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The Standard Model EFT

More info: The Standard Model as an Effective Field Theory review

llaria Brivio, MT httDS //arxiv. OFQ/Ddf/ | /06.08945. Ddf

SMEFTsim and pole parameter program
laria Brivio, Yun Jiang, MT https://arxiv.org/pdi/ 1 7/09.06492.pdf,

SMEFTsim UFO files http://feynrules.irmp.ucl.ac.be/wiki/SMEF T


https://arxiv.org/pdf/1706.08945.pdf
https://arxiv.org/pdf/1709.06492.pdf
http://feynrules.irmp.ucl.ac.be/wiki/SMEFT

The big picture: what was discovered at LHC

e Discovery of a (Higgs like) J¥ ~ 0" particle in 2012

S CMS 35.9fb" (13 TeV)
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e And what is not discovered as yet...
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Runll and beyond: Resonance limits to local operators

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2018 [Ldt=(32-79.8) b Vs=8,13TeV
Model 6,y Jetst ET* [rdii] Limit Reference
T LU ' Ll T Ll Ll L) L ‘ Ll Ll Ll T Ll LB I Ll T Ll Ll
» ADD Gkk +g/q Oe p 1-4]  Yes 36.1 Mp 7.7 TeV n=2 1711.03301
= ADD non-resonant yy 2y - - 36.7 Mg 8.6 TeV n=3HLZNLO 1707.04147
'% ADD QBH - 2j - 37.0 Mu, 89TeV n=6 1703.09217
E ADD BH high ¥ p1 >leu >2j - 3.2 My, 8.2 TeV n=6, Mp =3 TeV, rot BH 1606.02265
15 ADD BH multijet - > 3j - 3.6 My, 9.55TeV n=6, Mp =3TeV, rot BH 1512.02586
g RS1 Gk — yy 2y - - 36.7 | Gk mass 4.1 TeV k/Mp = 0.1 1707.04147
E Bulk RS Gkx —» WW/Z2Z multi-channel 36.1 Gk mass 2.3TeV k/Mp =1.0 CERN-EP-2018-179
w Bulk RS gxk — tt 1eu =1b,21J/2) Yes 36.1 8Kk Mass 3.8 TeV r/m=15% 1804.10823
2UED/ RPP lepu =22b,23] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(ALY - tt) =1 1803.09678
SSM Z" — (¢ 2epu - - 36.1 Z’ mass 4.5 TeV 1707.02424
(%] SSM Z' - 7 27 - - 36.1 Z’ mass 242 TeV 1709.07242
§ Leptophobic Z’ — bb - 2b - 361 |Z'mass 2.1 TeV 1805.09299
g Leptophobic Z* — tt leu =1b =12 Yes  36.1 Z’ mass 3.0 TeV r/m=1% 1804.10823
® SSM W' — ¢v lepu - Yes 79.8 W’ mass 5.6 TeV ATLAS-CONF-2018-017
g SSM W’ — v 17 . Yes 36.1 W’ mass 3.7TeV 1801.06992
8 HVT V' - WV — qqqq model B O e, u 2J - 79.8 V’ mass 4.15 TeV gv =3 ATLAS-CONF-2018-016
HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gy =3 1712.06518
LRSM Wj, — tb multi-channel 36.1 | W mass 3.25 TeV CERN-EP-2018-142
Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09217
Cl ttqq 2e,pu - = 36.1 A 40.0 TeV 7, 1707.02424
Cl tttt >1epu 21b,21] Yes 36.1 A 2.57 TeV |Carl = 4n CERN-EP-2018-174
Axial-vector mediator (Dirac DM) Oepu 1-4j Yes 36.1 Mimed 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
g Colored scalar mediator (Dirac DM) 0 e,y 1-4j Yes 36.1 T 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
VVyy EFT (Dirac DM) Oe,pu 1J,€1]  Yes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
Scalar LQ 1% gen 2e >2j - 3.2 LQ mass 1.1 TeV B=1 1605.06035
9 Scalar LQ 2"¢ gen 2u 22j - 3.2 LQ mass 1.05 TeV B=1 1605.06035
Scalar LQ 3" gen 1eu 21b,>3j Yes 203 |LQmass 640 GeV B=0 1508.04735
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 T mass 1.37 TeV SU(2) doublet ATLAS-CONF-2018-XXX
> w VLQBB - Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet ATLAS-CONF-2018-XXX
wE VLQ Ts/3Ts3|Tsz » Wt + X 2(SS)/=3eu>1b,>21] Yes  36.1 Ts/3 mass 1.64 TeV B(Ts3 > W)= 1, c(Ts 3 Wt)=1 CERN-EP-2018-171
5‘:’ g_ VLQY -» Wh+ X 1epu >1b,>21j Yes 3.2 Y mass 1.44 TeV B(Y — Wb)=1, c(YWh)=1/V2 | ATLAS-CONF-2016-072
VLQ B - Hb+ X Oeu,2y >1b,>21j Yes 79.8 B mass 1.21 TeV xkg=0.5 ATLAS-CONF-2018-XXX
VLQ QQ — WqWgq Tewu z4j  Yes 203 |lQiiassEeo0iGE 1509.04261
o Excitedquark g° — qg - 2j - 37.0 q* mass 6.0 TeV only u* and d*, A = m(q") 1703.09127
E E Excited quark ¢° — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
S E Excitedquark b — bg - 1b1j - 36.1 | b* mass 2.6 TeV 1805.09299
w j_; Excited lepton ¢* e - - 20.3 = A =3.0TeV 1411.2921
Excited lepton v* 3eurt - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw 1en >2j Yes  79.8 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2epu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
< Higgs triplet H** — ¢ 2,34 e,u(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
_g Higgs triplet H** — (7 3eurt - - 20.3 DY production, B(H;* — (1) =1 1411.2921
6 Monotop (non-res prod) 1eu 1b Yes 20.3 Anon-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059

P |

*Only a selection of the available mass limits on new states or phenomena is shown.
tSmall-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]
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Runll and beyond: Resonance limits to local operators

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2018 [Ldt=(32-79.8) b Vs=8,13TeV
Model 6,y Jetst ET* [rdii] Limit Reference
T Ll T Ll Ll L) L ‘ Ll Ll Ll T L LB I Ll L Ll Ll
ADD Gkk +g/q Oe p 1-4]  Yes 36.1 Mp 7.7 TeV n=2 1711.03301
2 ADD non-resonant yy 2y - - 367 86TeV  n=3HLZNLO 1707.04147
'% ADD QBH - 2j - 37.0 89TeV n=6 1703.09217
5 ADD BH high ¥ p1 >leu >2j - 3.2 8.2 TeV n =6, Mp =3 TeV, rot BH 1606.02265
15 ADD BH multijet - >3j - 3.6 955TeV n=6,Mp =3TeV,rotBH 1512.02586
© RS1 Gki = yy 2y - - 36.7 4.1 TeV k/Mp; = 0.1 1707.04147
.E Bulk RS Gy —» WW /ZZ multi-channel 36.1 2.3TeV k/Mp; =1.0 CERN-EP-2018-179
w Bulk RS gxx — tt 1eu =1b,21J/2) Yes 36.1 3.8 TeV r/m=15% 1804.10823
2UED/ RPP lepu =22b,23] Yes 36.1 1.8 TeV Tier (1,1), B(A®Y - tt) =1 1803.09678
————
SSM Z’ — (¢ 2epn - - 36.1 4.5 TeV 1707.02424
(%) SSM Z" — 17 27 - - 36.1 2.42 TeV 1709.07242
§ Leptophobic Z’ — bb - 2b - 361 2.1 TeV 1805.09299
-8 Leptophobic Z" — tt 1teu =1b,=1J/2) Yes 36.1 3.0 TeV rm=1% 1804.10823
© SSM W’ — ¢v 1eu - Yes 79.8 5.6 TeV ATLAS-CONF-2018-017
S ssMwW -1 17 - Yes  36.1 3.7 Tev 1801.06992
8 HVT V' - WV - qqqq model B 0O e,u 2J - 79.8 4.15 TeV gv =3 ATLAS-CONF-2018-016
HVT V' - WH/ZH model B multi-channel 36.1 2.93 TeV gy =3 1712.06518
LRSM Wj, — tb multi-channel 36.1 3.25 TeV CERN-EP-2018-142
- —————

Cl qqqq - 2j - 37.0 21.8TeV n;, 1703.09217

Cl ttqq 2eu - - 36.1 40.0 TeV ., 1707.02424

Cl tttt >1epu 21b,21] Yes 36.1 2.57 TeV |Carl = 4n CERN-EP-2018-174

s Axial-vector mediator (Dirac DM) Oe,pu 1-4j Yes 36.1 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
Q Colored scalar mediator (Dirac DM) 0 e,y 1-4j Yes 36.1 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
VVyy EFT (Dirac DM) Oe,pu 1J,<1j  Yes 3.2 700 GeV m(y) < 150 GeV 1608.02372
- —————
Scalar LQ 1°t gen 2e >2j - 3.2 1.1 TeV B=1 1605.06035
9 Scalar LQ 2" gen 2u 22j - 3.2 1.05 TeV B=1 1605.06035
Scalar LQ 3" gen 1epu >1b,23] Yes 20.3 B=0 1508.04735
—————

VLQ TT — Ht/Zt/Wb + X multi-channel 36.1 1.37 TeV SU(2) doublet ATLAS-CONF-2018-XXX
§" w VLQBB - Wt/Zb+ X multi-channel 36.1 1.34 TeV SU(2) doublet ATLAS-CONF-2018-XXX
m}E‘, VLQ Ts/3 T3] Tsy3 » Wt + X 2(SS)/28 e 21b,21)  Yes 36.1 1.64 TeV B(Ts3 = Wt)=1, c(Ts3Wt)=1 CERN-EP-2018-171
:‘ll:) g_ VLQY - Wb+ X lepu 21b21] Yes 3.2 1.44 TeV B(Y — Whb)=1, c(YWb)=1/V2 | ATLAS-CONF-2016-072

VLQ B — Hb + X Oeu,2y =21b,>1j Yes 79.8 1.21 TeV xg=0.5 ATLAS-CONF-2018-XXX

VLQ QQ — WqWgq Teu >4j Yes 20.3 1509.04261

- - ——
o Excitedquark " — qg - 2j - 37.0 6.0 TeV only u* and d*, A = m(q") 1703.09127
E S Excited quark g* - qy 1y 1j - 36.7 5.3 TeV only u” and d*, A = m(q") 1709.10440
s; E Excited quark b* — bg - 1b,1j - 36.1 1805.09299
w k) Excited lepton ¢* 3epu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eurt - - 20.3 A=16TeV 1411.2921

- ————

Type Il Seesaw Tepu >2j Yes 79.8 560 GeV ATLAS-CONF-2018-020

LRSM Majorana v 2epu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
< Higgs triplet H** — ¢ 2,34 e,u(SS) - - 36.1 870 GeV DY production 1710.09748
2 Higgs triplet H** — (7 3eurt - - 20.3 DY production, B(H;* — (1) = 1 1411.2921
6 Monotop (non-res prod) 1epu 1ib Yes 20.3 Anon-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, || = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059

L 1 P R R A A | 1 1 PR
Vs =13 TeV -
- 107! 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
tSmall-radius (large-radius) jets are denoted by the letter j (J).

D Masses of EW scale (~ gv ) states ™Mw, MMz, M, Mp
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Runll and beyond: Resonance limits to local operators

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2018 [£dt =(32-79.8)fo! V5=8,13TeV
miss . - ..
Model £y Jetst ET™ [Ldiib] Limit Reference
. T — T T T T T r — T T T T T T —TT
” ADD Gkk +g/q Oe, pu 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
= ADD non-resonant yy 2y - - 36.7 8.6 TeV n =3 HLZ NLO 1707.04147
AT ow that these
§ ADDBH high ¥ pr >lepu >2j - 3.2 8.2 TeV n=6, Mp =3TeV, rot BH 1606.02265
£  ADD BH multijet - >3j - 3.6 9.55TeV n =6 Mp =3TeV,rot BH 1512.02586
S Gy o 0D — e pounds have been
1;- Bulk RS Gkx —» WW/Z2Z multi-channel 36.1 2.3 TeV k/Mp; = 1.0 CERN-EP-2018-179
w Bulk RS gxx — tt 1e,u =1b,>1J/2] Yes 36.1 3.8 TeV r/m=15% 1804.10823
2UED/RPP leu =22b23] Yes  36.1 1.8 TeV Tier (1,1), BALY - tt) =1 1803.09678 p u S e away r0| I l
SSM Z’ — (¢ 2epu - - 36.1 4.5 TeV 1707.02424
%) SSM Z" — 17 27 - - 36.1 242 TeV 1709.07242
§ Leptophobic Z’ — bb . 2b - 36.1 2.1 TeV 1805.09299 U
-8 Leptophobic Z" — tt 1eu =1b,>1J/2 Yes 36.1 3.0 Tev rm=1% 1804.10823
© SSMW’' (v 1eu - Yes  79.8 5.6 TeV ATLAS-CONF-2018-017
S ssMwW -1 17 - Yes  36.1 3.7 TeV 1801.06992
8 HVT V' - WV — qqqq model B O e,u 2J - 79.8 4.15 TeV gv=3 ATLAS-CONF-2018-016
HVT V' - WH/ZH model B multi-channel 36.1 2.93 TeV gv =3 1712.06518
LRSM Wj, — tb multi-channel 36.1 3.25 TeV CERN-EP-2018-142
: ———
Cl qqqq - 2j - 70 21.8TeV 1, 1703.00217 l | S E th at
Cl ttqq 2epu - - 36.1 40.0 TeV 1707.02424
Cl tttt >teu 21b21] Yes 36.1 2.57 TeV |Cael = 4n CERN-EP-2018-174
s Axial-vector mediator (Dirac DM) Oe,pu 1-4j Yes 36.1 1.55 TeV 8¢=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
Q Colored scalar mediator (Dirac DM) 0 e,y 1-4j Yes 36.1 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301 1
VVyxyx EFT (Dirac DM) Oepu 1J,£1]  Yes 3.2 700 GeV m(y) < 150 GeV 1608.02372 ’U Z ‘/i <
o Scalar LQ 1% gen 2e =>2j - 3.2 1.1 TeV B=1 1605.06035
= Scalar LQ 2" gen 2u >2j - 3.2 1.05 TeV =1 1605.06035
Scalar LQ 3" gen e >21b,23j Yes 203 B=0 1508.04735
L] L
VLQ TT — Ht/Zt/Wb+ X multichannel 36.1 1.37 TeV. SU(2) doublet ATLAS-CONF-2018-XXX t m I f /f m
g.,m VLQ BB —» Wt/Zb + X multi-channel 36.1 1.34 TeV SU(2) doublet ATLAS-CONF-2018-XXX O S I p I y O r O re
‘“E VLQ Ts/3Ts3| T3 = Wt + X 2(SS)/=3eu >21b,>1] Yes 36.1 1.64 TeV B(Tsy3 = Wt)=1, c(Ts;3Wt)=1 CERN-EP-2018-171 F
LS VIQY »> Wh+ X 1e >21b21j Y 3.2 1.44 TeV B(Y — Wh)=1, c(YWb)=1/v2 | ATLAS-CONF-2016-072 .
T2 M =21b =21 Yes . .44 Te (Y — Wb)=1, c(YWb)=1/
VLQ B — Hb £ X Oew2y >1b>1j Yo 7908 o 121 ToV iy susconrosn [PDOWEITUI CONCIUSIONS:
VLQ QQ — WqWgq 1epu >4j Yes 20.3 N 1509.04261
_8 » Excited quark g* — qg - 2j - 37.0 6.0 TeV only u* and d*, A = m(q") 1703.09127
S Excited quark ¢* — qy 1y 1j - 36.7 5.3TeV only u* and d*, A = m(q") 1709.10440 b d
= . ) ) e — ' l I I
§ £ Excited quark b* — bg - 1b, 1] - 36.1 1805.09299 . O u n a n y
W @ Excited lepton ¢* Sepu - - 20.3 A=30TeV 1411.2921
Excited lepton v* 3eurt - - 20.3 A=16TeV 1411.2921 d I t
_ = Mmodadels at once
Type Il Seesaw 1eu >2j Yes 79.8 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2e,pu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
. Higgs triplet H** — ¢ 234eu(SS) - - 36.1 870 GeV DY production 1710.09748
©  Higgs triplet H** — ¢t Beut - - 203 | DY production, B(H;* — ¢r) = 1 1411.2021 m I
< ' : . L
6 Monotop (non-res prod) leu 1b Yes 20.3 i, = (W22 1410.5404 . O u n u tl p e
Multi-charged particles - - - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
Y ik ot resonances at

*Only a selection of the available mass limits on new states or phenomena is shown.

t Small-radius (large-radius) jets are denoted by the letter j (J).

107!

10 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)

e 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 ~ m%eavy
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 _|_f1(87t7u) f2(37t7u)
General approach based on S ot M }%em}y M ,‘feav ;
matrix theory and motivated by

experimental situation.

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

Michael Trott, Niels Bohr Institute




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 =il
observed scalar

observed scalar :

: not in doublet

in doublet

Basics of the SMEFT formulation: IR operator form
C(d) y
Lsmprr = Lo +LO +£O 4 D L@ = Z A Q" ford >4,

UV dependent Wilson coefficient
and suppression scale

Michael Trott, Niels Bohr Institute



Using the SMEFT



Is the SMEFT too complex to use!?

ﬁ@—@ﬁA2

5L750 5§ B=0

_EI"F@ L8_|_...

5 B#0 5 L#£0

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

D 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 £(®) :

V2 ~260ev +d <4 on-shell simplification
+d > 4 local operator degeneracy

Michael Trott, Niels Bohr Institute



SMEFT requires a GLOBAL approach

ng (d)
Lsvprr = Lsy + L +LO + 0 L@ =" %Qz@ for d > 4,

1=1

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

1 / — —
Lp = —ZB;WB W g1yy Y B Y+ (DFH)Y(D,H) +Cg(HT D*H)(DYB,,),

Over complete set of
+ Cpu(D*H)' (D"H) B, + Ci Q5] + Cre Que + CY)Q%) + Crru QHu, .
(DEH)HDH) By + Cpi @ + O Oy Havia 7% %" ops depending on B

s PN
+ CI%ItdQIgtd‘i‘CHBQHB+CT (H' D*H) (H' D*H).

1706.08945 I. Brivio, MT

| Vi / H'i'D,H ,
® Perform a field redefinition B, — B, + by A2 then LB — g1 boAB

A —

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

Michael Trott, Niels Bohr Institute




SMEFT requires a GLOBAL approach

Ng (d)
Lsvprr = Lsy + L +LO + 0 L@ =" %di) for d > 4,

1=1

® CHOOSE b2 =Cp THEN

1 / —
Ly = —7BlB™ — g1y, $ B ¢+ (D'H) (D,H) +m

Non-redundant set of
+ Cpu(D*H) (D*H) B, + CH QY + Cre Qre + CQW + Crry Qi .
(DEH)HDH) By + Cpi @ + O Oy Havia 7% %" ops depending on B

s —
+ CyaQua+CupQup +Cr (H' DFH) (H D*H).
ittt

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

1 1 1 =
AB = yiQiy) +yeQue +YaQury +YuQuu +¥aQuas -+ yur (Quoy+4Qup) + B 0u(H'i D H).
tt tt

e ————

EWPD, diboson, Higgs data all modified globally

Michael Trott, Niels Bohr Institute




Z,W couplings Top data Bhabha scattering

Qpyl = (1D, H) (Ty) QG = (&"ar)(@sVud), Qe = (87" €)(87"¢)
QHe—(HTguH)(é S Qle = (Iy"1)(ey"e)
Qli) = (H'D . H)(@rq) [ Qg = (BT @) (@G7m1e), [l Qu = (v lp) (Iry"1r)
<3> = (H'D,H)@o'va) | Quu = (Y ur) (st
:(/HTD H)(av"u) 1) _ — o WY WP WK
= (iH' D H)(dy"d) Oa, = (")) chQW e
Q(i)d - (QPVMTAUT)(JSVMTAdt)a /mUItI-bOSOD

prst @ | —

>
Field redefinitions are WHY a global SMEFT is needed

i Ohbox = (HTH) o
Oup = (D, H' H)(Ht D" H) B anomalies . EHT cha( Gaﬂz
QHl/(\gB) = (HTU H) W' BHv Q(llg = (Ziy"4;)(37,b), s = (HTH)B,WB’“/
= (iH" D H)(/a Lal) wish B . s = (HTH)W’ Wirv
) = G 1)) - Qy = Eer! ) (1 mb). g
Qan = (H"H)(gHd)
mput quantities —— Qe = (HTH)(ge)

QG — €achabepGC'u
Quc = (qo*” T"Hu)

B — —

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

H processes

Partial image credit: | Brivio. — —
Michael Trott, Niels Bohr Institute




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 SMEF Tsim package now

< C @ feynrules.irmp.ucl.ac.be/wiki/SMEFT
£ quﬁ;.‘\ j" "
1406.2332.pdf

B " i o I —————————

viki: SMEFT

Standard Model Effective Field Theory -- The SMEFTsim package

Authors

Ilaria Brivio, Yun Jiang and Michael Trott
ilaria.briviofnbi.ku.dk, yunjiangénbi.ku.dk, michael.trottécern.ch

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

| |

Michael Trott, Niels Bohr Institute

https://arxiv.org/abs/1709.06492)




..are there too many parameters?

® Number of parameters convolution of power counting |

)~ Oy + L | Slotw)

| heavy heavy

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

® EX - flavour indicies
for neutral currents: Lo

vrgs - m;
ho T92 7y V1 Mk po| o
A o ¥ (W AV it Vi ] v

3v/ G5 + 95 93 V3, Vis m3
Af ~ — 39 m’wmﬂpme +-
%74

| This IR SM physics projects out parameters.

|
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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, 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) {RG(C),Im(C)}, (FBmB) {RG(C),Im(C)},

U7 gsm C; p? gsm Ck

U

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

Michael Trott, Niels Bohr Institute


https://arxiv.org/abs/1709.06492

LEP EWPD measurements in SMEFT

%10 | LA L | | L | |
= Z
(=]
=
[®]
210 + - -
@ e ¢ —hadrons E
5
103 _:
10 2 E5onis e
C PEP 7]
PETRA — '
[ KEKB TRISTAN - QT ,C
PEP-II .
10 E_ | | | ]I;EPII | | ]V-JEI:P III E

0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)

] @ EWPD is a scan through the Z pole

~40pb™" off peak data
~ 155pb~" on peak data

v e many more *
VRN ops suppressed by M= 1z

2
(v
Details: arXiv:1502.02570
Berthier M T

Michael Trott, Niels Bohr Institute 15




SM, usual approach to EWPD

® This is a multi-scale problem

Observable | Experimental Value | Ref. | SM Theoretical Value | Ref.
Thz[GeV] 91.1875 £0.0021 | [19] - -
My[GeV] 80.385 + 0.015 [49] 80.365 + 0.004 [50]
I'z[GeV] 2.4952 + 0.0023 [19] 2.4942 + 0.0005 [48]
Compare to RY 20.767 £ 0.025 [19] 20.751 £ 0.005 [48]
RO 0.1721 + 0.0030 [19] 0.17223 + 0.00005 [48]
LEP data: RY 0.21629 +0.00066 | [19] | 0.21580 £ 0.00015 | [48]
o9 [nb] 41.540 + 0.037 [19] 41.488 + 0.006 [48]
Al o 0.0171 + 0.0010 [19] 0.01616 + 0.00008 [32]
A 0.0707 + 0.0035 [19] 0.0735 + 0.0002 [32]
Ab 0.0992 + 0.0016 [19] 0.1029 + 0.0003 [32]
S e

Michael Trott, Niels Bohr Institute 16




Leading order (LO) SMEFT analysis

® This is a multi-scale problem R0

2 —m2

FZ—nZzp

I'z

® | agrangian parameters inferred from inputs now corrected by local contact

operators . 2 (HYH) ~ 246 GeV
P Ok =Kk — K \/

i I, J1
. 5 p— — p—
eXx N=q-q1=5

The corrections depend on the scheme choice

Michael Trott, Niels Bohr Instituté




Correlations are also key when combining

EWPD

« scheme myy scheme

Corr.
matrices
O W w
SEITTTFTLISTISS SESTTFFLISTISS
® 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

“}' K-

Michael Trott, Niels Bohr Institute 24



http://arxiv.org/abs/hep-ph/0412166

Should Higgs data matter? - YES!

e Higgs data has new parameters but many are also in EWPD

w2;’92D

QY | (¢'iDup)(lrls)
QY | (¢'iD} @) (',
Que | (¢'iD,9)Ee,)
QY | (¢'iD,¢)(@"a)
Q%) | (¢'iD! ¢)(@7'v"a,
Qou | (¢'iDy ) (Epyur)
Qea | (¢'iD,)(dndy)
Qpud | (@' Dyp)(@py*dy)

(with flat directions)

e Higgs data breaks degeneracies

1

CH kin = (

1
Cuo — ZCHD

722+ 7,2

_ _ 1_ _
L= 2(922 + 912)’UTh(Zp)2 [1 + CH kin T U%CHD] + 59192”%’h(3u)2CHWB
9.°Caw + 9:2Cup + 719.Cuws ) |

+orh(Zw)?

Michael Trott, Niels Bohr Institute



Global fit — correlations [preliminary]  Provided by I. Brivio

mw scheme
Ca
Best fit (profiled G-
(P ) om Best fit (profiled)
CHB
G ¢ 0.0084 + 0.107913
Cuc | 0.00094 + 0.000385784 gHG' - ' -
Ci 0.0032 + 0.00837061 C}Zi Chp -0.18 & 0.13943
Gy | -0.017 +0.0125669  |Cunl’ Chw -0.11 + 0.145152
Cus | 0.0016 + 0.028008 |Cd§ :: Crbox | -0.039 + 0.165857
=4 e _
Ch Ll L C:. |Con| | 0.090 + 0.171895
@ 0.062 + 0.0436375 ChHu _
_ - [ 0.10 + 0.202495
Chu -0.061 + 0.0482166 Cf{;j _
c® 0.042 + 0.0536819 ngé Ce 0.44 £ 0.217008
c) 0.040 + 0.0554775 c},l%- | Cug| -0.20 + 0.664419
Chws |  0.058 + 0.0630901 IC?ST | Cu| 2.2 + 5.05548
— uG|
Che 0.097 + 0.0750314 iy | C‘” 8.8 4 0.67349
Cre 0.088 + 0.0753358 Cir- _
| C” @ 9.2 + 10.0279
Cle'

Ongoling fit being developed by : I. Brivio, C. Hays, G. Zemairtyte, M T
see also Ellis, Murphy, Sanz, You 1803.03252
23 parameters simultaneously constrained, ~ pole parameter set

Michael Trott, Niels Bohr Institute



Neutrino’s in SMEFT and the Neutrino Option

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

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

arXiv:1703.04415 Gitte Elgaard-Clausen, MT ~ JHEP 1711 (2017) 088
arXiv:1 /03.10924 |.Brivio, MT Phys.Rev.Lett. 119 (2017) no.14, 141801

arXiv:1809.03450 |I. Brivio, MT



Are any Wilson coefficients not 07

| 1 1 1
§ = e L5+ Lo+ I L 4 e
Asr0 A%B:O A%B:ﬁo ’ A<3$L7éo A4
e (° seems tobe non zero. QoF — (ﬁz’ﬁ ﬁ*) (PIT E’};) .

® Working in dirac spinors causes a bit of pain as we define ° = (—iy2 Yp) &T

® |Introduce singlet right handed fields with majorana mass terms as

Nfl,p MP”' NR,T + NR,p M;'r N&,'r

R — e ——

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

Np = Ny Np = &%/% N + e~ %/% (Ng)°.

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

2 LN, = Np(id — mp)Np — Zﬁﬁwﬂ’TNp — fzﬂﬁ* wg’TNp — prg,*ﬁngﬂ - prgfﬁﬁg

Michael Trott, Niels Bohr Institute




Seesaw model to SMEFT.

® Integrating out the seesaw at tree level. Matching now done out to L7

arXiv:1703.044 15 Gitte Elgaard-Clausen, MT

53
\ -1 1 1 4 s
R4 +m — e———— — + .-
R (# p)m%(1—82/m%) my mi m3
H 73 Expand the propagator in the small momentum transfer
- MATCH!
® Extremely well known result ) CBr g
LO =508 the 5 = (WB)T wh/my

p summed over

Here the wg are complex vectors in flavour space.
To proceed with further matching we can perform an flavour space expansion (see back up)

x,y € C3.

r-y=azty. ol =vz T oxy=(cxyn)*

Michael Trott, Niels Bohr Institute 28




L6 SMEFT matching

® At Lg the fun begins: » ( ) @) = H' iDL Hegy 14,

Bk
o)) = H'i'D , Hegy e,

Bk

T
£6) — M
V1 2mp
N2 R — T——
N3

1 3
Qi — Q)
Bk Bk

Can compare to Broncano et al. hep-ph/0406019

® But the N are integrated out in sequence so you also get:

Re axf.’zz"‘-yJr ¢t Im .’ET.’IJ*-yT —= .
B B _ B
L), 0 e (G- ed) o (v || % = EDEAN,
2 ’ ) - B ] | — ——
Re a:};a:*-zT 5 5 i Im w%m*-zf
+ _4m% — (QN3_QJ\,’3)+ -4mf - (QN3+Q )
Re -yg y* - zT] i Im [yg y* - zT]
+ _4m2 (Qlﬂifa B Q’Z‘(\”f) + 2 ( Qj\}’f)
2
B e —_—

Michael Trott, Niels Bohr Institute



L6 SMEFT matching

® At Lg the fun begins: ot P &) = H' i DL Htgv 714,
© _ Wa'wk [y e B
L7 =5 | Cue— e R
N, M B Br o) = H'i'D ,Hlgv e,
N, JE— Br
N3
Can compare to Broncano et al. hep-ph/0406019 (SU(2) diff)
® As a Majorana scale in the EOM: IN, = _z-(mp N, +wﬂ,*ﬁT€iﬁ i wgﬁ’rgg)
which gives the extra matching contributions
1 6 — (@)l -y'my — -, ; (zp)T «* - 2T m3 [o— =, ;
1) 2 i [eLﬁH N2] (H H) + i [ELﬂH N3] (H! H),
(ys)" v - 2T ma [
+ : 4’m,% : [ngH Ng] (HTH)+hC
v

Keeping track of all the terms is critical as a set of cancelations occur.

Michael Trott, Niels Bohr Institute 30




L7 SMEFT matching

Summary of dim 7 results:
1:¢%H* +h.c.
Qurr | €ijemn(Ly,CL)H H™(HTH)
3:¢?H3D +h.c.
QZHDe eijemn(EiLC'y#eR)HmeD“H”
5:9*D +h.c.
ngg_iu D €ij(dryuur)(L,CD ”EJL)
QéicliuD €ij (@'MUR) (KECO-P«V D,,f‘i)
Qup | (QLCudr)(ELDHdR)
Q%ddp (¢2vuqL)(drCDHdR)
QdddeD (erYudr)(drCD*dR)

2:?H?D? + h.c.

Qb | €ijemnti,C(DHE)H™ (D, H™)

02 | €imejnts, C(DHE)H™ (D, H™)

4:9?*H?*X + h.c.

Tree level matching
contributions

i;€mn (05 C0,, ) HI H™ B2
€ij (7' €)mn (£, Co L) HI HM WK

QrHB
Qraw

6:¢*H + h.c.
Quezn || €ijemn(ERLL)(E,COT)H"
Qo || €iemn(drty)(afClT)H™
Qprtan || €imein(drty )(qgcem)Hn
QoiGun €ij(qL,, ur)((7 Cly ) H
Qi00aH €i; (0L, dr) (g Cql ) H
Qdaan (dR Cdg) (EL dr)H
Qudan (¢2dr)(urCdr)H
Qpevan | Eij (EiLC’YueR)(ﬂ’Y” UR)Hj
QeQddH €:;(€rQ%)(drCdr) H’

——

Basis of Lehman 1410.4193

Michael Trott, Niels Bohr Institute
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Summary of dim 7 results:

L7 SMEFT matching

arXiv: 1 703.044 15 Gitte Elgaard-Clausen, MT

2:9?H?D? + h.c.

Qb | €ijemnti,C(DHE)H™ (D, H)

02 | €imejnti, C(DPE)H™ (D, H™)

1:9%2H* +h.c.
Qe | €ij€mn (L CLT)HIH™ (HTH)
3:92H3D + h.c.
Qurpe || €ijemn(£y,Cyuer)H H™DHH™
5:9*D + h.c.
ng%lu D ¢ij(dry,ur) (L, CD )
o) o | €ii(@ryuur)(¢iCo™ D, 4))
Qup | (QLCudr)(ELDrdR)
Q) up | (Er71.a1)(drCD dp)
QdddeD (erYudr)(drCD*dR)

Tree level matching

4:92H2X +hec. contributions
Qv/HB eijemn(EiLCaWﬁL”)HjH“B“”
Qeaw | €ij (71€)mn (Ej-JC'aWZZ‘)Hj Hrw Iny
F

6:9*H +h.c.

Querr || €ij€mn(ErLL) (%CE?)H "

Qéllz)QE H €ij€mn (@E’L) (qJL Ce;:n) H™
2 g _pi ] m n
QEZZQEH eim€jn(drly)(q CLT)H

Qigun €j(qrur)((PCLly ) HY

Qoam € (0L, dr)(qyCqi ) HY
Qddan (drCdg)({rdr)H
Qaar (£LdR)(urCdr)H
Qpevan | €ii(LCVuer)(drY ur)H’
QeQddH €:;(€rQ%)(drCdg) HI

e

Basis of Lehman 1410.4193

Michael Trott, Niels Bohr Institute

Tree level matching
onto ops with

field strengths, from a
weakly coupled
renormalizable model.
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d=7 matching

® Many contributions to QJ¢H cancel out at tree level in a single matching in EW vacuum

)\U2C~'g,,Z

_/\'l}2égn (

% (B pten) H? +27Ch Qe +

(% 50" trn) Ho'H + hic

When you take the Higgs vev you find this vanishes. As do other matching combinations.

This has to be as extra H fields require another light propagator.

Michael Trott, Niels Bohr Institute



d=7 matching

® Many contributionsto  (Q¢zr cancel out at tree level in a single matching in EW vacuum

)\'U2C~'g,c

_)\'U2C~'g,c (

% (B pten) H? +27Ch Qe +

(% 50" trn) Ho'H + hic

However this argument fails when you integrate things out in sequence

H H
\ 7/
\ //
Hf \\\:\ Np#l ,/
H /// \
£ 0
Neutrino mass matrix perturbations only come about at L7 due to this
T T T ,
Lo 5 (2852279 TR % I8FaY ) pape
9 - 4 m% mo 4 m% ms 4 m% ms tH

Michael Trott, Niels Bohr Institute



d=7 matching

® Many contributionsto  (Q¢zr cancel out at tree level in a single matching in EW vacuum

)\’l}2égn

_)\'l}2égn (

% (B pten) H? +27Ch Qe +

(% 50" trn) Ho'H + hic

e ———

Other effect is due to redefining the field order by order in the power
counting, through EOM shift. Total result

EXAE] L Y usllyll | 25 2 ]

£ > _
2ms3 2ms3 2ms3

[, T T T

Yg Ty T 23 ThZ-T 2 YxZ 'Y

- + + + h.c.
2m3 my 2m32 my 2m2 my } Qert

Perturbation to neutrino mass matrix in SMEFT. Small effect!

Michael Trott, Niels Bohr Institute 34a



Strangeness of the Higgs potential

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

2
Sy = / d*zx (\D#H|2 — A (HTH — %'vz) ) ,

Partial Higgs action

V(¢)

Re(¢) /V

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

Michael Trott, Niels Bohr Institute 35

LG(s) = /8%3 dz3 Bl(d— 2ie A)s|? + % (Is|* —a?) |,

B ——

Landau-Ginzberg actional,
parameterization of Superconductivity

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

©

Normal state Superconducting state

Magnetic field energetically
excluded from interior of SC




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

WUET)) = — BT JT = ) (S0 BT

® Muon decay: v = 246 GeV Higgs mass: myj = 125 GeV —»[)\ = O.lSj
The problem.

® Composite models (nobly) try to construct the Higgs potential:
e
12

2 2
gl
WUSE) w2 524#2

(_2 aHTH + 2b > see 1401.2457 Bellazzini et al

weak coupling

2 2
A N :
® Can get the quartic to work: ~ 0.1 gsm s for A/f<<4m implied, lighter
Neyy % i new states

Michael Trott, Niels Bohr Institute 41




Challenge of constructing potential.ll

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

WUET)) = — BT JT = ) (S0 BT

2
® Higgs coupling deviations scaleas ~ 1 — e but pheno studies imply f = TeV

2
® Where are the new states at a weakly coupled mass scale below the full cut off?

® Extensive tuning in these models: see [401.2457 Bellazzini et al,

e This problem killed the initial composite idea initially (Georgi-Kaplan
80’s), Modern models introduce tunings and constructed to avoid this.
Generic feature - tev or below states to construct potential.

Michael Trott, Niels Bohr Institute 42



We know more about the potential now

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

1205.6497 Degrassi et al, | | 12.3022 Elias-Miro et al..

00 FPy—F—+—7F—"—F——F—T—F— T
: _ ® \What does this mean? (if anything)
008 M, = 173.1 £ 0.6 GeV (gray)
I a3(Mz) = 0.1184 + 0.0007(red) ] ) ] A
3 My=125703CeV (blue) (N ® For fate of the universe considerations
I ' see [205.6497 Degrassi et al.
5 oof : 1505.04825 Espinosa et al.
& - - M =171.3GeV B
2 0.00] SN N St . 7
: \\‘\\ s (M o2)= 0: F205 . . a
ook g ored ® This might be a different message.
[ M, = 174.9 GeV.
004F A

07 1 10° 10° 10 107 10" 10 108 107 ® Build the Higgs potential in the UV, as
RGE scale y in GeV there )\ ~ ()

[:An interesting mass scale is 10-10(ﬂ Unexplored compared to the fate
PeV (or 10" — 10° GeV) of the universe issues.

Michael Trott, Niels Bohr Institute 43



Seesaw to SMEFT one loop

® Necessarily one loop results coming with tree level matchings:

i i Ny
wpr e w; Ny ¥ Wy Wavefunction
N £y Nn Ly N, £ T m H
f
(a) (b) (c) 2 Am?2
2 P V(H H) = ~TOREES (G (o By + AN (HTE) 4
\\ Np ’/ ) ) ) ) R
() wh
g @ ® Threshold matchings:
W, () o 11 12
o0 N N _ 4 4 %12 1 3
T lonl +fonl + P (14 2 log 375 .
My My M?
— |R o log —5|,
T Ton? [ i) 108 0
1
Am? = ) (M w1 [ + MZ|wol?]

THE SIGN WORKS OUT due to
FERMI statistics —3/4
ISt here choose 1 = Me 3/

to be consistent with CW threshold correction
J.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”.

Michael Trott, Niels Bohr Institute 44




This threshold matching can be done to CW

O CoIeman-Weinberg potential:

A —
C(HYH) =

M M? + 2 H'H
S (M /M2 + 2| O e

my, (H'H)
112

(m,(H'H))* log *

wa

R — EEEE ———

o |If lwlmy  \.., SUCh & threshold matching can dominate the potential
1672 ’

and give low scale pheno that is the SM. IR scales are

® Vg e Aogcpo ® oW
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? % ?  arXiv:1703.10924 Neutrino Option llaria Brivio, MT

Michael Trott, Niels Bohr Institute 45




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

Amy(20)
¢ t( ) >

0.130

® (Can get the troublesome X ~ 0.13

0.125¢

0.120

my)

0.115¢

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

o\

0.110}

0.105}

0.100 : : l
105 108 107 108

mp (GeV) m, ~ 10°GeV

w| ~107°

® 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 46




Higgs potential. Check. Neutrino mass scale. Check.

® The EW potential does get constructed

correctly running down in a non-trivial
manner

V(HTH)/v*

—o0. ' : : : - : -
80 05 10 15 20 25 30 35 40

VHH/v

] _ 102 .

® In a non-trivial manner - and the right
neutrino mass scale (diff) can result.

Vm2(u = my) (GeV)

Am,(eV)

10°

Am?2,/107%eV? = 6.93 — 7.97,
Am?/107%eV? = 2.37 —2.63(2.33 — 2.60)

Michael Trott, Niels Bohr Institute 47




Neutrino option: the bad

logm,, (GeV)

; 71 ® Very significant numerical uncertainties
10f -top quark mass driven
| [ ® This is NOT a total solution to the Hierarchy
problem. As there is no symmetry protection
7' /7 mechanism against other threshold corrections.
6 10—3 _2 ' . .
| # miearce /)7 | @ No non-resonant leptogenesis in this
iy parameter space  1404.6260 Davoudias, Lewis
4 L 1 1 L 1 L
-10 -9 -8 -7 -6 -5 -4 -3 .
loglol 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°
1 809.03450 Brivio, Trott

® Consistency test reformulated to avoid asymptotic numerical sensitivity to A\

r"n, =173.2 GeV, NH

108 -
1 ® Scan regions
P " defined by first
O, fitting Neutrino
B 102 global data

— M) Esteban et al.
1% m— A (M), M = M 1611.01514
A,ne(M1)sM2=1OM1
10 10° 107 108

p =M [GeV]

Minimal case with two heavy neutrino’s.

Michael Trott, Niels Bohr Institute
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Improving numerical stability

NpGe = 1
—-— DNpge =2

—— NRGe =3

0.06

m AMNMy), Mz = My
ANM,), My = 10 M,

0.04 -

)\ 0.02

0.00 -
_0.02-

0.04 -

e
~
-~
-~
-
~
—~
-
—
-~ -
—
-~

105 106

R TRNCTIRT TRMT T

p = My [GeV]

10_2--——1"-5\'—“.
Ei) )
o
1077 N
2 L
107 ]
{ i
10-22 I SES S
_10—22 :
7 L
10—1 ; .
1
10—12 : .
i |
—10-7 : I
i
—10_2 ‘\--\;:—““Mq
105 105 107 108 10° 10'® 10" 10%2
p =M [GeV]

1 809.03450 Brivio, Trott

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

e

EEEE————————————————————

Michael Trott, Niels Bohr Institute
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Required bare lambda

n =1 n =2 n =3
0.05 RGE AcE o
e My =M, M,=10M,
0.04- - ~ — e 1y = 171 GV
=y pr. == - —y fn; = 173.2 GeV
0.03- —t+_ . — i, = 175 GeV
o o = ' —— NH
0.00 *g
106 107 106 107 106 107
u= M [GeV] u=Mi [GeV] =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. Neutrino’s with mass embedded.

® Combined global studies are key to interpretation

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

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

condition
w? o2 wM wM m, ~ 10°GeV  |w| ~ 1077
my ~ M ) th?’ ,UTN4\/§7I'\/X, p

® This is a “self seesaw” with only one scale, the EW scale is a
loop down from the Majorana scale. We don’t see new

states at LHC due to a stabilizing symmetry consistent with this.
B —
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Open Request

® Can you build a UV completion that generates the majorana
scale in a manner that does not induce other threshold corrections?

® [80/.11490 Brdar et al. Conformal UV completion of Neutrino Option
o ?

e |F this was true what is the right experimental approach to probe
m, ~10°GeV  |w| ~ 1077

® [3810.12306 Brdar et al. Gravitational Waves are potentially significant

o 7

B e e ——
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Backup/Rapid developments



Flavour space expansion

® Summary of dim 7 results its VERY small, down by O(UQ/M]?) and interesting!

® Far bigger effect is how the expansion of

r®) — Cg_” Qg"’ + h.c. CRk = (wg)T wﬁ/mp

Is perturbed as the N states are integrated out in sequence.

Nf%,p MI:”'\NR,T + NRap M;'r Nfl,'r

— B

expected to be uniform in interaction

no known quantum numbers . . . :
eigenbasis, once diagonalized expect

]| ~ Nyl ~ 2]l
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Flavour space expansion

® Lightest singlet state dominates the neutrino mass matrix, heavier
Ny singlet states then perturb the mass spectrum and eigenstate spectrum

Ns
Ns .
/< 1 by construction
: *x o0 * ot
M,BaMnaT:“z Z|l | 1 2 Y M3 r o« Y F M3 T o |
o ) e P8 el my B Y o mg YR
A ¢
use complex Cauchy-Schwarz
a-b=||af|[|b]|Ags
< 1 by construction
again
® |fitis true that Il Il
MAyTZ < m2/m3a HZ_”Asz < m2/m3‘
v another expansion to exploit - a flavour space expansion. [203.4410 Grinstein, MT

Michael Trott, Niels Bohr Institute B2



Perturbation theory - OLD SCHOOL!

® Define eigenvectors that correspond to the mass eigenvalues of the C'"° matrix

N,
N. - ~
2 N3 Myy pp—mppp,
® Construct the orthonormal set as eigenvectors in flavour space
o Z L Px({xE) L, gxZ
a— 1= Po = 22w = c ™ 7wl
I1Z] S TER 12" % 4|
® Can systematically develop perturbations of the eigenvectors and eigenvalues
B} (B MM + MM |5;)
] i~ M
sm? = (Gi|MEMT + M M + M M| 5;)
v
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Links perturbations of masses to PMNS

® \What is the benefit of this approach?

/ only matrix involved in neutrino mass spectrum

2
K v K r
(con Q%) = =% [UT (v, D)f cgnll(, )| ()P e (v])
/ —
expansion measured
Unknown!

U(v,L) =U(e, L) Upyrs  U'(e, L) = (5%,53,55)T

R — —

® \What is the benefit of this approach?

— 10\ = 10\ = -
P = (812 823 — C12 Co3 813 €™) 0’3 + (—S12 C23 — C12823 513€"°) T2 + C12 C13 T1,

—te2] 6\ = 5\ = —
ppe 2 = (—ci12823 — co3s12513€°) 3 + (c12 ca3 — S23 S12 S13 €"°) 02 + €13 S12 01,
ﬂl— — — —1 —
ple 2 =333+ 1352352 + € ¥ 513 51.

R

This is where ben and i hit the wall in 1203.4410
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Just perturb in the unknown

® Although the 0; are unknown we do know one thing
N,

Ns M M, Hermitian positive mass matrix defined over field (3.
As U(e, L) diagonalizes a Hermitian positive mass matrix the o; for a basis
arXiv:1 703.044 15 Gitte Elgaard-Clausen, MT

® So expand all the complex w; = A;01 + B;os + C;03

® Use the algebra properties - — . oy oy
0; X 0j = €ijk Ok 0 X 0; = €ijkOf

® This way we have a systematically improvable basis independent link
between the neutrino mass spectrum and the PMNS. Might be useful long term.
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Post Modern Discovery Physics

LHC LEPII
h pole 4 fermions

Energy scale: <—|—|—|—|—|—|—>

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

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

® TJo 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 consistency. |
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Post Modern Discovery Physics

LHC LEPII
h pole 4 fermions

Energy scale: <—|—|—|—|—|—|—>

~ GeV ~ 10's GeV ~91.2GeV  ~125GeV  ~190GeV ~ 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, Trott
arXiv:1308.2627,1309.0819,1310.4838 Jenkins, Manohar, Trott

HEFT/SMEFT matching LEFT: arXiv: | 312.2014 Alonso, Jenkins, Manohar, Trott

HEFT RGE:

| 710.06848 Alonso, Kanshin Saa
| 710.064 12 Buchalla, Cata, Celis, Knecht, Krause

1 711.05270 Jenkins, Manohar, Stoffer

1 709.04486 Jenkins, Manohar, Stoffer

e e ——
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One loop results

e Loop results can be numerically significant for interpretations of the data when precision
descends below 10% experimentally and when combining data sets which is required

going forward.

® Era of NLO SMEFT results has now been kicked off;

Pioneering full calculation # — €7 Pruna, Signer arXiv:1408.3565
Other processes tacked in 1505.03706 Ghezzi et al. (partial EW precision)

Partial I'(h — f f) R.Gauld, B. D. Pecjak and D. J. Scott, arXiv:1512.02508
QCD corrections partial SMEFT P. Artoisenet et. al., arXiv:1306.6464

QCD NLO Hiaas associated nroduction K. Mimasu. et al. arXiv:1512.02572
QCD NLO single top production C.zhang, arXiv:1512.02508

QCD NLO Higgs pair production R. Grober et al, a%iv:1504.0657

o

® (many more works too many to list here)
NLOEW h — ZZ,h — Z~ S.Dawson, P.P. Giardino 1801.01136
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2499%x2499 RGE

® Full calculation subtle, due to EOM effects.

.\ ; . . o y
A B . ¢ ‘s ; s 3
) B - L
\. L% v S — { v ’ \/ \ ;
) { 3 éI ‘,".M“LK ! . ‘KTN} 77777 ! nﬁ’} 1\ \";J'~ ( 7‘1{ 2 'Liz
P y » . v 3 : S 3 ; : ¥ 3 $ $
o . & . Lie- H v s 2 L )
] S \.

585 wa;w %
$é¢/ﬂ&ﬁwi$

® Each dot can be 59 types operator
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2499%x2499 RGE

® Full calculation subtle, due to EOM effects.

® Each dot can be 59 types operator

Michael Trott, Niels Bohr Institute



Not a trivial exercise

® Full calculation subtle, due to EOM effects.

NOT- ENOL
HN IIE TE Rj;

o Two dlagrams that we/re Challenglng 25 4 fermion ops (neglecting flavour)

@ Hard part is the group theory, not the divergence.
Had to keep all indicies for true EFT generality and testing MFV etc..

® Each dot can be 59 types operator

Michael Trott, Niels Bohr Institute



SMEFT decay widths of the Z at one loop

arXiv:1611.09879 One Loop Z C.Hartmann,W. Shepherd, MT
® This is a multi-scale hard problem (only « y:, A sorted to date) R0
b

Ry

2

2 HAD
smMerT(H® =m7 I

)

FZ—mZzp

I'z

ARy

o LSZdefn: (Z|S|wivy)=(1+ J(1+ARy,) i Az,

® Need to loop improve the extraction of parameters AND the decay process

of interest.
input shifts decay process (wavefunction&process)
see also : Passarino et al arXiv:1607.01236 , arXiv:1505.03706
L E——
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Loops present

® ~ 30 massive loops in addition to the RGE dim reg results of
arXiv:1301.2588 Grojean, Jenkins, Manohar, Trott

arXiv:1308.262/,1309.0819,1310.4838 Jenkins, Manohar, Trott
arXiv: 1312.2014 Alonso, Jenkins, Manohar, Trott

t _
] bL
I
I
Z Z ' Ot
| : .
I h on) g
bL 'h; P REEREN /’"\\
.~ “\
] )
\ 1
VA

t I o l_)L
| s
+ : bL t
t .- B b .- by ANAIINN ANAARNAN
M{ 2 Lo
by, x> br, AN An
A/NAAN 70 ' %0 " 70 70 70
ZO ZO T ;
t _
"/) b -, 'h‘ ~
Z M W ANARNN \ "
A-le /\/\\/Q'\l/\/\
Y t t ? T
t
t br, $x _—>—1bf ¢+ _—>—1bg , ¢ ¢
| N B B
A : ¢:i: Z /VV‘: At Z . At \ ) ”*3 “'3
: RIS /\/B\/IV\/\
£ br $r by Wi —<—p, w3 B
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Main conclusions

® MORE PARAMETERS (At least) the following operators contribute at one
loop to EWPD, that are not present at tree level.

{ch,c¥) .oV ., ), ), cf) Y, Cru, Coe. Cup + Criw, Cup, Cuw, Cuni }.

qq 7’ —qq ’ T qu?
® Distinctions between operators made at LO not relevant
% N
AN V“©<

® Need to combine data sets carefully due to hierarchies in experimental
precision and different scales of measurements

Michael Trott, Niels Bohr Institute B14




HEFT digression

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

1) A nonlinear EFT - built of F. Foruglio. arXivnepph/9301281
i0, T B t al. 9912459
d=¢€ /v h G:i?::zsi: T:ott » arXiv:0704.1505
1 1 1 -
L = —ZW“”WMV — ZBWB“” — ZGWG‘“’ + YD
4 v2 Tr(D Z% D"Z) B I_ ("I_li A )Z l/l“J 'l.LJ}.r‘, 1 hae
Pl VRl U P A B
Ji3 R
“Higgs like boson” couplings are given by adding all possibly “h” interactions
1 2 h h? h?
L = 5(8ﬂh)2 — V(h) + /UZTI'(DMET DME) [1 + QCLW,Z ; + bZ,W U_2 + bg,Z,W U_3 + -,
v i w,d h w,d h? y;f] UJR
—\ﬁ(uLdL)E 1 +¢ ;+C2,j 02 yd &’ +h.c.,
1] 'R
1 d3 3m2 d4 3m2

SM mass scales then unrelated to scalar couplings - This is used in the “kappa’ fits.

T ——
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HEFT: Rapid 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

|311.1823 Brivio et al.  1405.5412 Brivio et al.  1406.636/ Gavela et al.
1409.1589 Alonso et al. 1603.05668 Feruglio et al. 1412.6356,1608.03564 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)
1511.00724 1602.00706, 1605.03602 Alonso et al.

00— O EEE———————————————w—m—m———
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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, — M?Hy + 2X\(H'H)H, + @ Y, uejr, +dYyqp + €Yol =0
Gauge field: iquj=YJquj+YJde, i¢d=qujH”, i¢u=Yquf7Tj
iPl; =Y eH;, iPe=Y, ;H,
Fermion:  [D%,Gagsl” = g3j7, [D*, Woag]' = gaiis, D®Bog = 917,

® We need to systematically
improve the SMEFT to one loop,

T . due to field redefinitions, do full
jh = —grivgg + =l7iysl + =HT i DLH one loop.
Ié) 2 B 2 8 2 B8 :
_ 1 :
S ~ab+ =H' i D gH, ® | used to say Higgs EFT all the
7 ¢=§q b ket time. It is really SMEFT.
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Global constraints on dim 6.

arXiv:1508.05060 Berthier; Trott

For precise observables, we can’t ignore error in SMEFT itself:

Agyerr compared to Experimental precision
12— .

ASMEFI‘ vs LEPI
LI | L S A S B R T T T T 0.4""("il"["l""l""l'
Pl - S
] 1 - 1 '
* PERCENT CONSTRAINT - \
1.0- “l "\ R "‘ \ “.
" \ 03 1 7
o 1 - 1 ‘|
08 x . e
[ \ N | \
\ NEGLECT - L
AO \ AO L
7 % 0.6+ “ Agmerr T
0.4} :
0_2: . |
I s ;-’ Sren.
| PER-MILLE ~  ~~_  ~==2 St =
0.0....|....|....|....1... J PRI N R UE TR N S T R S S T S N S N U B R |
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 3500 4000
A A
Remember:
o7 VNegs
A\ Lg+ --- 535+h.c. operators! Asyprr(A) ~ /N z; A’*’; + T Wi? Yi
B e
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Neutrino Option Numerics

Normal Hierarchy Inverted Hierarchy
best fit 30 range best fit 30 range

82 0.441 0.385 — 0.635 0.587 0.393 - 0.640
52 0.02166 0.01934 - 0.02392 | 0.02179 0.01953 — 0.02408
s3 0.306 0.271 -0.345 0.306 0.271 - 0.345
4(°) 261 0 - 360 277 145 - 391
Am2, (1075 eV?) 7.50 7.03 - 8.09 7.50 7.03 - 8.09
Am2, (1073eV?) | 2.524 2.407 - 2.643 -2.514  (-2.635) — (-2.399)

Table 1: Best fit values of neutrino parameters taken from the global fit in Ref. [35].

SMEFT up to sub-leading order (£() corrections) but we restrict our attention to the matching

onto £®) in this work.

best fit range tree 1-loop  2-loop
Gr [GeV~™2] 1.1663787 -107° A 0.1291 0.1276  0.1258
Gs(myz) 0.1185 m [GeV] 125.09 132.288 131.431
mz [GeV] 91.1875 g1 0.451 0.463 0.461
mw [GeV] 80.387 go 0.653  0.6435 0.644
my, [GeV] 125.09 g3 — 1.22029 —
my [GeV] 173.2 171 - 175 Ut 0.995 0.946 0.933
my [GeV] 4.18 Ub 0.024 - -
m, [GeV] 1.776 Ur 0.0102 - -

Table 2: Left table: best fit values of the quantities used as inputs in the numerical analysis,

while my is varied in the range specified. Right table: matching values for the SM parameters
at p = my; obtained from the expressions in Appendix A in Ref. [42] with the inputs on the

left when m; = 173.2 GeV.

B e ————

e
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STXS data set

ATLAS-CONF-2017-047.

H — yy

ttH+tH leptonic (two tHX and one ttH categories)
ttH+t H hadronic (two tHX and four BDT ¢tH categories)
V H dilepton

VH one-lepton, p&"™MET> 150 GeV

VH one-lepton, p%.*METdSO GeV

VH E,}nfss, E{,nfss > 150 GeV

VH ET", Ei.mss <150 GeV

VH+VBEp], > 200 GeV

V H hadronic (BDT tight and loose categories)

VBF, p¥"*/ > 25 GeV(BDT tight and loose categories)
VBF, p?jj <25 GeV(BDT tight and loose categories)
ggF 2-jet, p¥’'> 200 GeV

ggF 2-jet, 120 GeV< pr?'<200 GeV

ggF 2-jet, 60 GeV< p’T'}-<120 GeV

ggF 2-jet, p¥¥' < 60 GeV

ggF 1-jet, piyz 200 GeV

ggF 1-jet, 120 GeV< pr7'<200 GeV

ggF 1-jet, 60 GeV< p’T'}-<120 GeV

ggF 1-jet, p7”'< 60 GeV

ggF O-jet (central and forward categories)

H—-Z7Z" - 4

titH

VH leptonic

2-jet VH

2-jet VBF, p]. > 200 GeV

2-jet VBF, p’! <200 GeV

1-jet ggF, pg > 120 GeV

1-jet ggF, 60 GeV<pf <120 GeV
1-jet ggF, p¥<60 GeV

0-jet ggF

By

Intermediate fit: yj = ZAji -1 (07 -Bag)sm - rp - | - L,
i

Bar | om
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STXS data set

U taint

Measurement region Result neetiainty SM prediction
Total  Stat. Syst.
B, /B 125 25 (35 % 18.1£0.2
gg — H (0-jet) 297 73 (86 Bi)eb | 27.6x1.9pb
gg — H (1-jet, pff < 60 GeV) 44 4% (44 ] pb | 66+09pb
gg — H (1-5et,60 < p# < 120 GeV) 46 2% (2] D7)pb| 46+07pb
gg — H (1-jet, 120 < pH < 200 GeV) 16 43 (3 *83)pb | 075£0.15pb
gg — H (> 2-jet, pH <200 GeV or VBF-like) | 10.6 *47 (tg;g j;g) pb| 4.8+1.0pb
H (> 1-jet, pH > 200 GeV
8g = H (2 1jet pr 2 200 GeV) 19 02 (1% 183)pb | 0.81+0.16pb
+gq — Hqq (p}. > 200 GeV)
g9 — Hqq (p). < 200 GeV) 98 3 (49 3)pb | 4587%%pb
gg/qq — HEL/HE 02 195 (%38 =02)pb| 063738 pb
qd/gg — tiH 03 85 (183 201)pb| 05970% pb
By
Intermediate fit: yj = E Aji-1i (07 - Bag)sm 1y - 3 - L,
; 4¢ | sM
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