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Why all the SMEFT stuff.




What was discovered at LHC, a particle

e Discovery of a (Higgs like) J¥ ~ 0" particle in 2012
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What wasn’t discovered at LHC

ATLAS EXxotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2020 J£ dt = (3.2—139) fo! V5=8,13TeV
Model £y Jetst ET™ [rdiffb] Limit Reference
L) T LI ) l L] Ll L] L] L] L) LI ) I L] Ll L] L) L] Ll LI I L] L] T L]
ADD Gkk + g/q Oeu 1-4j Yes  36.1 Mp 7.7 TeV n=2 1711.03301
€  ADD non-resonant yy 2y - - 36.7 | Ms 86TeV  n=3HLZNLO 1707.04147
-g ADD QBH - 2j - 37.0 | My 89TeV n=6 1703.09127
= ADD BH high ¥ p1 >lepu >2j - 3.2 M 8.2 TeV n =6, Mp = 3 TeV, rot BH 1606.02265
g ADD BH multijet - >3] - 36 | My 9.55TeV n =6, Mp =3TeV,rot BH 1512.02586
3 RS1 Gik — yy 2y - - 36.7 Gkk mass 4.1 TeV k/Mg = 0.1 1707.04147
© Bulk RS Gkx —» WW/ZZ multi-channel 36.1 Gyk mass 2.3 TeV k/Mp; = 1.0 1808.02380
£ Bulk RS Gy — WV - (vqq 1e u 2j/1J  Yes 139 | Gkkmass 2.0 TeV Kk/Mp = 1.0 2004.14636
w Bulk RS gkk — tt leu >1b,>1J/2) Yes 36.1 8Kk mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP le,u >22b,>3j) Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMY - tt) =1 1803.09678
SSM Z’ - ¢t 2e,u - - 139 | Z'mass 5.1 TeV 1903.06248
SSMZ’' - 17 27 - - 36.1 Z’ mass 242 TeV 1709.07242
» Leptophobic Z” — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299
S Leptophobic Z" — tt Oe,u >21b,>22J Yes 139 Z’ mass 4.1 TeV r/m=12% 2005.05138
3 SSM W’ — ¢v leu - Yes 139 W’ mass 6.0 TeV 1906.05609
-8 SSM W’ — 1v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
g, HVT W’ - WZ - fvggmodel B 1 e,u 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
a HVT V' - WV — gqqqqg modelB O e, u 2J - 139 V’ mass 3.8 TeV gv=3 1906.08589
(O] HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 293 TeV gv =3 1712.06518
HVT W’ — WH model B Oeu =>1b>2J 139 W’ mass 3.2Tev gv=3 CERN-EP-2020-073
LRSM Wy — tb multi-channel 36.1 W mass 3.25 TeV 1807.10473
LRSM Wgr — uNg 2u 1J - 80 Wpg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
- Cl gqqq - 2j - 37.0 A 21.8TeV ., 1703.09127
QO  Cletgq 2e,u - - 139 A 358TeV. 1, CERN-EP-2020-066
Cl tttt >leu >1b>1j Yes 36.1 A 2.57 TeV |Cael = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 Mpned 1.55 TeV 84=0.25, g,=1.0, m(x) = 1 GeV 1711.03301
S Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
Q VVyy EFT (Dirac DM) Oe,u 1J,<1] Yes 3.2 M. 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) O0-1e,u  1b,0-1J Yes 36.1 my 3.4TeV y =0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1°* gen 12e >2j Yes 36.1 LQ mass 1.4 TeV B=1 1902.00377
O Scalar LQ 2" gen 12u >2j Yes 36.1 LQ mass 1.56 TeV p=1 1902.00377
= Scalar LQ 3% gen 27 2b - 361 |LQymass 1.03 TeV B(LQY — br) =1 1902.08103
Scalar LQ 3" gen 0-1e,pu 2b Yes  36.1 LQg mass 970 GeV B(LQY — tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
>9 VLABB - Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
% a VLQ Ts5/3Ts/3|Ts;3 = Wt + X 2(SS)/>3eu>1b,>1] Yes 36.1 Ts/3 mass 1.64 TeV B(Ts3 = Wt)=1, c(TsaWt)=1 1807.11883
£ 2 VY WhiX teu >1b>1 Yes 361 |Ymass 1.85 TeV B(Y - Wh)=1, cr(Wb)= 1 1812.07343
VLQ B - Hb+ X Oeu,2y >1b,>1j Yes 79.8 B mass 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ — WqWgq 1eu >4 Yes 203 [lQiaSSeoocew 1509.04261
o Excited quark g° — qg - 2j - 139 q* mass 6.7 TeV only u” and d*, A = m(q") 1910.08447
8 g Excited quark ¢* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
'§ E Excited quark b* — bg - 1b1]j - 36.1 b* mass 2.6 TeV 1805.09299
w o Excited lepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* Seurt - - 20.3 A=1.6TeV 1411.2921
Type Il Seesaw 1eu >2j Yes 79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) = 4.1TeV, g1 = gr 1809.11105
> Higgs triplet H** — (¢ 2,34 e,u (SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
£ Higgs triplet H** — (1 3eurt - - 20.3 DY production, B(H* — ér) =1 1411.2021
6 Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |q| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v-=13'rev v-=13Tev r gl L 1 2 a3 aal 1 1 1 o3 a3l L L L L

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

i Small-radius (large-radius) jets are denoted by the letter j (J).
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What wasn’t discovered at LHC

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2020 f£ dt = (3.2 - 139) fb1 \/_=8, 13 TeV
Model (,y Jetst ET™ [Ldt[b] Limit Reference
T T T T T T T T T T T T T
ADD Gkk + g/9q Oe,u 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
‘é’ ADD non-resonant yy 2y - - 36.7 Mg 8.6 TeV n =3 HLZNLO 1707.04147
% ADD QBH - 2j - 37.0 My, 8.9 TeV n=6 1703.09127
= ADD BH high ¥ p1 >lepu >2j - 3.2 M 8.2 TeV n =6, Mp = 3TeV, rot BH 1606.02265
“E’ ADD BH multijet - >3 - 36 | My 9.55TeV =6, Mp =3 TeV, rot BH 1512.02586
3 RS1 Gkx — vy 2y - - 36.7 Gkk mass 4.1 TeV k/Mp, =0.1 1707.04147
Bulk RS Gy —» WW/ZZ multi-channel 36.1 Ggk mass 2.3TeV k/Mp, = 1.0 1808.02380
g Bulk RS Gkx — WV — fvqq 1eu 2j/1J  Yes 139 | Gk mass 2.0 TeV k/Mp =1.0 2004.14636
w Bulk RS gkk — tt 1e,u >1b, >1J/2j Yes 36.1 gkk mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP leu >2b,>3j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(A®Y - tt) =1 1803.09678
SSM Z’ — ¢t 2e,u - - 139 Z’ mass 5.1 TeV 1903.06248
SSMZ" - 11 271 - - 36.1 Z’ mass 2.42 TeV 1709.07242
» Leptophobic Z" — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299
S Leptophobic Z’ — tt Oe,u >21b,>22J Yes 139 Z’ mass 4.1 TeV r/m=12% 2005.05138
8 SSM W’ — (v 1eu - Yes 139 W’ mass 6.0 Tev 1906.05609
-8 SSM W’ - 1v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
8, HVT W — WZ — {vggmodel B 1 e,u 2j/1J Yes 139 W'’ mass 4.3 TeV gv =3 2004.14636
3 HVT V' - WV — gqqq modelB O e, u 2J - 139 V’ mass 3.8 TeV gy =3 1906.08589
(0} HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 293 TeV gv =3 1712.06518
HVT W’ — WH model B Oeu >1b,>2J 139 W’ mass 3.2TeV gv =3 CERN-EP-2020-073
LRSM Wk — tb multi-channel 36.1 Wr mass 3.25 TeV 1807.10473
LRSM Wg — uNg 2u 1J - 80 | Wg mass 5.0 TeV m(Ng) = 0.5 TeV, g, = gr 1904.12679
- Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
O  Clétqq 2e,pu - - 139 | A 358TeV. 1, CERN-EP-2020-066
Cl tttt 2tepu 21b,21) Yes 36.1 A 2.57 TeV [Cael = 4n 1811.02305
Axial-vector mediator (Dirac DM) O e, u 1-4j Yes  36.1 Mied 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
S Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
Q  vvyy EFT (Dirac DM) Oe,u 14,<1j Yes 32 |m. 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 my 3.4 Tev y =0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1** gen 12e >2j Yes 36.1 LQ mass 1.4 TeV B=1 1902.00377
C  Scalar LQ 2" gen 124 >2j Yes  36.1 LQ mass 1.56 TeV B=1 1902.00377
= Scalar LQ 3" gen 27 2b - 36.1 LQj mass 1.03 TeV B(LQ3 — br) =1 1902.08103
Scalar LQ 3 gen 0-1eu 2b Yes  36.1 LQ3 mass 970 GeV B(LQ§ - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
>0 VLQ BB — Wt/Zb + X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
g E vLQ T5/3 T5/3|T5/3 - Wt+ X 2(85)/23 eu>1b>1j Yes 36.1 Ts/3 mass 1.64 TeV B(Tsj3 = Wit)=1, c(Ts3Wt)=1 1807.11883
f g_ VIQY - Wb+ X 1eu >1b,>1 Yes 36.1 Y mass 1.85 TeV B(Y - Wb)=1, cp(Wb)=1 1812.07343
VLQ B = Hb+ X Oeu,2y 21b,>1 Yes 79.8 |Bmass 1.21 TeV kg=05 ATLAS-CONF-2018-024
VLQ QQ —» WqWgq leu >4 Yes 20.3 1509.04261
o Excited quark ¢* — qg - 2j - 139 q" mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
8 5 Excited quark ¢* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
§ E Excited quark b* — bg - 1b1j - 36.1 b* mass 2.6 TeV 1805.09299
u o Excited lepton ¢* 3epu - - 20.3 A =3.0TeV 1411.2921
Excited lepton v* et - - 20.3 A=1.6TeV 1411.2921
Type Ill Seesaw 1epu >2j Yes 79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ngr mass 3.2 TeV m(Wg) =4.1TeV, gL = gr 1809.11105
> Higgs triplet H** — £¢ 284eu(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
g Higgs triplet H** — (1 3eur - - 203 DY production, B(H;* — ¢r) =1 1411.2921
Multi-charged particles - - - 36.1 multi-charged pa 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
vg=13Tev v;=13Tev " 1 r o3 a3l 1 1 1 R | 1 1 1 1

*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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What wasn’t discovered at LHC

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

Status: May 2020 [£dt=(3.2-139) fo! V5 =8,13TeV
Model (,y Jetst ET™ [Ldt[b] Limit Reference
T T T l T T T T T LI l L] L] L] L] Ll Ll LI ) l L] L] L] L
ADD Gkk +g/q Oe,u 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
€  ADD non-resonant yy 2y - - 367 | Ms 86TeV  n=3HLZNLO 1707.04147 B 0 u n d S h ave
% ADD QBH - 2j - 37.0 | Mg 89TeV n=6 1703.09127
q:’ ADD BH high ¥ p1 >lepu >2j - 3.2 M 8.2 TeV n =6, Mp = 3 TeV, rot BH 1606.02265
ADD BH multijet - >3 - 36 | Mg 9.55TeV n =6, Mp =3TeV, rot BH 1512.02586 b h d
‘:§: RS1 Gkk — vy 2y - - 36.7 | Gkk mass 4.1 TeV k/Mp; = 0.1 1707.04147 ee n p u S e
@  BukRS Gyx » WW/2Z multi-channel 36.1 | Gkk mass 2.3 TeV k/Mp =1.0 1808.02380
¥ BukRS Gkx —» WV - fvqq 1eu 2j/1J  Yes 139 | Gkk mass . 20Tev k/Mp; = 1.0 2004.14636 f
w Bulk RS gkk — tt le,u >1b, >1J/2) Yes 36.1 gkk mass 3.8 TeV r/m=15% 1804.10823 away ro m
2UED/ RPP leu >2b,>3) Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMD) - tt) =1 1803.09678
SSM Z" — ¢t 2e,u - - 139 | Z"mass - 51Tev 1903.06248
SSM Z" - 77 27 - - 36.1 Z’ mass 2.42TeV 1709.07242 ’l} N m
«»  Leptophobic Z’ — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299 h
S Leptophobic Z’ — tt Oeu >1b,>2J Yes 139 | Z' mass . 44Tev r/m=12% 2005.05138
3 SSM W’ — ¢v 1eu - Yes 139 W’ mass - 6.0Tev 1906.05609
-8 SSM W’ — v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
S  HVTW - WZ - (vggmodel B 1e,u 2j/1J  Yes 139 | W’ mass . 43Tev gv=3 2004.14636
8  HVTV - WV -qqqqmodelB  Oeu 2J - 139 |V mass . 38TevV gv =3 1906.08589
(0] HVT V/ - WH/ZH model B multi-channel 36.1 V’ mass 293 TeV gv =3 1712.06518
HVT W’ — WH model B Oenu >1b>2J 139 | W’ mass . 32Tev gv =3 CERN-EP-2020-073
LRSM Wy — tb multi-channel 36.1 Wg mass 3.25 TeV 1807.10473
LRSM Wg — uNg 2u 1J - 80 Wg mass 5.0 Tev m(Ng) =0.5TeV, g, = gr 1904.12679
—  Clgqqq - 2j - 370 |A 21.8TeV ., 1703.09127
O  Clttqq 2eu - - 139 |A e ssaeTev g, CERN-EP-2020-066
Cl tttt 2leu 21b21) Yes 36.1 A 2.57 TeV |Cael = 4n 1811.02305
Axial-vector mediator (Dirac DM) 0O e, u 1-4j Yes 36.1 Mied 1.55 TeV 89=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
S Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
Q  vvyy EFT (Dirac DM) Oe,u 14,<1j Yes 32 |m. 700 GeV m(x) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) O0-1e,u 1b,0-1J Yes 36.1 my 3.4 TeV y =0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1** gen 12e >2j Yes  36.1 LQ mass 1.4 TeV B=1 1902.00377
O Scalar LQ 2™ gen 12u >2j Yes  36.1 LQ mass 1.56 TeV B=1 1902.00377
= Scalar LQ 3" gen 27 2b - 36.1 LQj mass 1.03 TeV B(LQY - br) =1 1902.08103
Scalar LQ 3" gen 0-1e,u 2b Yes 361 |LQjmass 970 GeV B(LQY - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
g,g VLQ BB — Wt/Zb+ X multi-channel . 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
8 a VLQ T5/3Ts/3|Ts;3 » Wt + X 2(SS)/>8eu>1b,>1j Yes 36.1 Ts/3 mass 1.64 TeV B(Ts3 = Wt)=1, c(Ts3Wt)=1 1807.11883
I g_ VLQY —» Wh+ X leu >1b,>1j VYes 36.1 Y mass 1.85 TeV B(Y - Wh)=1, cr(Wb)=1 1812.07343
VLQ B = Hb+ X Oeu,2y >1b,>1j VYes 79.8 B mass 1.21 TeV kg=05 ATLAS-CONF-2018-024
VLQ QQ — WqWgq leu >4j Yes 20.3 1509.04261
o Excitedquark " — qg - 2j - 139 | a"mass S 87Tev only u* and d*, A = m(q") 1910.08447
8 5 Excited quark ¢* — qy 1y 1j - 36.7 q" mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
§ § Excited quark b* — bg - 1b1j - 36.1 b* mass 2.6 TeV 1805.09299
w o Excited lepton ¢* 3epu - - 20.3 A =3.0TeV 1411.2921
Excited lepton v* et - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw 1eu >2]j Yes  79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2TeV m(Wg) = 4.1TeV, gL = gr 1809.11105
> Higgs triplet H** — ¢ 284eu(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
ESy Higgs triplet H** — (1 3eut - - 20.3 DY production, B(H:* — (1) = 1 1411.2921
O  Multi-charged particles - - - 36.1 | multi-charged pa 1.22 TeV DY production, || = 5e 1812.03673
Magnetic monopoles - - - 34.4 | monopole mass 2.37 TeV DY production, gl = 1gp. spin 1/2 1905.10130
v;=13'rev vg=13Tev 1 1 a3l 1 1 1 R | 1 1 1 1
: -1

*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).
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What wasn’t discovered at LHC

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: I\/Iay 2020 f£ dt = (32_ 139) fo-1 \/—=8, 13 TeV
miss _ .
Model t,y Jetst ET™ [rdt[ib] Limit Reference
Ll T T l T T T T T LI l L] L] L] L] T T LI ) l L] L] L] L
ADD Gkk + g/q Oe,pu 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
@ ADD non-resonant yy 2y T a7 |ms 86TeV - 3HZNLO 1707 04147 Bounds have
-g ADD QBH - 2j - 37.0 | My 89TeV n=6 1703.09127
% ADD BH high ¥ p1 >lepu >2j - 3.2 M 8.2 TeV n =6, Mp = 3 TeV, rot BH 1606.02265
ADD BH multijet - >3j - 3.6 M, 955TeV n =6, Mp =3TeV, rot BH 1512.02586 b h d
% RS1 Gk — vy 2y - - 36.7 Gkk mass 4.1 TeV “/EP’ =0.1 1707.04147 ee n u S e
®  BukRS Gkx - WW/2Z multi-channel 36.1 Gk mass 23 Tev k/Mp; = 1.0 1808.02380
¥ BukRS Gkx —» WV - fvqq 1eu 2j/1J  Yes 139 | Gkk mass . 20Tev k/Mp = 1.0 2004.14636 awa fro m
w Bulk RS gkk — tt 1eu >1b, >1J/2 Yes 36.1 8Kk mass 3.8 TeV r/m=15% 1804.10823 y
2UED/ RPP leu 22b,>23) Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMD) - tt) =1 1803.09678
SSM Z" — ¢t 2e,u - - 139 | Z' mass - 51Tev 1903.06248
SSM Z’ - 11 27 - - 361 |2Z'mass 2.42 TeV 1700.07242 ’l} Y m
«»  Leptophobic Z’ — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299 h
§ Leptophobic Z’ — tt Oe,u >1b,>2J Yes 139 Z’ mass - 41Tev r/m=12% 2005.05138
SSM W’ — ¢v 1eu - Yes 139 W’ mass - 6.0Tev 1906.05609
-8 SSM W’ - 1v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
S  HVTW - WZ - (vggmodel B 1e,u 2j/1J  Yes 139 | W/ mass . 43Tev gv =3 2004.14636
S HVTV' > WV - qqggmodel B Oe,u 2J - 139 | V7 mass . 38Tev. gv =3 1906.08589 U S E th at
(0] HVT V/ - WH/ZH model B multi-channel 36.1 V’ mass 293 TeV gv =3 1712.06518
HVT W’ — WH model B Oenu >1b>2J 139 | W’ mass . 32Tev gv =3 CERN-EP-2020-073
LRSM Wy — tb multi-channel 36.1 Wg mass 3.25 TeV 1807.10473
LRSM Wgr — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g = gr 1904.12679
- Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
O  Cltqq 2eu - - 139 |A e ssaeTev g, CERN-EP-2020-066 o) <
Cl tttt >leu 21b,21] Yes 36.1 A 2.57 TeV |Cael = 4n 1811.02305
Axial-vector mediator (Dirac DM) 0O e, u 1-4j Yes  36.1 Mpned 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301 . .
S Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301 to S I m I If /fo r
Q  vvyy EFT (Dirac DM) Oe,u 14,<1j Yes 32 |m. 700 GeV m(x) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u 1b,0-1J Yes  36.1 my 3.4 Tev y =0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1°* gen 12e >2j Yes 36.1 LQ mass 1.4 TeV B=1 1902.00377 St rO n g e r
g Scalar LQ 2" gen 124 >2j Yes  36.1 LQ mass 1.56 TeV B=1 1902.00377
Scalar LQ 3" gen 27 2b - 36.1 LQj mass 1.03 TeV. B(LQY - br) =1 1902.08103 .
Scalar LQ 3™ gen 0-1en 2b Yes 361 |LQJmass 970 GeV B(LQY - tr) =0 1902.08103 CO n CI u S I O n S '
L
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
g._‘é\ VLQ BB — Wt/Zb + X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
© a VLQ T5/3Ts/3|Ts;3 » Wt + X 2(SS)/>8eu>1b,>1j Yes 36.1 Ts/3 mass 1.64 TeV B(Ts3 > Wt)=1, c(TsaWt)=1 1807.11883
£ 2 VLAY - Wb+ X teu =>1b>1 Yes 361 |Ymass 1.85 TeV B(Y — Wh)=1, cr(Wh)=1 1812.07343 . bou nd rr]any
VLQ B = Hb+ X Oepu,2y >1b,>1 Yes 798 B mass 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ — WqWgq leu >4j Yes 20.3 1509.04261
@ Excited quark ¢" — ag - 2j - 130 |anmess DeTTeY oy andd A— m(a) 191008447 models at once
jg 5 Excited quark q* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
§ E Excited quark b* — bg - 1b1] = 36.1 b* mass 2.6 TeV 1805.09299
w o Excited lepton ¢* 3epu - - 20.3 A =3.0TeV 1411.2921
S S T w= g bound multiple
Type Ill Seesaw 1eu >2]j Yes  79.8 N° mass 560 GeV ATLAS-CONF-2018-020 p
LRSM Majorana v 2u 2j - 36.1 Ngr mass 3.2Tev m(Wg) = 4.1TeV, g, = gr 1809.11105
®  Higgs triplet H** — (¢ 234¢eu(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748 t
[}
- edtodadd gonsS o T et | IR resonances a
(@) Multi-charged particles - - - 36.1 multi-charged pa 1.22 TeV DY production, |g| = 5e 1812.03673 b
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130 m t m
v;=13'rev vg=13'rev " 1 1 a3l 1 1 1 R | 1 1 1 1 Sa e I e
artial data - 1 1
P full data 10 0 Mass scale [TeV]

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

Deviations then look like local contact operator effects in EFT

Michael Trott, NBI




When you do measurements below a particle threshold

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

1 Infrared singularities and massive fields

s — m2 =F ZF(S) m Thomas Appelquist and J. Carazzone
Phys. Rev. D 11, 2856 — Published 15 May 1975

® You can Taylor expand in LOCAL functions (operators)

fl(svtau) i f2(37t7u)
M? M?

heavy heavy

() ~ O + i

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

IR operator form
o &

ng
Lsvprr =Lsy + LD +£O + 04 0 =3 %Qz@ for d > 4,

=1

X

UV dependent Wilson coefficient

and suppression scale
Michael Trott, NBI




The SMEFT is a key tool for interpreting deviations like:

High-precision measurement of the W boson mass with
the CDF Il detector

CDF COLLABORATION®1, T. AALTONEN, S. AMERIO, D. AMIDEI, A. ANASTASSOV, A. ANNOVI, J. ANTOS, G. APOLLINARI, J. A. APPEL, [...] S. ZUCCHELLI +389 authors

Authors Info & Affiliations

SCIENCE - 7 Apr2022 - Vol 376, Issue 6589 + pp.170-176 - DOI:10.1126/science.abk1781

¥ 97942 99 1 ‘ D ”

e Any one measurement can just dictate a

L parameter in a theory. But a PATTERN of |
measurements can show a theory does not describe
Last week! Global data.
DO | 80478 + 83 o o
CDF | 80432 + 79 o _ NETSy
® SMEFT allows the experimental pattern to deviation
DELPHI 80336 + 67 — . . - .
From the SM expectation - while still doing well
L3 80270 £+ 55 ——0—— 4 g
Defined field theory.
OPAL 80415 + 52 —
ALEPH 80440 + 51 ——
DOIl 80376 + 23 —e— ® SMEFT Game plan: (we are ready for deviations!)
ATLAS 80370 + 19 -—
CDFIl 80433 + 9 . Find deviations »Map to pattern in SMEFT
cvv v v e e vy P b e e b e by

79900 80000 80100 80200 80300 80400 80500

W boson mass (Ve\ESEEY Follow pattern to underlying model

Michael Trott, NBI 6a



SMEFT challenges.




Parameters in the SMEFT

In Warsaw basis arXiv:1008.4884 (SMEFT standard basis)

CP-even

2
3ng
8n3
%ny (9ng +7)
tn2 (T2 + 13)
sng(21n] + 2n) + 31lng + 2)
4nZ(n2 +1)

27 3n§
72 8n52,
51 2ng(9ng — 7)
171 Ina(ng —1)(ng +1)
255| ing(21ng +2)(ng — 1)(ng + 1)
; 360 4n2(ng — i) (ng +1)
Mg 81 Ng
4n3 324 4n;1
£ng(107ng 4+ 2n? +-89ny +2) 25 1191|  2ny(107ng + 2n) — 67ng — 2) 5 1014
2(107nj + 2n + 213n2 + 30ng + 72) 53 1350 £(107n; + 2n; + 57n2 — 30n, + 48) 23 1149

— 00 ~J Ol 00 00 W » DN = DN+~
O O O = 00 W i O O N

81

N
N

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

2499 1312.2014 Alonso, Jenkins, Manohar, Trott

® Thats a lot of parameters in general.

® Linearly realised symmetries (exact or softly broken) of the SMEFT relate parameters
T R

Michael Trott, NBI



https://arxiv.org/abs/1312.2014

Dim 6 SMEFT EW Lagrangian terms

® SMEFT at dimension 6 with all operators is already complicated.

e EW sector parameters redefined in the SMEFT

w3 _ 1 —3v2Chwp cosa_ sin? Z,
B, -5 v% Cawn 1 —sinf cosf | | A, ’
Mass redefinitions Mixing angle redefinitions
— 2,2 — - 2 = —2 —2 y
2 _ 9277 00 — 91 1490 92 92 — 91
My ==+ M At raE L 2 g glgl VP
2 — - 2 = =2 =2 y
2 _Vp,.—2 , -2 14 — 2, =2 14—— vy il g2 V1 91 92" — g1
MZ - 4 (gl +g2 )+ SUTCHD(gl +g2 )+ 2UTQIQZCHWB' cosf = \/glz-k—gzz -1 2 gz 522+5120HWB-

Interactions to remaining SM fields via:

92

V2

Dy=08u+i—=[WITH+ W, T7]| +ig; [T3 —5°Q] 2. +i€Q A,

9192 1 9192

- 2
e = - T’UTCHWB]
Vil +at L % a”

Tz =7 + 5.2 + 22—} Chws
V92" T+ 9
- ~ ~ — 2 — = e D = 2

| 2 _n?fo 9 D@ —07) o
13122014 Alonso, Jenkins, Manohar, Trott TN @t LR

® Note the complications are proportional to the vev.

Michael Trott, NBI



https://arxiv.org/abs/1312.2014

Inputs also needed -SMEFT Muon decay

® Decayof p~ —e” +7.+v, still measured far below the W pole.
| 312.2014 Alonso, Jenkins, Manohar; Trott

e Still probes the effective lagrangian

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

Pt P 4 X

2
SO now _‘“JTF =——+ (C 0 +C oy ) —2 <C§3+C§3)
9 (e peef eppe ee o

0GR
e Tons of work to redefine things at dim 6, can we go to dim 87

Michael Trott, NBI



https://arxiv.org/abs/1312.2014

Automation of this approach

e Need to keep all operators and carefully compute S matrix elements avoiding
uncontrolled approximations (and human error) - hard even at Lg

e Automation of L& SMEFT in the SMEFTsim package has enabled
The experimental program to do this 1/09.06492 Brivio, Jiang , Trott.

— & @ feynrules.irmp.ucl.ac.be

&

wiki: SMEFT
Standard Model Effective Field Theory -- The SMEFTsim package

Authors

Ilaria Brivio, Yun Jiang and Michael Trott

brivio@thphys.uni-heidelberg.de, yunjiang@nbi.ku.dk, michael.trott@cern.ch
NBIA and Discovery Center, Niels Bohr Institute, University of Copenhagen

References

e I. Brivio, Y. Jiang and M. Trott, The SMEFTsim package, theory and tools, JHEP 1712 (2017) 070 =»arXiv:1709.06492
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https://arxiv.org/abs/1709.06492

Eigenvectors

100

A [TeV]

0.1

o
o
-

20 bound on A;, ajc;=1

m
=
3
0O
O
5 5

Cu
@
o
ﬁ,Im
)
ch
Cha

Bosonic ﬁ.Imox

Che

EWPO
LEP WW
Run 1, uy
Run 2, uy
STXS
LHC wv

Interpret this pattern as it gets firmed up to find the UV.

6 3559 = 99 95 99 -

74 18 73 7 = 7 |-

94

1513 7 5 = =
29 28 16 94 - -
5023181 = =

- 6 -

2| ===
5 =12 -
53 3 /3910
4 = 2 4

LHC Zjj

ttf- = = = = = = = = = = = - =
single top

ttv

13 18

77 2 89 53 12 41 10 38 5

2012.02779 John Ellis, Maeve Madigan, KéR Mimasu, Veronica Sanze, and Tevong You

Michael Trott, NBI

Relative constraining power (%)

=
=
(4]
.
(Vg
C
O
O
G
O
(Vg
.
O
)
O
)
>
C
)
.20
)
(Vg
)
2
o0
(Vg
.
O
)
(4]
)
ol
O
S
ol
O
A4



https://arxiv.org/abs/2012.02779

Aside: Strong input scheme dependence in SMEFT

{Gew, Mz, Gr, M} Scheme {My,Mz,Gr, My} Scheme
M2 - 23/4\/ e M, ~ M2 . . M2,
5m22 = TZCHD—l— Y ZCHW37 5m2Z = TZCHD‘F?MZ]\’[W 1—A—VXCHWB,
Gy My

583 = —0.390111) — 0-420HWB,

8552 = 0.17Cyp + 0.79C w5 + 0.76C3) — 0.34C7, 5T i i i i _
Sp o e i " ) FS—fI = 0.46CHw 5 — 0.07CHp — 0.18C) — 1.376%) — 0.18C,
FS—AZ, = —0.82CHwp — 0.67CHp — 0.19C";) —2.06C) — 0.19Cy, z

Z

" o ) ) 5 +0.47CY) + 1.61C) + 0.24Cp, — 0.18Cqq + Cy,
() /] [ () [ [ ()

Ch ~ S; -
—?CHD + C—?Q\/i(SGF + 4CHWB) ,
(7]

" = —397Chwp — 1.80Cyp — 3.52C) + 1.33C%) + 2.10C},

® Completely expected from AC decoupling theorem. UV physics preserving SM
symmetries being absorbed into measured low scale parameters now.

Michael Trott, NBI 11a




Can we do better re basis independence!? Yes.

More basis independent results are possible!

All orders expression for Higgs to gamma gamma o
can be defined in closed form as:

Yes! Its a Vielbein of a Higgs space defining asy.
particle states in SMEFT

0g34(¢), € 0g44(®) 52]

2
(h|A(p1)A(p2)) = —( ( + ) + ( )

004 " 9192 dps g7
Kinematic structure /

Geometric Dressings

No explicit SMEFT expansion op forms. But all orders in vev expansion

How do we get to such results?

Michael Trott, NBI



Why all the geoSMEFT stuff.

We needed a physics principle that is active at L¢ and Lg
to efficiently organise the physics. Is there one?

YES THERE IS - THE MOST BASIC ONE.




Field coord. invariance leads to field space geometry

geoSMEFT

General Relativity.

® Field coordinate choice invariance ® Space-time coordinate general covariance

In amplitudes

® Mathematical quantities: metrics, ® Mathematical quantities: metrics,
Curvature, tensors of INTERACTION Curvature, tensors for SPACE TIME
TERMS (field spaces)
1 1 R A —
Lomprr = 5h11(9)(Dud) (Dyo)” — ZQAB(¢)quWB’“V +- Ry — 9 Guv T A G = KLy

_L ¢2 + 191
H= V2 {¢4—75¢3]

W4 = (WHL W2 W3, B)

Michael Trott, NBI




Field coord. invariance leads to field space geometry

geoSMEFT

® Field coordinate choice invariance
In amplitudes

® Mathematical quantities: metrics,
Curvature, tensors of INTERACTION
TERMS (field spaces)

1 1

Lsmprr = 5h1s(9)(Dud) (D) = J9an(@Wi, W5 + ..

H=- {‘f’z”‘f’ll WA = (W w2 w2, B)

T V2 |4 — i3

In general terms: G. A. Vilkovisky, Nucl. Phys. B234 (1984) 125.

Modern uptake:
1002.2/30 Burgess, Lee, Trott

1511.00/24 Alonso, Jenkins, Manohar
1605.03602 Alonso, Jenkins, Manohar

| 803.08001 Helset, Paraskevas, Trott.
1909.084/0 Corbett, Helset, Trott

General Relativity.

® Space-time coordinate general covariance

® Mathematical quantities: metrics,
Curvature, tensors for SPACE TIME

R
Ryuy = 5 Guw + A gu = KT

T —=

Michael Trott, NBI



https://arxiv.org/abs/1002.2730
https://arxiv.org/abs/1511.00724
https://arxiv.org/abs/1605.03602
https://arxiv.org/abs/1803.08001
https://arxiv.org/abs/1909.08470

Field coord. invariance leads to field space geometry

1 1

A 117B,
LsmErT = §hIJ(¢)(Du¢) (Du)” — 1 9AB ()W WY
. . o . (HTH)
® Dimensionless expansion into operator bases C; = A2 Ci
o O ow 80
_ _ 0 1+C 0 0
\/E 10 0 1—% HD ) 0 . \@AB: 0 OHW 1+ Cuw —Cuwn B
00 0 14+ Cyo — 2Cup 0 0  —Cuwe 14C0pp

- - 2
-
. .
1 1

(Small perturbations so positive semi-definite matrix and unique square root)

e Geometric field space quantities are useful (True independent of mass dimension of ops)
Amp. perturb. are:

Fun. of 4 vectors (kinematics)

.A -ASM‘l‘ Oﬁ\fl 2N2—|—'°'

Deflned by field space geometries

Michael Trott, NBI




What is the Geometric SMEFT?

Y Y
v o~
ho----e-- oo L ho------ LR Py
O ) U
Y Y
o
. Il' .\\‘ L I’ ,Y
;o .
,\f\j\ \\\ll AIJ
h ------- DI . h -=----- ,:.'\N'\-/ ------ ‘
L N5
¥ /// ., ‘\‘ Y
o ®
. e
H'H

Powers of —
LsMEFT and symmetry generators

D <4 D >4
Gives masses, mass eigenstate fields. Gives geometries that define the mass

eigenstate fields and interactions in the EFT

Michael Trott, NBI




What is the Geometric SMEFT?

Y Y
g o
ho------e- S (VRS @ Bo------ L R Py
A , T
g g
O
o ° o ®*
;o .
o o
ho------- (R ho====mme e URRREEEEE
e N | ¢
. \ y RN , \‘ 0
Particles slow down @ o
O O
H'H

Powers of —
and symmetry generators

Kinematic structure / . .

Geometric Dressings Geometric couplings

Michael Trott, NBI




Curved SMEFT spaces: scalar fields

® Curved SMEFT field space manifest in background field formulation
In general terms: G. A. Vilkovisky, Nucl. Phys. B234 (1984) 125.

Metric on Higgs field space, SM a FLAT field space

< 1

1 I J P2 + 101
Escalar,kin :_hIJ(d) D d)) DN¢) ) Where H — T = .
M V2 |1 — g3
(1 0 0 0 ] <HTH>
1J 01 0 0 h S
- . r C; = oF
VR =1001-20mp 0 ere A2
00 0 14+ Cuyo — zCup| Small perturbations so positive semi-definite
' Matrix and unique square root
1002.2730 Burgess, Lee,Trott\ (sqrt) Metric in SMEFT, a carved field Space
|511.00/24 Alonso, Jenkins, Manohar RI 0
KL 7

1 605.03602 Alonso, Jenkins, Manohar
: e ——

Michael Trott, NBI 17



https://arxiv.org/abs/1002.2730
https://arxiv.org/abs/1511.00724
https://arxiv.org/abs/1605.03602

Curved SMEFT space: gauge fields

® Similarly in the gauge coupling space a curved field space

Metric on gauge field space, SM a HAT field space

/

1

Lgauge,kin - _ZQAB(gb)quWB,HVa Where WA — (W17 W27 W37 B)
1+Crw 0 0 0
AB _ 0 1+ Crw 0 0 . HYH
V9 0 0 1+ Cuw —Qﬂf'ﬂ' here C; = < 5 >Cz
0 0 —Cuwn 14 Cyp A

N (sqrt) Metric in SMEFT, a earved field space
1803.08001| Helset, Paraskevas, Trott.

1909.084/0 Corbett, Helset, Trott

Michael Trott, NBI 18



https://arxiv.org/abs/1803.08001
https://arxiv.org/abs/1909.08470

All orders SM Lagrangian parameters

® | ow n-point interactions of fields are parameterised in terms of
COUpliHQS, 1909.084/0 Corbett, Helset, Trott

Jo=g2\V9 =g,

Gy = 902 (Ce \/—33 sz \/—34) 0 ( P \/544_ cs \/—34)

e = g2 (55v/5" + cgv/s™) = o1 (cav/a™ +s9v/5™) |

® Masses 'r?z,%,v = '64—% hllz’t_)%, 77’1,22 = %\/ h332’l_)% 77234 = 0.
e Mixing angles: , _ gl(\/ﬁ‘*“sa - \/53%5)
'z 92(v/9%cg — /37 s5) + 91(/G 55— /3 )
2 (91v/7" = 924/97)*
2

g7 + (VT + Bl(v57)? + (V™) - 20192/57 (V5 + /")

(Interesting way to think of the Weinberg angle)

e T ———————————

Michael Trott, NBI



https://arxiv.org/abs/1909.08470

All orders expressions are known now

® All orders scalar metric -leading to gauge boson masses in SMEFT
00 2\ N+2
1+ ¢*Clh+ (%) (cis™™ - CS,“L%"))] 517
0

I ;oxTE o8 (8 & /g2 8+2n)
+ - 2 ’ gD + Z (?) C.§T[,D2 o
n=0

e All orders gauge metric - gives mass eigenstate couplings in SMEFT

(6+2n) (6+2n) ¢\
9aB(¢r1) = [1—42(0 (1 —044) + Cyp n5A4) (7) ]5,43

Z CSITVQ;) (_) (61T% 707) (6T B xd"™) (1 — 644)(1 — Oa)

Z (0} caki (—)] [(¢1Th ;¢7) (1 — 844)0B4 + (A & B)],

® Number of operator forms saturate in geosmetft.
This is due to reducing possible generator insertions on the Higgs manifold

arma 1 1
Tz'kae — 5 (5z'e5jk - N(Sijdke)

T — T EE————————=——=——=—wwww»wwwmm
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SM weak-mass eigenstate relations

® \Neak eigenstates Mass eigenstate

™~

A

WAY = §AB Upc ACY,
~ A AC
o = 5AB UBC'/B .

¢! = (SJK.VKL(i)La

/ \ Rotations

Flat field space'’s. 0"
0

DuetoD <4

0
0
U pu— pr—
BC o~ Vik

I
© ¥~
= oHlLSk

| 1
o oSl
(@) O&l»—ﬂslls
ol oo

_o o O

9 &

0
_Sa

@7 = {1, ¢2, ¢3, P4}, ®F = {®7, 0T, x, h}
aA = {92 g2agz,gl}’ WA = {W1)W2aW3,B}1
C _ '92(1—7;) g2 (1+1) [H 2 2 20192 C _ (vt A—
:8 - <\ \/5 ) \/5 ) gl +g2(cg 39)) \/E%—I-_g% ’ A - (W aW )ZaA) .
What else could you write”?

T ————Wmm

-
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SMEFT weak-mass eigenstate relations

® \Neak eigenstates Mass eigenstate
WA = g PUsc A, Generator transform
A AB A
1909.08470 Corbett, Helset, Trott ~ &” =+v/g" UpcB, &g = %&Q,J\@“‘BUBC.

= VB Ve BT

/ \ Rotations

SMEFT Field space metrics

(Now known to all orders) (5 Vs g g 7 00
N Sy = —= 0 0
Gl L IR b e
L0 0 —s5 g 0 0 0 1
= {¢17 ¢2’¢3,¢4}, K = {(I)_,(I)+,X, h}
aA = {92 92;92,91}, WA - {Wl,WQ,Wg,B},
[ 1—4) ga(1+9) o 2y 29192 C -
ﬂC:<g2( , A\ 91+ 93(c5 — s5), } A= Wr W, 2, A).
\ /2 /2 91 + 95(c5 — s3) \/E%_}_—g% ( )
What else could you write”? Nothing that generalises to all orders.

T

Michael Trott, NBI



https://arxiv.org/abs/1909.08470

Dim 6 SMEFT EW Lagrangian terms

® EW sector parameters redefined in the SMEFT (already in SMEF Tsim)

w3 _ 1 —2v2Chwp cosg_ sin? Z,
B, —%’U% Cawn 1 —sinf cosf | | A, ’
Mass redefinitions Mixing angle redefinitions
— 2,9 — - 2 = =2 —2 .
2 _ 927Vp 7 91 1497 92 92 — 9
My = 4 ind V32 +732 L T2 91 522+§12CHWB_
2 — - —_ - — -
2 _Vp,.—2 , -2 14 — 2, =2 14—— vy il g2 _ﬁ9_1922—912
Mz = 1 (91" +927) + 8UTCHD(Q1 +9,7) + 2UT91Q2CHWB- cosf = N _1 2 7 _9—22+§12CHWB_

Interactions to remaining SM fields via:

92

V2

Dy=0,+i==[WiTT + W, T7] +i7, [T5 —5°Q| Z, +i€QA,,

9192 1 9192

—_ 2
€= - T’UTCHWB]
V3.2 47,2 922 + 7,2

gz =32 +52 + ¢£—2§3v%CHWB
] _ A A A 2 —gin2f — g:° 9192(9.° — 91°) v2Caws.
® Dim 8,10 etc solved in closed form. Just expand. 240t @49
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Generalisation for composite ops

(d)
Lsmerr = Lsy + £0) 4 26 4 £ 4 v £ — Z jf;l 4Q(d) for d > 4,

v/M < 1

LSMEFT = Z fila---)Gi(I, A~

Derivative expansion / Vev expansion - »

Composite operator form Scalar field coordinate dependence
With minimal scalar field And insertions of symmetry generators

coordinate dependence
\ .

Mixes expansions, but grouped with derivative forms.
T EE—————=——=——=——wwwwwmm
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Generalisation for composite ops

Fun. of 4 vectors (kinematics)

A~ Agnr + <Oﬁ\f1 + (O)aNg + - - -

Defined by field space geometries

Making this decomposition more manifest from the start
The usual operator focused language is not particularly helpful.

Ng C-(d)

Lsmppr = Lsm +LO +LO 4+ L0, L@ =37 S0 ford >4,
1=1

v/M < 1

Michael Trott, NBI 24a



Generalisation for composite ops

A~ Asy + (O)1 N1 + (O)aNg + - -

Reformulate!
Reformulate!

LSMEFT = Z filoe---)Gi(I, A--

Derivative expansion Vev expansion - [ _
Composite operator form Scalar field coordinate dependence
With minimal scalar field And insertions of symmetry generators

coordinate dependence
\ .

Mixes expansions, but grouped with derivative forms.

Michael Trott, NBI 24b



The intermediate language between

Pure amplitudes, and pure operators,
is field space geometry.




Generalisation for composite ops

® Such connections can be defined from the Lagrangian expansion constructively

Hy 6° LSMEFT

g
hry(¢) = d §(D,¢)6(D,¢)’

L(a,B:-)—0

non-trivial Lorentz-index-carrying Lagrangian
terms and spin connections {W,, (D*®), goty, g}

® Limited number of such connections for up to three point functions

V()  his(¢)(Dud) (Dud)’, gap(@)WoLWPH | ki (8)(Dud)' (Dye)’ WY,
faBc (@)W, WEPWSH,

With fermions Y (@)12, Lra(@)ry Tabe(Dus)’, dA(¢)%510W¢2wa

Gluon fields kas(9)G, G™,  kasc(9)Gy, G2 GOMP, c(p)hrot Tae Gy,

B i ———
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Generalisation for composite ops

® Such connections can be defined from the Lagrangian expansion constructively

_g"  6°LsmEFT
") = S 5,8 6D, 9

L(a,B:-)—0

AN

non-trivial Lorentz-index-carrying Lagrangian
terms and spin connections (W, (D*®)X, ok, by}

® Limited number of such connections for up to three point functions

This is a non trivial fact proven in  2001.01453 Helset, Martin, Trott

There is a theory choice here - its REMOVE DERIVATIVE OPS, USE EOM.

Same reasoning built into, and led to the “Warsaw basis”.
Also why we were able to renormalise the Warsaw basis completely in 2013.

EFT Industry standard in flavour physics, chiral pert theory etc.
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An instant pay off of this approach

® Growth in operator forms in connections

Always saturate to fixed number, this is just the
simplest organization exploiting this

Mass Dimension

Field space connection 6 8 10 12 14
h17(¢)(Du¢)' (D*¢)’ 2 2 2 2 2
gAB(P)WSLWEH 3 4 4 4 4
krya(¢)(D#¢) (DY ¢) We, 0 3 4 4 4
fapc(@)WAWBrPWSH 1 2 2 2 2
Y% (4)Qu+ h.c. 2N7 [2N7 | 2N; | 2N7 | 2N;
Y2 (4)Qd+ h.c. 2N7 [2N7 | 2N7 | 2N7 | 2N;
Y5 (¢)Le+ h.c. 2N7 [2Nf | 2N; | 2N; | 2N;
d5¥" (¢) Lo, eWh” + h.c. AN? | 6N? | 6N? [ 6N? | 6 N?
d%P (¢)Qo uWl’+ hec. AN} | 6N? | 6N? [ 6N? | 6 N?
d%7" ($) Q0 dWH' + h.c. AN? | 6N? | 6N? | 6N? | 6.N?
LVR,(8)(D ) (Yp,rYu0atrr) | N7 | N? | N7 | N? | N?
LYE () (DH9)’ (70 atsr) | 2N7 | ANF | AN | AN | 4N}

2001.01453 Helset, Martin, Trott

® Once we have things to dim eight
it is sufficient in many observables

Mases

TGC, Higgs to ZZ,WW
QGC,TGC + Higgs

Yukawas

Dipoles

T —

Michael Trott, NBI
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Application to theory error

10000000000 - -
7557 369962
2795173575

1000000000 |
100000000
10000000 |
—® 5474170
1000000 |-

100000 +

10000 |-

No. of independent ops

1000 |-

100

10 -

Pole parameters O(10’s

1L

1 1 1 1 1 1 1
5 6 7 8 9 10 11 12 13 14 15
Mass dimension

® General growth in operator forms from Hilbert series
1503.0/537 Lehman, Martin. 1512.03433 Henning, Lu, Melia, Murayama

1510.00372 Lehman, Martin.  1706.08520 Henning, Lu, Melia, Murayama
T — B
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https://arxiv.org/abs/1706.08520

Application to theory error

10000000000 -

7557369962 |
2795173575

1000000000 |-

‘
100000000 175373592 (

10000000 +
4 —=® 5474170
8 1000000 +
S
§_ 100000
£
E 10000 -
© . .
- 1000} DIts this structure
100 s
101 12 — ?|Po|e(s) built of 2,3 pts

1L

{Parameters O(10’s)
jNumber of parameters
S S S e S e s s s aamamnsramize=®”™saturates to a constant

® General growth in operator forms from Hilbert series with mass dim
1503.0/537 Lehman, Martin. 1512.03433 Henning, Lu, Melia, Murayama

1510.00372 Lehman, Martin.  1706.08520 Henning, Lu, Melia, Murayama
T —— e ——————————WW
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GeoSMEFT example

e \Vhat does this allow one to do? 2001.01453 Helset, Martin Trott

] /?/ Consider a W=, Z coupling to a fermion bilinear.

The all orders coupling in the SMEFT is a sum of
two field space connections.

Wwilpy :with a consistent change weak to
mass eigenstates in SMEFT

Added to this is the scalar, fermion connection L%, () (D) (p, 140 4%, )
(with a background field expectation) LY 4 (6) (D" ) (p,LVu0 A%r,L)

B

Michael Trott, NBI
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GeoSMEFT example

e \Vhat does this allow one to do? 2001.01453 Helset, Martin Trott

] /‘/ Consider a W=, Z coupling to a fermion bilinear.

—AA’N(T/;p7u7:A¢r)5pr + -AC’N (Q;p'Y,uo'A"p’P) (L}p,ﬁr> (_7613',4)1_)T)

CE S Compact all or/A orders answer!

e

Michael Trott, NBI
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GeoSMEFT example

e \Vhat does this allow one to do? 2001.01453 Helset, Martin Trott

] | Consider a W*, Z coupling to a fermion bilinear.
\ . 5. ,’ 7

—AA’N(T/;p7u7:A¢r)5pr + -AC’N (Q;p'Y,uo'A"p’P) <L’(Ip,,£r> (_7613',4)1_)T)

The coupling of the canonically normalised mass eigenstate fields is then

e

Gote) = Lt [(253,Qu — 09)65r + o5or(LYE") + o (LET)] o,
&p'&r) - _é_"zp f_A Qz,b 5pr ¢r,
Goir) = ~TeBlfyys) T* [Sr — or{LLT") & ior (LEE)] o

Michael Trott, NBI
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GeoSMEFT example

e (Can build up observable quantities, such as a decay width.

] /‘/ Consider a W=, Z coupling to a fermion bilinear.

— AN (D, Tt )8pr + ACH (P10 athe ) (LYE Y (—E 4) o

® o
® Two body decay widths:
4M2 3/2 Y 4M2 3/2
T ,/—2 L4 5 N Ne oo wwpe [ M
Z—p — Z 247 mZ|geff ( mZ ) FW—HMP - g 247 mW|geff | 1 m%/V
Zy _ Y,pr Y,pr g
gii’ = %5 (258, Qu = ou)dyr + on(ZE) + oxor (LA ™ = T [VEi — or (L") o (157
i = =% (VB — or(L35") + on(Li5™)]

e
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SMEFT expansion correction error estimate by process.

® Process by process many of the dimension 8 corrections are also fully
known now. We can examine process by process to be informed
in defining the error. EX. 2102.02819  Helset, Corbett, Martin, Trott

Z

- <gSl\‘i",'pr> + <geﬂ:,;‘)r>0('v2/z\2) -+ <geff’pr>0(.v.l/A-1) 4+ e,

e O SMEFT in SMEFTsim

SMEFT corrections in the {my, mz, G r}/{a, mz, G F} scheme
v \u .d L \u .d N4 N
O(%2) | (o5%s8) | (oFm) | (o&2) | (e&h) | (e&s) | (oFE) | (&)
5G| -0.08/0.15 | 0.04/-0.07 | 0.12/-0.22 | 0.18/0.41 |-0.22/-0.34 | -0.15/-0.49 | 0.26/0.26
¢ | -0.22/0.05 | 0.11/-0.03 | 0.33/-0.08 | -0.13/0.15 | 0.02/-0.12 | 0.24/-0.17 | 0.09/0.09
Cl) 1 -0.21/0.39 | 0.10/-0.19 | 0.31/-0.58 | -0.21/0.39 | 0.10/-0.19 | 0.31/-0.58
C\9) | 0.37/0.37 | 0.37/0.37 | 0.37/0.37 | 0.37/0.37 | 0.37/0.37 | 0.37/0.37 | 0.37/0.37

(6 -0.37/-0.37 | 0.37/0.37 | 0.37/0.37 | -0.37/-0.37

Michael Trott, NBI
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SMEFT expansion correction error estimate by process.

e EWPD to dim 8 now known in both input parameter schemes.
2102.02819 Helset, Corbett, Martin, Trott

SMEFT corrections in {ry, 7z, Gp}/{a,mz, Gr} scheme
O(_‘:I) (geffuR> <gefde> (geffeR )
(95¥)? 14/5.5 -27/-11 -9.1/-3.6
Many cross terms | Gofims | S8R e | aon
. . 2 28/-0. -0.14/0. -0.42/0.
NOT in quadratics CupCly, | -0.83/-0.19 | -0.83/-0.19 | -0.83/-0.19
but known for error CupCrws | 0.59/-0.19 | -0.29/0.097 | -0.88/0.29
Estimates Cup(g5?) 4.0/0.50 4.0/0.50 4.0/0.50
(CLy? 0.62/1.4 -1.2/-2.8 -0.42/-0.93
Crws C},’ -0.69/0.58 | -0.69/0.58 | -0.69/0.58
C}f&( Yy | -6.7/-5.8 13/12 4.5/3.9
Crws (g§f¢> 3.7/0.26 3.7/0.26 3.7/0.26
Craw Crws | -0.21/0.39 | 0.10/-0.19 | 0.31/-0.58
Cz}%}) -0.014/0.026 | 0.0069/-0.013 | 0.021/-0.040
: . G -0.21/0.026 | 0.10/-0.013 | 0.31/-0.040
F_eW new dimension o) 0.19/0.19 0.19/0.19 0.19/0.19
Eight parameters ¢e, -0.38/0 0.19/0 0.58/0
c® -0.10/0.19 | 0.051/-0.097 | 0.15/-0.29
5G® -0.078/0.15 | 0.039/-0.075 | 0.12/-0.22
(¢ )2 | 0.19/-035 | -0.096/0.18 | -0.29/0.53

Michael Trott, NBI



https://arxiv.org/abs/2102.02819

General lessons learned

If a process is un-suppressed in the SM

® L3 effects on naive Lg conclusions can be very minor

Michael Trott, NBI



General lessons learned

If a process is un-suppressed in the SM

® L3 effects on naive Lg conclusions can be very minor

— AN (Y Tathe)pr + ACH (Ppyuo A¢T)<L11p.ﬁr>(_7é,4)6’—’”

W=,Z coupling to Deviations in [zt Deviations in /(210
a fermion bilinear. |
Dim 8 effects on |
Z decay now known "
e 1.0 15 2.(/)\ (Tei; 30 35 4.0 ’ 1.0 1.5 2.(/)\ (Tezl.j 30 35 4.0

Figure 3. The deviations in Z — £/ from the O(v?/A?) (red line) and partial-square (black line)
results, and the full O(v*/A*%) results (green +1 o5, yellow £2 05, and grey +3 o5 regions). In the left
panel the coefficients determining the O(v?/A2) and partial-square results are 0111;26) = —0.46, C’Z’gﬁ) =
1.24, CJ(L??; = 1.53, C’l(rf%) = —0.79,C1(§I),VB = 0.007, and 6G’E,,§) = 0.16. In the right panel they are
Cpl® =1.55,03 = —0.71,0%) = 0.23,C%) = —0.51,C'%), , = —0.008, and G = —0.44.

2102.02819 Helset, Corbett, Martin, Trott
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General lessons learned

If a process is un-suppressed in the SM

® L3 effects on naive Lg conclusions can be very minor

If a process is numerically suppressed in the SM

2 . . S
e L3, L§ effects on naive Lg conclusions can be significant

Michael Trott, NBI




Be careful with LEP EWPD in EFT

e Doubts were raised that Ls neglect and loop neglect In EWPD can significantly
impact naive L¢ bounds. Here is how it worked out:

1502.02570, 1508.05060, Berthier, MT ,1606.06693 Berthier; Bjorn, MT , arXiv: 1 701.06424 Brivio, MT

A=1TeV A =2TeV Dim—8 EWPD, m,, scheme, A =1 TeV Dim—8 EWPD, a scheme. A = 1 TeV
02 T T T T T T T T T T T T T T
0.041  om
04f ?D —
g = _, 0.10}
0.1 = i A 2
o £ 0.03 | =
o =11 [] siis £ oos;
0or 1 oo} § | T z
Cuws Cuws % 0.02 E; 0.06}
—0.1}+ -0 8 :
ga % 0.04f
—-04t = =
02 .S o001 5
51 =
0.021
—0.6 E
-0t : : . ‘ ' ’ ‘ 0.00
—02 —0.1 0.0 0.1 0.2 -06 —04 -02 0.0 02 0.4 ~1.0 —-0.5 0.0 0.5 1.0 0.00 G 0.0 02
Cup Cup ! 1 - —0.5 [ E
A=1TeV A =2TeV (6AEB)dims/A¥B. sm (OALR)dims/Afs. sm
0.02F T 0.10F ] Dim—8 EWPD, m,, scheme, A =1 TeV Dim—8 EWPD, a scheme, A = 1 TeV
» 0.14 T
0.25
0.00[ ] £ 11 .
| 0.0s} '—% 0.12 Y
53 E‘ 0.20
—0.02} 1 Z o0.10 N
g it Z
COu C© 00| g P
; = 0.08} S 0.15
—0.04} . = E=
2 g
, S 0.06F 2
e =]
—0.06} ] —0.05¢ 2 = 0.10
§ 0.04f 5
= e
—0.08L, . . . . . . . i‘_’ 0.02} ] 0.05F
—0.25-0.20-0.15-0.10-0.05 0.00 0.05 0.10 oL —= =5 o= o
0.00L . . .
Cup Cup -1.0 -0.5 0.0 0.5 1.0 0.00L— 53 o 55 -3
b b
(OAEB)dims/A¥B. sm (5ALR)dims/Aln. sm

Figure 3. The green/yellow/gray contours correspond to the 68%/95%/99.9% CL two par...... S S R e
ter fit determined by Axé( 4,r4y, While the red rings correspond to the same CL determined using '

vi/A%)
AX%(M/A?)' In the top panels the free parameters are Cyp and Cywp, while in the bottom panels 2 | 02028 | 9 Helset! Corbett’ Martln!—rro-tt
the free parameters are Cyp and ng. Note that the axes ranges vary from panel to panel. In the

left panels, we have taken the scale A = 1 TeV, while in the right panels A = 2 TeV. All calculations . Si g n i fi can t i m Ql i ca ti ons f or fu tu re
e the M scheme collider studies.
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General lessons learned

If a process is un-suppressed in the SM

® L3 effects on naive Lg conclusions can be very minor

If a process is numerically suppressed in the SM

2 . . S
o L3, L§ effects on naive Lg conclusions can be significant

If a process is loop suppressed in the SM

® »CS,»C(Z; effects on naive L6 conclusions can be VERY significant
And subtle

Michael Trott, NBI




GeoSMEFT for the Higgs

® | ® 4 e How much does dim 8 effect things? Alot.
2007.00565  Hays, Helset, Martin, Trott

Deviations in I['(h—yy) Deviations in ['(h-yy)

00
S = 02
T T
= =
© © 04

e EFT studies that ignore
this geoSMEFT enabled
|nformat|0n can be 10 15 ';'.0 25 30 35 40 10 15 ;'.0 25 30 35 40

. . A (TeV) A (TeV)
misleading.

Figure 1. The deviations in h — vy from the O(v?/A?) (red line) and partial-square (black
line) results, and the full O(v*/A?) results (green 105, yellow +205, and grey +£3 05 regions).
In the left panel the coefficients determining the O(v?/A2) and partial-square results are C}?L =
—0.01, C\%), = 0.004,C%) . = 0.007,C%) = —0.74, and 6G'? = —1.6. In the right panel they are
c') =0.007, %), =0.007,C8) . = —0.015,C) = 0.50, and 6G = 1.26.

e
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ggh

® (Can use geoSMEFT to get L5 in many cases

”:Ml pr (99 — "‘)
ol Ve
':I\l/m (GG — h)

< 1519 Cf%, + 504 (4% ~ TCID) +8.15 x 101 (4t + 5044,

2
(6) (6 o ~116) ~(6) ¢ ~(6) ¢ v(() ~(6) '“h
+ (( HO (lll)) + ‘())(ll( ] r)(llll — l)()l{(‘(“( — I I) )( - 77() ]{(‘(“( I()t.’ (J\Z)

~

- 0.19Re Cf¢) log (- \2) ~0.09Re C'®) 4 354 C1F).

This is being 2 loop improved now..

0.4F
0.05 T ——— ————
L)
“. 0.2
L}
L)
) L} L | ]
® Justified triage 2
' s 00
for the SMEFT 3
Ea 0.03 3\‘ “\\ J . i
A global fit program
T N \‘\ N .
=13} A \
Sl NN | with theory errors
. "s\ B
i .
\\\\\ \\\\ | 2| % ‘i 5
0.01} T Sl ] A (TeV)
e, \\\"“;Z:_z:‘_""~-—~H_\ I'IG. 4: Deviation in (GG — h) relative to the SM with
.............. C ;,( = 0.01, and all other coefficients sampled according to

gaussian distributions with zero mean and width of either 1.0
or .01 depending on whether the corresponding operator is
generated at tree or loop level following the classification in

——— T e,
o s @ Otherwise
A/ Amin
Ref. [7-9]. The deviation is plotted as a function of A, and

FIG. 1: Uncertainty on o(gg — h) from higher order terms 2 | 09 05595 Martm Tro_L_t t.!}(‘ ('()I().r scheme for the lines and bands is the same as in
as a function of the new physics scale A relative to the min- . ’ Figs. 2, 3.
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Effects of higher orders is not simple.

Ve need to assigh an error with the
actual NLO result, process by process




GeoSMEFT based Theory error.

® GeoSMEFT efficiently organised the physics for dimension 8 calc that
follow from rescaling dimension 6 results with the same kinematics.

® An algorithm to develop calc to dimension 8 efficiently to use, and
also inform theory errors 2106.13794 Trott “Methodology...”

SMEFT RGE is transparent to simulation chain. Thus infer logs of
missing pert corrections for theory error.

Use geoSMEFT to rescale dim 6 results with common kinematics to
post-facto (avoid redundant Monte Carlo) get dim 8 from SMEF Tsim

Extra dim 8 bits with novel kinematics define in geoSMEFT consistent
basis. Put in code. (SMEFTsim mod ongoing of this form with T Corbett)

e Being applied to associated production, already done for I'(h — )
0(GG — h), T'(h = GG)

Michael Trott, NBI
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GeoSMEFT for the Higgs

® All orders SMEFT higgs couplingto W*, Z
Z 2001.01453 Helset, Martin, Trott

(h|Z(p1)Z(p2)) = —

(hZ,,2Z"")

VR 5 | ,6933(6) b, 8934(®) s, S, . 09aa(d), S
g 9z ( dP4 >92 - X Jox >9192 4 0Py )91

~2 D v
+ VAL | B0 ()" ) L | (2,29
2 2

44 Co,
+ vh ggﬁT {(km) S <k34> 7 ] (0"hZ2,ZH),

(RIW(p1)W(p2)) = —

44
\/Z % [<5g§<1b(¢)>92] W W)

n \/—44 [ Jh(;;(qb ) ( 5 ) + (h11(¢)) %r] (RWu W)

+2f““92 L i (ko) — (B30)] (@ R) W, W2 + Wi, W),

Michael Trott, NBI
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GeoSMEFT for the Higgs

® All orders SMEFT higgs couplingto W*, Z
Z 2001.01453 Helset, Martin, Trott

<h|Z(p1)Z(p2)> = = (th/ZNU>

VR 5 | ,6933(6) b, 8934(®) s, S, . 09aa(d), S
g 9z ( dP4 >92 - X Jox >9192 4 0Py )91

+ \/544% [<5h§;£¢)> (6;)2 + (h33(¢)>%T <«— SM like kinematics
C2 2
+ \/544.@%1—@ {(km) ; <k34) ] (0"hZ,ZM),
2 g1

W) = - Lz ()5 | )
+ Vg [<5h;;(¢)> (%) + () 5| (w) )

+2f““92 L i (ko) — (B30)] (@ R) W, W2 + Wi, W),
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GeoSMEFT for the Higgs

.
AY
N a1

.
4
7
7’

h

® All orders SMEFT higgs couplingto W*, Z
Z 2001.01453 Helset, Martin, Trott

C C2 32
B2 2 = -V [<5933(¢)> o _ o 005u(0), %, %o, S0ua(8), %, L ]@zzﬂyz%)

1 ods ' g3 004 9192 004
+ \/544% [<5h§;£¢)> ("_’;)2 + (h33(¢)>%T <«— SM like kinematics

2 2 . : .
+ VR 2 |32z — ) 2z (@ hz,zm), Anomalous kinematic population
92 91 correction factor - not many!

In the hands of ATLAS for kinematic studies
Thx to Tyler Corbett for coding SMEFTsim mod.

44
W) = ~Log3 [ (20D 2 e

+ Vg [<5h§;(¢)> (%) + () 5| (w) )

+ 2\/_4492 or [ (kiz) — (kz%z)]@aﬂh)(mﬁ WZ+W, W+)>)
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GeoSMEFT based loop corrections?

® The simplicity of the results for two and three point functions points to
radiative corrections being more elegant than expected.

The renormalisation follows the dependence on the Wilson coefficients.

. . ® O
® Do we have hints of this yet? Yes. e

LoF

® PBackground field gauge fixing with preserved background
Gauge invariance 1803.08001 Helset, Paraskevas, Trott.

‘CGF - _gA_BgA gB,

2¢

GX = 9 WNH — ELWIWPH + gg’f%’ hik 78,97

® (Gauge fixing confusion directly solved generalising to GeoSMEFT

Michael Trott, NBI
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GeoSMEFT based loop corrections?

Will this simplify the NLO SMEFT radiative correction program?(Yes)

Immediate BFM Ward ldentities have already been derived:

1909.084/0 Corbett, Helset, Trott

ST, 0] 6T by .y 6T
_ B A - el _ TByJ
568 » 0= (055~ #he WC“) i 2 g
) :
: ) +Z(f” b~ sl

(Background field gauge transformation )

Photon identities:

- 2
0=or— L : 0oL
SAMIAY Y S APl
A, A AA
Z:L,SMEFT(kQ) =0, ZT,SMEFT(O) = 0.

One loop behaviour works!

Z identities: -~ Geometric mass
52I

N —(M'}
sAms A\ Jsdss Ave

2 2
0o Ot g, 0T
dA3LHPI! D3PI
or [3 3] (4,3]
9z (\/_[4 4]\/_ \/5[4,3]\/E ) 5?

2 5P SbHa
3.4 4.4
(\/5[4,4] \/E[ - \/5[4,3] \/E[ ]> 87,

gZ 5F

2 §Pp4

L —

Michael Trott, NBI
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GeoSMEFT based loop corrections?

e Expanding out the Ward ID you get expressions like this:

0 = 572 (k) — RPN (k?),

Consider the operator Cyw i 7 Geometric mass

_ 5 \/ 2 25 5 . div C~' TR 5 . div
2 Cuwa 2 g% + g% SM

o, 0192391 +593) . 9192 (93 + 393)
= ~Cuwp o7 (§ +3) [ 256 72 € + 25672 €

g7 (97 +293)
64 72 €

= —Cuwp 07 (£ +3)

: 2010.0845 | Corpbett, Trott
2010.15852 Corbett

_ o o div 2( .2 2
Which exactly cancels: [zfz(k-Q)]ém_B = Cuwp (“3)91(21 - igz)
All one and two point ward ID working out at one loop. Powerful new
NLO code tool is being developed using this as a theory cross check by

Tyler Corbett.
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Conclusions.
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Backup slides for discussion.



Current geosmeft limitations



GeoSMEFT Pushing to higher n points

e (Can build up observable quantities, such as a decay width.

Consider a W=, Z coupling to a fermion bilinear.
—AA’“('l/;p'Yqu@br)dpr + AC’N (&p'YMO'A")bT) (L}p,,f{w) ('—7(13',4)1_)T)

® Not all physics is derivable from two and three point functions

t

g g _
(0
> Z
(o
g h

L —
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GeoSMEFT Pushing to higher n points

® Limited number of such connections for up to three point functions

This is a non trivial fact proven for: F = {H,y¥, W*"} via the following:

D?*F =

f(H)(D,F1)(DyF3)Dyyy F3 =

f(¢) Fi (DuF2) (DuFs) = (Duf(¢)) (DuF1) F> F3 + =(D*f(¢)) F1 F> F3 + |EOM

EOM

EOM

and higher-points, 2001.01453 Helset, Martin, Trott

and higher-points.

1

2 )

<

® How to incorporate such higher n-point effects is the key challenge.
® Pert corrections advancing fast- higher n points also moving.

T —

Michael Trott, NBI
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https://arxiv.org/abs/2001.01453

GeoSMEFT Pushing to higher n points

® Note these integration by parts steps were used

f(H)(DuF1)(DyF2) Dy F
=— f(H) [(D*F)(DyFs) + (DyF1)(DuDy, Fs) + (DD, F1)(DyF) + (D, Fy)(D*F)| (D, F3)
— (Duf(H)) (DyF1)(DyF) + (D, F1)(D,F»)| (D, F3)

f(¢) Fi1 (DuF2) (DyuF3) = (Dyuf(9)) (DpF1) Fo F3 + %(sz(d))) Fy Fy F3 + |[EOM |,

These steps were critical to reducing the number of connections for two
and three point functions. This just fails for four points and higher.

One knows that there are an infinite set of higher derivative terms lurking
In higher n points, dependent on  {Du¢', Dy16", Dy’ 1,

This is a problem for measurements away from SM resonances.

Michael Trott, NBI




Flat directions and vev scaling



GeoSMEFT and flat directions

® Deep irony of the GeoSMEFT. As soon as people started to use the full
SMEFT - immediately data analysis indicated this hidden structure.

Key early one going in right direction: Han,Skiba 0412166

They found flat directions in LEP data. We now know due an invariance.

. Mass eigenstate
Weak eigenstates
g .

A

A 1C.v
:\/,5 BUBCAC’ )

AA . AB AC
1909.08470 Corbett, Helset Trott =9 " UcB~, .._P
Ve v %

/ \ Rotations

Field space metrics
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https://arxiv.org/abs/1909.08470

EWPD flat directions

P

® Flat directions due the invariance, fundamentallyits a&-W=5-A4 (W

| /01.06424 Brivio Trott  Reparameterization!
(V,g) < (V' (1+¢€),d (1—¢)),

v P — 1y scattering has a
reparamatrization invariance

A A

® LEP data can’t see EOM equivalent to parameters cancellingin & - W =p5- A

2

— , = q 1
(Yh 91QuB)sr = ( Y Yrgi evptn (H i D zH) + ?1 (QuD +4QHD) — 59192 QHWB) S

‘l‘i",!,i:‘u,’d..
q,e,l

(93Quw) s, = (95 @' vaq + L7 y5l) (H! zﬁéH) +295Qun — 21 92Yh QUW B) Sp-

Michael Trott, NBI



https://arxiv.org/abs/1701.06424

EWPD flat directions

P

® Flat directions due the invariance, fundamentally its a&-W=§5-A4 (W

| /01.06424 Brivio Trott  Reparameterization!
(V.g) & (V! (1 +€).g (1—0)).

v P — 1y scattering has a
reparamatrization invariance

e Flat directions in many data sets project onto EOM equivalents to
what cancels in the invariant &-W=3-A4 (Cus,Caw)

wy = —wp — 2.59 wy w™ = —wp — 2.48 wy
wy = —wpg + 4.31 wy, wy'W = —wp + 4.40 wy.

® |nput scheme independent.

e

Michael Trott, NBI



https://arxiv.org/abs/1701.06424

SMEFT reparameterization invariance

e Must combine data sets in a well defined SMEFT, so no matter what
operator basis you choose you get consistent results

et

Breaks the invariance. This channel dominant at LEP2

® Precision Higgs physics data will compete and we need to combine it consistently

Breaks the invariance.
Probes the scalar and gauge
metric connections directly.

Michael Trott, NBI =¥




SMEFT reparameterization invariance

e Must combine data sets in a well defined SMEFT, so no matter what
operator basis you choose you get consistent results

This channel dominant at LEP2

® Precision Higgs physics data will compete and we need to combine it consistently

Michael Trott, NBI B8




Flat directions reflect a consistent analysis

EWPD

diboson

a scheme myy scheme

1.0
IO.8
10.6

10.4

10.2

1—0.2

1—0.4

—0.6
—0.8
—1.0

§§§%%§§§§5§§§§ §§§%%§§§§§§§§§
® Global analysis of data from PEP, PETRA, TRISTAN, SpS, Tevatron, SLAC, LEPI and LEP I

® Correlation matrices in a likelihood for the SMEFT (before higgs data)

L(C) = ——2

\/(27‘(‘)”|V| exp (—% (O — O)T V1 (O — O_)) ,

Corr.
matrices

1502.02570, 1508.05060, Berthier, MT ,1606.06693 Berthier; Bjorn, MT , arXiv:1 701.06424 Brivio, MT

T —

Michael Trott, NBI
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Generators for SMEFT vs SM




Generators on scalar SMEFT space

To think in a unified gauge space 00 0 —1 "0 01 07
manifold need generators SR OOl IR S [
(reformulate SM generators) 100 0. 010 0.
; ; Apel N 0 -1 0 0- 0 —1 0 0
(Dr@)! = (%05 — WYL 1) ; |t o0 o0 R
BI= 1o 0 0 -1 47T (o 0 0 1|
EABC = g 6ABC7 with €123 — +g27 _0 0 1 O h _0 0 -1 0
92%4 ,, for A=1,2,3 (this last one also “i")
Va,s = 9174 5, for A=4. 1803.08001 Helset, Paraskevas, Trott.
Some interesting math here, we also define T x =74 71k
001 0] 0001 —1 0 00]
0 0 0-1 0010 0 —-100
i = i, = Il = , = —Iyn4.
1,.] 1 O O 0 ) 2,J 0100 ) 3,.] O O 10 4,,] 4x4
0-10 0 1000 0 001
T — e ————

Michael Trott, NBI B10



https://arxiv.org/abs/1803.08001

Generators on scalar SMEFT space

® The mapping of operator forms works via:

Hio,H = ——mr g9,

HYUIDMH = —¢;~1 ;(DP¢)” = (D 6)1~L 547,
HUDEH = —¢ 4L (D)’ = (D )L 0,
2H'D*H = §;(~TL ; + i~k ;) (D*¢)”.

It is useful to “real” the SM symmetry representation on the scalar
manifold for lots of reasons. Makes more manifest possible contractions

o1l ;67 # 0, b17s g0’ = d17i497 =0.
® All orders results follow, for example:
1+ ¢2C) +Z (¢2) (c}f;%) 0}?“522"))] 81s

T ;6xTh ,L¢L C}?}; ¢2 i oB+2n) |
+ 2 2 + H,D2

hry =

Michael Trott, NBI




Field space connections to all orders

2001.01453 Helset, Martin, Trott

® Field space connection for W,Z coupling to fermion pairs (D#¢)! ¢ Ty

Q}}E/?-i_zn) = (HTH)TLHT BMH"Zp'Yuwra

Q35+ — (HtHY" HU iDEH 00t
p'r

Q%+ — (HTHY(H'o,H) H DM Hepyyu0athy,
pr

Q58 — & (HTH)" (H'o H) H D! Hepyry,0athy.
pT

Not that many op forms. Closed form field space connection.

2\ " 2 n
LYY = —(¢m) J5A4ZCI D (%) — (¢74)s(1 — da4) Zcszjzn) ( )

pr

2\ N
+ 5(6m)s (U= 6a0) (6T 167) INerin (¢—)

n=0 p’r‘ 2

6230 K L e 8+2n) (H*\"
——(97B)J (¢KFC,L¢ )ZCHd)L (7) .

Notice the clean form due to generator structure and real fields.
30— EEEE——————=—=—===——;w—ww

Michael Trott, NBI



https://arxiv.org/abs/2001.01453

Field space connections to all orders

2001.01453 Helset, Martin, Trott

e Off shell operators contributing to three points  (D.¢)'oa(D.¢)' W,

oy = i (HTH)™\(D,H)! (D, H)B",
by = 6u(HH)™ (D, H) o%(D, H)W}",
= i€ae(HH)"(H0®H)(D, H)1o"(D, H)W£,
QU | = i6uSeal HTHY(H'o*H)(H'o°H)(D,H) o*(D, H)W".

This connection saturates last in op dimension. This is due to EOM
reduction. No entries at dim 6 in Warsaw basis.

A (8+2n) [ ¢ R s+2m) (° "
k1j(9) = ——’74 1,76 44 Z Cupus ( ) - _'YA,J(I —044) Z Cpaw ( 2 )
1 . (10+2n) ¢2 "
— §(1 — d44) [d)KI‘A Lo ] [quFB L¢ '7B J Z CHDHW3

1 8+2n ¢2 "
+ J€aBC [0k T 5 18" V¢, Z Céwmzvz ( 5 )
n=0

Michael Trott, NBI
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Input parameter/scheme dependence



Strong input scheme dependence in SMEFT

{bew, Mz, Gr, M} Scheme {Mw,Mz,Gr,M,} Scheme
M} - 23/4\/ e M, ~ N2 - . N2
5m22 = TCHD GA’T/Z ZCHW37 5m2Z = TZCHD‘FQMZ]\/[W 1— M‘;/
P 7

i ) ) ) 583 = —0.390111) — 0.4QC~'HWB,
§s3 = 0.17Cyp + 0.79CHw B + 0.76C'2) — 0.34CY), 5T,
o'z M

1 ) = 0.46Cxwp — 0.07Cxp — 0.18CY) — 1.37C%) — 0.18Cy,
SM = = —0.82Cxwp — 0.67CHp — 0. 19C§ﬂ) - 2. O6C ) —0.19Cye
Z

i > ) ) ) +0.47C) +1. 610(3) +0.24Cp,, — 0.18Cpq + C,
+ 0.47CY) + 1.61C}) + 0.26Cr, — 0.19Cq + 1.35C),

Yo _ = R _ 1 — :
2a = O 26~ V2 | N2 2002 - Mg) My, M2
S M? 5 ~ 5 - S M2
A2W = 20 (C—OCHD+S—92\/§5GF+4CHWB), AQW = 0,
MW 4C é Cé MW
OLw : +(3) ~(3) o 0w _ 4 (a0) _ A8)) L ¢
o = ~3.97Cywp — 1.80Cyp — 3.52C%%) + 1.33C%) + 2.10C}, . T 3 ( o Hl) + 0.

® At leading order (tree level) already strong input parameter dependence,
different than case in SM!

Michael Trott, NBI B14




Strong input scheme dependence in SMEFT

{Gew, Mz, Gr, M} Scheme {My,Mz,Gr, My} Scheme
M2 - 23/4\/ e M, ~ M2 . . M2,
5m22 = TZCHD—l— Y ZCHW37 5m2Z = TZCHD‘F?MZ]\’[W 1—A—VXCHWB,
Gy My

583 = —0.390111) — 0-420HWB,

8552 = 0.17Cyp + 0.79C w5 + 0.76C3) — 0.34C7, 5T i i i i _
Sp o e i " ) FS—fI = 0.46CHw 5 — 0.07CHp — 0.18C) — 1.376%) — 0.18C,
FS—AZ, = —0.82CHwp — 0.67CHp — 0.19C";) —2.06C) — 0.19Cy, z

Z

" o ) ) 5 +0.47CY) + 1.61C) + 0.24Cp, — 0.18Cqq + Cy,
() /] & () & () ()

Ch ~ S5 ~
LCup + C—‘fz\/iacp + 4CHWB) ,
0

" = —397Chwp — 1.80Cyp — 3.52C) + 1.33C%) + 2.10C},

® Completely expected from decoupling theorem. UV physics preserving SM
symmetries being absorbed into measured low scale parameters now.

Michael Trott, NBI B15




Need input parameters defined at all orders

{ MW MZ GF Mh} Scheme D {rw,z, Gp} input-parameter scheme at all orders in (72/A%)"
In this scheme we can again use Eqn. (E.2) to define a shift to gz. We also use
go=921/9"" = % (D.1)
and
IO
I CAV (02
Sorted |n to solve for s% via
Hays, Helset, Martin Trott: 2007.00565 - 1 (92VI_\? w\2 ([ an)? ) 2 a2 a1\ 2
i e U C50) (607 (@) (0 [+ (]
Input parameter dependence  -2(*-) J (Va2 [(\@4“)2 () - (") ] } - (D3)
I ﬂCreaSGd Order by Order The remaining Lagrangian parameters can then be defined via
dug to Lag rangian parameters _ fg (s0a®+ ™). o
being redefined geometrically !
and
2 i (35\/-644 — c@\/§34) (D5)

Sy, = — .
9z (/g + 55v/5™)

In both schemes, g and sgz have the same definition in terms or other “barred” Lagrangian

parameters.

Michael Trott, NBI



Model Example




Consider a kinetic mixing model to dim 8

® [ ets see how this works in the simplest benchmark model to dim 8

1 1 k
AL = =KK™ + §m%(KMK“ = 5B Ky,

Only has 2 parameters. Dimension 6 matching:

4 2 = = N
i H'D *: (RR)(RR) Y : (LL)(RR)
24D e | -y o® [ pdE o | a2
oL® | _yesty K -~ 2 mk te 2 mi
H¢ Tom2 V1 o6 _ 9ik? ) 2 gik? c©) 191K
HD 2m? uu 2 lu 2
0(6) —Mbl K 9 mi. 3 miy.
He 2m2 2k2 2k2
5 4 (LI Cad | Ty Cu | —&nr
cL® | _vagt, ¢*: (LL)(LL) K K
Hgq 2m2; ©) 2k c/6) 2 g3k? o©) 1 91k’
2 Che —3mz e 3 m3 1 6 m3
CSL — 2290 by ® mi y T
S m oo | _pade | iR o | i
CI{6d . ng21 bl mi K K
2mi 2).2 1,(6) | 2g3k? 1,6) | 1 gik?
Celq’(G) % g#b? Cud 9 'r:z%{ CCId 18 'r:zf{
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Consider a kinetic mixing model to dim 8

® [ ets see how this works in the simplest benchmark model to dim 8

1 1 k
AL = =KK™ + §m%(K,,,K“ = 5B Ky,

Only has 2 parameters. Dimension 8 matching:

H*%?D
CEEZS) %k4—ﬁ—i’;(k2—k4)(2/\+@)
CH® | 2ol gt — ghre (k2 — k) (2 + 154 HO D2
Cll-jgs) %k4_ﬁ_zfj(k2_k4)(2/\+#) Cg,)DQ g%‘i__ zg%i(kz_kz;)

1,(8 wgl 2y 24 o2 (8)
Chy | Yok k' — ¥k — k) 2a+ 242)  Cup |

4 2 2., .2
CEEIS) I;l:‘% k4 — 91’11_%’:(162 . k‘4)(2/\ + 911‘92)

4
Crig — 5 (k- k)
c4® — S (k? — k)
Crip — (k2 - k)
cy® —%f,—i%(kz — k%)
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Consider a kinetic mixing model to dim 8

® [ ets see how this works in the simplest benchmark model to dim 8

1 1 k
— pr o2 [ » 771
® Dimension 6 squared approximation:
S TP SoGew 52 1.2 _4
P Z Ul 1145 x 1078 L0 444 x 1073 k4 2L
Z I‘ ’a_ew mK mK
Y Zshpidy
S TPs-mw 52 1.2 4
P Zoun _ 1 _31x102 L7 423 x 1074k L.
s TMW
E¢' FZ—M,Epv,bp Mk MK

Michael Trott, NBI




Consider a kinetic mixing model to dim 8

® [ ets see how this works in the simplest benchmark model to dim 8

1 1 k
2
® To Dimension 8 consistently:

S PSMEFTdc, 51 »
VoESUnls 1445 x 1078 L 5.7 x 1073 (k* — 1.74k%) 2,

2V 2 gt K K

S PSMEFT iy 512 »
Pl 131 x 107217 4 7.9 % 1078 (k* — 0.88k2) —L-.

yTMW
2y Pz—nzpzpp MK MK
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Consider a kinetic mixing model to dim 8

® Strong input parameter dependence in any one observable:

['; bounds on U(1) model, actual L8 result
6 [ T T T T T

‘-<>tt§t:iiiii::::;::7\\7\ |
1000 1500 2000 2500 3000

::\ ~ ®Clearly need to go

1000 1500 2000 2500 3000

® [ 672 can \
manifestly

1000 1500 2000 2500 3000

m i S | e a d . 'z bounds on U(l)llrllll:del. L6 interference I’z bounds on U(l)nrlll:)del. partial square 'z bounds on U(1) :::flel. actual L8 result b eyo n d q u a d rati C "
T 1 WihgeoSMEFT
| | | we can proceed

k

.—/ .—/ _—/  efficiently to full
- —, — .  —= dim8.

—2.
_4. A 1

I T S R 1.
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
mK mK mK

Figure 8. Illustrative bounds on a U(1) mixing model parameters due to bounds on I' ;. Shown is
the {1,2,3}o allowed region in green, yellow, gray. Here 1o for 6"z = 0.0023/2.4952. Results shown
are for the &,,, input-parameter scheme in the first row. The results in the second row are in the My,
input-parameter scheme.
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Consider a kinetic mixing model to dim 8

® Strong input parameter dependence in any one observable:

Deviation in Z Width, mK=500, U(1) model, @ scheme Deviation in Z Width, mK=1000, U(1) model, a scheme Deviation in Z Width, mK=1500, U(1) model, a scheme
0.0014F
0015} 1 : 0.0012}
0.003+ I
0.010f t 0.0010 r
) | 1 .. | - 0.0008}
ar 0.00 T AT [

" o000 foro | r 00006}

0005 0001 0.0004
. L6A2 Can 0.010 0.0002;—
N | oo 0.0000}

Mislead e e T e B a—

K K K
Deviation in Z Width, mK=500, U(1) model, MW scheme Deviation in Z Width, mK=1000, U(1) model, mW scheme Deviation in Z Width, mK=1500, U(1) model, mW scheme
000+ - S ] 0.000f oy o 0000}
002} 3 -0.005f -0.002}
0,04 ] -0.010+ -000 [
arg ] Ar AT g6}
— -0.06+ 1 — -0015¢ - |
; [ 1 ; -0.008}
-0.08F 1 -0.020¢ [
[ ] -0010}
010} ] -0.025f :
[ 1 -0.012+
a2t | -oomp . J '
-4 -2 0 2 4 -4 -2 0 2 4 4 2 0 2 4
K K K

Figure 9. Deviation in the Z width in the U(1) mixing model for fixed mg comparing the partial-
square result in red and the full SMEFT result at £(®) in green, and the full SMEFT result at £(%) in
blue.

® The power of the EFT is that you can combine observables and you have to do it
Michael Trott, NBI B2C




One loop consistency checks



Consistency checks at one loop/dim8

® The operator and loop expansion are not independent.

A=Asu+C%a; +---

If you choose to rescale (or not) the Wilson coefficient at L6 it changes the
one loop result and the dimension 8 result in a correlated way.

Only game in town for full dimension 8 with all input redefinitions etc is
geoSMEFT. Loops should be done in BFM for consistency with background
field independent formulation defining geoSMEFT.

Michael Trott, NBI




Consistency checks at one loop/dim8

Benefits of the Background Field method one loop approach in SMEFT.

® NMany cross checks afforded (Ward identities and more).

e Clean understanding of ward identities.

e One loop redefinition of input parameters INDIVIDUALLY gauge
independent.

e Cross checks of AZ, = —5AZy, Our calc in 2107.07470
AR, = _lARjt' Stoffer/Denkens in 1908.05295

Michael Trott, NBI



https://arxiv.org/abs/2107.07470
https://arxiv.org/abs/1908.05295

Consistency checks at one loop/dim8

Cancelation of large mt dependent logs in relations between observables:
Expected and anticipated in Hartmann/Trott. 1505.02646

® [Expected cancelation confirmed in 2107.07470 and 1908.05295

2

i o T -~ -
vp =Ur [1+ Ji Nc_—f; 1+log(“) +---
My

my

Av 27 . Mm% | Ay
or T 16n2 2 [T T8 2 ||

® (Cancelation in single Higgs, single dev observables with tadpole term and
GF extraction.
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https://arxiv.org/abs/1505.02646
https://arxiv.org/abs/2107.07470
https://arxiv.org/abs/1908.05295

Consistency checks at one loop/dim8

Gauge independence of a common partial matrix element in single Higgs
processes in BFM:

ha¢0 d)d:
RN ,'—>_\\
h----e lﬁi h----® -{\i
\\~—,/ \\-(’/
ha¢0 ¢:t

(a) (b)
Figure 2. One loop contributions to (¢4| F’ F)(MAB).

(¢4 F(p1)F (p2))* o M

y oM
(¢aFm F,,)0(*Has(e))0

_ (AR A (v/3m—6)A 1 (3 352 Y
My = (A4 42+ VR 4 i (T + 7F +6) log |72 ]),

ke (SZima) + (% + X)(Zlmz) + 2Zlmw))
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Interpreting W mass in the SMEFT



When you do measurements below a particle threshold

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

1 Infrared singularities and massive fields

s — m2 =F ZF(S) m Thomas Appelquist and J. Carazzone
Phys. Rev. D 11, 2856 — Published 15 May 1975

Y

® You can Taylor expand in LOCAL functions (operators)

fl(svtau) i f2(37t7u)
M? M?

heavy heavy

() ~ O + i

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

IR operator form
o &

ng
Lsvprr =Lsy + LD +£O + 04 0 =3 %Qz@ for d > 4,

=1

X

UV dependent Wilson coefficient
and suppression scale

All things EFT. W mass interp, Michael Trott, NBI



The Standard model EFT

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

1 1 1 _—
Loy = —ZG;},,GAW - ZW,{,,W"“’ — 7BuB" + (D ,HYD'H)+ Y 9ibv
v=q.u,d,l.e
1 5\2 _ ~.. .
- (H*H - 5&’) —~ lH*Jde g; + HTY, ¢; + HUEY,l; + h.c.] ,
T —

THE STANDARD MODEL 1 1
Fermions Bosons LSMEFT :@—I— —@—I— o o o

u ¢ t Y Asr+0

up charm top photon
‘fd s || b Z > Glashow 1961, Weinberg 1967 (Salam 1967)

down strange bottom Z boson g

vl v W D Weinberg 1979, Wilczek and Zee 1979
L: = = Leung, Love, Rao 1984, Buchmuller Wyler 1986,
e M T g,g - Grzadkowski, Iskrzynski, Misiak,Rosiek 2010

i ::;gg: i T
I —

All things EFT. W mass interp, Michael Trott, NBI



The SMEFT is a key tool for interpreting such deviations:

oA .
HEAVYWEIGHT
Last week!
SM
DO | 80478 + 83 o
CDF | 80432 + 79 @
DELPHI 80336 + 67 —
L3 80270 £+ 55 ——0——
OPAL 80415 + 52 —
ALEPH 80440 + 51 ——
DO Il 80376 + 23 ——
ATLAS 80370 + 19 -—
CDF 1l 80433 + 9 L
7990I0I | 8106010I | 8I0|10IOl | é»0|20I0l | éO!’:OIOI | EI30|4C)IOI | 8IOI5OIOI |
W boson mass (Me\R =

High-precision measurement of the W boson mass with
the CDF Il detector

OOOOOOOOOOOOOOOO 11 T. AALTONEN, S. AMERIO, D. AMIDEI, A. ANASTASSOV, A. ANNOVI, J. ANTOS, G. APOLLINARI, J. A. APPEL, [..] S. ZUCCHELLI +389 authors

Authors Info & Affiliations

¥ 97942 99 1 ‘ D ”

e Any one measurement can just dictate a
parameter in a theory. But a PATTERN of
measurements can show a theory does not describe
Global data.

e SMEFT allows the experimental pattern to deviate

From the SM expectation - while still doing well
Defined field theory.

® SMEFT Game plan: (we are ready for deviations!)

Find deviations »Map to pattern in SMEFT

Follow pattern to underlying model

All things EFT. W mass interp, Michael Trott, NBI



Inputs also needed -SMEFT Muon decay

® Decayof p~ —e” +7.+v, still measured far below the W pole.
| 312.2014 Alonso, Jenkins, Manohar; Trott

e Still probes the effective lagrangian

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

Pt P 4 X

4G 2
So now __F:_—2+(C u +C o )—2(C$3+ng)>

All things EFT. W mass interp, Michael Trott, NBI


https://arxiv.org/abs/1312.2014

Choose inputs, define predictions

{Gew, Mz, Gr, My} Scheme

® Probably the paper we should be citing on the W mass shift
using a (proto)-SMEFT op basis is EOM.

M2 sin? 20

. . . . 2 0

Operator analysis for precision electroweak physics My ohye = M5 phys cos® o [1 +(C1 + M\ cos26
Benjamin Grinstein (Harvard U.), Mark B. Wise (Caltech)

Apr, 1991

v? [ sin 26, v [ cos?b
+Cs 2M2 (cos 200) +Cy M2 (cos 200)
Phys.Lett.B 265 (1991) 326-334 (4.

® Modern result all over (160606502 .....) , using Warsaw basis:

2y = 2v2 78w/ (G 52) 82 =1/2 = \/1— 47, [V2G i,

i Cs Sz Sz A A
- =A 4Crws + 2Chp +4—901(L2—2 ngg] Azcésé/(cg—sg) 2/ 2G E.
Mw 54 ¢4 o - 0 :

e Measurement to constraint this shift in this scheme, or cause deviations
elsewhere in {Mw,Mz,Gr, M} Scheme
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Strong input scheme dependence in SMEFT

{Gew, Mz, Gr, M} Scheme {My,Mz,Gr, My} Scheme
M2 - 23/4\/ e M, ~ M2 . . M2,
5m22 = TZCHD—l— Y ZCHW37 5m2Z = TZCHD‘F?MZ]\’[W 1—A—VXCHWB,
Gy My

583 = —0.390111) — 0-420HWB,

8552 = 0.17Cyp + 0.79C w5 + 0.76C3) — 0.34C7, 5T i i i i _
Sp o e i " ) FS—fI = 0.46CHw 5 — 0.07CHp — 0.18C) — 1.376%) — 0.18C,
FS—AZ, = —0.82CHwp — 0.67CHp — 0.19C";) —2.06C) — 0.19Cy, z

Z

" o ) ) 5 +0.47CY) + 1.61C) + 0.24Cp, — 0.18Cqq + Cy,
() /] & () & () ()

Ch ~ S5 ~
LCup + C—‘fz\/iacp + 4CHWB) ,
0

" = —397Chwp — 1.80Cyp — 3.52C) + 1.33C%) + 2.10C},

® Completely expected from AC decoupling theorem. UV physics preserving SM
symmetries being absorbed into measured low scale parameters now.
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Mw measurements in SMEFT

e Mw is a template fit at LEP and at the Tevatron

Transverse mass Jacoblan peak

0041 o Exp Before Detector Eff 1 oo 1606.06502 Bjorn, Trott
— Analytical Before Detector Eff. ahda
. @ Exp.Incl Detector Eff. . . ‘.
& 0.03[ — Analytical Incl. Detector Eff. % 0.3l
g »« FitRange g
5 0020 5 0.0214
T T > «
E 4 E @ Exp. Before Detector Eff.
S oof S 001 — Analytical Before Detector Eff.
® Exp. Incl. Detector Eff.
— Analytical Incl Detector Eff.
»« FitRange
0.00k. L L L L L L T 0.00L, L L L L
60 65 70 75 80 85 20 95 30 35 40 45 50
mr | GeV pn | GeV

® Sem| analyt|C underStandlng W. L. van Neerven et al. NIKHEF-H/82-20.

J. Smith et al. Phys. Rev. Lett. 50, 1738 (1983).
mT — ZPT / PT y (1 — COS 921/) V. D. Barger et al. Z. Phys. C 21, 99 (1983).

Jacobian peak

do 1 mw I'w mr / do-”
_— = d _ d I
dmr  (m/2+ arctanmyw /Tw) / ’ |(s’ —m2,)2 +m2, T2, (s/(s' — m2.))1/2 ‘752 Toosg L $ ),

T

pt + pta? cos? ¢ + 2u%a? sin® ¢ + a sin® ¢ do; _ 3(GrM2)2|V,12, _w
(12 + a2sin® ¢)1/2(p2 + p202 cos? ¢ + a2sin® ¢)3/2°  dcosd Y 821 N, s l

\ Pdf’s feed in

I(p, ¢, cx)

7912 [1 + cos® 0] Br

/™\

V= PRy +s/VS  a=(2-1)Y2=Prw/Vs . p?=mi/s
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Mw measurements in SMEFT

e Mw is a template fit at LEP and at the Tevatron

Transverse mass Jacoblan peak

— Analytical Before Detector Eff.

004 ° Exp.'BefomDet'ectorEff. ' ' ' ' ] 004 ' | 60606502 BJ’OI”n,TrO’Et'

- @ Exp.Incl Detector Eff.
& 0.03} —— Analytical Incl. Detector Eff.
»« FitRange

4

@ Exp. Before Detector Eff.

0.01} —— Analytical Before Detector Eff.
® Exp. Incl. Detector Eff.

— Analytical Incl Detector Eff.

»« FitRange
60 65 70 75 80 85 920 95 30 35 40 45 50
mr | GeV pn | GeV

® SMEFT interpretation concern - other shifts compared to SM feed in.
Does that screw up mapping to mass shift formula®

l.e. W coupling normalization and width shifts.
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Mw measurements in SMEFT

e Mw is a template fit at LEP and at the Tevatron

Transverse mass Jacoblan peak

0041 o Exp Before Detector Eff 1 oo 1606.06502 Bjorn, Trott
—_ Analytical Before Detector Eff. aada
. @ Exp.Incl Detector Eff. . ; 2
& 0.03[ — Analytical Incl. Detector Eff. & o0.03f
) »¢ FitRange 9
2 2
2 2
£ o002t XX
I E > ¢
E E @ Exp. Before Detector Eff.
Zc 0.01F Zc 0.01} —— Analytical Before Detector Eff.

® Exp. Incl. Detector Eff.
— Analytical Incl Detector Eff.

0.00L, L L L L ' L T 0.00-.N Fit Range s s ' s
do;; _ 3(GrMZ)? Vi _w.
o Waytocheck oug= %= guann., 19 | [L+cos 6] Br

/ ™\

The overall normalization of both of the spectra is
modified with a shift

- oW _
5N?;j B 592'3' 4 5gW’e 4 1 5m%V B o' w
Ni; VijgWe gt 2 iy I'w
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Mw measurements in SMEFT

e Mw is a template fit at LEP and at the Tevatron

Transverse mass Jacoblan peak

— Analytical Before Detector Eff.

004 o ExpBeforeDetectorEX. ] oo "~ 1606.06502 Bjorn, Trott

@ Exp.Incl Detector Eff.

0.03+ —— Analytical Incl. Detector Eff.
»« FitRange

0.03

oogf*”
4

@ Exp. Before Detector Eff.
0.01} —— Analytical Before Detector Eff.
® Exp. Incl. Detector Eff.
— Analytical Incl Detector Eff.
»« FitRange
L L L L L L L T 0.00L, L L L L
60 65 70 75 80 85 20 95 30 35 40 45 50
mr | GeV ) GeV

Normalized Events /0.5 GeV
Normalized Events /0.5 GeV

® Way to check Both §N(= Y dN;;) and 0Ty stem from shifts of the
W=*-couplings, and are therefore correlated. We decom-
pose

oT'w oLy N ol |
'w TI'w Tw’
where dI'|| captures all the correlation, and 0I'; corre-

sponds to directions in Wilson-coefficient-space where the
overall normalization of the spectra is unchanged.
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Mw measurements in SMEFT

e Mw is a template fit at LEP and at the Tevatron

Transverse mass Jacoblan peak

004 o ExpBeforeDetectorEX. ] oo "~ 1606.06502 Bjorn, Trott

— Analytical Before Detector Eff.

- @ Exp.Incl Detector Eff.
& 0.03} —— Analytical Incl. Detector Eff.
»« FitRange

g

8

4

@ Exp. Before Detector Eff.
0.01} —— Analytical Before Detector Eff.
® Exp. Incl. Detector Eff.
— Analytical Incl Detector Eff.
> Fit Range
60 65 70 75 80 85 20 95 30 35 40 45 50
mr [ GeV pn | GeV

Normalized Events /0.5 GeV

e \Way to check

SN 154 4+ 44 s%2 — 38s%\ oT ST
oY 06l ~oer—l  (15)

where the proportionality factor is obtained by express-
ing o'y in a basis of the space spanned by C; that in-
cludes dN/N as a basis vector.
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Mw measurements in SMEFT

1606.06502 Bjorn, Trott

mr-distribution Ppre- distribtion
o ol =ol, o ol =6I,
40 A 0= OT" 40 A O = ($F||

.= =« EXp.stat. err. . ==« EXp. stat. err.

waﬁl—‘\‘f w'" / MeV

0.94 0.96 0.98 1.00 1.02 1.04 1.06 0.94 0.96 008  1.00 102 104 106

v>/ndf.

. ).0
0.94 0.96 0.98 1.00 1.02 1.04 1.06 . (()_94 0.96 0.98 1.00 1.02 1.04 1.06
1400w/ Ty

1400w /Ty

® The error quoted on the extraction for the Tevatron is OK in the SMEFT
For old measurement due to width and coupling shifts also floated. Seems likely this is
still the case with smaller errors ( 9.4 MeV) so that the deviation can be directly
mapped to the mass shift (note however a 2-d scan is really required).
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Comments on combinations




- M, e Q: If we want to constrain SMEFT from
CDFI 80432 % 79 0 the data which measurement to use?
DELPHI 80336 + 67 —_——
L3 80270 + 55 +—e—— . .
OPAL 80415 + 52 | . A: Use the global combination of course.
ALEPH 80440 + 51 —— It is not that simple.
DO Il 80376 + 23 —C—
ATLAS 80370 + 19 —CO
CDF I 80433 + 9 @
799010l I8IO(|)OIOI IéO|1OIOI IéOIZOIOI Iéo.lBOIOl I£I3O|40IOI IE|30|50|0I |
W boson mass (Me\RNENI=Y

A global combination of data needs a theory to define theory
correlations as well as experimental correlations. The SM is NOT
the same field theory as the SMEFT.

Combine in the SM ! (Good luck!)
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SMEFT Combinations

DO | 80478 + 83 o o ® Fach measurement needs to be
COFI 80432 % 79 o examined for SMEFT interpretability
DELPHI 80336 + 67 —_—— and COm blnatlon
L3 80270 £+ 55 —e——
OPAL 80415 + 52 — q
ALEPH 80440 + 51 — 00—
DO Il 80376 + 23 —C—
ATLAS 80370 + 19 —O—
CDF I 80433 + 9 @ !
799010l I8IO(I)OIOl IéO|1OIOI IéO|2OIOI IéO.lSOIOl I2|30|40I0l I2|30|5010I | . .
W boson mass (Ve\ESERTREE Similar transverse kinematic

procedures (diff pdf's etc).

SMEFT bias analysis laid out
should be redone.
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SMEFT Combinations

e \What about LEPII?

et et

DELPHI 80336 + 67 — w+
W+
L3 80270 + 55 —e——
Ve
OPAL 80415 + 52 S — Z/~ W-
| %
ALEPH 80440 + 51 ——
e e

Two different techniques: threshold scan
K. Hagiwara and D. Zei)penfeld, Phys. Lett. B 196, 97
79900 80000 80100 80200 80300 80400 80500 (1987).

W boson mass (Me\RSETETEE

the leading order (in 8) SMEFT correction to the Born

SMEFT bias in this case cSros:; )S(?ction approximation of o(ete™ - WtW~ —
iy05) 18
Is under control too ’ ) L
o a? om? ot —
1606.06502 Bjorn, Trott @ = 8ss; 2 DT V1= 4miy /s,

Note the lack of s channel contributions due to possi-

. ' bly anomalous TGC parameters in the threshold limit.
Com blne awaY- These corrections first appear at order A3
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SMEFT Combinations

e \What about LEPII?
€+ e+
DELPHI 80336 *+ 67 —— w+
.
L3 80270 £ 55 ———— W
Ve
OPAL 80415 + 52 —o— Z/~ - W-
ALEPH 80440 + 51 ——
79900 80000 80100 80200 80300 80400 80500 . . .
W boson mass (Mie\ESEIEEE=S Two different techniques:

Away from threshold scan with TGC
and Width shifts set to 07?!7?!

Not interpretable in SMEFT to my
knowledge 1606.06502 Bjorn, Trott

A SM global data combination is not the same as a SMEFT one
for constraints. These are different theories.
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