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The Standard model ...

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

1 1 1 —
Loy = —ZG;},,GAW - ZW,{,W"“’ — 7BuB" + (D, H"(D"H) + w:g‘:d l 6wzJD¢
2
- (H*H - %v2> —~ lH”EYd g; + H'TY, ¢; + HYEY,1; + h.c.],

e \We can count the number of parameters

u ¢ 't |7 present in the theory.
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Flavour Symmetry

® The global flavour symmetry of the SM is

Gr = U(3)° =Sq ® SL, ® U(1)°

q — Uyq, [ — Uil, u — Uyu, d — Uyqd, e = Uee.

Nere 5o — SUB)o, ® UG, ®SUB)p, i = SUB)L. ® SU(3)E.

e |Inthe SM a well defined sense in which this flavour symmetry is

restored:
Lo = o= [H”E g+ H ”ixxc{j + H”ﬂxl‘j + h.c.]
U U U
Technically you can think of the Yukawas as symmetry breaking
spurions

P v s
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Flavour Symmetry

e (Can make separate rotations on the left and right handed fermion fields.
Leaves kinetic terms in the Lagrangian invariant:

Lrin=0Q%19Qr+L,idL; +uri@ur+driddg

® \When Yukawa's turned on the inability to simultaneously diagonalise
the yukawas and charged current interactions leads to flavour violation.

® Diagonalize the fermion masses and different components of the doublets
rotated

( gﬁ ) =U(U, L) ( U, L)TZL(D,L)D’L )

X

Verxm
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Flavour Symmetry

® Structure of the breaking of G is what is important.

® NO flavour changing neutral currents at tree level in the SM.

Flavour changing charged currents allowed and present.

I2 g+ Gyt dy = 92+ @ 1 Vorew dl

V2 V2

d Vud Vus Vub d,
S o chd Vcs Vcb s’
b Via Vis Vi b’
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The Standard model ...

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

=

1 A ~Auw I varluw
Lom = —7GGM — Wi, W — 2

B, B" +(D,H")(D"H)+ Y  %iDv

wZQﬂLadelae

|

1 5\2 _ ~.. .
- (H*H - 5&’) - lH*Jde g; + H'@Y, q; + HUEY,l; + h.c.] ,

S ——

e \We can count the number of parameters
u ¢ 't |7 present in the theory.
‘rd s | D Z
o i MMey Tyyy TNy TNy TNy MTey Mgy TNy TN | 9 Masses
o V. V.o D : |
Mmoo Via V.. V., \ N° real parameters in NxN
,Sm & T 2z Vea Ves Voo | 2N —1 relative phases
Via Vis Va

(N —1)? physical parameters
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The Standard model ...

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

=

1 A ~Auw I varluw
Lom = —7GGM — Wi, W — 2

B, B" +(D,H")(D"H)+ Y  %iDv

wZQﬂLadelae

|

1 5\2 _ ~.. .
- (H*H - 5&’) - lH*Jde g; + H'@Y, q; + HUEY,l; + h.c.] ,

S ——

e \We can count the number of parameters
u ¢ 't |7 present in the theory.
‘rd s | D Z
down strange bottom Z bos e .
® Mey MMy y Mgy Mgy TGy My Mgy TN, MM | 9 Masses
W ; .
: :’Kugong n;g.fh,:o m}fm Weoson 012,013,093, 0 4 quark MIXing
,Sm "f T = g1, 92, g3 > 3 gauge couplings
e U, A : 2 EW sector
_____ This is the 18 parameters you hear about...
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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
VWWyy EFT (Dirac DM) 0e,pu 1J,<1]  Yes 32 | 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
L 1 P R R A A | 1 1 PR

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

10 Mass scale [TeV]

tSmall-radius (large-radius) jets are denoted by the letter j (J).
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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=(3.2-79.8)fb! V5 =8,13TeV
Model 6,y Jetst ET* [rdii] Limit Reference
) T T Ll Ll L) L ‘ T T L) T L) L I ' T T T L)
® ADD Gkk +g/q Oe,u 1-4j Yes 36.1 Mp 7.7 TeV =2 1711.03301
g ADD non-resonant yy 2y - - 36.7 8.6 TeV n = 3 HLZ NLO 1707.04147
‘D ADD QBH - 2j - 37.0 8.9 TeV n==6 1703.09217
g ADD BH high ¥ p1 >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
g RS1 Gkk — 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 gk — tt 1eu >1b>1J2 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’ — (¢ 2epu - - 36.1 4.5TeV 1707.02424
%) SSM Z" — 17 27 - - 36.1 242 TeV 1709.07242
§ Leptophobic Z’ — bb . 2b - 36.1 2.1 TeV 1805.09299
-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 Wy, — tb multi-channel 36.1 | 3.25 TeV CERN-EP-2018-142
Cl qqqq - 2j - 37.0 21.8TeV 71, 1703.09217
Cl ttqq 2epu - - 36.1 40.0 TeV 1707.02424
Cl tttt >teu 21b,21] Yes 36.1 2.57 TeV |Cael = 4m CERN-EP-2018-174
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
g 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
VVyxyx EFT (Dirac DM) Oepu 1J,£1]  Yes 3.2 700 GeV m(y) < 150 GeV 1608.02372
Scalar LQ 1% gen 2e >2j - 3.2 1.1 TeV =1 1605.06035
9 Scalar LQ 2" gen 2u >2j - 3.2 1.05 TeV =1 1605.06035
Scalar LQ 3" gen 1eu 21b,23] VYes 20.3 =0 1508.04735
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 1.37 TeV SU(2) doublet ATLAS-CONF-2018-XXX
s VLQBB- WZb+ X multi-channel 36.1 | 1.34 TeV. SU(2) doublet ATLAS-CONF-2018-XXX
‘“E VLQ Ts/3Ts3lTs3 > WE+ X 2(SS)/>3epu>1b,>1] Yes  36.1 1.64 TeV B(Tos — We)=1, c(TssWe)=1 | CERN-EP-2018-171
i’ g VY - Wh+X leu 21b21j Yes 3.2 1.44 TeV B(Y — Wh)=1, c(YWb)=1/V2 | ATLAS-CONF-2016-072
VLQ B - Hb+ X Oepu,2y =1b,>1j VYes 79.8 1.21 TeV xg=0.5 ATLAS-CONF-2018-XXX
VLQ QQ - WqWgq 1epu >4j Yes  20.3 1509.04261
» Excited quark g* — qg - 2j - 37.0 T 6.0 TeV only u* and d*, A = m(q") 1703.09127
E g Excited quark ¢° — gy 1y 1j - 36.7 5.3 TeV only u* and d*, A = m(q") 1709.10440
<;; £ Excited quark b — bg - 1b,1]j - 36.1 1805.09299
W @ Excited lepton ¢* Sepu - - 20.3 A=30TeV 1411.2921
Excited lepton v* 3eurt - - 20.3 A=16TeV 1411.2921
Type Il Seesaw 1eu 22j 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** — ¢ 234epu(SS) - - 36.1 870 GeV DY production 1710.09748
2 Higgs triplet H** — (7 3eput - - 20.3 DY production, B(H;* — (1) = 1 1411.2921
6 Monotop (non-res prod) 1eu 1b Yes 20.3 Chrme = 7 1410.5404
Multi-charged particles - - - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopoles - - - 7.0 hass | DY production, |g| = 1gp, spin 1/2 1509.08059

*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]

Now that these
bounds have been
pushed away from

(V)

USE that
v/M < 1

to simplify/for more
powerful conclusions:

e bound many
models at once

@ bound multiple
resonances at
same time

Deviations then look like local contact operator effects in EFT
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Global Symmetries in the SM and SMEFT

® |f BSM already present in measurements, simply need to make more
precise measurements, or go to higher scales (or both) to unravel it.
This will require ever more precise theory - EFT techniques essential.

® Effective symmetries offer further insight:

bg — €' %1 ¢, global U(1) of baryon number
dr — €% ¢,  global U(1) of lepton number

e

® Other approx symmetries:

custodial, preserved in simple Higgs sector
SUR)L x SUR)R = SUR)e 1 oken by Yukawas and hypercharge

U(3)° flavour symmetry broken only by Yukawas in the SM - “MFV”
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Lepton Number

® Model independent minimal extension of the SM to accommodate
neutrino mass and observed oscillations. Leading operator that can violate
Lepton number of dim 5:

lwl WI;I,V . l

1 A ~Apv
['SM - _ZG;LVG Y — 4 H 4

B,,B" + (D, ,H")D'H)+ Y  9iv

wZQ9u 1d:lse

2 ~ ~
P (H*H - lv2) - [H“EYd ¢ + H'TY, q; + HEY, l; + h.c.] + [CK” (EC’mH*) (HW”) + h.c.]

2

e

® Charge conjugation defined as ¢ = CET with C = —iv2 70

® Neutrino mass differences:

v26Cn Sometimes people infer:

oM, ~ 1071 — 10713 [GeV] ~
| | A Anr = 1010 GeV
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Lepton Number

® Model independent minimal extension of the SM to accommodate
neutrino mass and observed oscillations. Leading operator that can violate

Lepton number of dim 5:

1 , 1 , 1 , _—
LSM=_ZG;3,,GA# —ZW,f,,W’“ ~ 7BuB" + (D HYD'H)+ Y iy

wZQ9u 1d:lse

2 ~ ~
P (H*H - %v2) - [H“’EYd ¢+ H'TY, ¢; + HEY, l; + h.c.] + [CK” (EC’mH*) (HW”) + h.c.]
T ——— N

® Number of parameters augmented to...

Mey My Mgy Meyyy Mgy My Mgy Mgy 11 9 Masses
012,013, 023,0 . 4 quark mixing

g1, 92, 93 . 3 gauge couplings

v, A . 2 EW sector

S12, 513, S23, Ov, M, My,,, M2 7 neutrino parameters

“Nordic Winter School on Particle Physics and Cosmogy




SMEFT:development cycle

SMEFT - built of H doublet + higher D ops

O Glashow 1961, Weinberg 1967 (Salam 1967)

D Weinberg 1979, Wilczek and Zee 1979

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

Weinberg 1979, Abbott Wise 1980
O Lehman 1410.4193, Henning et al. 1512.03433

O Lehman,Martin 1510.00372, Henning et al. 1512.03433

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

Nordic Winter School on Particle Physics and Cosmology



LO SMEFT = dim 6 shifts

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

6 gauge dual ops

f.-‘tUC'GﬁuGll’ijg.'u
fleC.'éAuGUpGC'# . r 3 (w7§g)(qpu ';5) 28 non dual
T 4 P 4 N
EIJK"V;"WJP"V;{” L , * f % ) (‘r’;f‘r’;)(fjpdrv) Operators
1.1KW1;/W.1pWA'y .
c e 25 four fermi ops
X2p? » h2, -
('97('9 5.4 G,Jl#u ) _ , B © 3 , 59 + h [ ] C [ ]
M = / A
oo W1 Wik N (@orTAu,) 36 | (1D, ) (E,1me opberators
—~— >
plo WL Wi | (Gpou)T'E (¢'iD, 0)(2,7"qr) .
' B, B* 7 : (w’iB,f ©) (@' e,) I:]OTATION. C
= Xy = 3€paX?° (Egraa = +1)
(,OfCPBpuBﬂu . (qpo.;wTAdr)(pGﬁu H 2T
pirlo Wl B | (Gotd) T e W, "Dy p) (dpy P = Elet) €12 = +1
trl W Bw 7.0"d. Vo B, 1671 " “ . —
PT W, (Qp )C'J s Lp?le Y= 2'50' (Dp _Dp) ¥

Table 2: Dimension-six operators other than the four-fermion ones.
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LO SMEFT = dim 6 shifts

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

8:(LL)(LL)

8: (RR)(RR) 8:(LL)(RR)

(Ip ulr (IS'YHt)

(Zé'Yplr) (QS'Y”qt)

(@pYua-) (@Y q:)

(QP"I'uTIQr) ((Is’)’“"'lqt)

(léﬁluTIlr) (QS'}'#TIQt)

8:(LR)(RL) + h.c.

(epyuer)(€sy*er) . (lp"ful J(Esv"er)

(upq’p r ( ’Y#ut) . (lp’}(p (us l#ut)

(Cp'Yu Er

)
uy)
(dpVudy)(dsy"dy) (Lo Vule) (dsy*de)
)
)

(s ue) : (Gpvugr)(Esy*er)
(ds

(Cp'Yp r ’Y“ dt )

(qP’Y#Qr)(us'Yput)
(tpyutir) (dsy dy) (@pyu T gr) (usy* T us)

)
(UP'V'#TAUT)(d YT adt) (QPW'uQr)(ds7p dt)

(Qp"!',uTA qr ) (ds7pT"tdt )

8: (LR)(LR) + h.c.

Qlcdq
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(Qf,ur)‘:)k(qkdt)
(@ T ur)e;k (@ T dr)

(Eer)ejn(qEue)

(Ip uver )€k (@ o uy)




Complexity is scaling up...

In Warsaw basis arXiv:1008.4884

5

CP-even

(SMEFT standard basis)

2
3ng
8n3
%’”’g (9ng +7)
tn2 (T2 + 13)
sng(21n] + 2n) + 31lng + 2)
4n? (ng4 +1)
Mg
4n3
£ng(107ng 4 2n? 4 89n, + 2)

R)(RL)
R)(LR)

> = 00 =3 Ot 00 00 W 00 N =

27
72
o1
171
255
360
81
324
25 1191

= 00 ~J Ct 00 00 W & N = N+

=

3n§
8n§
i 2%'n,g(gng —-17)
an(ng —1)(ng +1)
£ng(21lng + 2)(ng — 1)(ng + 1)
4n}(ng — 1)(ng + 1)
4
Ng
4n;1
319(107ng +2n3 — 67ng — 2)

27
72
30
126
195
288
81
324
5 1014

O O O = 00 W i O O N

S

£(107ng + 2n; + 213n? + 30n, + 72) 53 1350

T(107n? + 2n3 + 57n2 — 30n, + 48) 23 1149

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

2499 arXiv:1 312.2014 Alonso, Jenkins, Manohar, Trott
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..are there too many parameters?

® Number of parameters convolution of power counting |

)~ OBy + Lt Bl

| heavy heavy

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

® EX - flavour indicies
for neutral currents: Lo

Al 009 g [y VIV Py + 4 Vi Vie T P
ik = 1627r2ﬁzw¢z Yi Vik kJA%}V Lt Yj kj Yik ~ 9o %/V ¢Ja+

~2 =2
TR L A A Ay

32 72 mW

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

Baryon Number

® |nthe SMEFT one can have dimension 6 decay of the proton
through the operators

Qurdl = eagyei; (d2Cul)(girCE]),

prst

W0t = €agy€ij(gy Cal’)(ulCey),
1997 = eapreiein (g2 Cgl?) (g8 CE)

Qprat’ = €apy(dy Cuy)(u]Cer)

Although an anomalous symmetry, the RGE of these operators respects
Baryon number, so the single insertion of B violating operators only

mix among themselves.
1 405.0486 Alonso, Chiang, Jenkins, Manohar, Shotwell

L. Abbott and M. B.Wise, Phys.Rev. D22,2208 (1980)

Decaysgoas: T, ~ ¢ exp limit: > 8.2 x 10°° yrs

leads to: A > 10'° GeV
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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.
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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
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Z,W couplings Top data Bhabha scattering

Qi = (i D, H) Ty Q'3 = (G7"a) (@), Qee = (Erte)(&e)
o - (iH'D  H)(&y" 2o Qe = (Iy"1)(&y"¢)
(1) (,HT‘E’ H)(C_I’Y“Q) H met = (@7 @ )(@sVuTra), H Qi = (Ioy*lp) (hy*lr)
<3> = (H1 D, H)(@""q) sz,;gt = (upy"ur) (s i),
SH” SR Q) = () @) Qu = ey W Wi W
Hd = \I prst .
_ TGC -
Q(i)d — (UPVMTAUT)(dSVMTAdt)a /mlﬂtl boson

prst ‘ —

T —
Field redefinitions are WHY a global SMEFT is needed

] Q ox — HTH
o= (o) | B momaies e = 0110 011
QHl/(\gB; = (HTJ H) W' BHv Q(llg _ (Ez")’“ei)(g’)’ub), s = (HTH)B,WB’“/
= (iH" D H)(/a Lal) wish B QHW:(HTH)W' Wirv
) = (o 1)) - Qy = Eer! ) (1 mb). g
_ Quy = (HTH)(gHd)

mput quantities — —— Qe = (HTH)(ge)
Q¢ = €achabepGC'u
T — —

Quc = (got* TaHu)
We are looking for few % to 10’s% effects in SMEFT.

H processes

T
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How do we know the SM EVV sector

Lagrangian parameters/’



LEP EWPD measurements

g 7z,  ]eEWPDis a scan through the Z pole
z 0% e'e —hadrons E —1
; ~40pb—" off peak data
3 J —1
10 ~ 155pb on peak data
R | « ... 1 Simultaneous PO fit to
| xEXB ~ TSN QI.C ]
op o MEPL T IEPN 1 g ek sz
fr— Yf 2 2 2
’ » ® ” v 120Ce:::')e-o:jgasslj:ergifo((:}e\f)zo ff ff (S B mZ )2 + S2FZ /mZ
Peak shape is fit to:
0
O'Z}jcak _ Jff O'O— _ 127 Eee gff R? — Fhad
RQED ) m?, 1'% L'y

Parameters extracted: (m%,Tz, RY,0%,.)
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o Decayof u~ —e” +7.+v, measured far below the W pole.

® Probes the effective lagrangian

X 1
U = — )
21/4\/ G

—4G
La, = \/§F (D" Prp) (eyuPrve)
- G4 m?
Through the total decay width = - _*
19273

Need the mass of the muon to determine Gr
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Muon mass/Electron mass

e Muon electron mass ratio can be measured in muonium

Spin-orbit interaction perturbs Hamiltonian
leeds to Zeeman hyperfine splitting

I=1/2

J=3/2

-

=t
I
N

51 J=1/2

el e s T Lo s
Il I
O |- Ll [3®)

-

N
av)
fine structure splitting

hyperfine structure splitting

n=1,25 J=1/2

T |

-

I
o =

Allows an extraction of ratio m,/m.

o Then we need to know the electron mass! How to we get it?
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Electron mass/charge

e Motion of electron in a magnetic field gives mass/charge ratio

F=Q(E+vxB),

Fzmazmd—v
dt

m

— lJla=E+v x B.

(7)

cover

o Oil drop experiment can -
be used to extract the several ol & microscope
charge of the electron. volts™_~—— T, o )

uniform electric field
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How do we know the SM EVV sector

input parameters’

3105 T T NI T T T T T
- Z
(=]
=
S 4
210} + - E
2 e ¢ —hadrons E
5
10 3 E_ -
10 2E5600s E
3 PEP
" PETRA — : oo
[ KEKB TRISTAN ~ SL,C ]
PEP-II o
0 I I I IIJEPII ! I LEP III l ;

0 20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)

6000
S ) I=1/2 cover
L & =
5000 o % g J=32 F=2 ﬁ
s o 2 F=1 | o
3 . . . ,p8 g ..
2 4000 K . B=2p F=1 =
g § J=172 F: 0 I & several oil . )
5 a000- 5 = E thousaﬁ_/\/\ spray microscope
: g volts L e d )
? 2000 g
_ [ . . .
oer n=125 J=1/2 F=1 £ L uniform electric field
) F=0 | =
“) I | I 1%
o 10 20 30 40 50

Electron energy, MeV

Nordic Winter School on Particle Physics and Cosmology



How do we know the SM EVV sector

input parameters’

%10 3 e¢'e¢ —hadrons 3
5 ] 9 0 0
103:- | * (mZ7 FZ’ Rf ) Uhad)
~ ' ~N
x| Usually this story is just boiled down to

i+ “We use the EW input parameter scheme (Gr, dew, mz) "

O

5000 g J=3/2 F= 2
g 2,—— F=1 | o
| 9 2Pa g
% 4000 i % e g

J=1/2 s .
£ 300 E =9 I & microsco pe
; 2
8 Qo
- ; $d q ()
? 00000 g
=

Y

*r n=1,2 J=1/2 oL = uniform electric field
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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]
9 [nb] 41.540 + 0.037 [19] 41.488 + 0.006 [48]
Al 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]
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SM, usual approach to EWPD
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SM, usual approach to EWPD

® This is a multi-scale problem

Then Z decay widths are predicted as:

A 2 2 _ 2GrMENY /..
GF P — m,u q F(Z_>‘¢""'¢"") _ \/_ 137r4 C (|_(7{‘F|2+ |(7u‘|2>

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]
9 [nb] 41.540 + 0.037 [19] 41.488 + 0.006 [48]
Al 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]
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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]
9 [nb] 41.540 + 0.037 [19] 41.488 + 0.006 [48]
Al 0.0171 = 0.0010 [19] | 0.01616 +0.00008 | [32]
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Ab 0.0992 = 0.0016 [19] 0.1029 + 0.0003 [32]

Nordic Winter School on Particle Physics and Cosmology



SMEFT Muon decay

o Decayof u~ —e” +7.+v, still measured far below the W pole.

e Still probes the effective lagrangian

4Gr ,_ _
Loy = ¢§ (7u 7" Prp) (€7 Prve)

So now _49’_F:_12+ (C y +C ) —2 (C§2+C§3)
\/5 (e peep eppe ee HH

—.

0G F

T EEEEE——————————————————

Nordic Winter School on Particle Physics and Cosmology



SMEFT EWPD

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

Quwr: Qup|| Q% Q% Q% Q% Qrres Qrrus Qrral Que
e el X
/N

® Relevant four fermion operator at LO is introduced dueto © —e¢ +v. + v,
As used to extract G rand all other four fermion ops neglected.

® Some basis dependence in this, but O(10) < 76 as 'y z/Mw z < 1
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Leading order (LO) SMEFT analysis

e Thisis a multi-scale problem

R) (1+9)

2

L'z 5yl +0)

I'z (1+90)

® | agrangian parameters inferred from inputs now corrected by local contact
operators V2 (HTH) ~ 246 GeV

0k =K — R
. g o
eXx. 591 =01 —01 = %:0“ [-Sg (\/§5GF + %) + Cg SQQUTCHWB] ,
6g1 092 S94Cah
2 _ 2 .2 2.2 B 2 °26“20
0sp = Sp — 85 = 2¢;8; ( P 5 CawB

The corrections depend on the scheme choice
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What emerges as global constraints!?

EWPD diboson

« scheme myy scheme

Corr.
matrices
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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 SMEF Tsim package now
https://arxiv.org/abs/1709.06492)

< 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

Nordic Winter School on Particle Physics and Cosmology



Should Higgs data matter? - YES!

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

(with flat directions)

.w2;’92D
f o H ry
QY | (¢'iD. ) ("l
re < —
Q| (#'iD} @)Lyl
Qee | (¥'iD, p)(Er"e,)
{ . pxg -
Qe | (¢'iD,)(@"e.) 79N >
Qiii) (s 7-Bl, 7 LA
ca | (¥'1D, 0)(@T v,
4>
Qou | ("D, o) (Upy"ur)
Q;d (97’1' D, Sf’) (‘Zp"l"“l'r)
Q,:'ud z(aDﬂW)(ﬁP’?ﬂd")

e Higgs data adds new operators

1

+orh(Zw)?

CH kin = (

CHO

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

G.° +7,° >
— %CHD) v?,
B ——
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Global fit — observables [preliminary]

126 observables included so far

> 10 near-Z-pole EWPO: Iz, Rgc b Ai_’g’b’“”, 02 LEPI combination hep-ex/0509008
» 21 distribution bins for bhabha scattering at LEPIl LEPII 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 — vy and H — 4/ at LHC

> ATLAS (36 fb_l) ATLAS-CONF-2017-047
> CMS (36 fb_l) CMS PAS HIG-17-031

llaria Brivio

Nordic Winter School on Particle Physics and Cosmology



Global fit — correlations [preliminary]

0.00094 + 0.0003857384
0.0032 + 0.00837061
-0.017 + 0.0125669
0.0016 + 0.028008

0.050 + 0.0374125
0.062 + 0.0436375
-0.061 + 0.0482166
0.042 + 0.0536819
0.040 + 0.0554775
0.058 + 0.0630901
0.097 + 0.0750314
0.088 + 0.0753358

CHwB 1
Cha |

|Cun] -
|Caml| 1

mw scheme

Provided by I. Brivio

Best fit (profiled)

Cw
C—.HD
CHW
C_:Hbox
| Cet|
| Can|
Ce

| Cuc|
| Cun]
C_:l/
Cee

0.0084 + 0.107913
-0.18 £+ 0.13943
-0.11 + 0.145152

-0.039 + 0.165857
0.090 + 0.171895

0.10 £ 0.202495
0.44 + 0.217008
-0.20 + 0.664419
2.2 + 5.05548
-8.8 = 9.67349
9.2 + 10.0279

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
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