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EFT & the hunt for
new physics

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Statye: May 202,
SRS hCY crex Jdt=(32-139)fo! V5 =8,13TeV
Model Loy Jetst ET™ [ram) Limit Reference
LI 1
ADD Gk + £/q Oen 1-4f Yes 361 [Mg 7.7 TeV A=2 171100801
ADD non-resonant yy 2y = = 387 |Ms 8.6 TeV n =3 HZ MO 1707.04147
ADD QBH 2j 3o M, 8.9 TeV n=6 170308127
ADD BH high T, pr zlep z2j 32 | M 8.2 TeV n =6, Mp = 3TaV, rol BH 160602265
ADD BH multijet z3j 36 | Mu 955TeV n ~ 6. My = 3TeV, et BH 1512.02586
@ RS1 Grx — vy 2y 367 | Guxmass a1 Tev " 0.1 1707 Dar47
g Bulk RS Gux — WW/ZZ multi-channel 36.1 Gux mass 23TeV & 10 1808 02380
: Bulk RS Gk — WV = fvgq Tep 2i/1d  Yes 139 |Gkeimass 10 2004.14536
- Bulk RS gx — tt Tep =1b 2103 Yes 36.1 B MASS 38 TeV i 15% 1804.10823
. 2UED/ RPP lep =2bz23) Yes 361 KK mass 1.8 TeV Tier (1.1}, B(A"Y = ) = 1 1803.09678
| SSM 2’ — it 2ep 139 |2 51 TeV 1905 06248
SSM Z" = 11 2r 36.1 7' mass 2.42 TeV 1700 07242
Leptophobic Z* — bb 2b 36.1 2’ mass 21TeV 1805.09299
Leptophobic Z* — ¢t Dep =1b22J Yes 139 Z" mass 1 TeV Fim=12% 2005 05138
S5M W' — fv lep - Yas 139 W’ mass 1906.05609
S5M W' — rv ir = Yos 36.1 W' mass 3.7 TeV 1801.06992
HVT W' — WZ s (vggmodel B 1e.p 2j/1J Yos 139 W' mass 43 w=3 2004.14636
HVT V' = WV = gqggmodel B O e 24 139 V' mass. 3.8 TeV B =3 1906.08589
HVT V' — WH/ZH model B multi-channel 36.1 V' mass 2.93 TeV v =3 1712.08518
HVT W' = WH model B Oep 21b2z2J 139 W’ mass 32TeV B =3 CERN-EP-2020-073
LRSM Wg —+ th multi-channel 36.1 Wi mass 3.25 TeV 180710473
LRSM Wg — uNg 2u 14 - 80 | Wi mass 5.0 TeV ) = 0.5TeV. g = gu 1904.12679
Claqaq 2j o A 218TeV 1, 17003.08127
ﬁ Clitgg 2e.p - 139 A 358 LM CERN-EP-2020-066
Cl e 21ep 21021 Yes 361 A 2.57 TeV Caal = 4n 1811.02305
Axial-vector mediator (Dirac OM) 0 e, L-4j Yes 361 [ 1.55 TeV Be=025, g, =1.0. m(y) = 1 GaV 1711.03301
3 Colored scalar mediator (Dirac DM) D e, u 1-4j Yes  36.1 e 1.67 TeV =10, m{y) = 1 GaV 1711.03301
2 VVyy EFT (Dirac DM) Dep 1.1 Yes a2z M. 700 GeV miy) < 150 GeV 1608 02372
Scalar reson. ¢ — ty (DiracDM)  0leu  1B0-1J Yes 361 my 34 TeV y =04 4=02 m{y) = 10GeV 1812.05743
Scalar LQ 1% gen 12e z2j Yes 361 LO mass 14 TeV p=1 1902.00377
g Scalar LO 2™ gen 12 =2j Yes 361 LO mass 1.56 TeV =1 1902.00377
= Scalar LO 3™ gen 2r 2b - 36.1 LQ} mass. 1.03 TeV B(LOQ; = br) =1 1902.08103
Scalar L 3 gen 0-1eu 2b Yos 361 Lﬂém— 470 GeV BLQ — tr) =0 1902 08103
VLQ TT — Hi/Ze/Whb + X multi-channel 361 T mass. 137 TeV S142) deutset 180802343
VLQ BB — Wt/Zb+ X multi-channel 361 | Bmass 134 TeV SU2) doublet 1808.02343
VLQ To/3TopalTaps — We+ X 2(S5)23ep21b21] Yes 361 Ty mass 1.64 TeV BTy = W)= 1, o Taa W)= 1 1807.11883
VIO Y = Wb+ X e zlbz1l Yes 36.1 Y mass 1.85 TeV B(Y = Wh)= 1, cu{Wh)= 1 1812.07343
| VLOB — Hb+ X Oen.2y 210,21 Yos 79.8 |Bmass 1.21 TeV kg=05 ATLAS-CONF-2018-024
VLD QQ — WalWg 1ep z4j Yes 203 1509.04261
| Excited quark ¢* — qg 2j - 139 |Gt 6.7 TeV only u* and d", A = m{g") 191008447
Encited quark q* — qy Ty 1] 367 | mass 5.3 TeV only o andd”. A = mig") 1709.10440
Excited quark b" — bg - 1) - 36.1 b* mass 2.6 TeV 180500200
Excited lepton £ dep - 203 A =30 ToV 14112821
o oo seier s ———————— Al
Type Il Seesaw Tep 22j Yos 79.8 N mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j = 361 Na mass 3.2 TeV ol W) = 4.1 TeV. ge = gx 1809.11105
g Higgs triplet H** — (1 23dep(S5) - - 36.1 T mass 870 GeV DY proguction 1710.09748
2 Higgs triplet H** — i et - - 20.3 DY production, B{H}* — fr) = 1 1411.2621
; Multi-charged particles 36.1 1.22 TeV DY proguction, jg| = Se 1812.03673
Magnatic monopoles - = = 344 monopole mass 237 TV DY production, (g1 = 1gp. spin 1/2 190510130
ﬁ‘\‘s“v ﬁ.,,m sl P | " " a2l L " PR
partial data  full data 1 10 Mass scale [TeV]
y " 7
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2020 f):di‘:[S.z— 139) fo! VE=8,13TeV
Model Loy Jetst ET™ [ram) Limit Reference
1
ADD Gux + g/q De.u 1-4j Yos 36.1 Mo 7.7 TeV Am2 171103301
ADD non-resonant yy 2y N - 37 Mg 86TeV - 3HZNO 1707.04147
ADD QBH - 2j - 3o M, 8.9 TeV n=6 170308127
ADD BH high T, pr zlep z2j - 32 M 8.2 TeV n =6, Mp = 3TaV, rol BH 160602265
ADD BH multijet - z3) - a6 | Mw 3TaV, rot BH 1512.02586
RAS1 G = ¥y 2y . 36.7 | Guxmass a1 TeV 1707 04147
Bulk RS Gux — WW/ZZ multi-channel 36.1 Gux mass 2aTeV 1808.02380
Bulk RS Gux = WV = fvqq Tep 2iM1d  Yes 139 Gux mass 2.0TeV 2004.14636
Bulk RS gux — tt Tep >1b>103 Yes 361 | Gecmass 3.8 TeV / 1804.10823
2UED/ RPP lep =2bz3j Yes 361 KK mass 1.8 TeV Tier (1.1}, B(A"Y = ) = 1 1803.09678
SSM Z° — tf 2ep - 139 |RZass 51TeV 1903.06248
SSM Z" = 11 2r - = 36.1 7' mass 2.42 TeV 1700 07242
Leptophobic Z' — bb - 2b - 36.1 Z' mass 21TeV 1805.09299
Leptophobic 2° — ¢t Dep =1b22J Yes 139 |2 mass 4.1 TeV Fim=12% 2005 05138
SSM W' — £y Tep = Yes 139 | WWSmass 6.0 1906.05608
SSM W’ = v ir - Yos 361 | W mass 3.7 TeV 1801.08992
HVT W' — WZ - (vgqmodel B Ter  2j/1J Yos 130 | iNimass 43 TeV =1 2004.14536
HVT V' = WV = gqggmodel B O e 24 139 [NEmass . 3B TeV B =13 190608589
HYT V' < WH/ZH model B multi-channel 36.1 |V mass 2.93 Tev v =1 1712.06518
HVT W’ = WH model B Qe =1b322J 139 | Winass 32TeV =13 CERN-EP-2020-073
LRSM Wy = th multi-channel 36.1 Wi mass 3.25TeV 180710473
LRSM Wg — uNg 2u 14 - 80 | Wi mass 5.0 TeV ) = 0.5TeV. g = gu 1904.12679
Claqaq - 2j - 7o |A 218TeV 1, 1703.06127
Clétagq 2e.n - - 130 [N ABATV. 0, CERN-EP-2020-066
Cl e 21ep 21021 Yes 361 L 2.57 TeV Cael = 4n 1811.02305
Axial-vector mediator (Dirac OM) 0 e 1-4)  Yes 361 | 1.55 TeV Be=0.25, g, =10, miy) = 1 GaV/ 17110301
Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes  36.1 e 1.67 TeV =10, m{y) = 1 GeV 1711.03301
VVyy EFT (Dirac DM) De., 14<1j Yes az M. 700 GeV' m(y) < 150 GeV 1608 02372
Scalar reson. ¢ — ty [DimcDM) 0len  1B01J  Yes 36.1 m, 3.4 TeV y =04, 1=02 my) = 10CeV 1812.06743
Scalar LQ 1% gen 12e 22 Yes 361 LO mass 14 TeV A=1 1902.00377
Scalar LO 2™ gen 12 =2j Yes 361 LO mass 1.56 TeV =1 1902.00377
Sealar LQ 3™ gon 2r 2b - 36.1 LOY mass. 1.03 TeV B(LOQY = br) =1 1902 08103
Scalar LO 3™ gon 01en 2b Yos 36.1 Luélllu 970 GeV BLYY = tr) =0 1902.08103
VLQ TT — Hi/Ze/Whb + X multi-channel 361 T mass. 137 TeV S142) deutset 180802343
VLO BB — Wt/ Zb + X multi-channel 361 |Bmass 134 Tev. SU(2) doublet 1808.02343
VLQ To/3TopalTaps — We+ X 2(S5)23ep21b21] Yes 361 Tayy mass 1.64 TeV B Tapy — W)= 1, o Tya W= 1 1807.11883
VIO Y = Wb+ X Tep 21lb:=zli Yes 36.1 Y mass 1.85 TeV BY = Wh)= 1, crlWh)= 1 1812.07343
VLQ B — Hb + X Oep.2y 21b,21 Yes 708 |Bmass 121 TeV wg=05 ATLAS-CONF-2018-024
VLG Q@ — WalWg 1eu =4 Yes 203 1509.04261
Exciled quark ¢ — qg - 2j - 139 |iqtmEss 6.7 TeV only o and ', A = m{g") 1910.08447
Encited quark q* — qy 1y 1] 367 q° mass. 5.3 TeV only " and d”. A = mi{g") 170810440
Excited quark b* — bg - 18,1 e 36.1 b* mass 2.6 TeV 1805.00200
dep - = 203 A =30 ToV 1411.2821
1ep =2 Yes  79.8 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j = 361 3.2TeV ol W) = 4.1 TeV. ge = gx 1809.11105
Higgs triplet H** — (f 234e(58) - - 36.1 470 GeV O proguction 1710.08748
Higgs triplet H** — fr et - - 203 DY production, B{M* - fr) = 1 1411.2021
Multi-charged particles 36.1 1.22 TeV DY production, |gf = Se 1812.03673
Magnatic monopoles - = - 344 237 TV DY production, (gl = 1go. spin 1/2 190510130
- Vi=13TeV w.“w L1 aal N MR | " M
portial data | full dota 1 10 Mass scale [TeV]
"Only a sé available
Small ge-radius 7 by |
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A shift in thinking

H
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H H
H H parameterize all
possible (local)
interactions
H H ‘
\/
Solved and
systematized with
H H Hilbert series methods!

Brian Henning Higgs2023 30/Nov/2023 11



The importance
of the Higgs

Brian Henning

My
vV

| ATLAS Preliminary

2 TE {5-13Tev,24.5-1391b” 2.7
S C  my, = 125.09 GeV -
E > — . ‘W —
¢ 1o T SM Higgs boson —
102 . =

- b =

10° = =

= Hpe E

o m,(m,,) used for quarks

10* =

- SE : l N ..; E
g - .
- 12r -
o - ]
SR T N § nE
08F -

Higgs2023 30/Nov/2023

10 10°
Particle mass [GeV]

12



The importance
of the Higgs

Brian Henning

My
vV

Mg
Key OF |

107

1072

1073

107

1.2

Kg Or i

0.8

o-o
JoD

AL AL T T T
| ATLAS Preliminary B
E Vs=13TeV,24.5- 139 fb™ z |23
= my =125.09 GeV R
| e SM Higgs boson W _
A
= T m,(my) used for quarks n
; | | ol |

10™ 1 10 102
Particle mass [GeV]

Higgs2023 30/Nov/2023



The importance
of the Higgs

Deviations in *any* of h couplings

Brian Henning
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can’t keep growing
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can’t keep growing

y(E)e ™" ' ® }
b
r L
—mb . 1
ye maximal for b = — logy
m

coupling grows at most im y(F) < E°
polynomially with E E—oo ™~
2 % Lo <
og~b gmlogE UNﬁ|A| = A< FElogFE

cross-sections/amplitudes
*bounded* in energy! (Froissart bound)
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Unitarity violation and EFT
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Unitarity violation and EFT

EFT makes all L= =0,

- A@—4
this transparent A
single O;
resolution: | LS insertion \

E
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/; \‘\ //' kka' wc- \ J

Amlg‘ir. Wese R o = \ N
- Al o o
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Unitarity violation and EFT

O tot 5 1082 E Otot = Z OAB—X
X
*no* channel can grow too fast
<

in EFT *many* channels exhibit E growth

= m'l].].ti-bOS()I]_ processes Recent interesting perspectives:
-Chang & Luty 1902.05556

are intimate]y related! _Falkowski & Rattazzi 1902.05936
(Wﬂl come back tO) -Cohen, Craig, Lu, Sutherland 2108.03240

Brian Henning Higgs2023 30/Nov/2023 21



Adapting EFT into analyses

EFT provides powertful,
model-independent way
to probe physics
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Which EFT?
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SM C SMEFT C HEFT

Our world

—obeys E&M at low energies
—EW gauge bosons unified into SU(2), XU(1),

—has neutral scalar of mass 125 GeV

=MOST general theory: HEFT

Relate the two by field redefinition: & = (v + h) 7 (7); ¢ - ¢ = (v + h)°

SMEFT can always be written as HEFT: HEFT cannot always be written as SMEFT:
1 2 o o 1 g
= SAG-3)05-0d)+ 3B(5-8) (G007 ~v (4-0) £ = SKWOR)? + 3 wF (R (@) — V (k)
1[ 1 2 42 102F o 1. - ., 1 v2F? -
— 2 [A+ w+n)?Bl OR)? + 2 (0 + R AGR)? -V NPy, 3.0 (K2ﬁ ﬂ)vé,
; B (o7 + 3 (00 + 5600 (K2 - B ) V(-4
Correlations at every A\ Generically non-analytic j
order between h, v at the origin

Brian Henning Higgs2023 30/Nov/2023 25



HEFT allows most general
parameterization of Higgs potential

Image credit: R. Petrossian-Byrne

) - €N - €™

L LHC (now) Jc
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What goes wrong by only working with SMEFT?

« Potential errors in interpretation. Say we see a
deviation from the SM

- In SMEFT, SU(2) symmetry typically means
deviations are correlated

- In HEFT this is not necessarily the case
« We should make all motivated measurements

- Just because 2—2 might look SM, that does not

imply 2—3, 2—4,... necessarily are
(see, e.g., Falkowski, Rattazzi 1902.05936; Cohen, Craig, Lu, Sutherland 2108.0324)

Brian Henning Higgs2023 30/Nov/2023 27



HEFT scenarios

General lore: new particles that significantly contribute
to EW symmetry breaking are captured by HEFT

...but that lore is not general enough...for example

Brian Henning Higgs2023 30/Nov/2023
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HEFT scenarios

General lore: new particles that significantly contribute
to EW symmetry breaking are captured by HEFT

...but that lore is not general enough...for example

HEFT required whenever a particle receives more than
half its mass from the Higgs

Banta, Cohen, Craig, Lu, Sutherland 2110.02967

Scalars
Singlet Hypercharge-1 Inert Doublet
10;| T T T T 1.0 { -.'!._1 ---------- IOEE |"-_1 -----------
| . 1 - ’ S
0.9f, ] 09FE ] 0.9p8 h=nr ]
I Higgs .' ]|_ '
0. [I decay ] 0.8 ,I! ' 0.8 -;'.'
fmax ' fmax I : fmax '
0.7} - 0.7hi: 0.7
g ; = !
0.6 0.6 : 1 Direct 0.6 E!.
‘.' ; searches E
0.5 0.5 5= 0.5

200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000

Mass [GCV] Mass [GeV] Mass [GGV}
Brian Henning Higgs2023 30/Nov/2023
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HEFT scenarios

General lore: new particles that significantly contribute
to EW symmetry breaking are captured by HEFT

...but that lore is not general enough...for example

HEFT required whenever a particle receives more than
half its mass from the Higgs

Banta, Cohen, Craig, Lu, Sutherland 2110.02967

But perhaps the most motivated place for HEFT™ is:
high-multiplicity EW boson processes

*this is also well-motivated for SMEFT, as we’ll see

Brian Henning Higgs2023 30/Nov/2023
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A11v and the LHC Scale of unitarity violation:
HEFT: 4nnv ~ 3 TeV

m SMEFT: 4uA ~ arbitrary

. e o) —
rUnltarltyw , y (AnalytICIty Process Unitarity Violating Scale
[Falkowski, Rattazzi '19] 5 7
) - . < “Lagrangian non- h=Z; < hZy, 66.7 TeV /|05 — 504]
Amplitudes violate < analytic at H=0" b2 o 72 04.9 TeV/\é |
unitarity by 4zv” (Falkowski & L L : 3
\_ ) \_  PRattazzi’1g] MV Zp, < WirZy, 141 TeV /03]
X 7 hZ2 o hZ? 9.1 TeV/\/|c53 — 15,
[Cohen, NC, Lu, [Cohen, NC, Lu, WV Zy < hWrZ | 11.1 TeV/\/Mg — +04)
Sutherland '21] Sutherland '20] 2
\ / 73 73 15.7 TeV /\/|03
Geometry hZ? s 73 6.8 TeV/|03 — 84]3
“Manifold lacks hZiW;, < Z2W, 8.0 TeV /|05 — %54|%
SUE)xUQ) f.p.” Tc (L
[Alonso, Jenkins, Z‘% 4 Z‘% 6.1 TeV/|(53 _ 654|4
\_ Manohar 157161 Unitarity violation involving Higgs
trilinear and quartic
Brian Henning Higgs2023 30/Nov/2023 Chang, Luty 1902.05556 31



Multi-boson processes

. o o o o Aug 202 CMS Prelimi
= Unitarity violation in many s - - —
h nne]_s CMS measurements vs. 7 TeV CMS measurement (stat,stat+sys) O+
C a' Theory 8 TeV CMS measurement (stat,stat+sys) e+
13 TeV CMS measurement (statt,?tat+sys) -
= Multi-boson processes VW e 10220212014 137 fo"
oy e WWW e 1.16 +0.30 +0.28 137 fb™
SenSItIVG prObeS WWZ  +—e— 0.85+0.31+0.13 137 fb"
wzz - . - 218147 +049 137 fb"
= Numerous exciting (and wwy e 1302022029 138 1"
Cha].]. en g'lll g) Opp ortuniti es Wyy e 1.03+029=0.34 19.41b"
. . . e Wyy e VVV 0.73+0.10+0.22 137 fb"
—hlg h-];Illl].!:lp].lClty . Zyy ¥} 0.98 +0.11+0.14  19.4 fo"
—polarlzatlon tagging Zyy e 0.91:0.09=0.11 137"
_hadr()nlc decays hnp:ﬁgéfns_g?:fgztmﬁ ° Productién Cross Section 6Ratio: C‘exp/ Othe:

See Mai Liu’s talk at this conference

Brian Henning Higgs2023 30/Nov/2023 32



Goldstones = longitudinals

HC: |H|® Osm D vhOgy

H> ~ (v+h)?+¢° — )
HwH: |H|” Osm D ¢?Osm

6 4 46
H|® > hcb) +9 v
ViVi 5 ViVih # NSy L vy K’\KL
L

—>——‘Kr/ VL

)

“Higgs without H@'—g:_\

BH, Lombardo, Riembau, Riva 1812.09299
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Goldstones = longitudinals

HC: |H|® Osm D vhOgy

H> ~ (v+h)?+¢° — )
HwH: |H|” Osm D ¢?Osm

H|° > vhcbf + ¢°
/

VLVL — VLVLh #

_)_‘/
4 diagram in

- unitary gauge \‘.__

P
\“ ViV = ViV VeV

! -

“Higgs without H@'—g:_\

BH, Lombardo, Riembau, Riva 1812.09299
Brian Henning Higgs2023 30/Nov/2023
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BH, Lombardo, Riembau, Riva
1812.09299

(HC) channels

Brian Henning

Higgs without Higgs

—

“standard” Higgs couplings

A

' 4

N\

/_\

new—and complementary—

Growth Higgs without Higgs (HwH)

I'd Y
HC HwH
2
f”’ E
- il - v
kx| Os S ~ AT
kz~ | Oww
- - .- .- E2
kvy | OBB ~ Az
ﬁ:v Or
2
Kg Ogg }---- M i %2'

R188S2UL5

OU/INOV/ZUZLS

channels

35



BH, Lombardo, Riembau, Riva

1812.09299

Brian Henning

Higgs without Higgs

0.4

Constraints from pp - jtVV at HL-LHC
________________ - 20

1o

95%, HL-LHC tTh

__________
.

Higgs2023 30/Nov/2023
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=
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Experimental opportunities

innovate WITH experimentalists

— N

polarization tagging high-multiplicity EW processes
LHG_HL_Onlylong A/ \A
\| | . > 4 point hadronic decay channels
: - massive amplitudes same sign
4 / di- leptons
\ . VVh states
Y1 ) /.
N e W+ W+ h
A o W+ Zh
ZZh
Challenge analytically 10 ab
AND numerically (e.g. 103 ab
MadGraph)

Brian Henning Higgs2023 30/Nov/2023 37



Building EFTs, and
knowing you’ve thought
of everything
...OT...
how I learned to count

Higgs2023 30/Nov/2023



all possible interactions

)| & 3

ke,
AOLp T~ AP I o I:H<+ ) '\"P(Pn'“ﬂh)

-

C;
ESMEFT=£SM+Z A 19 HPP o
i P

An operator specifies an ” N L
interaction (/* ™))" ~ A (?f*?'-)'(ﬁ*‘%)

I
-

HENCE Y
TrW, ) ~
All possible operators > E'{,‘i P
= all possible interactions

Brian Henning Higgs2023 30/Nov/2023 39



all possible interactions

Experiment sees interactions < Measures scattering amps

QL

52

Brian Henning

. (S-matrix)
v

\'g‘_ ~ ‘5'(?11?2 ’?S,P«.p)

Higgs2023 30/Nov/2023
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all possible interactions

Experiment sees interactions < Measures scattering amps

(S-matrix)
72 G

\" rd
~ Not all functions
B T '}(?‘ ¥z 1P P ) } independent!

e.qg. fao(pi) = fi(pi) + (p1+p2+p3+pa)g(pi) ~ f1(p:)

Brian Henning Higgs2023 30/Nov/2023
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all possible interactions

Experiment sees interactions < Measures scattering amps
(S-matrix)
72 G

\" rd
~ Not all functions
B /><zf -‘}(?‘ 2 1Py P ) } independent!

e.qg. fao(pi) = fi(pi) + (p1+p2+p3+pa)g(pi) ~ f1(p:)

PROBLEM: determine all independent amplitudes in the SM
CRUCIAL: “independent” & rules governing S-mat

Brian Henning Higgs2023 30/Nov/2023 BH, Lu, Melia, Murayama 1706.08520 42



EFT operator basis
ﬁchini : S:/ddg;g(x) ’ Z:/ngeis

4 . .
N Lorentz invariance & (), are Lorentz scalars
§& @
Q Q

Translation invariance ¢  can integrate by parts

(/da: 0,0"(z) = O)

\_ On-shell & EOM/field redefinitions

Equivalence relations for operator basis
follow from the S-matrix!

Brian Henning Higgs2023 30/Nov/2023
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EFT operator basis

Basic questions: 1) How many ops? Operator basis & S-matrix

/\J 2) What are they? = spactime symmetry
Find a partition function = can use group theory!

Brian Henning Higgs2023 30/Nov/2023 44



EFT operator basis

Basic questions: 1) How many ops? Operator basis & S-matrix

/\J 2) What are they? = spactime symmetry
Find a partition function = can use group theory!

“Hilbert series”

T H =Tr e = Z ¢ =14 c1¢" +cag® + - -

j' Oek /\J‘
JC = operator basis CA = # of ops of mass
dimension A

[Compare Z:TrHﬁ: Z ile” BH\ Zch : q_eﬁJ

|i)EH
Brian Henning Higgs2023 30/NOV/2023 45



# ops of dimension A in SMEFT

COOO 000000

1000000000

100000000

10000000

No. of independent ops

Brian Henning

1000000

100000

10000

1000

100

10

Hilbert series for SMEFT

d—1
Asymptotically: H(A) ~ ag(A)ef4> * inddim 27951757

12

-
-
-
-
-
-
-
-
-
-
-
-
-

Nf=3

7557369962

4614554

5474170

257378

A

Nf=1

BH, Lu, Melia, Murayama 1512.03433

9 10 11 12 13 14 15

Higgs2023 erNewreosgn A
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Hilbert series for HEFT

- massive particles

pro(IiIlI;IC(;SC (\)/\If):l: 1;?113‘7 7rs T charged under U(1),,,
™~ SU(2)

. XU(1), realized non-linearly
what we see in the IR >

Our world: SU(2)r x U(1 /U )gm W*,Z massive g

Typical treatments: SU(2). x U(1 / SU(2),, © spurions

L—/y

Brian Henning Higgs2023 30/Nov/2023 47



Hilbert series for HEFT

- massive particles

proﬁ'II;IC(;SC(.)W_p’]-SOIaJ:IS‘I]-g 7' —_— Charged under U(l)EM
™~ SU(_2)

. XU(1), realized non-linearly
what we see in the IR >
#

Our world: SU(2)r x U(I)Y/U(I)EM W*,Z massive

f

<\ Typical treatments: SU(2)r, x U(1)y / SU(2)p @ spurions

Hilbert series developed

for hoth p1ctu1;tfs/y New ingredients: 1) massive particles

Graf, BH, Lu, Melia, Murayama 2211.06275 :
Sun, Wang, Yu 2211.11598 2) spurions
[(§ n
Construction of NLO and NNLO HEFT ops: 3) form faCtOI'S O ™~ f (h) O

Sun, Xiao, Yu 2206.07722, 2210.14939
Brian Henning Higgs2023 30/Nov/2023 48



Hilbert series ingredients

Field Lorentz Group SU3)¢ U(1)em dim
ur , uRr 3 %
dr , dr 3 -3 )
(3.0, (0.3) ‘ 3
vy, (VR) 1 0
€r , €R 1 -1
GL ’ GR 8 0
wE, Wi 1 +1
L» 7R (1,0), (0,1) 2
Zy,, Zp 1 0
AL, Ag 1 0
V= +1
(3.3) 1 1
Ve 0
h (0,0) 1 0 1

massive W+,Z

Can split into longitudinal
and transverse components —>

= Higgs mechanism!

Brian Henning

Everything fixed upon

specifying particle content
and their representations

massless spin-0 :
massless spin-1 :
massless spin-2 :
massless spin-3 :
massless spin-4 :

Higgs2023 30/Nov/2023

o massive spin-0
1 [0 (0O (L0 CCen
E BZJ T O 0
] O |
/ EB P e o
L 1]
massive spin-1 ‘ H—H H—H—I H_H_l .
massive spin-2 H:H:’ H:H:ll_] -




Sun, Wan ) Yu 2211.11598 5.46581x10° _ | E FT lt
g 3.82982x10° // | H re S -u- S
10% 3.21147x10° - i
3 =aw | Agrees with NLO bases in literature v
S | (some minor mistakes found; caveat that t3, # Q)
o 10 412418 Buchalla, Cata, Krause; Brivio, Gonzalez-Fraile, Gonzalez-Garcia, Merlo;
© Sun, Xiao, Yu
Q
o ]
. k
° 1000] ] Easﬂy go to N1LO, k>1
— For N*LO, see Sun, Xiao, Yu 2210.14939
— nf=3 |
3 4 5 6 7 8 9
Chiral dimension
SU@)Lx UMy [17(1)py SU@)L < SUR)r [ 517(2),, small caveat
( Graf, BH, Lu, Melia, Murayama 2211.06275 +1" = spurion 7 T = Uosg Ut
Class Detailed Class dim HEFT Class  Detailed Class  dim (v)HEFT
v 1 5 v 4 24274 T <T> : SU(Q)V — U(l)v
hDV? 5 1 rDV3 5 2T + T2+ 13
D? h*D?V? 6 4 D* R*D*V? 6 2 4 272 U(l)v — Q - %(B - L) # U(l)Q
h*D*V 7 1 R3D3V 7 T
n ; : R 8 ! Not the same as U(1),,
DX V2x 4 8 D?X VX 4 2 44T + 272 . . .
X2 4 10 X2 1 Giortor (coincides in B—L = 0 sector)

3 3
X 6 6 X 6 442T 50




Power counting from Hilbert series

The “natural” expansion of Hilbert series is in

by + ko + ks + ks — k(1) Scaling dimension
%1 [T %2 FHOF3 W 9% [ (powers of energy)
N LAY (2) Number of fields
4

Precisely the organizational scheme

Lt NN used for “primary observables”
(Chang, Chen, Liu, Luty 2212.06215)

Brian Henning Higgs2023 30/Nov/2023 51



No. of independent ops

Hllbert goes to town

/

168 81449'5’935
T N=3
108 i 1
30968 265
z
= ]
107 _-~"20971379
: -
®
1170086 - N.=2
6 2 o =
10 s ~*" 1425448 f
5 -
1o 97118
-
104
10
102
12
10 e
) == 10
L2 ‘ ‘
2 4 6 8 10 12 14 16

Wt
Dyl
D2 i

Brian Henning

(l—'b")(n-'b‘*)&

Chiral Dimension

massless spin-0 :

massless spin-1 :

massless spin-3 :

massless spin-4 :

£ B
D, E D, B
“1 ple e | ¥ | DB, DB

massless spin-2 :

>

R ~ C O, =
e 2N © R
WEYL  TWIer  RSeT
TENSOR.  TEMoR,  SNAR =
==} (mul
P—
o massive spin-()
[1]o]m oo oo ooo
/ B B B e
massive spin-1 W BEB EEEFI BEH:D R
massive spin-2 BEHH B}Eﬂ T
v 0
Dy DO

HIg@S2UZ3 3U/INOV/2ZUZ3

Chiral lagrangians
(BH, Lu, Melia, Murayama 1706.08520,
ibid + Graf 2009.01239)

HEFT

(Gréf, BH, Lu, Melia, Murayama 2211.06275;
Sun, Wang, Yu 2211.11598)

1d QFT

(BH, Lu, Melia, Murayama 1507.07240)

Gravity
(Rudorfer, Serra, Weiler 1908.08050)

NRQCD and HQET

(Kobach and Pal 1704.00008, 1804.01534,
1810.0236)

N=1 SUSY

(Delgado, Martin, Wang 2212.02551,
2305.01736)

O(n) NLSM

(Bijnens, Gudnason, Yu, Zhang 2212.07901)

CP and SMEFT

(Kondo, Murayama, Okabe 2212.02413)
BSM model building,

asymptotics,

algorithms, 52



Constructing operators

Example: all ops involving 2 H's, 2 W’s, and k derivatives?

ki+ ko + ks + ks =k _— degree k polynomial
aleaszak3W8k4W <~ f(plapQJp37p4)H(pl)H(p2)W(p3)W(p4)

RO 7
\\\ % W)
~‘
4
S
"'
¥ 4
T 4
N N R

Brian Henning Higgs2023 30/Nov/2023 53



Constructing operators

Example: all ops involving 2 H's, 2 W’s, and k derivatives?

ki + ko +ks+ky=F d k pol ial
1 2 3 4 P _— egree Kk polynomia
k k k k
O HO™HO™WIO™W < f(p1,p2,p3,pa) H(p1)H (p2)W (p3)W (p4)
- - Y - Scalars: BH, Lu, Melia, Murayama 1706.08520
) P Arbitrary spin: BH, Melia 1902.06747, 1902.06754
H s‘\.\ 3/ W Su:b.eCt to: /\/ See also: Dong, Ma, Shu 2103.15837
\‘ ‘] ’ Durieux, Kitahara, Machado, Shadmi, Weiss 1909.10551
. A
*. = momentum conservation Y P, =0
)
4 2
R = on-shell p; =0
4
. N Api) = f(pi
W e )\",_ '|’§ w = Lorentz invariance f(Api) = f(pi)

A e SO(3,1)

Brian Henning Higgs2023 30/Nov/2023 54



Constructing operators

1902.06754

= momentum conservation /constraints define a manifold in phase space
>

S(p1) - 8(py) x 64 (P* — (pff + - +ph))
wsplnors > 54 (Pa ()\lxl 4+ 4 Aan)aa)

= on-shell

= Lorentz invariance ) & —

Brian Henning Higgs2023 30/Nov/2023 55



Constructing operators

1902.06754

= momentum conservation /constraints define a manifold in phase space
>

8(pT)---6(ph) x 6*(P* — (P} + -+ plt))

. . use spinors ~ ~
= Lorentz invariance ) S——usesp > 0* (Paa — (MM A”A”)aa)

= on-shell

Want a set of class
functions on the manifold

|—> generalized spherical harmonics

|

operators & harmonics on phase space

Brian Henning Higgs2023 30/Nov/2023 56



Constructing operators

BH, T. Melia
1902.06747
1902.06754

= momentum conservation /constraints define a manifold in phase space
>

= on-shell

= Lorentz invariance )

YR

_ ‘2

M 0
P‘m_(o M)_

geometry 2 — 2

‘ 2

Ao - Xf ‘X2

basically two , G/ = U(N)/U(N —2)
orthogonal " =Y -
spheres 0=1%-1 ues

“Stiefel manifold”
(Grassmannian C Stiefel

‘GZ,N(C) = U(N)/U(N—Q) x U(2)

Brian Henning

v E S2N—3

J

Higgs2023 30/Nov/2023

0(pT) -~ 6(pn) x 6 (P* — (Pf +--- +phy))
WSPIDOFS > 54 (Pa' ()\15\'1 I )\n/}\'n)ad)

.

Want a set of class
functions on the manifold

|—> generalized spherical harmonics

|

operators & harmonics on phase space

“conformal - helicity duality”

SU(27 2) x U (N ) (math world: reductive dual

pairs/Howe duality/oscillator
representation)

57



Phase space harmonics

The families of operators

= @B 8 - B e

belong to the same —— T e .
Grassmann harmonic! ” ? o y
BH, T. Melia 1902.06747, 1902.06754 8B o
o7 22

=3

Explains structure of EFT
non-renormalization/helicity

selection rules

Cheung & Shen 1505.01844
Azatov, Contino, Machado, Riva 1607.05236
Jiang, Shu, Xiao, Zheng 2001.04481

5
d
<

Method used to construct , ,
Li, Ren, Shu, Xiao, Yu 2005.00008, 2012.11615

dim-8 ops in SMEFT Dong, Ma, Shu, Zheng 2202.08350
Brian Henning Higgs2023 30/Nov/2023 58



Harmonics and tableaux methods

Massless

Phase space geometry
BH, Melia 1902.06747, 1902.06754;
Larkoski, Melia 2008.06508

SMEFT from on-shell:
Ma, Shu, Xiao 1902.06752;
Jiang, Shu, Xiao, Zheng 2001.04481

Dim-8 SMEFT
Li, Ren, Shu, Xiao, Yu, Zheng 2005.00008, 2012.11615

Massive

On-shell massive amplitudes

Durieux, Kitahara, Shadmi, Weiss 1909.10551;
ibid + Machado 2008.09652;

Falkowski, Isabella, Machado 2011.05339

Tableaux for any mass and spin
Dong, Ma, Shu 2103.15837

HEFT
Sun, Xiao, Yu 2206.07722, 2210.14939;
Dong, Ma, Shu, Zhou 2211.16515

I LX)

The powerful methods of group theory,
spinor helicity, and on-shell techniques
have solved and systematized problems

unthinkable just a few years ago

Atsy (e, )T (1] x[2]2]% [3]3]

®

1/1]2 112\2\@11

2|3|@ 1/1]3]3]

336933

2(3

1/2[3]3]

2

2
1/1[2]2]3] .[1
B D

2(2

ol1]1]2]2]3[3]

A33 69"”42 @A (4,2) @A(“
@AI (5.1)! ]@AI 5.1)2 @A | Image credit:

J. Shu

Complete NNLO Operator Bases in Higgs Effective Field

Theory

Hao Sun, Ming-Lei Xiao, Jiang-Hao Yu

' ' Comments: I 419 pages,

Subjects:

ables

Cite as: arXiv:2210.14939 [hep-ph]

Brian Henning Higgs2023 30/Nov/2023

gy Physics - Phenomenology (hep-ph); High Energy Physics - Theory (hep-th)
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iIsomorphic problems

OCWERATER - STATE
l%ﬂ-) = @,L(DF)\D»
BT Pata D= S F@INOY &~ | (& t?)a:w)n..f..]

S

)

OPERATOR, SPACE RT(BERT SPACE
FEyNMAS ROLES & L‘I“\"T;L.E GROUP SCALTNGS
TNTERPOLATING FIELDS S IACT AR AN
T4 = Sop L™ 40.) v

Moics o1 AN
SCATTERING AMPLTTUDES

(S-marrTx)

Brian Henning Higgs2023 30/Nov/2023 60



Other applications: EFT

operators/EFT amplitudes

phase space (Grassmannian) generalize to massive
harmonics and EFT positivity particles (hard, but useful!)
1.0,
< 2 2 2 4
08 d(pi —m3) - 8(pi — mi)d*( sz
_06 — _/
*:5 , 'l
* 04

Massive phase space manifold:
Is there a “nice” geometric
formulation?

3‘2a|/a0

numerous other questions: identical particles (symmeterization); non-renormalization thms;

efficient construction algorithms; amplitudes in d = 2+1; ...

Brian Henning Higgs2023 30/Nov/202 61



Brian Henning

THANK YOU!

Higgs2023 30/Nov/2023
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Brian Henning

BACKUP

Higgs2023 30/Nov/2023
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upshot on Stiefel harmonics

harmonics labeled by Young diagrams
(with at most two rows)

these dictate specific polynomials in the spinors

comments:
Construct states algebraically

e.d.
L= (1,5 13)) ~ F

1) each shape corresponds to operators
2) multiple operators belong to same shape

a) these involve particles with different
spin now apply U(N) lowering op:

3) these operators are conformal primaries L |l7 M) ~ |l7 u’) ~ 1; EFa

Brian Henning Higgs2023 30/Nov/2023 64 93



Top Yukawa

Brian Henning

HwH: top yukawa

— boosted top

— forward jet

n;| > 2.5, p?. > 30 GeV, E; > 300 GeV

— Ny, from vector decays

# events @ HL-LHC

look for single boosted top +
forward jet, then just count leptons

Process

14

(=0F

(==

30(40)

WEW+
WEW+
W*Z7
77

3449/567 1724/283
2850/398|1425,/199
3860/632| 965/158
2484/364| -

216/35

273 /45
351/49

178/25

68}11
(12/2)

pY > 250 GeV / ply > 500 GeV

Higgs2023 30/Nov/2023

>2L: small
background
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