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ATLAS Exotics Summary

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
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ATLAS SM Summary

Standard Model Total Production Cross Section Measurements Status: July 2021
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The Fermi-theory example
In the SM
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The Fermi-theory example
In the SM In the Fermi theory
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The Fermi-theory example
In the SM In the Fermi theory
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The major underlying assumption of any EFT

ANp > FE of the scale of experiments/measurements

- F—scale of experiments




® example: SM — Fermi theory

® Start w/ ultraviolet (UV)-model in mind (Seesaw, SUSY, etc)
® ‘“integrate out” heavy degrees of freedom at UV scale

® model dependent relations between ops, Qf>4

® (; are only in terms of IR degrees of freedom

- F—scale of experiments

orbett (Niels Bohr Institute)



® example: Fermi theory

® Start w/ infrared (IR)—model in mind (QED, SM)

® using symmetries of model put together ops, Q4>4

® truncate EFT at some O(1/A)

® constrain @ in experiment & infer properties of NP at A
® (s are unrelated — model independent

® (s are only in terms of IR degrees of freedom

- F—scale of experiments

14 October, 2021



SMEFT

In studying NP at Axp > v, we employ the Standard Model EFT

1 1
LsMEFT = LsM + —L5 + —

PR e La=) e

The SMEFT is formed of Lgy and
Q of d > 4 respecting SM symmetries
& ¢; embedding UV physics

14 October, 2021 5/31



SMEFT

In studying NP at Axp > v, we employ the Standard Model EFT

1

A2£6+'“ Lqg=) ciQ;
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1
LsmerT = Lsm + Xﬁs +

The SMEFT is formed of Lgy and
Q of d > 4 respecting SM symmetries
The SMEFT is: J & c; embedding UV physics

a Taylor series in ¢, & < 1

14 October,



SMEFT

In studying NP at Axp > v, we employ the Standard Model EFT

1

A2£6+'“ Lqg=) ciQ;

7

1
LsmerT = Lsm + Xﬁs +

The SMEFT is formed of Lgy and
Q of d > 4 respecting SM symmetries
The SMEFT is: J & c; embedding UV physics

a Taylor series in ¢, & < 1

The leading operator:
Ls=cop(LEH)HATLG) ~ v2oqvg
= m, ~v2/A

14 October,



SMEFT

In studying NP at Axp > v, we employ the Standard Model EFT

1 1
LsmerT = Lsm + Xﬁs + pﬁe poos Lqg=) ciQ;
i
Ci Rt % Y is formed of Lgy and
(n) specting SM symmetries
The SMEFT i C(n) N G sedding UV physics
a Taylor series in %, ? An—4

The leading operator:
Ls=cop(LEH)HATLG) ~ v2oqvg
= m, ~v2/A
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The SMEFT at dimension-six

D6 operators from SM field content = SMEFT @ D6

Type I: X3 Type II, I11: HS, H*D? Type V: W2 H3 4 h.c.
Qa FABCaAvaBragH Qu (HYH)3 Qe (HYH)(LeH)
Qs fABCagralradt || Quo (oY H)OHT H) Quu (HT H)(QuiT)
Qw LIEwlvwlewXKe || Qup | (HID*H)*(H'D*H) || Quu (HTH)(QdH)
Qw LKW wlew Kn
Type IV: X2&2 Type VI: ¥2HX Type VII: ¥2H2D
Que (HT )G, aAmY Qew (Lot ey HW], QG | =B H) (I L)
Qua EV )G, AR Qew (Lot eyt  HBy, Q%) | @ BLH)(ErTy# L)
Quw H W], winv Qua | (QoMTAWAGCE, Qe (HTiD 1) (ey'e)
Quw @ W], Wik Quw |  (Qo*wyrlAW, 4k HYD L H)(@v"q)
Qup (HYH)B,., B" Qus (Qo"¥u)HB,,, QG | T BLH)(ar y"q)
Qup (HVH) B, B*Y Quc (QorrTADHGE, Qu (BB H) (av" )
Quwr | HATDWLBY || Quw | (QorarHW], Qua (HTiD 1) (dy*d)
Quws | HITTHWL, B Qus (Qo"¥ d)H B, Quua | (H''D H)(ay"d)

Type VIIL: 5 x (LL)(LL) + 7 x (RR)(RR) + 8 x (LL)(RR)
+(LR)(RL) + 4[(LR)(LR) + h.c.] = 25(00)(JD)

ome applications 14 October,



The SMEFT at dimension-six

D6 operators from SM field content = SMEFT @ D6

Type I: X3 H Type II, I11: HS, H*D? H Type V: W2 H3 4 h.c.
Qc f (HYH)(LeH)
Qg /@ Take Field Content: (HT H)(Qui)
Qw e X — Field Strengths (HYH)(QdH)
Qi € V¥ — Fermions
Typ H - Higgs.doublets. ‘ VL 92D
D — Covariant Derivatives P B e
QuaG H"iD , H)(Ly*L)
Quea e Form D6 operators: 'U‘BLH)(ETHHL)
Quw X3, HS, H*D?, W2H3 H2X2 U2HX, U2H?D, U+ HY'D  H)(evte)
N +s _
Quw © Remove, e.g., XDU2 and (DX)? via ficld redef./EOM D)@t
QHB ITi(BﬂH)(éflw“q)
Qusp (4L a1 Dy D wdG (WO L iy, WHu (HT,L(B}LH)(E"YM”)
Quws | HIATHWL B || Quw | (@Ml HW], Qra (HY'D | 1) (dvyHd)
Quws | HITTHWL, B Qus (Qo"¥ d)H B, Quua | (H''D H)(ay"d)

Type VIII: 5 x (LL)(LL) + 7 x (RR)(RR) + 8 x (LL)(RR)

+(LR)(RL) + 4[(LR)(LR) + h.c.] = 25(TW)(IV)
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SMEFT: Effective Vertices

T3: Quo = (HTH)O(HTH) on T5: Que = (HTH)(VHp) o
T3: Qup = (H'D*H)*(H'D*H) @@ 17 Q) = (iDLl i) e

T4: Quy = (HTH)VFV, O T7: Q) = (HT D H)(#7Y) @@
T4 Quws = (HH WL B> 4 T7: Quy = (H Dl (r) @@
T8: Qi = (I D)(Iv) @l

< ‘ . SM-like

. . Non-SM-like kinematic structure

Tyler Corbett (Niels Bohr Institute) The GeoSMEFT & some applications 14 October, 2021 7/31



3 Almeida, Alves, Eboli7 Gonzalez-Garcia
3 arXiv:2108.04828

74 Uses:

] @ EWPD
@ EW diboson production

@ Higgs data

dashed - O (ﬁ)

0.04

solid - o (0% ) x BR (0 )
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— 21 OP Global STXS. O(A)
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Ambiguities of (D6)?

Imagine we match a UV model = this IR Lagrangian: (top-down)
- B & B
Lir = Lam + X—g(HTH)LeH + X—f(HTH)QLeH + he.

Equivalence theorem = can xform fields (consistently) & the S-matrix remains invariant:

14 October, 2021 9/31



Ambiguities of (D6)?

Imagine we match a UV model = this IR Lagrangian: (top-down)
- B ® B
Lir = Lom + X—?(HTH)LeH + X—f(HTH)2LeH + h.c.
Equivalence theorem = can xform fields (consistently) & the S-matrix remains invariant:
L—L+a(HTH)L
Lir = Lsm

(6) _ (8) (6) _ (8) _
+ (ceH = ay) (HYH)LeH + (%{ + alelt ) (H'H)?LeH + a“eiL (HY H)LeH + h.c.

A2 A2

i Lyt Lo, (HYH) + 2 Iy Lo, (HT H) + ia(HT H)LPL + 92 (HT H)2LPL + h.c.

5 (Niels Bohr Institute) The 0 a ica s 14 October, 2021 9/31



Ambiguities of (D6)? 11

In the original IR model as well as for keeping full & dependence:

(6) (8) 2
1 c c
IMiSeel? = IMp_seel = = [me — V203 <A§ + vaﬁ)] (p1 - p2 —m2)

10 /31



Ambiguities of (D6)? 11

In the original IR model as well as for keeping full & dependence:

L O & N2
‘Mhﬂé€|2 = |Mh~>ée|i = — |2me — \['U elf )2 (Pl cp2 — mg)
v2 A4

Taking o — [?2 , truncating at A4’ we compare:

42 (6) (8) 4[ (6)]2 )
Micel? = | 258 —avBmen S+ avBmen S — 2t | oy o — )
A2 6 (8) ~(6)72
IMhoseeld = me *4\fmav eH + 4V 21me 3ceH gyt lCen A4] (p1 - p2 —m?)

+8 77\2& (6261;)11 6L6H> (pl "p2 — mg)

—2y/2%H T e eH”"”E“ 2080 360+ 69 ) (b1 p2 —m2)
2 2
me v2a? (6) (6) (6) (8) _
—4—%a { Opprdy —3 <6EEH) + 0L } (P1 - p2 =)

5 (Niels Bohr Institute) The
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Ambiguities of (D6)? 11

In the original IR model as well as for keeping full & dependence:

L O & N2
‘Mhﬂé€|2 = |Mh~>ée|i = — |2me — \['U elf )2 (Pl cp2 — m?)
v2 A4

grinep® Consistent cales in the SMEFT:

o Equiv. theorem = S-matrix invariance
e Fundamental to reduction of basis in EFT's

M o |2 1-p2 — TT’L2
Mh—ee] e Unique solution only consistent order by order in % P e)
(6) (8) (6)12
4m C [ ol _
Mpoeel? = EH +4V2mev? eH - 2 AT } (p1 - p2 —m)

+8 A2 (6262)11 6E6H> (pl "p2 — mz)

—2v/2%et S0t eH””"‘”'“ ( 268 — 360+ 5§f)) (p1 - p2 —m2)

2 2
m2v%a? [,(6) (6) ©) ®) _
—4 et [ 60 6 -3 (%EH) + 88 } (20 39 — )

5 (Niels Bohr Institute) The GeoSMEFT ome applications 14 October, 2021 10/31



the geoSMEFT (op forms WA# W5 )

J1%

(the very simplified version, see Helset, Martin, Trott arXiv:2001.01453)
e Take SM field content, X, ¥, DH, D
e Form Lorentz invariant, but gauge variant combos of 2 or 3 fields

© stick towers of HY H, and/or 74 — gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

The operators are:
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J1%

(the very simplified version, see Helset, Martin, Trott arXiv:2001.01453)
e Take SM field content, X, ¥, DH, D
e Form Lorentz invariant, but gauge variant combos of 2 or 3 fields

© stick towers of HY H, and/or 74 — gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
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the geoSMEFT (op forms WA‘#"’WEV)

(the very simplified version, see Helset, Martin, Trott arXiv:2001.01453)
e Take SM field content, X, ¥, DH, D
e Form Lorentz invariant, but gauge variant combos of 2 or 3 fields

© stick towers of HY H, and/or 74 — gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

The operators are:
@ D4: —WARWWA — 1BrB,,

@ D6 1z: cup|H[*?B* By, caw |HPPWAR WA cawp(HTo®HYW 2, Br

QD8 i G HI*BH By Sy [HAW AR WA, D I HI2(H o H)W A, B

cg)vm(HTaﬂH)(HTabH)WCf”WbW

; (Niels Bohr Institute) Tk



the geoSMEFT (op forms WA# W5 )

J1%

(the very simplified version, see Helset, Martin, Trott arXiv:2001.01453)
e Take SM field content, X, ¥, DH, D
e Form Lorentz invariant, but gauge variant combos of 2 or 3 fields

© stick towers of HY H, and/or 74 — gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

The operators are:
@ D4: —WARWWA — 1BrB,,

Q D6 : cap|H|?B* B, caw |HPPWAR WA cawp(HTo®HYW 2, Br

A2
@ DS 1. (8) H 4B;J,UB (8) H 4wA,p,uwA (8) H 2 H’[ a WA Brv
Ad” CHB| | % CHw‘ | v CHWB‘ |“(H'o"H) v

Tty (H o H)(H O H)W Wi
QD10 5: GRIHIOBW B, G HISWARWA, S | HI (HT o HYW A, BR
CS%/V2|H‘2(HTUEH)(HTUbH)quwb,MV

- ad infintum - - -




Operator forms WA W25 Part 11

v

Defining:
A _ 1 2 3
Wi ={W,,W;,W;, By}

We can simplify the all orders expression:

Lyyays = —gWARWWA — LBW B, + cyp|H[2B* By, + cpw |HPWAH WA + ...

1
—ngBWA’”Vqu

Bohr Institu



Operator forms WA W25 Part 11

v

Defining:
={W,, W2, W2 B}

We can simplify the all orders expression:

Lyyayws = —sWAWWA — LB B, + cyp|H|?B* By + caw [HPWAH WA, + ...

1
~LgapWAHWE,

ou = 1= (0000 i) (£)

B (£)" (1T 187 (61Th 1)1 = 640)(1 — b54)

n=0

+ L_O L (%Q)H] (61T ,67) (1~ 540)554 + (A & B)]

. (Niels Bohr Institute) The



three—point functions from geoSMEFT

operator form shifts:

hr7(D¢)L (D)’ SM 3—point functions + Masses

gABW;:‘VWB"“’ SM triple gauge couplings + h(V)? + mixing angles
Y¥U YR + h.c SM Yukawas-+1 masses

Lfl]’ (DH¢)7 (YT u1b) SM gauge-fermion couplings

dﬁWA"“’(zﬂam,w) Dipoles

faBcWAMWWEWSTP  new TGCs (V)3

NfJ(DM(ﬁ)I(DV@JWfV new TGCs (0h)2(0V), removed from D6 in Warsaw

(Niels Bohr Institute) The 0 a 2 14 October, 2021



Saturation of number of operators

(This information is contained in the Hilbert Series)
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

Mass Dimension

75,577,476

[ Operator form: 6 | 8 [ 10 ] 107 8
h1(Dug)! (D" g)” 2 | 2 [ 2 | 6l
gABWfVWB’W 3 4 4 N
. kpja(DHe) (DY) WA, 0 3 4 |10 £
|| fABCWA WBwrw ok 1 2 2 |[10%)
. Ypr‘lfLiﬁR + h.c. QN% 2N; 2N? 103 13
[ | il"’ P Lo prWHY + hee. ANF | 6N7 | 6N7 | g2 |

H L,f” R I A A R — 7

| ———

B Ly (D9)) (Up1yuoater) | 2NF | ANE | AN e —

D6

. (Niels Bohr Institute) The
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To-do list/(soon-to-be) low hanging fruit:

e H production up to and including 4-point functions (soon)
© H decay up to and including 4-point functions (soon)
© Package for global fitters/experimentalists to obtain results above

@ dibosons

e tops

e differential /kinematics to try and isolate operator contributions
(See e.g. TC, T. Rasmussen arXiv:2110.03694)

@ Simulations for (HL-)LHC and future colliders

ome applications 14 October, 2021






geoSMEFT summary

@ all 3-point functions defined for both X—i and %22 expansions
for 3pt only: {m?}

@ largest Higgs production xs (hgg) can be defined in geoSMEFT
v’ + D6-loop (TC, A Martin, M Trott, arXiv:2107.07470)

@ largest Higgs decay (hbb) + most accurately measured (hy7)
for h'y’y:\/ + D6-loop (TC, A Martin, M Trott, arXiv:2107.07470)

@ many other all-orders results (e.g. hZ7)
C. Hays, A. Helset, A. Martin, M Trott, arXiv:2007.00565

@ Z-pole predictions can be derived to all orders

@ currently expanding to include 4-point functions
2
only all orders in 37 expansion

for 4pt have infinitely many %22 operators: {s",t™ m?}

Tyler Corbett (Niels Bohr Institute) The GeoSMEFT & some applications 14 October, 2021



geoSMEFT on the Z-pole

operator form shifts:

hry(D®) (Dg)” SM 3-point functions + Masses
gABW,ﬁ,WB’”” SM triple gauge couplings + h(0V)? + mixing angles
Lf/; (DH¢)! (YT ,30)  SM gauge-fermion couplings

,(/) = {Q) L7 UR, dR7 eR}

9z _ _
9" = =5 | (28lg Qv — 03) + o1 (L) + 50T (LY3)

Tyler Corbett (Niels Bohr Institute) The GeoSMEFT & some applications 14 October, 2021 17/31
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,(/) = {Q)L7uR>dR7 eR}

9z _ _
9" = =5 | (28lg Qv — 03) + o1 (L) + 50T (LY3)
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geoSMEFT on the Z-pole

operator form shifts:

hry(D®) (Dg)” SM 3-point functions + Masses
gABW,ﬁ,WB’”” SM triple gauge couplings + h(0V)? + mixing angles
Lf/; (DH¢)! (YT ,30)  SM gauge-fermion couplings

,(/) = {Q) L7 UR, dR7 eR}

9z _ _
gei’ = 5 | (2f8eg|Qu — 03) + 01 (L5a) +osvr (Lis)

)
B 9z _
m2Z = 1 <h33> 'U% ng - f( (gAB> 791792)
3/2
4m?
= Z,
Pzogy = ﬁ mz ‘geﬁw|2 I- _;b
mz

Tyler Corbett (Niels Bohr Institute) The GeoSMEFT & some applications 14 October, 2021



Z-pole pheno, arXiv:2102.02819

@ Calculate the following:
Fe,,u, FT7 Fu, Fm Fb7 FZ»

Ry, Re, Ry, AL, AS, Ab

c 0
FB> “'FB» ©*FB’ PHad

e Supplement with SM predictions up to two-loops
Awramik et al. hep-ph/0608099, Dubovyk et al. arXiv:1906.08815
Freitas arXiv: 1401.2447, Awramik et al. hep-ph/0311148

© Interpolate SM pred. to {My,Mz,Gr} input scheme from {a, Mz,Gp}
— allows for comparison of scheme dependence




Z-pole pheno, arXiv:2102.02819

@ Calculate the following:
Fe,,u,, FT7 Fu, FC: Fb7 FZ»
Ry, Re, Ry, Apg, Afp, Abg, Ol

e Supplement with SM predictions up to two-loops
Awramik et al. hep-ph/0608099, Dubovyk et al. arXiv:1906.08815
Freitas arXiv: 1401.2447, Awramik et al. hep-ph/0311148

© Interpolate SM pred. to {My,Mz,Gr} input scheme from {a, Mz,Gp}
— allows for comparison of scheme dependence

@ Z-pole data alone is not able to constrain all contributing WCs
Need alternative approach to studying impact of D8
Brivio, Trott, arXiv:1703.10924
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Calculate the following:
Fe,,u,, FT7 Fu, FC: Fb7 FZ»
Ry, Re, Ry, Abp, Afg, Abp, 0fq

Supplement with SM predictions up to two-loops
Awramik et al. hep-ph/0608099, Dubovyk et al. arXiv:1906.08815
Freitas arXiv: 1401.2447, Awramik et al. hep-ph/0311148

Interpolate SM pred. to {My,Mz,Gr} input scheme from {o, Mz, Gr}
— allows for comparison of scheme dependence

Z—pole data alone is not able to constrain all contributing WCs
Need alternative approach to studying impact of D8
Brivio, Trott, arXiv:1703.10924

use §0s/Os\1 as a measure of impact of D8 operators on O
take A =1 TeV

randomly sample values of ¢;
assume WCs are 0 £ 1 ("tree”-)
and 0 £ .01 (loop”—induced operator assumption)
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Z-pole pheno, arXiv:2102.02819

©0

Calculate the following:

Fe,,u,, FT7 Fu, Fu, Fc: 1—‘d,sy Fb:

Iz, Ry, Re, Ry, A%Bv Afp> A%B’ UIO{ad

Supplement with SM predictions up to two-loops
Awramik et al. hep-ph/0608099, Dubovyk et al. arXiv:1906.08815
Freitas arXiv: 1401.2447, Awramik et al. hep-ph/0311148

Interpolate SM pred. to {Myw,Mz,Gr} input scheme from {o, Mz,Gr}
— allows for comparison of scheme dependence

Z—pole data alone is not able to constrain all contributing WCs
Need alternative approach to studying impact of D8
Brivio, Trott, arXiv:1703.10924

Take triplet scalar model w Y3 = 0 and match to SMEFT to D8

Perform x2? analysis to Z—pole data
gives constraints in the Mg+ plane (2cH 7 H®®, n|H|?®% w/ n = .1)
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bole pheno, arXiv:2102.0281
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Z-pole quick conclusions

The full set of Z-pole observables have been calculated to ﬁ in
arXiv:2102.02819

not enough data to constrain all the WCs with Z-pole data alone
explored random sampling of WCs and impact of D8

explored matching to D8 and impact of D8

indicates naive D8 impact of ~ % in most cases, but EWPD is per mil

in phenomenological ex. w matching, slight broadening of 99% region
large broadening of 68 and 95% regions
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Ward identities & the (geo)SMEFT

TC, A. Helset, M. Trott arXiv:1909.08470
e Let the generator of 1-particles irreducible diagrams be I"

@ Using the background field method = T’ is invariant under gauge transforms:
Il

or or B 'YB,J(ZSJ or

5aB oWhE T2 © sgl

=0= (8“5§ = EBCWC’“) + (fermions)
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@ Using the background field method = T’ is invariant under gauge transforms:
Il

or or B 'YB,J(ZSJ or

5aB oWhE T2 © sgl

=0= (8“5§ = EBCWC’“) + (fermions)

© Apply all-orders zforms to the mass eigenstates, <\/§AB>UBC, <\/EIJ>VJK:
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Ward identities & the (geo)SMEFT

TC, A. Helset, M. Trott arXiv:1909.08470
e Let the generator of 1-particles irreducible diagrams be I"

@ Using the background field method = T’ is invariant under gauge transforms:
Il

or or B 'YB,J(ZSJ or

5aB oWhE T2 © sgl

=0= (8“5§ = EBCWC’“) + (fermions)

© Apply all-orders zforms to the mass eigenstates, <\/§AB>UBC, <\/EIJ>VJK:

OF _y_op 00 00 oy T

LM
CSIB_B - Y (SAXHU‘ §AC,,LL€XY 5(1)]( <ﬁJI>7§(L<\/E >VMNq)N
B, €, 7 are rotated {a, €,7}

@ Obtain Ward IDs by taking variations w/r to fields
then setting fields to their vevs (A* — 0, ®I#% = 0, &% =)

. (Niels Bohr Institute) The



Ward identities & the (geo)SMEFT

or or or or — LM
555 =0 =" axs ~ gaca oA~ ggr Y VR e (VR Vi@

e Take a variation w/r to A4 =~ and choose X = 4:

oT
H —
<8 6A47H6A47V> =0
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Ward identities & the (geo)SMEFT

o7 oT o7 o7
T 0 — A _ =C Yu KJ
58~ 0= 95~ gaow o AT gV

<ﬂJIW§<L<\/ELM>VMN‘I>N

e Take a variation w/r to A4 =~ and choose X = 4:

6T
13 —
<8 6A47H6A47V> =0

@ Take a variation w/r to AY and choose X = 3:

(o - me( 5 -
VA Z\oxoz/ ~

Tyler Corbett (Niels Bohr Institute) The > applications 14 October, 2021 26 /31



Ward identities & the (geo)SMEFT

or or or

— () = O

6B T §AXm  gACH X

or
0P

LM
— ey AV — —VEI VR TR (VR ) V@

e Take a variation w/r to A4 =~ and choose X = 4:

6T
123 —
<8 6A4’#6A47V> =0

© Take a variation w/r to AY and choose X = 3:

52T _ 52T
w_ "~ N_M _
<6 SZrSZV > Z <5xaz>

© Take a variation w/r to ®3 and choose X = 3:

(o o°r >—MZ<‘52F>+<¢H><\/hT>2 (%)=

VA% IxIx oh
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The tadpole in the geoSMEFT

TC, arXiv:2106.10284

Tyler Corbett (Niels Bohr Institute) The GeoSMEFT & some applications 14 October, 2021 27 /31



The tadpole in the geoSMEFT

TC, arXiv:2106.10284

operator form

shifts contributes?

hr;(Dg) (D¢)’
gapWAWBmv

YYU YR + h.c
LY(DH$)7 (PT 1)
AYWAH (3o, 1)
fapc WA WBw e

~1(Dud) (Dyd) Wi,

SM 3pt + M
SM TGCs + h(0V)2 + 6

SM Yukawas+My,
SM-like V1) couplings
Dipoles

new TGCs (9V)3

new TGCs (0h)2(0V)
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The tadpole in the geoSMEFT

TC, arXiv:2106.10284

operator form shifts contributes?

hr7(D¢)L (D) SM 3pt + M yes, h¢pp and hVV +GF + ghosts
gapWA WBmv SM TGCs + h(0V)2 + 6  yes, h(0V)? & h¢o from GF-+ghosts
YYU YR + h.c SM Yukawas+M,,

LY (D" ) (9T 1)) SM-like V4p1p couplings

d4WABY (o 1)) Dipoles

fapeWAHRWEBWS P new TGCs (8V)3

w4 (D) (D ¢)? Wi, new TGCs (8h)2(9V)
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The tadpole in the geoSMEFT
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gapWA WBmv SM TGCs + h(0V)2 + 6  yes, h(0V)? & h¢o from GF-+ghosts
YYU YR + h.c SM Yukawas+ My, yes, hpi)
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dGWARY (o 1)) Dipoles
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The tadpole in the geoSMEFT

TC, arXiv:2106.10284

operator form shifts contributes?

hr7(D¢)L (D) SM 3pt + M yes, h¢pp and hVV +GF + ghosts
gapWA WBmv SM TGCs + h(0V)2 + 6  yes, h(0V)? & h¢o from GF-+ghosts
YYU YR + h.c SM Yukawas+ My, yes, hpi)

LY (D*¢)” (9T ) SM-like V4p1p couplings no, (HTBH)

dﬁWA’W(lZUWw) Dipoles no, too many fields

faBcWAHWEWS P new TGCs (9V)?

w4 (D) (D ¢)? Wi, new TGCs (8h)2(9V)

(Niels Bohr Institute) The

no, too many fields

no, momentum dependent
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The simple example

All “Class 5” operators are summed in the field-space connection Y'¥:

Las = V¥ (¢) T




The simple example

All “Class 5” operators are summed in the field-space connection Y'¥:
Las = YV (¢) T3

They Feynman rule coupling hi is then:

) = ()

WH on ¥l (2n+2)

v
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The simple example

All “Class 5” operators are summed in the field-space connection Y'¥:
Las = YV (¢) T3
They Feynman rule coupling hi is then:

) = ()

44, _ 44 S5 n
l<\/E >M¢ (\/7 Z (6+2n) v22n:12 (2n + 2)

The contribution to the tadpole is then simply:

NeMy [ 8Y¥
Y Y
Th=-—13 < 0 >M¢A0(Mw)
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= () 2 (2 ] o, s D]

M 2 Sh _ _ =
T§:7327rz2 {Ezz _ ;\/544 _ < 623>(ﬁ33)2} [2M§ —3A0(Mz) — EWAO(«/éwMz)]

Bohr Instit




i o (25 - ) ] o< - |
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THi*f:g/ [< 6g11>(f11)2 -~ %\/544 _ <52L;L1>(\/E11)2] Ew Ao(VEw M)
= il {EZZ**‘F44 <6§%>(ﬁ33)2] S Ao (VEwTz)

1672
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The one-loop tadpole in the geoSMEFT

R (Y <5§7> Vit <‘”“1><f A ot — 40 )
+31‘27[§2 { Z_i <6h33> ] [20M2% — 3A¢(Mz))

+(A, cg dependence)
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The one-loop tadpole in the geoSMEFT

o T
+i\g§g {(\fu)z <5g11 > B % a4 <5:}}L1 > (\/511)2} [2M3, — 3A0(Mw)]
+3A2_47%2 {Ezz - %\/544 - <6:23 > (\/533)2] [281% — 3A0(M3)]

<f11)2f44<4A Z%g( T Yernie ) (VEw Mw)

302 1,1,n—2
33,5 44 > n p2n—4 (2n) -
4\ — M
64 2(\f ) f < Zgn 3(171’77,_2 > \/E Z)
L vrttye [ <5h44>+m/ﬁ44 1 i 1 ( 2n >v2n—4c(2n)
T 322 5h = an-1\1,2,2n 3 A
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The one-loop tadpole in the geoSMEFT

Summary:
e Allows for the all orders calculation of the one-loop tadpole
e Far more compact expressions = easier to see cancelation between V, 4", ¢ terms
© The tadpole takes on a novel role in the Ward Identities for the SMEFT
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The one-loop tadpole in the geoSMEFT

Summary:
e Allows for the all orders calculation of the one-loop tadpole
e Far more compact expressions = easier to see cancelation between V, 4", ¢ terms
© The tadpole takes on a novel role in the Ward Identities for the SMEFT

Who cares?

e In an FJ tadpole scheme the tadpole is removed by the counter term
= it just turns up in the “tree level” results

e The tadpole is gauge dependent
= this gauge dependence is necessary to obtain gauge independent My and Mg

© The vev and G are in 1:1 correspondence in the SM (at one loop)
= they are not in the SMEFT:

2 1 " Gp
V2GR Gr
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The one-loop tadpole in the geoSMEFT

Summary:
e Allows for the all orders calculation of the one-loop tadpole
e Far more compact expressions = easier to see cancelation between V, 4", ¢ terms
© The tadpole takes on a novel role in the Ward Identities for the SMEFT

Who cares?
e In an FJ tadpole scheme the tadpole is removed by the counter term
= it just turns up in the “tree level” results
e The tadpole is gauge dependent
= this gauge dependence is necessary to obtain gauge independent My and Mg
e The vev and GF are in 1:1 correspondence in the SM (at one loop)
= they are not in the SMEFT:

DL 8Ca
V2GR Gr

Next step: 2 point functions @ one-loop
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Conclusions

e EFTs allow us to study the low energy impact of heavy decoupled new physics
e The SMEFT is an excellent tool for precision BSM physics @ the LHC

e The geoSMEFT allows us to make straightforward calculations beyond LO in ﬁ
— it is only (currently) defined for 3pt functions
— from 4 pt functions on there are infinitely many operators in the 9 expansion
— the most important Higgs observables already calculated, need 4pt to go further

@ The full set of Z-pole observables have been calculated to % in arXiv:2102.02819
— not enough data to constrain all the WCs with Z-pole data alone
— explored random sampling of WCs and impact of D8
— explored matching to D8 and impact of D8
— indicates naive D8 impact of ~ % in most cases, but EWPD is per mil
— in phenomenological ex. w matching, slight broadening of 99% region
large broadening of 68% and 95% regions

e calculated the Tadpole @ one-loop
— only diagram currently possible to calculate at one-loop
— geoSMEFT “cleans up” calculations & clarifies cancellations
— with 4pt functions defined (currently underway), can move on the 2-pt loops
— enough of the D8 basis is included in 4-pt functions to begin observables

Bohr Institu



The geoSMEFT, or SMEFT to all orders &

(the very simplified version, see Helset, Martin, Trott arXiv:2001.01453)
e Take SM field content, X, ¥, DH, D

© Form Lorentz invariant, but gauge variant combos of 2 or 3 fields

© stick towers of HY, H, and/or 74 — gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)
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The geoSMEFT, or SMEFT to all orders

v
A

(the very simplified version, see Helset, Martin, Trott arXiv:2001.01453)
e Take SM field content, X, ¥, DH, D
Form Lorentz invariant, but gauge variant combos of 2 or 3 fields
gaug

© stick towers of HY, H, and/or 74 — gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

For example:
@ D4: (D, H)Y(D"*H)

QD6 {5:  cyn(HTH)O(HTH) & cyp(H'DFH)*(H'D,H)

@D8 & G (HTH?(DH) (DHH) & ) (HTH)(H oo H)(DyuH) 0% (D*H)
@ D10 450 G HTH) (D H) (DFH) & ¢4 ,(HTH)?(HioaH)(DyH) o%(DFH)
@D12 % G (HTH)Y (D) (DFH) & ey (HTH) (Hioo H)(DyH) o® (D" H)

@ D14 dy: G (HTH) (D H) (DFH) & cyyp) ,(HTH) (H oo H) (D, H) o®(DFH)
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Operator forms (D)L (D)’

Simplify things a bit:

o = {91,005, 61} & H:(ﬁijﬁ;)
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Operator forms (D)L (D)’

Simplify things a bit:

o = {91,005, 61} & H:(ﬁijﬁ;)

Now we can define:

Lpg)(Dp) = (DMH)T(D“H) +cpnQuo +cup@up + -+
= hp(D"¢) (Dud)s
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Operator forms (D*¢)!(D"¢)’

Simplify things a bit:

o = {91,005, 61} & H:(ﬁijjjg)

Now we can define:

Lpg)(Dp) = (DMH)T(D“H) +cpnQuo +cup@up + -+
= hp(D"¢) (Dud)s

hry =

: 2yt (gt
1+ ¢S + 302, (%) <A2+2n ory

L Wl S 2\ ntl 2
R B (¢ ) AS o

Tyler Corbett (Niels Bohr Institute) The GeoSMEFT & some applications 14 October, 2021
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Truncation error

An amplitude squared in the SMEFT is defined perturbatively as:

2 . 1 . 1
M2 = M + 25 Re [MEyMal + 57 (Mol + 2Re (M3, (Mo + M) +0 (5
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LO SMEFT contribution J
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IMI2 = [Msul? + 5 Re [MEyMe] + — (IMg[? + 2Re My (M2 + Ms)]) + O (=
= SM A2 € SM 6 Al 6 € SM 62 8 A6

LO SMEFT contribution J

= More consistent definition of truncation

Full NLO result possible with geoSMEFT
error J

Frequently used to “approximate” truncation error
sometimes is bigger than LO contribution J




Truncation error

An amplitude squared in the SMEFT is defined perturbatively as:

2 . 1 . 1
IMP? = [Msul® + 5 Re MEMel + 7 (Mof? +2Re (M (Mez + Ms)]) +0O (F)

IMONSY A more consistent definition of truncation error

@ Calculate consistently to D8 (geoSMEFT)
© Many new open parameters appear, cl(s) h geoSMEFT

(can’t be constrained by current experiments) -

e Vary the new parameters in some way
= infer truncation error (similar to above examples)

sometimes is bigger than LO contribution J

Bohr Institu



Finite field renormalizations in the SMEFT

Recall:
1
eqn(HTHYOHTH) - Z(v2 + 2vh 4+ A% O(w? + 20k + h?) = —v2eyn(0#h)(8uh) +

‘We need to redefine h to have a “canonical kinetic form”:

B 302 /
Vi—2vZehn (1+” cHn + 2 CHD+ )h
3(1 = 20%cun)(@uh)(0"h)  — 5 (9uh/)(O"K)

h —

E

LU N

(1+v cyo + 2 CHD+ >h’1j)7,b
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Finite field renormalizations in the SMEFT

Recall:
1
eqn(HTHYOHTH) - Z(v2 + 2vh 4+ A% O(w? + 20k + h?) = —v2eyn(0#h)(8uh) +

‘We need to redefine h to have a “canonical kinetic form”:

B 302 /
Vi—2vZehn <1+” cHn + 2 CHD+ )h
3(1 = 20%cun)(@uh)(0"h)  — 5 (9uh/)(O"K)

h —

E

LU N

(l—l-vcHD—l— o2+ )h’z,/?w

Rinse and repeat for Qup, Q(8> (&) (8) (8)

(8)
HWB

rbett (Niels Bohr Institute) The 5 & some a ations 14 October, 2021

8
np: Qupo QHB, QHW, QHWB, Q5q>37 Quw> Qw2
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Finite field renormalizations in the SMEFT

Recall:
1
eqn(HTHYOHTH) - Z(v2 + 2vh 4+ A% O(w? + 20k + h?) = —v2eyn(0#h)(8uh) +

‘We need to redefine h to have a “canonical kinetic form”:

’ 2
Wit (1+v2chn+ 3+ ) W
$(1—2v2cyn)(@uh)(9"h)  —  5(Buh)(0"R)

V2my,
v

h —

E

R - (1+vcHD+ 222 4. )h/w

Rinse and repeat for Qnp, S}p ﬁ?’D,Q, Qup, Quw, QHW B, Qﬁfg, Q(H&Wy QZ”WW

(10)  ~(10) (10)  ~(10)  ~(10) (10) (12) ~(12) (12) ~(12)
QHM 5 Qup> HD 2 Qup> Quwr Quw,2 Quwe: Qupr Qup2 Qusr Quw:
(12) (12) Q 14) Q(14 (14)  ~(14) Q (14) (14) (16) ~(16) (16)
HW,2» YHWB: “HD> “HD,2 YHB> YHW: “HW,2» YHWwB> YHD> YHD,2» YHB"
(16)  ~(16) (16) (18) ~(18) (18) ~(18) ~(18) (18) (20)  ~(20)
Quw> Quw,e Qawps Qup: Qup.2 Qup: Qaw: Cuw,e Qaws Cup: Qip,2;
(20)  ~(20) (20) (20) (22) ~(22) (22) (22) (22) (22)
Qis Qawr Qaw,2 Qaws: @upr Qap2 Qus Qn HW,2> YHW B>
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Finite field renormalizations in the SMEFT

Recall:
Las = hry(Dre) (Dre)’

1
Lag = _ZQABWA’HVWEI/
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Finite field renormalizations in the SMEFT

Recall:
Las = hry(Dre) (Dre)’

Las = _%QABWA’HVWEV
Defining the expectation of the field-space connection:

(M) = M|¢4—>v,¢i¢4—>0

Then the canonically normalized fields are simply:

V{(gCB)UpaWi
oK = {‘P_,CI)"',X, h} = Vv (hKJ>VJI¢I

c _ _
A[_L = {W+7W 7Z7’Y}
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Finite field renormalizations in the SMEFT

Recall:
Las = hry(Dre) (Dre)’

Lag = _%QABWA’HVWEV
Defining the expectation of the field-space connection:
(M) = M|¢4—>v,¢i¢4—>0
Then the canonically normalized fields are simply:
AE E{W+7W77Z7’Y} = V (gCB>UBAW;?
(PK = {‘P_,CI)"',X, h} = Vv (hKJ>VJI¢I

Which gives:

Laz hry(D*¢)! (D )7 — (D*@)! (DL ®)"

1 1
Las = —59apWAWE — 2 ABwvAB)
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Finite field renormalizations in the SMEFT

Recall:

r L (v NI (v aNT
94890 =64 & UABUpc =68
hIJhJK=6§( & VIJVJK:(Sf{

Defining the expectation of tt

1 1
z v ° 0
< -1 0 0
Upc = V2 V2
0 0 Cw Sw
0 0 —Sw Cw

Then the canonically normalizeu wicius aiv vuaipiy -

AE = {W+7W77Z7’Y} = V (gCB>UBAW;?
oK = {¢77¢+7X7h} = Vv (hKJ>VJI¢I

Which gives:
Laz = h1s(D*¢)!(D*¢)” — (DH@) (Du®)"

1 1
Las = —59apWAWE — 2 ABwvAB)

. (Niels Bohr Institute) The

ome applications

36 /31



Finite field renormalizations in the SMEFT

Recall:

r L (v NI (v aNT
94890 =64 & UABUpc =68
hIJhJK=6§( & VIJVJK:(Sf{

Defining the expectation of tt

[

! 0 0\

Sl
S

TC, arXiv:2010.15852
“The Feynman Rules for the SMEFT in the background field gauge”
Th Only tool for FR to consistently derive these corrections at ﬁ

Partial D8 basis results, recently updated with C17 and Cl115 (leptons) to D8,
TC, T Rasmussen, arXiv:2110.03694

oK = {¢77¢+7X7h} = Vv (hKJ>VJI¢I

Which gives:

Laz hr(D*¢)! (DF¢)” — (DH®)!(D,®)!

1 1
Las = —59apWAWE — 2 ABwvAB)

5 (Niels Bohr Institute) The ome applications 14 October, 2021
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Z-pole pheno, arXiv:2102

Triplet model L6 Afy constraint, a scheme Triplet model L6 Afy constraint, my scheme
700 1 700 /
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s00} 1 500
400} ] 400
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Z-pole pheno, arXiv

2102.02819

Triplet model L6 ALy constraint, @ scheme
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