” Aw:n ‘\th{l Afw,#n A
e (° seems to be non zero. QL = (é"}:ﬁ FI*) (FIT E’E) :

Working in dirac spinors causes a bit of pain as we define 1) = (—iyy vo) ¥"
Introduce singlet right handed fields with majorana mass terms as

N}}‘p A’fpr NR“," + NH,]) A’f;tr N}}.T

Shift phases to couplings defining a field that is not a chiral eigenstate that satisfies
Majorana condition (Broncano et al. hep-ph/0406019)

p Emp/}l N.‘t,p +e /2 (N!t,p)c'

N,,:N;‘ N,

® Obtaining the Standard (type |) seesaw
(Minkowski 77, Gell Mann et al 79, Yanagida 79,Mohapatra at al 79)

~ B 7

2L, = Ny(id — mp) N — L] HWGIN, — 67 H* TN, — Ny " BT — Ny A
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Seesaw model to SMEFT.

® |ntegrating out the seesaw at tree level. Matching now done out to L7
Gitte Elgaard-Clausen, MT

1 P
=-—-L 4.
my mZ o omd

Expand the propagator in the small momentum transfer
- MATCH!

can = ()T wi/my

p summed over

P .
Here the W3 are complex vectors in flavour space.
To proceed with further matching we can perform an flavour space expansion

xr,y € C3

zoy=aiy. |zll=vz-z oxy=(=xyr)
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Seesaw to SMEFT one loop

® Necessarily one loop results coming with tree level matchings:

Wavefunction

N

2 Ry + Am? o ,
L "”,f THH) + (Mo By + AN (H H)? + -+ .

V(H'H) =

® Threshold matchings:

5]

91, 2%
~ 2 M, M,)]j

3 [|L¢.-‘]|"l | ‘u..‘g'" | ‘UJ]LU;P (l | M, — M, log el
2 1

2 ﬂ'fl f”g lU : 1”;”'

ME - ME P M2

32n

{ 5
1672

A/IHLU] |'£ t A"I-ljlu,"‘glz] .

[Rc{w 1wg)

Am? = 1,, [
8

THE SIGN WORKS OUT due to
FERMI statistics

3/4

here choose [t = Me

to be consistent with CW threshold correction
|.A. Casas et al. Phys. Rev. D 62, 053005 (2000), others..

® If you assume a seesaw model for neutrino mass generation - this is a “known unknown”.
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This threshold matching can be done to CW

® Coleman-Weinberg potential:

R PR O i
AVow = —,;.-1_ [(m:‘_,(_lﬂ H))" log ”(ﬂi)l

(8 e

mi(HUH) = =(M T \/M2 + 2w, |2 (HTH))

=M el

® |[fm, > vy, Agcp such a threshold matching can dominate the potential

and give low scale pheno that is the SM. IR scales are
® Vo @ ACB(-’ D ® [low

Can be small Known to be smaller Exponentially separated
Doesn’t have to be 0. than induced vev. due to asy nature of pert theory.

® Such threshold corrections are a direct representation of the
Hierarchy problem F. vissani, Phys. Rev. D 57, 7027 (1998)

e Can one go the full way of dominantly generating the EW scale in this
manner? N ?  arXiv:1703.10924 Neutrino Option llaria Brivio, M
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Strangeness of the Higgs potential

® Reminder: Why is the Higgs mechanism and classical potential curious?

2
Sy = f d*z (|D“H|? - A (U‘H_ %.U?) ) ,

Partial Higgs action

mw,z = 0field config. energetically
excluded (i.e. spon. sym breaking)

LG(s) 7/ dz® r1,|[d—2-if."4)s|2 + 1 (18l - a?) ],
ER.E £

-

Landau-Ginzberg actional,
parameterization of Superconductivity

E. Witten, From superconductors and four-manifolds to weak interactions,

O

Normal state

Magnetic field energetically
excluded from interior of SC

Superconducting state

Michael Trott, Niels Bohr Institute
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Challenge of constructing potential

® |t would make sense for the Higgs mechanism to just parameterize symmetry
breaking. To do better we should construct the Higgs potential

V(H)= —p*HVH + X (H" H)?

® Muon decay: v = 246 GeV Higgs mass: mp = 125 GeV el | )\ = (.13

The problem.
® Composite models (nobly) try to construct the Higgs potential:

16 72

2 2 ‘HTH)2
\‘(H) ~ 9sm A (Bf.l.f{Thr + Qb(H H) )seo_ 1401.2457 Bellazzini et al

- 27 A\2 weak coupling
e Can get the quartic to work: ~ (0.1 [ Z5M ) for A/f < 4n implied, lighter
Neuy 2f new states
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We know more about the potential now

® Due to the improved knowledge of the top and Higgs mass:

1205.6497 Degrassi et al, | 1 12.3022 Elias-Miro et al..
e \What does this mean? (if anything)

0.10

3o bands In
M, = 173.1 £ 0.6 GeV (gray)
aa (M) = 0. 1184 £ 0.0007(red)

My = 1257 03CeV bluey (8 ® For fate of the universe considerations
See [205.649/ Degrassi et al.

1505.04825 Espinosa et al.

0.08

0.06

- 0.04

= 0.02 t

hnt
T 0.00

® This might be a different message.

-0.02 1

-004F , A4

N T U T W ——

I 100 107 107 10 10" 10m ® Build the Higgs potential in the UV, as
RGE scale g In GeV there /\ ~ U

[An interesting mass scale is 10‘100] Unexplored Compared to the fate

PeV (or 107 — 10° GeV) of the universe issues.
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Can the Neutrino Option work!?

® Use the RGE (1205.6497 Degrassi et al, 1112.3022 Elias-Miro et al..)
to run down the threshold matching corrections
arXiv:1703.10924 Neutrino Option llaria Brivio, MT

® Can get the troublesome A ~ 0.13

e This essentially fixes the
mass scale and couplings
(large uncertainties)

my, ~ 107GeV

lw| ~ 10°°

® Expand around the classically scaleless limit of the SM. Punch the
potential with threshold matching you kick off low scale EW sym. breaking?

Michael Trott, Niels Bohr Institute
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Higgs potential. Check. Neutrino mass scale. Check.

® The EW potential does get constructed
correctly running down in a non-trivial
/ manner

" 101‘-
. 105
== 104
—_— 102

3o y
Ay (20)

® |n a non-trivial manner - and the right
neutrino mass scale (diff) can resuilt.

=
=1

VmP(u = m;) (GeV)

Amy(eV)

Am3, /10 %V? = 6.93 - 7.97,
Am?/107%eV? = 2.37 — 2.63(2.33 — 2.60)
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Neutrino option: the bad

® Very significant numerical uncertainties

10 -top quark mass driven

)
% W ® This is NOT a total solution to the Hierarchy
3 _ / problem. As there is no symmetry protection
g’ o mechanism against other threshold corrections.

6 107 A . . .

|+ mixed e a e No non-resonant leptogenesis in this

. i boe o parameter space 14046260 Davoudias, Lewis
4 i
foglul d Resonant leptogenesis can work here

(S. Petcov - private communication)
“unburied body” plot

® No dynamical origin of the Majorana scale supplied. So the IR limit taken
is not clearly self consistent.
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Improving numerical stability

e Severe upgrade in rigor of one loop calc and one loop running of C°
1809.03450 Brivio, Trott

® (Consistency test reformulated to avoid asymptotic numerical sensitivity to A
my =173.2 GeV, NH

108

1061

® Scan regions
defined by first
fitting Neutrino

1044

m? [GeV?]

0] global data
— ) Esteban et al.
10° 1 mm AP (M), M = M, ‘(Z)l |O|r)|‘:]’

AmR(M;), My = 10 M,

0 10° 108 107 108
n =M [GeV]

Minimal case with two heavy neutrino’s.

Michael Trott, Niels Bohr Institute

Pirsa: 18110076 Page 43/46



Improving numerical stability

my =175 GeV, NH
= Npage =1 . AAM), Mz = My

—— Npge =2 AMNM,), My = 10 M,
—— Npge =3

il
)

0.08

0.04

o o, o s o

A\ 002

0.00

—0.02

S

0.04

i  d e o e

105 105 107 10® 10° 10'C 10" 10'2 5 106 107 10® 10° 100 10'' 10'2
p =M [GeV] p =M [GeV]
1 809.03450 Brivio, Trott

® Beyond one loop need a bare A OR other threshold corrections

Michael Trott, Niels Bohr Institute

Pirsa: 18110076

Page 44/46



Required bare lambda

- My« M, M, « 10M,
0.04 —_— — 1 = 171 GeV

% 4 —y — iy = 173.2 GeV
my =175 GeV

—

——

ios o o iy
= M [GeV] = M [GeV] i = M [GeV] 1809.03450 Brivio, Trott

® Beyond one loop need a bare A OR other threshold corrections
® An interpretation:

A consistent treatment of the seesaw model to one loop in SMEFT
points to a possible origin for the SM Higgs potential and the EW scale.

e What “breaks” EW symmetry in the Neutrino Option?
Fermi statistics + Majorana scale in the UV + SM state spectrum for RGE.
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Conclusions/summary

® SMEFT is a theory defined by field redefinitions leading
to local operators.

® Combined global studies are key to interpretation

® Severe care required in formulating the SMEFT (TH job)
and in combining the data (EXP job)

® Reporting SMEFT optimized measurements only starting.
Expect legacy LHC data to be in this form.

e Seesaw model supplies an option for low energy pheno of the SM
With the Higgs potential having an interesting UV boundary
condition

w? o3, _ wM My, ~ 107 GeV lw| ~ 1077

] d ’ v ~ )
M - " avanVa

my, ~
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