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Status: May 2020
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ATLAS Preliminary

“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).

JLdt=(32-139)fb! V5=8,13TeV
Model Gy Jetst ET™ [ram) Limit Reference
T
ADD Gy + /0 O 1-41 Yes 361 [Mg 1711t
/ADD non-resonant yy 2y - - 367 | Ms 1707.04147
/ADD QBH - 2j - 370 | Mg 1703.09127
/ADD BH high ¥ pr- zlep 22 - 32 | My 1606.02265
'ADD BH mutjet R T 12066
RS1 Gy —+ 7y 2y - - 367 | Gxxmass. 4.1 Tev 1707.04147
BUKRS Gy + WW/ZZ  multichannel 361 | Gucmass 2370y 100802380
BUKRS Gy — WV = (vaq  Ten  20/1J  Yos 139 [GRciassi 20T 2008 14696
Buk RS gk — ¢t lesu 2102102 Yes 361 |mecmass 38TeV r/m=15% 180410823
2UED / RPP. Tepu =2b23) Yes 361 |Kkmass 18 TeV Tier (1,1), B(A™) — 1) = 1 180300678
SSMZ’' st 2eu - - 139 - 1903.06248
SSM 2 — 11 2r - - 361 | 2 mass. 2.42TeV. 1709.07242
Leptophobic 2/ — bb - 20 - 61 |zms 2170V 100500250
Leptophobic 2/ — e 21D220 Yos 139 |Z0MaSS eV, fim=12% 200505138
SSMW' iy S Yes 133 |WAmass e GoeY) 1905,05608
sSw v i S e %1 |wemass 3770y 100100992
HVTW S WZ - frgqmode 8 1es 201 Yoo 139 w3 00814030
HVT V' — WV — qqqq model B 0 e, 29 - 139 =3 08589
HVT V' — WH/ZH model B multi-channel 361 |V mass 293 TeV. o =3 1712.06518
HVT W' WH model B Oeu 216220 39 wimass o Taamv e CERNEP 2020073
LRSM Wy th ol channel 361 | Wamass 325Tov o071
LRSM Wi — uNg 2u - 80 | Wg mass. 5.0 TeV. m(Ng) = 0.5TeV, g = g 190412679
cl - 2 - 370 A 218TeV i 1703.09127
Cittag 2ep - - 1 e | ceanepzueooes
G Ses 21b21i Yoo 361 [A 257Tev Gl = n oz05
Adalvector moditor (i@ OM)  Oeu  1-4]  Yes 361 [Maw 155 Te 5025, 6,410, m(1) ~ 1oV i o%01
Colored scalar mediator (DiracOM) O e, 1-4)  Yes 361 [ Mass 1.67TeV =10, iy 1711.03301
Wy EFT (Dirac OM) Oen  14s1] Yes 52 [Me 700Gov () < 150 Toosozs7z
Scalar reson. ¢ —» ty (DiracDM)  0-1e.u 1b0-1J Yes 361 [my 34TeV ¥ =04,4=02 mix) = 10 GeV. 1812.00743
‘Scalar LQ 1* gen 12e 22 Yes 361 |LOmass 14Tev p=1 1902.00877
Scalar L2 gen 120 22 Yes 361 |Lames 156 TeV b= 100200377
Scalar LQ 3 gen 2r 2b - 36.1 mase 1.03 TeV' BLQ; — br) =1 1902.08103
‘Scalar LQ 3" gen Otey  2b  Yes 361 mass B(LQ] - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X multi-channel 361 | Tmass 1.37 TeV. 5U(2) doublet 1808.02343
VLQ BB . We/Zb+ X muli-channel 361 [Bmass 134TV 5U2) douit 100802240
VLG Ty TynlTys + We s X 205923 e210.21] Yos 361 | Typmass 164 Tev BTy Wi 1. c(Tawer [ saor. 1080
v x Tep 21621 Yos 361 [Ymass 1.85ToV BV~ W) 1, en(Wh)- 1
VLB b+ X Yoo 798 |Bmass 12170V -05 ATLAS CONF 2018.024
VLQ QQ —» WaWq. Yes 203 1509.04261
Exclod quark ¢” —» a5 T onhy ' and & A k') 1008447
Excited quark 4" — qy 367 | q"mass. 53TeV. only u' and ", A = m{q") 170910440
Excod quark b — by C s |bemas 26Tev
Excledlopton (* 203 A=30T ey
Excited lepton v* - 203 A=16ToV 14112621
Type Ill saw Yes 798 | N"mass 560 GeV' ATLAS-CONF-2018-020
LASM Majorana = 31 [Nemass 32TV W) = 410V, = g 10091105
Higgs triplet H** — (¢ 361 | H** mass 870 GeV' DY production 10.00748
Higgs trplt H°* — (1 S 203 | ——GAY OY praducton, BH;* - (1) 1 112021
Multi-charged particles - - - 361 | muti-charged particle mass 1.22TeV DY production, g|
M monopoles - 34.4 | monopole mass 237TeV. DY production, [g] = 1g0, spin 1/2 190510130
SR e o ' ‘
padialCe 10 1 10 Mass scale [Tev]
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What's an EFT?
In the SM

2 = _
gw (Tuy"PLp)(@y" Prve)

M~
22
2 K2 - M2,

[ ]
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What's an EFT? _
In the SM In the Fermi theory

I v 12 v

N :

v v
2 ~ I a~ M —
M~ Ew (Bpy* PLp) (Ev* Prve) Ml (DM PLap)?
2 K2 - M2, w
g
* MN72M2 (l_’}L’Y“PLP‘)(é’VuPLVE)+'"
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What's an EFT? _
In the SM In the Fermi theory

I v 12 v

N :

v v
2 ~ I a~ M —
M~ Ew (Fuy" PLi)(&v* Prve) Vlf(w,yuprf 62(11,7#pr)2
2 K2 - M2, w
2
* M~ — M2 (V;LW“PLH)(G’Y“PLVe)’ M4 (Vm“PLu)(ev“PLVe)Jr

[ ]
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SMEFT: Effective Vertices (uking - v+ )

T3: Quo = (HTH)O(HtH) on T5: Quu = (HTH)(WHy) [ )

T3: Qup = (HD*H)*(HID*H) @@ T7: Q) = (HiD H) () e
T4: Quy = (HH)V# Vv, O T7: Q%Y = (H'B.H) (V) @@
T4 Quws = (Hir'H)W! B 4l T7: Quy = (HID.H) () @@

T8: Qu = (Ly*L)(Ly¥L) 2 J |

® O P sVlike

. . Non-SM-like kinematic structure

ol

e
A 4
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Global fits of the SMEFT

Higgs Sector

g g/
oo h oo
£ gz
Triple Gauge Sector Electroweak Precision Data
w
V4

bt W)z
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An example global fit

— Run 1+2 GLOBAL (20 OP)
o Run 1+2 GLOBAL (20 OP) Linear Expansion

:

H“fs‘wffw“f,‘,”f
P, E
P 2w .

°
'
L

Almeida et al. 1812.01009

© Dbl insertions of ¢; in red, single in blue

© Blind direction broken by TGC+EWPD

® Many cases where constraints lost

® Current status:
testing how well we can measure 0

o
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Long term goals for the SMEFT

@ Do these global fits
@® Improve theory predictions, understand theory errors

©® Measure a deviation
— correlations between operators reveal nature of NP
— scale at which unitarity is violated gives scale of NP
(i.e. as 7 scattering predicts p ~ 1 GeV)

Extremely important for FCC-ee as a precision machine

Still important for FCC-hh for physics on a (SM) pole
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SMEFT Loops (short version)

Many different groups doing loops in the SMEFT
Some of the calculations done include:

® H~yy (see e.g. 1507.03568)
* EWPD (arXiv:1909.02000)
° pp—> WW,WZ ,HZ, HW (QCD only, see e.g. arXiv:2003.07862)

Automated QCD loops in Madgraph w/ SMEFT@NLO (2008.11743)

Background field method for analytic loops (e.g. TC arXiv:2010.15852)

Loops give us a hold on theory errors!
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tt production at one loop in SMEFT@NLO

. 12%
SM: 744f12%pb

_ O(xe = meve) O = ove)
(Py)? tree loop tree loop
(try"ur)(drVutr) | 67'10pb | .41%13pb | 4.66°%%pb | 5.92°%pb

(try"dr) (dryutr) | —21710tpb | —.306730:2pb | 2.6278%pb | 3.46"%:°pb

(Q:7"qi)(Gi7,Q3) | 1.92*%pb | 1.05*17%pb | 7.25*%%pb | 9.32*%pb

@ Tree level result for % = error in SM which is consistent w SMEFT

[ ]
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tt production at one loop in SMEFT@NLO

SM: 744+12%ph

12%
_ O(xe = meve) O = ove)
(Py)? tree loop tree loop
(try"ur)(drVutr) | 67'10pb | .41%13pb | 4.66°%%pb | 5.92°%pb

(try"dr) (dryutr) | —21710tpb | —.306730:2pb | 2.6278%pb | 3.46"%:°pb

(Q:7"qi)(Gi7,Q3) | 1.92*%pb | 1.05*17%pb | 7.25*%%pb | 9.32*%pb

@ Tree level result for % = error in SM which is consistent w SMEFT

® Loop result for % = error in tree % O(60 - 146%)

[ ]
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tt production at one loop in SMEFT@NLO

. 12%
SM: 744f12%pb

_ O(xe = meve) O = ove)
(Py)? tree loop tree loop
(try"ur)(GrYutr) | -6771ccpb | .41713%pb [ 4.66°%pb | 5.92*%%pb

(try"dr) (dryutr) | —21710tpb | —.306730:2pb | 2.6278%pb | 3.46"%:°pb

(Q:7"qi)(Gi7,Q3) | 1.92*%pb | 1.05*17%pb | 7.25*%%pb | 9.32*%pb

@ Tree level result for % = error in SM which is consistent w SMEFT
® Loop result for % = error in tree % O(60 - 146%)

© Tree level result for 4 = error in tree O(300 — 1200%)777
|./\/l|2 = |MSM + %M@F

Py
A 4
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The consistent squared amplitude to O (%)

2 1
IMP = |Msul + ﬁRe[MSMMe] MY (IMo[* + 2Re[Me2 Mt + MsMsi])

[ ]
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The consistent squared amplitude to O (%)

2 1
IMP = |Msul + ﬁRe[MSMMe] MY (IMo[* + 2Re[Me2 Mt + MsMsi])

So SMEFT@NLO is missing Mg Mgy and Mg Mgy terms...
@ Mg requires Mg for consistency (renormalizability)

@® Mg seems intractible — sooo many parameters, O(40k)

[ ]
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The consistent squared amplitude to O (%)

2 1
IMP = |Msul + ﬁRe[MSMMe] MY (IMo[* + 2Re[Me2 Mt + MsMsi])

So SMEFT@NLO is missing Mg Mgy and Mg Mgy terms...
@ Mg requires Mg for consistency (renormalizability)

@® Mg seems intractible — sooo many parameters, O(40k)

without a consistent calculation to % we lack understanding of theory errors...
we need a new methodology to tackle this problem
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A taste of geoSMEFT
Consider operators shifting Zu1):
C(6+2n)

> Sawra (HUH)" (1D H) ()

[ ]
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A taste of geoSMEFT

Consider operators shifting Zu1):

(6+2n)

3 Sz (HUH) (R B H) )

Define a field space connection

2L o ~L(6+2n)
= ~(67)0as 3 — 57— (HH)" + 4 more
n=0

pr

L =
JAZ (5( D”(b)J(S('QZJp'YuUAwf) fields—0

[ ]
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A taste of geoSMEFT

Consider operators shifting Zu1):

(6+2n)

3 Sz (HUH) (R B H) )

Define a field space connection

o ~1,(6+2n)

2 G
A 0L —(¢7a)0ns Y, —2— Hw’pr (H'H)" + 4 more
n=0

L =
IAT (DY (Tpvuoatis)

fields—0

Get an all orders result:

1.8z Pr v ¢
MZM - ? [(2592 Qp = 03)pr + V7—<L§’74” ) + r73vT<L§f’f37 )]

@ Go calculate EWPD to all orders (or truncate at <, TC et al. 2102.02819)

/\4v
]

Py
A 4
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Errors from EWPD to %

Perform a x? to EWPD
include SM two loop results

include SMEFT results up to % including D8 operators

¢ randomly sample relevant WCs

[ ]
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Errors from EWPD to %

e Perform a x? to EWPD
* include SM two loop results
¢ include SMEFT results up to % including D8 operators

¢ randomly sample relevant WCs
Dim-8 EWPD, m,, scheme, A = 1 TeV

e
S
1

0.10+ m
0.08F
0.06-
0.04+

0.02+

@ 000500 002 000 002 004

o (0T )dims/Tz, sm

Fraction of coefficient samplings

[ ]
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Errors from EWPD to %

® Perform a x? to EWPD
¢ include SM two loop results
¢ include SMEFT results up to % including D8 operators

¢ randomly sample relevant WCs
Dim-8 EWPD, m,, scheme, A = 1 TeV Dim-8 EWPD, m,, scheme, A = 1 TeV
‘ ‘ ‘ ‘ ‘ 004 ‘ ‘ ‘ ‘

0.121

0.10+

0.08-

e 9

o
Fraction of coefficient samplings

Fraction of coefficient samplings

-0.5 0.0 0.5
o (0T )dims/Tz, sm (6Akp)dims/Afp.sm

e 00055 002 000 002
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2- and 3-pt functions known in geoSMEFT

Mass Dimension

| Operator form: | 6 | 8 [ 10 | 12 | |
] hiy(Duo)' (DH¢)! 2 2 2 2 masses
gAB W‘f‘y wB.nv 3 4 4 4 couplings, mix. angles
kia(D* ) (DY ¢)I WA, 0 3 4 4 TGC, HVV

B fasc WA, WB P W SH 1 2 2 2 QGC, TGC

B YU g+ he | 2N2 | 2N2 | 2NZ | 2N2 Yukawa

. dX’P’J/Lau,,wR WA +he. | 4N? 6N? | 6NZ | 6N2 dipoles

W L7 (D4 0) (Dprrpoater) | NE | N2 | ONZ | N Vi

B L‘;L,LA(D“¢)J(\TIP7L'yuaA\U,7L) 2NZ | 4NZ | 4NZ | 4N Ve

The number of new free parameters saturates at some point!

[ ]
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75,577,476

107
10° 2.002.441
105
104
103 | 3,045

102

LOG AXIS: # free parameters

|

10s

10

(

|

® D6 D8 D10 D12
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Summarizing geoSMEFT

® geoSMEFT rewrite the SMEFT in a curved field space

number of degrees of freedom saturates for n—point fxn

all orders results in SMEFT power counting

better understanding of error in SMEFT interpretation

Further development = merger loops + %

[ ]
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Precision SMEFT for HL-LHC and FCC

SMEFT is the natural choice for the precision frontier:
® quantifies heavy new physics we can't produce
® systematically improvable (loops + /\Tln expansion)

® indirect evidence — information about properties of NP

What's happening for the precision SMEFT:
® Joop expansion

® geoSMEFT — AL“ contributions

® further development will allow for merger of the two

Current efforts in SMEFT should help support and inform design of FCC
FCC-ee will give precision SMEFT results that will help identify NP
FCC-hh can give precision SMEFT result on poles (where E < A)

FCC-hh can give access to part of SMEFT not seen at HL-LHC
(e.g. vertices w two Higgs)
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The SMEFT at dimension-six

D6 operators from SM field content == SMEFT @ D6

[ ]
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The SMEFT at dimension-six

D6 operators from SM field content == SMEFT @ D6

Type I: X3 Type II, Hl: H®, H*D? Type V: W2H3 + h.c.

Q| MFCeprelralt || au (HtH)? Qen (HYH)(LeH)

Q| ME 6B G || Quo GOEICIED Qu (HtH)(QuA)
Qw | Rwirwlewke 1l Qup | (HtprHY*(HEDRR) || Quy (HYH)(QdH)
Qg | M Wirwlewkn

Type IV: X202 Type VI: W2H3 Type VII: W2H2D

e | HGEL A || Quw | (Lot e)r HWl, QW | (HliBLHY Ty L)
Qe (HtH)GA, 6Amv Quw (Lo" e)7! HB,,, QY | (HtiB! Hy(Ir' L)
Quw | HmWL Wi |l Qe | (Qo TAnAGH, Que | (HIiDLH) (e e)
Qi | HtWL Wi Nl Quy | Qo iAW, |l Q) | (HtiDuH) @y a)
Que (HtH)By, B Qus (Qo” u)fiBy el | bl Hy(@Er' v )
Qi (HtH) By B Qi | (Got” TAd)HG], Qua | (HYiDLH)(ay" 0)
Quws (Hf‘FIH)W,i,,B“" Qaw (Qotvdyr' W), Qrd (HHiB, H)(dy"d)
Qs | Hi-'HWy, B Qas (Qo™ d)AByy Qhud (HYiD, H) (av"d)

@Type VI 5 x (LLY(LL) +7 x (RR)(RR) + 8 x (LL)(RR)_
° +(LR)(RL) +4[(LR)(LR) + h.c.] = 25(WUW) (W)

L 4
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