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The overaching highlight to me...

...the emphasis is (back) on experimental data...

» unprecedented amount of data from the LHC and beyond

» robust understanding and validation of our null hypothesis



The overaching highlight to me...

...the emphasis is (back) on experimental data...

» unprecedented amount of data from the LHC and beyond

» robust understanding and validation of our null hypothesis

...which should equip us with ambition and optimism.

» full ‘monetisation’ of the LHC high-luminosity phase

» continued (UK) contributions to theoretical/exp. developments

» wedge the door open for large-scale progress in particle physics



Stll null BSM results...

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

o ']
Status: July 2018 [Ldt=(32-79.8) b VE=813TeV
Model Ly Jetst ET [ram] Limit Reference
ADD Gy +81q Oep 1-4)] Yos 361 |[Ms 7.7 TeV am?2 171103301
ADD nonresonant yy 2y - - 367 | Mg 86TeV n=3IHLZNO 170704147
ADD GeH - 2j - 370 |Ma 89TV -6 170309127
ADDBH high ¥ pr 2le.p 22j - 32 M, 82 TeV nw=6 My = 3TaV.rt BH 160602265
ADDBH musjet - >3) - 36 My, 88TV =6 My = 3TOV.(CBH 15120296
RS1 Gy = vy 2y - - 367 |Gemass 4.1 TeV &/ Ty = 01 1TOT0447
Buk RS Gy - WW /22 muki-charmel 361 G Mass 23TeV K Mpy = LO CERN-EP 201819
Bulk RS gy = 11 lep 21b,2102) Yos 361 |Emss 38 TeV Mim= 15% 1804 10823
2UED! RPP lep 22b,23) Yes 361 KKmass 18TeV Tiar (L AT L= L 1280209678
SSM 27 1! 2e,p - - 36.1 2" mass 45TeV 1707.02424
SEM 2w 2r - - 36.1 Zrmass 242 TeV 17090742
Lopiophobic Z7 -+ bb - 2b - 361 | Z'mas 21 TeV 180509299
Lepiophobic Z” «» 1t lep 21b,2102) Yes 361 Zrmass 30TeV Mim= 1% 1804 10&23
SSM WY e iy lep - Yos 798 |W mass 56 TeV ATLAS -QONF -2018-017
SSM WY v 1r - Yos 361 | W mass 3.7TeV 180106992
HVTV « WV s gqqggmodad B Oe, 2J - 798 |Vimas 4.15TeV =3 ATLAS QONF -2018-016
HVTV o WH/ZH modd B mukti charmal 36.1 V' mas 293 TeV sv=3 17120658
LASM Wy - b muki-charnal 361 | Wrmass 326 TeV CERN-EP 2018-1&2
. Clggqq - 2j - 370 |A 218TeV 1, 170209127
Cliligq 2e.p - - 36.1 A 400TeV . 170702424
Clrrer 2lep 21b,21) Yes 361 |A 257 TeV ICl= & CERN-EP 2018174
Adal vecior medanor{Dimc OM) Oe,p 1-4) Yos 361 P 155 TeV L0285, g o0 0 miy) = LGV 171103301
. Coloed scakr madatr Drac OM) Oe, p 1-4j Yos 361 " 167 TeV £et.0 miy) =1 GaV 171103301
VViy EFT (Oimc DM Oe,p 1J,€1})  Yes 32 M, 700 GeV miy) < 150 GaV 160802372
Scalar LO 1M gen 2e 22) - 32 |LQmass 1.1 TeV f=1 TE0S0EmS
. Scalar LO 2 gan 2pu 22j) - 32 |Lamass 1.05 TeV f=1 160506035
Scalar LOF gan lep 210.23) Yes 203 |ECESSEEE =0 150804735
VO TT «» M/ Ze/Wh4 X muticharmal 361 Tmass 137 TeV SUZ) coubiat ATLAS -QONF -2018-032
VLO BB «» Wr/Zb4 X muti-charnal 361 Bmass 134TeV SU2) coubiat ATLAS -QONF -2018-082
VO Taa Taal Tas = Wrd X 28S)=23ep21b,21) Yes 361 Tyamass 164 TeV Bl Toa— Wikt dTeaWhet CERN-EP-2018-1TY
VOY - Wby X lepg 210,21 Yes 32 |Ymass 144 TeV BlY — Whiet, o YWhe 1/Z | ATLAS.OONF 2016072
VOB -« Hb 4 X Oep2y 21b,2Y Yes 798 |Bmas 121 TeV e 0.5 ATLAS QONF-2018-024
VLO QQ — Wakg Tep  z4) Yes 203 |EESE 150904261
Excited quark g° - g8 - 2j - 370 |§ mass 60TeV ey u' and & A= mig') 17020927
Excited gk g° - gy 1y 1) - 367 |& maEs 53TeV ey ang &' A= mig') 1709 10440
Excited qak b* - bg - 1b,1j - 361 | b mass 26TeV 180509299
Excited lepton ° 3e.p - - 203 A=30TeV 1411.2921
, Excited lopion v* 3epurT - - 203 A=LBTaV 1411.2921
L Typo il Soosaw Tep 22j Yoz 798 ATLAS QONF -2018-020
LASMMaprama v 2e.p 2) - 203 m{ We) = 24 RV.nemixing 150606020
Higgs miplet M+~ - [/ 234 ¢, u(58) - - 36.1 DY produdtion 171009748
Higgs mplet H** It 3epu71 - - 203 DY procudtion, B H)'* — It} = L 14112921
Monoop fnonres prod) e 1b Yos 203 B = 02 1405404
Mutti charged paricles - - - 203 DY produdtion, 9| = Se 150404182
Magnasc monopoles - - - 70 OV procudtion, |g| = Lgn, spin 1/2 150908059
A A L L l A A A A A A L l A A A A

1071 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).

10 Mass scale [TeV]



Still null BSM results...

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

. < kil 2
Status: July 2018 det=(32-798) fo-! \(-=81 13 TeV
Model Ly Jetsi ET'= fram] Limit Reference

ADD Gy +8/q Oep 1-4) Yes 361 |Ms 7.7 TeV am2 171103301
ADD nonresonant yy 2y B B 367 Mg B86TeV o= 3HLZNO 170704147
ADDCEH - 2) - 370 | M 89TV =6 170209127
ADDBH high ¥ pr 2le.p 22j) - 32 M, 82 TeV nw=6 My = 3TaV.rt BH 160602265
ADD BH mudsjot - 23 - 35 | M S88TeV n=6 My = 3TVt BH 151202986
RS1 Gy = vy 2y - - 367 | Gumass 4.1 TeV kT, = 01 170704347
Buk RS Gyy - WW /) ZZ mukti-charnel 36.1 G Mass 23TeV kiMp; = LD CERN-EP 201819
Bulk RS gy, = 1t lep 21b.2102) Yos 361 W MBS 328 ToV Mim= 15% 1804 10823
2UED! RPP 180309678
SSM 27 - 1! 1707.02424
SSM 2% w1 ° eT o o 17090742
Lopiophobic 4 ? 180509299
== What are the possibilites:
SEM W ! ATLAS -QONF -2018-017
SSM W w1 180106992
HVTV - W ATLAS QONF -0 18-016
HVTV W 17120658
LRSM W « CERN-EP 2018142

. Claggqq . . 170209127
Clilqq 1707.02424
s v analyses are not sufficiently tailored oot
Adadvecir m 171103301

. Coloed sl 17110330
VWi EFT (L 160802372
Scalar LO 1™ ° ° 160506035

| =ty weare looking in the wrong place e
Scalar LO T 150804735
VO TT = # ATLAS QONF -0 18-032
VLO BB - ¥ ATLAS -QONF -2018-092
VO Toa T CERNEP 20181y
wiok v ourdata are not accurate (yet) P
VLO B - Mb \TLAS QONF-2018-024
VO QQ = ) 15090426 1
Excited quak 170209127
Excited gk 1709 10440
Excited quak 180509299
Excited lepion 1411.2921
Excited lopton 14112921
Type il Scosaw ATLAS QONF -2018-020
LRSMMaprmma v : m{ We) = 24 RV.nc mixing 150606020
Higgs wiplet M+~ - [/ 234 ¢, u88) - - 36.1 DY procuction 171009748
Higgs mplet H** It 3e.qur1 - - 203 oY procudion B{H* — It} = L 1411.2921
Monotop inonees prod) Tep 1b Yos 203 B = 02 1410.5404
Muti charged paricles - . - 203 DY peocuction, || = Se 150404138
Magnesc monopoles - - - 70 OV procudtion, |g| = Lgn, spin 1/2 150908059

raaal A A e aaaal A A AL

107 10 Mmass scale [TeV]

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

rSmall-radius (large-radius

) jets are denoted by the lefter j (J).
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[Sakharov " 67] ...
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address BSM needs

e ‘sitalk - :
[Sakharov " 67] ... Szorzd ol bOtt()m up appI'OaCh. EFT

A energy

[de Blasetal.” 17]
[Banerjee etal. * 20]
[Naskar etal. ~22]
[Guedes etal. " 23, " 24]
[Adhikary etal. 25]

> 1TeV? Mpew

O(100 GeV) .  electroweak measure / constrain

¢ RGE evolve

measure / constrain




bottom-up approach: EFT

theoretical ambition

ener
& &Y spontaneously broken CFT

> 1 TeV? Mpew new physics

i ‘a theorem’

renormalisable SM C EFT { [Cardy " 88]
» 4 ~ [Komargodski, Schwimmer * 11]

O(100 GeV)

e.g. [Stegeman, Zwicky " 25 & " 25]




(pert.) Quantum Field Theory = Prediction of Correlations



(pert.) Quantum Field Theory = Prediction of Correlations
SMEFT su@)xu(1)/U(1) (+ flavour)

» clear power counting: dim. 6 > dim. 8 > ...
» comparably few (bosonic) parameters
» tight correlations across Higgs multiplicities

» non-linear elw vacuum: non-trivial technical implications...

£ Lot > 0t

[Buchmiiller, Wyler ~ 87]
[Hagiwara, Peccei, Zeppenfeld, Hikasa * 87]
[Grzadkowski, Iskrzynski, Misiak, Rosiek ™ 10]
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‘----------.

(pert.) Quantum Field Theory = Prediction of Correlations

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

'SMEFT  SU@U(1)/U(1) (+ avour “SM 1s a good IR reference point”

» clear power counting: dim. 6 > dim. 8 > ...
» comparably few (bosonic) parameters

» tight correlations across Higgs multiplicities

.--------

» non-linear elw vacuum: non-trivial technical implications...

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

HEFT su@)xSu(2)/SU(2) -+ fiavour) ”technicolour”/ yPT + singlet scalar
» CCWZ construction of EW scale + observed states
[Coleman, Wess, Zumino " 69]

4 large ﬂumber ()f parameters cf. counting [Brivio etal. *25] [Callan, Coleman, Wess, Zumino " 69]

» data informs Higgs multiplicity correlations
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» (elw) vacuum coarse-grained: technical simplifications...



(pert.) Quantum Field Theory = Prediction of Correlations
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:""'S MEFT su@xum/u() ¢ o “SM 1s a good IR reference point:

: » clear power counting: dim. 6 > dim. 8 > ...

% » comparably few (bosonic) parameters
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.--------
IS A, B B R I R . ==

<
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(pert.) Quantum Field Theory = Prediction of Correlations

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

SMEFT SU@xUM/U) ¢ favoun “SM 1s a good IR reference point:
» » clear power counting: dim. 6 > dim. 8 > ...
t » comparably few (bosonic) parameters <
» » tight correlations across Higgs multplicities 5
» non-linear elw vacuum: non-trivial technical implications... e

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

[Alonso etal. " 16]
» large number of parameters  «f. counting [Brivio etal. *25) G

: : - : [Anishaetal. *22] f
» data informs Higgs multiplicity correlations ¢k, Naskar, Sutheriand *231 /

.--------

» (elw) vacuum coarse-grained: technical simplifications...

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



Ratio of Uncertainties to SMEFiT3.0 Baseline, O (/\_2) , Marginalised

SMEFT analyses

...well underway...
...with exp. buy-in!

plethora of parameters

flavour-blind results:
0.1-1/TeV2 sensitivity

improvements towards

HL-LHC possible via
data...

...not a silver bullet for
BSM discovery

(Celada ctal. * 24] ’ flavoured models as
counterexamples

—®— SMEFiT3.0, individual ...|CE, Mayer, Naskar, Renner" 24]

== HL-LHC == HL-LHC, individual




no reason to be so pessimistic at this point!

single Higgs physics seems to favour the SM

— T 1 ' * ' 1 ' ' T 1 T T T T 1 T
ATLAS Preliminar = Total
Vs =13 TeV, 36.1 - 139 fb’ Stat.
m,, = 125.09 GeV == Syst
pSM=790/° I SM
. Total Stat. Syst.
ogF vy 102 70 (fog . Toxr )
99F 22 C 085 o3 (o1 ‘oo )
| ooruw - te tER(0EL i)
ggF T i 087 152 (151 ‘oz )
ggF +1tH uu H—— 052 ‘g (o7 . loa )
VBF vy |E* 147705 (5% Toi)
VBF 22 == 181 e (lo% . loo)
VBF Ww - 109 g (Zais s Zodo)
VBF - 099 'ofg (Ioi, o)
VBF+ggF bb = 088 5% (lo% . lo%s)
VBF4+VH uy == 238 i3 (‘1% ‘ox)
VH vy == 133 105 (0% oo )
VH 2z —— 151 ool (6as . Tots)
VH o a1 098 o5 (lok loas)
WH bb o 104 755 (Zote+ ois)
ZH bb = 100 0% (lowr. oir)
tiHtH 1y b 098 TG (6%, 13%)
ttH+H WW H=— 164 1060 (0% . lods)
ttH+H 22 e 189 IR (G o)
ttH+4H o HE— 189 0% (o0& loa)
ttH-+H bb = 035 9% (0%, o%)
YR T RN I T TR TR I SN TR S AN S TR SU SN ST ST SN E S S SR E'

-4 -2 0 2 4 6 8
o x B normalised to SM
c.g. [ATLAS "21]




no reason to be so pessimistic at this point!

single Higgs physics seems to favour the SM

L L e
ATLAS Preliminar ——  Total
Vs =13 TeV, 36.1 - 139 fb’ Stat.
m,, = 125.09 GeV == Syst
pSM=790/° I SM
. Total Stat. Syst.
agF vy 102 01 (‘008 Toor)
9gF ZZ i 095 ol (101 . Tom)
| ggrww - 113t (R w2
ggF i 087 ok (ot ‘om)
ggF+tH pu —e=— 052 ‘g5 (‘o7 . ‘o)
VBF 1y |E4 147 102 (02l +0iTy
VBF zZ == 131 0% (0w, 60 )
VBF WW - 109 937 (01, fo10)
VBF - 099 3% (gie. ‘o)
VBF+ggF bb = 098 ‘03 (‘0% ‘ois)
VBF+VH == i 233 % (113, Toa )
VHyy == 133 o (0% . T0u)
VH 2z —— 151 "0i (Toes s Tots)
VH a1 098 ‘030 (‘o9 s Zo20)
WH bb o 104 0% (1. To%)
ZH bb = 100 *0% (o017 Zons)
ttH+tH vy e 0.93 05 (0%, ooe)
ttH+tH WW H=— 164 1080 (Tom . Tom)
ttH+tH ZZ [ I = | 169 1% (Tige s 1o%)
ttH+H o === 139 0% (0a . o)
ttH-+tH bb = 035 0% (030, ‘osv)
| L L L | L L L | L L L | L L L | L L L |

find glory in mulu-Higgs 4 2 0 2 4 & 8

ﬁ]]al States‘) e.g. [ATLAS "21] o x B normalised to SM

..[Baur, Plehn, Rainwater ~ 02] ... [CE, Carlson, Sj6lin, Spannowsky *25] [Brivio etal * 25] [Domenech etal. *25] [Dedes etal. * 25]
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collider probes



beyond single Higgs bosons?

» pinpoint bosonic multi-Higgs interactions at hadron machines?

SM SM SM
K/V — /QQV — 17 WQV p— O
A . i
_______ H /{2‘/ s H WQV
RV \ Ny -
....[Braun etal. * 25] [Jageretal. ~25] [Anisha etal. " 25]
[Braun et al. * 25] [Domenech etal. *25]

15



beyond single Higgs bosons?

» pinpoint bosonic multi-Higgs interactions at hadron machines?

SM SM SM

KJV :/{2‘/:17 WQV :O
/lH
"""" H  Wav
o

Rz oy — 1500y — ()

[Alonso etal. " 16]
[Alonso, West " 21]
[Anisha, Domenech etal. ~22]

[Alonso, Chattopadhyay, Ingoldby " 25] J
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beyond single Higgs bosons?

» pinpoint bosonic multi-Higgs interactions at hadron machines?

SM SM SM 0

Ky = kay =1, wyy =

Ky, key = 1,way =0

[Alonso etal. " 16]
[Alonso, West * 21] ky,kov = 1, woy >~ 0
[Anisha, Domenech etal. ~22]

[Alonso, Chattopadhyay, Ingoldby " 25] J 16




beyond single Higgs bosons?

» pinpoint bosonic multi-Higgs interactions at hadron machines?

SM SM SM 0

Ky = kay =1, wyy =

Ky, key = 1,way =0

[Alonso etal. " 16]

[Alonso, West ~ 21] ky,kov = 1, woy >~ 0

[Anisha, Domenech etal. ~22]

[Alonso, Chattopadhyay, Ingoldby * 25] composite Higgs theories J
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beyond single Higgs bosons?

» pinpoint bosonic multi-Higgs interactions at hadron machines?

SM SM

SM 0

Ky = kay =1, wyy =

Ky, key = 1,way =0

[Alonso etal. " 16]

[Alonso, West " 21]

[Anisha, Domenech etal. ~22]
[Alonso, Chattopadhyay, Ingoldby " 25]

kv, kev 2 1, way =0

composite Higgs theories

intrinsic HEF TJ

16



charting phenomenological possibilities

1.8
1.6 1
Triplets ...
VY
O ey
2HDM e
2 1.0 B

singlet
0.8 -

0.6 1

0.4 1

CHM-Dilaton

0.2

0.900 0.925

0.950

0.975 1.000 1.025 1.050 1.075 1.100

7

HL-LHC (13 TeV, 3 ab™1)
ee-Collider (3 TeV, 5 ab™1)
FCC-hh (100 TeV, 30 ab™1)
Real Singlet Scalar

2HDM

MCHM

Hyperbolic CHM
Georgi-Machacek Model
Higgs-Dilaton Mixing

K = Koy

SM

|CE, Naskar, Sutherland * 23]

big surprises a priori possible, but with TeV-relevant exotics

dilaton status see the recent [Brugisser et al. *22]

7



triple Higgs?

-1.5 -1.0
[Anishaetal., * 24]

» stability under QCD corrections of WBE /i
WBEF is a clear window into (strong) ELW eflects

4 H CaS% HH doable, HHH @ could’be a muon collider

target!
[Celadaetal. * 23]

18



triple Higgs?

______

N = M - - )

\

\

-0.5 0.0 0.5 1.0 1.5

-1.5 -1.0 -0.5 | 0.0 0.5 | 1.0 1.5 15 -1.0
Wy

[Anishaetal., * 24]
» stability under QCD corrections of WBE /i
WBF is a clear window into (strong) ELW effects

» H easy, HH doable, HHH G} strongly

coupled modes

will'show

» context with fixed order perturbation theory

w2y = 0.1 — 85% events in the non-perturbative

19



relevance & clarity of perturbative improvements

» in HEFT (Higgs = “custodial” singlet) decorrelating multiplicities
is technically consistent to all orders

1

4BMVBMV s Lferm a5 LYuk

1 a apur
E—_—_ZW’W/W e

,02

1
e Tr[D, U D U] + 5OuHOMH = V(H) + Lar + Lrp

/HJV\ /lﬁ?2v
Fu = (1 A Cl)% - Cz\) (%)2 - )

20



relevance & clarity of perturbative improvements

in HEFT (Higgs = “custodial’ singlet) decorrelating multiplicities
is technically consistent to all orders

1 1
L —ZWIS,/WQMV = ZBIU,I/BIUJ/ = Lferm i LYuk
2
1
; UZ]-‘H Tr[D,UTD U] + SO HOMH — V(H) + Lo + Lre
T
ao(M2 — M2)Tr|UT? v U730 H/ \H2
% (M M T U, [ Uy, i (1 ol PR (—) 22 )
O1 ai g/ngI‘ [UBMVT_;UTW&/%} A 2 o E 3 : Y :
radiatively source " higher-dimensional " interactions

OuBB —appp ¢ 2Ty [B,,WBW}
Onww —apww g3 LTr {WgVW“W} [Weinberg * 79] [Gasser, Leutwyler * 84]...
O 1y LTy [VMV“} [Espiruetal. * 13] [Delgado etal.” 13]

[Brivio etal. * 14] [Buchalaetal. * 17] [Herrero, Morales " 21]
Ono | amo(M3 — M3 AT [Ur3U Y, | T [Ur3UTY,

Ou1 a1 9 9w %TT [UBW§UTW5V§]
O ami 2Tx[D, VD, V|

O iag g Ty [UBW§UTV“'}
Oy iaqs gw WTHTr [Wg,,%\i“]
O3 aq3 8VTHTr [V“DMV“}

Oono aDDDH%




relevance & clarity of perturbative improvements

in HEFT (Higgs = “custodial’ singlet) decorrelating multiplicities
is technically consistent to all orders

I 1
L= _ZWﬁVWCLMV = ZB,U,I/B'LW ot Lferm 7 LYuk
2
v 1
+ —Fn Tr[D, U D U] + §8MH8“H — V(H) + Lar + Lrp
T
ao(M2 — M2)Tr|UUT v U730 H/ \HZ
O (M = MR )T |Ur UV, | T |UrU TV, = (1+2(1+g1)—+(1+g2)<—) +)
O1 ai g/ngI‘ [UBMVT_;UTW&/%} A 2 o E 3 : Y :
radiatively source " higher-dimensional " interactions

OuBB —appp ¢ 2Ty [B,,WBW}
Onww —apww g3 LTr {WgVW“W} [Weinberg * 79] [Gasser, Leutwyler * 84]...
O 1y LTy [VMV“} [Espiruetal. * 13] [Delgado etal.” 13]

[Brivio etal. * 14] [Buchalaetal. * 17] [Herrero, Morales " 21]
Ono | amo(M3 — M3 AT [Ur3U Y, | T [Ur3UTY,

On1 ap g’gW%Tr UBW§UTW;}V§ : ’ : :
{ | lots of interesting physics/technical advantages
OHll agi11 %TI‘ {DMVHDVVU}
Oun iaar g 21T [UB,, 5 UV » Higgs physics is gauge-independent
' S"Hrye |lWe T2ypH .
O a2 T[ Wi 3’ | » vacuum gauge-independent
Ous aqs ZH2 Tr | VD, VH ,
o a0 » masses gauge-independent




beyond leading order with flexibility

O et MosicL ool “wswne | v radiative correlations
- ©195% C.L. | 0.065 ] ;
005 T Bermn | perfectly consistent
’ . ’ 0.04"
0.00- - 0.02 [Herrero, Morales ~ 21]
’ 0.00| [Anishaetal. *22]
, Herrero, Morales * 22
005 e -002 | ]
) ] H; h -0.04
- SINZSIC 1'1129S Cno | i
~0.100 . g ..... gg | p ....... ] ~0.06 - ]
202  -01 00 0.1 0.2 ~010 -0.05 000 005 0.0
C2/(167%) C2/(1677)

21



beyond leading order with flexibility

OpLAs e EesicL T ARSES A —wswne | > radiative correlations
: £ 195% C.L. - ] ] ;
TR perfectly consistent
’ - ] 0.04}
000! e 0.02 [Herrero, Morales ° 21]
’ 0.00| [Anisha etal. " 22]
0.05" ~0.02 [Herrero, Morales * 22]
e Hides ahonc
oo, o THISSS PIEHO. [ g4 f
-0.2 -0.1 0.0 0.1 0.2 -0.10 -0.05 0.00 0.05 0.10
2
G/ (1672) G2/ (1677) GNN WBF HH analysis
» direct sensitivity likely more ots
competitive at the LHC e
1.005
g 1.0005—
correlation of a priori 09051
free parametersin FIEET 200!
happens through weak el ¥ LiHC 300 B
interactions S0 s
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(QML

» progress in highly-adapted new physics analysis optimisation

beyond classical machine learning, e.g. anomaly detection |y, ¢ inowsiy 291

[Hammad, Nojiri, Yamazaki * 24]
[Oleksiyuk etal. * 25]

22



(QML

» progress in highly-adapted new physics analysis optimisation
beyond classical machine learning, e.g. anomaly detection |y, ¢ inowsiy 291

Top Signal — Mean of 5000 events [Hammad, NOjiri, Yamazakl ; 24]

[Oleksiyuk etal. *25]
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» progress in highly-adapted new physics analysis optimisation
beyond classical machine learning, e.g. anomaly detection |y, ¢ inowsiy 291

Top Signal — Mean of 5000 events [Hammad, NOjiI’i, Yamazakl : 24]

[Oleksiyuk etal. * 25]
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(QML

» progress in highly-adapted new physics analysis optimisation

beyond classical machine learning, e.g. anomaly detection |y, ¢ inowsiy 291

[Hammad, Nojiri, Yamazaki " 24]
[Oleksiyuk etal. * 25]

Quantum-probabilistic Hamiltonian learning
Lop T T —= e

=
00

top quarks el
 0.6] -
VS. % ‘ |
— : Eight Qubits,
g 0.4r frequency = 0.056, -
e AUC = 0.854
. Six Qubits,
0.2 frequency = 0.2,
AUC = 0.820
— | ,/, === Random choice |
opportunities Yo 02 04 06 08 Lo

' Background efficiency
ahC ad . [Araz, Spannowsky " 22 ]

——————————

2



EFT data interpretation induces a source of uncertainty
[Haag * 58]...[Criado, Perez-Victoriaetal. ~ 18]...

» use of EoMs to obtain “operator bases” = QF1 reduandancy
[Grzadkowski, Iskrzynski, Misiak, Rosiek " 10]
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» use of EoMs to obtain “operator bases” = QF1 reduandancy
[Grzadkowski, Iskrzynski, Misiak, Rosiek " 10]

» 1n practice any (community-agreed) operator truncation induces an

untraceable bias - very familiar from SM QFT Manohar 18]
[Criado, Jickel, Spannowsky " 24]
1z — »C() i G»CBSM [Alonso, CE, Naskar, Rahaman * 25]

field redetinition ~¢ =

LroM

S matrix 4e 4e de — €

» EoM is only infinitessimally equivalent to a field redefinition

» juxtaposition of data quality (rare final states) informing tell-tale

new physics eflects (poor constraint e~4 cannot be trusted) -
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...with additional sources of uncertainty!

- ¢ SM limit well behaved
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..with additional sources of uncertainty!

¢, SM limit well behaved 1.3
e ——— Vanilla model
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...with additional sources of uncertainty!

¢ SM limit well behaved 1.3
e ——— Vanilla model
0 — OFEoM — == Field Redefined model
ATH = o — oM | = 1.924 === EoM Substituted model
F\
/I\
» good control over data S
(abundant final states) = SHE
ood | | z
good quality constraints ]
~—
. : S 0.9
» no problem for inclusive LHC constraints (139 fb™)
. . HL-LHC projections (3 ab™*)
Higgs boson production? 03
0.01
= 0.00
theoretical error negligible £
e o : —0.01 ' '
(still important: unitarity/power counting) —2 —1 0 : 1 2
[Alonso, CE, Naskar, Rahaman " 25] aDD/U2 [Gev_ ] x 10
[Brivio etal. " 25] o DHDH

25 ghosts etc. [Brivio etal. ™ 14]



robustness of rare final states?

» four top quark production highly sensitive to electroweak interactions
[Alvarez etal. " 16] [Frederix etal. * 17] [Darme etal. " 18]...

» increasing interest by the theory and experimental communities

~ 14— , , . : et
% - | CMS projection 2018 y 4 ma.] or S@HSlthlty
Q B /]
§ 12 7 —— CMS projection 2018, stat. only ] leaps by ATLAS
Hbé;) 10 I \/i scaling _ and CMS '
- L .
L g — ] :
S . 1 » conservative
= - CMS 2023, 138 fb’! . .
6 ~ cstimates create an
4 unrealistically
N pessimistic outlook
4'4— CMS 2(|)18 359 fb! | ofthe HL_LHC
O | | | | | | | | | | | | | | | :
10 10° capacity

Integrated luminosity L [fb™" ]

[CE, Kogler, Spannowsky " 24]
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robustness of rare final states?

2.5
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» significant @ priord uncertainty for
model-independent analysis
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four top constraints on PNGB-type ~

portal DM theories + uncertainty

[Frigerio, Pomarol, Riva, Urbano " 14], [Marzocca, Urbano

" 14]...

robustness of rare final states?

» significant @ priord uncertainty for
model-independent analysis

strategies....
» but can be musleading when
understood against concrete
(strongly-coupled) new physics

...but cancellations in
gauge amplitudes!

p=v

2t B
g p=uv/2

3 -
-
l-----—-

NKsS
o

~
~
~

pp — 4t, 3/ab, ng =0

WBEF invisible, 3/ab, ng = 0_:

150

[Anishaetal. *25]
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robustness of rare final states?

roaf priort uncerta.mty for
| yendent analysis
1.02 |
MO - usleading when
o - FCC-ee projection ] ;
> 098 | ] against concrete
i 1 I : :
096 [ 4 ! 1 upled) new physics
[ B HL-LHC projection : @ ___ ..butcancellations in
0.94 : ) Universal Higgs coupling modifications _ o, Slecatplie
0.92 L consistent with QOpy and direct detection ] P
80 100 120 140 160 180 p=2v
[Anisha etal. * 25] mg |GeV] “‘;’
=v/2
= v wavas oavis.) = 0.1 '
—p .-.'~‘
four top constraints on PNGB-type -2t ‘: pp > 4, 3/ab, 15 = 0
portal DM theories + uncertainty | I~ WBE invisible, 3/ab, 7 =0
[Frigerio, Pomarol, Riva, Urbano " 14], [Marzocca, Urbano * 14]... - 50 100 150
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» longstanding tension in non-leptonic

Channel Experiment SM Pull
B B D (005880 00 (008250002 56
BB B 07 006 106500 | =50
Ri+|B° — DTK*™(0.136 £ 0.023| 0.14750] |~ 0.160
RY |B® — D*T"K ™ [0.064 £ 0.003|0.07672:922 | ~ 3.6¢
BB Do o gndls el pEh S il o

z9

flavour / collider

[Bordone, Gubernari, Huber, Jung, van Dyk " 20]

B decays within QCDf



e.g. [Piscopo, Rusov " 23]

power

. flavour / collider
_lew physicst corrections?

[Bordone, Gubernari, Huber, Jung, van Dyk " 20]
» longstanding tension in non-leptonic B decays within QCDf

Channel Experiment SM Pull
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power

corrections?

e.g. [Piscopo, Rusov " 23]

> longstandmg tension in non- -leptonic B decays within QCDf

Channel Experiment SM Pull
B 1B DR B0 0530 008 e S5 6 o
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R R P Gisaad s el A s s

Z9

[Meiser, van Dyk, Virto * 24]

flavour / collider

[Bordone, Gubernari, Huber, Jung, van Dyk " 20]

&4 measurement &4 SM+PC’ = WET-2A = WET-3B
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power
corrections?

e.g. [Piscopo, Rusov " 23]

> l()ngstandmg tension in non-leptonic B decays within QCDf

Channel Experiment SM Pull
B 1B DR B0 0530 008 e S5 6 o
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Ri+|B° — DTK*(0.136 +0.023| 0.14700; |~ 0.160
RY |B® — D*T"K ™ [0.064 £ 0.003|0.07672:922 | ~ 3.6¢
R R P Gisaad s el A s s

» mounting tension with
(in)direct LHC searches ?

Z9

[Bordone, Greljo, Marzocca ™ 21]
[Atkinson, CE, Tetlalmatzi-Xolocotzi, Kirk * 24]

one to watch!

[Meiser, van Dyk, Virto * 24]

flavour / collider

[Bordone, Gubernari, Huber, Jung, van Dyk " 20]
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no reason to be so pessimistic at this point!

HIL-LHC could reveal %-level Higgs coupling

deviations (corroborated by e.g. FCC-ee) T AG Dralirmican,

ATLAS Preliminary ——  Tota

Vs =13 TeV, 36.1 - 139 fb’ Stat.

m,, = 125.09 GeV == Syst

pSM=790/° I SM

. Total Stat. Syst.
ggF vy 102 00 (o085 oor )
9gF 2Z o 0.95 ol (ol Toes)
o0F WW - 113 w0 (o, o)
ggF i 0.87 0% (5is. ‘o30)
ggF+tH pu —e=— 052 ‘g5 (‘o7 . ‘o)
VBF 1y |E4 147 102 (102 01Ty
VBF 7Z == 131 0% (0% oo )
VBF WW - 100 0% (1014, Tow)
VBF - 099 0% (o1 l012)
VBF+ggF bb = 098 0% (103 ‘03 )
VBF+VH —s i 233 % (113, Toa )
VHyy e 133 0% (0%, 10
VH 2z —— 151 05 (1585 .+ ot )
VH tt a1 098 0% (o4 lo2s)
WH bb o 104 0% (1ol Iod)
ZH bb = 100 050 (o1, Tota)
ttH+tH vy e 0.93 05 (0%, ooe)
ttH+tH WW H=— 164 108 (foh . Tou)
ttH+tH ZZ [ I = | 169 1% (Tige s 1o%)
ttH+H v == 139 0% (0. fow)
ftH-+tH bb == 035 ‘0% (1053, To%)
L | L L L | L L L | L L L | L L L | L L L | L

reincarnation of the LHC 42 0 2 4 6 B

o x B normalised to SM
e.g. [ATLAS “21]
no lose theorem -
[Cornwall etal. * 75] [Lee etal. * 77] [Chanowitz et al. * 78]
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unitarity for discovery

» unitarity restoration is only efficient with scalar and vector resonances

sum rules for longitudinal vector boson scattering [Weinberg " 67]...
...]Alboteanu et al. " 08]

[Birkedal, Matcheyv, Perelstein * 04]
[CE, Harris, Spannowsky, Takeuchi * 15]
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unitarity for discovery

» unitarity restoration is only efficient with scalar and vector resonances

sum rules for longitudinal vector boson scattering [Weinberg " 67]...
...]Alboteanu et al. " 08]

[Birkedal, Matcheyv, Perelstein * 04]
[CE, Harris, Spannowsky, Takeuchi * 15]
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IWWWW = Jiyw~ T E IWWZ,,
k

2 9i D 2
dmy gwwww = E :SmZkgWWZk - E :gWWHk
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/ Higgs deviation

pheno determined by unitarity, gauge
symmetry (d>4), and convergence



unitarity for discovery
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Summary

no new physics so far; no shortage of progress, ideas, opportunities,...

theoretical/experimental inconsistencies are clearer than ever

holistically-informed & directed effort for discovery-led physics

[urst principles motivation & calculation, model-(in)dependent techniges, ML, ....

only limited insights into the electroweak scale so far
* margins get smaller, but are big enough for surprises

v collider pheno directly relevant for other pheno arenas

[Dark Matter & Baryogenesis
Cosmology

Astrophysics




