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Standard Model Total Production Cross Section Measurements
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Phenomenal agreement with theory so far

Very sophisticated calculations, e.g. tt at NNLO+NNLL
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Status: February 2022

New physics searches have generated many exclusion

limits (huge range of models, very high limits

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

ATLAS Preliminary

Status: July 2022 £ dt = (3.6 -139) fo! V5=8,13TeV
Model {,y Jetst ET™ [rati) Limit Reference
L] L] LI} I L] L] L] L] L] LI | I L] L] L] L] L] L] LI} I L] L] L] L]

2 ADD Gk +g/9 Oepu,1,y 1-4j] Yes 139 | Mp 11.2TeV. n=2 2102.10874

i) ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147

2  ADDQBH - 2] - 139 | My, 9.4TeV n=6 1910.08447

®©  ADD BH multijet - >3] - 3.6 Mih 9.55TeV n=6, Mp =3TeV,rot BH 1512.02586

& RSt Gk > vy 2y — - 139 | Gk mass 4.5 TeV k/Mp = 0.1 2102.13405

S | Bulk RS Gxx —» WW/ZZ multi-channel 36.1 Gk mass 2.3 TeV k/Mp =1.0 1808.02380

g Bulk RS Gk — WV — tvqq leu 2j/1d Yes 139 Ggk mass 2.0 TeV k/Mp = 1.0 2004.14636

x Bulk RS gxk — tt 1e,u >1b,21J2f Yes  36.1 gkk Mass 3.8 TeV r/m=15% 1804.10823

W™ 2UeD/ RPP lepu 22b,23] Yes 361 | KKmass 1.8 TeV Tier (1,1), B(AMYD — tt) =1 1803.09678

SSM Z" — ¢¢ 2e,pu - - 139 Z’ mass 5.1 TeV 1903.06248

SSM Z' - 1t 21 - - 36.1 Z’ mass 2.42 TeV 1709.07242

2  Leptophobic Z' — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299

8 Leptophobic Z’ — tt Oe,u >1b,>2J Yes 139 Z’ mass 4.1 TeV r/m=12% 2005.05138

o SSM W’ — ¢v 1eu - Yes 139 W’ mass 6.0 TeV 1906.05609
L SSMW’' -1y 17 - Yes 139 | W’ mass 5.0 TeV ATLAS-CONF-2021-025
S SSM W’ tb - >1b,21J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043

S HVT W —» WZ — tvggmodel B 1 e, u 2j/1J Yes 139 W’ mass 4.3 TeV gv=3 2004.14636
8 HVT W’ — WZ — tv '’ model C 3 e, u 2j(VBF) Yes 139 W’ mass 340 GeV gven =1,8r=0 ATLAS-CONF-2022-005

HVT W’ — WH — tvbbmodelB  1e,u 1-2b,1-0) Yes 139 W’ mass 3.3 TeV gv=3 2207.00230

HVT 2’ — ZH — ¢¢/vvbbmodel B 0,2 e,u  1-2b,1-0] Yes 139 Z’ mass 3.2 TeV gv =3 2207.00230

LRSM WR - ,uNR 2/1 1J - 80 Wg mass 5.0 TeV m(NR) =0.5TeV, gL = gr 1904.12679

Cl qqqq - 2j - 37.0 |A 21.8TeV 7, 1703.09127

—  Cl¢tgq 2epu - - 139 | A 358TeV 7, 2006.12946

O | Cleebs 2e 1b - 139 | A 1.8 TeV g =1 2105.13847

Cl uubs 2u 1b - 139 A 2.0 TeV g =1 2105.13847

Cl tttt >1eu >1b,>1] Yes 36.1 A 2.57 TeV |Cat| = 4n 1811.02305

Axial-vector med. (Dirac DM) Oe,u, 1,y 1-4j Yes 139 Mmed 2.1 TeV g4=0.25, g,=1, m(y)=1 GeV 2102.10874

= Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mied 376 GeV gq=1, g=1, m(x)=1 GeV 2102.10874

o Vector med. Z’-2HDM (Dirac DM) 0O e, u 2b Yes 139 Mied 3.1 TevV tang=1, g7=0.8, m(x)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 Mined 560 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036

Scalar LQ 15t gen 2e >2 Yes 139 LQ mass 1.8 TeV B=1 2006.05872

Scalar LQ 2" gen 2u >2] Yes 139 LQ mass 1.7 TeV B=1 2006.05872

G  ScalarLQ 3 gen 17 2b Yes 139 | LQY mass 1.2 TeV B(LQY - br) =1 2108.07665

3 | Scalar LQ 3" gen Oepu  22j,22b  Yes 139 LQ; mass 1.24 TeV BLQ - tv) =1 2004.14060

Scalar LQ 3 gen >2e,u,21t21j,21b - 139 LQS mass 1.43 TeV BLQY —tr) =1 2101.11582

Scalar LQ 3" gen Oeu,2170-2j,2b Yes 139 LQ% mass 1.26 TeV B(LQI - bv) =1 2101.12527

Vector LQ 3" gen 17 2b Yes 139 LQ; mass 1.77 TeV B(LQ3 — br) = 0.5, Y-M coupl. 2108.07665
o VLQTT - Zt+ X 2e/2u/>3eu >1b,>1j - 139 T mass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024

= @ VLQBB - Wt/Zb+ X multi-channel 36.1 | Bmass 1.34 TeV SU(2) doublet 1808.02343

L O VLQ T5/3 T5/3|T5/3 - Wt+ X 2(SS)/>8 eu =1b,>21j Yes 36.1 Ts/3 mass 1.64 TeV B(Ts3 » Wt)=1, c(Ts3Wt)=1 1807.11883
S & VLQT - Ht/Zt 1e,u 21b,>3] VYes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040

8 & VLQY - Wh lepu >1b>1j VYes 36.1 Y mass 1.85 TeV B(Y - Wh)=1, cr(Wb)=1 1812.07343
=" VLQB - Hb Oeu 22b,>1j,21J - 139 B mass 2.0 TeV SU(2) doublet, xg= 0.3 ATLAS-CONF-2021-018
VLL 7 — Z7/Ht multi-channel ~ >1] Yes 139 | «/ mass 898 GeV SU(2) doublet ATLAS-CONF-2022-044

heo) ‘é’ Excited quark ¢* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447

S S Excited quark g* — qy 1y 1] - 36.7 q* mass 5.3 TeVv only u* and d*, A = m(q*) 1709.10440

9 g€ Excited quark b* — bg - 1b,1]j - 139 | b* mass 3.2 TeV 1910.0447

W @ Excited lepton ¢* 3epu - - 20.3 A=3.0TeV 1411.2921

Type Il Seesaw 234e,pu >2j Yes 139 N° mass 910 GeV 2202.02039

LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, g = gr 1809.11105

«  Higgstriplet H** — W*W*  234e,u(SS) various Yes 139 [ H==mass 350 GeV DY production 2101.11961
Z :iggs trip:et f - gt’ 2,3,:;1 eu(SS) - - 139 H* mass 1.08 TeV Bz proguction . -1 ATLAS-CONF-2022-010

= iggs triplet H** — (1 euT - - 20.3 production, o) = 1411.2921
© Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |q| :Lse ATLAS-CONF-2022-034

Magnetic monopoles — - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130

vg=13TeV v_=13Tev [ | ||| 1 1 1 1 L1 ||| 1 1 1 1 [ | ||| 1 1 1 1
rtial -1
partia data full data 1 0 1 1 O MaSS Sca|e [TeV]

*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).

ATL-PHYS-PUB-2022-034



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/
https://arxiv.org/abs/1112.5675
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/

Image Copyright CERN

CMS Experiment at the LHC, CERN
Data recorded: 2015-Sep-28 06:09:43.129280 GMT
Run / Event / LS: 257645 / 1610868539 / 1073

12 jets with pt > 50 GeV
at CMS (13 TeV)

Many colour-charged, hard particles with pr, s;;, 5

Large logs in s;;/p7 damage convergence of pert. expansion



Higgs + Dijets s

Higgs boson looks like SM so far, but critical to check CP
structure of couplings to bosons
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https://arxiv.org/abs/hep-ph/0609075

Higgs + Dijets Algge
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https://arxiv.org/abs/hep-ph/0609075
https://arxiv.org/abs/2208.12279

&%
Higgs + Dijets Bk
&{Hd T&O\&
—— HEJ
it : ——= NLO (ggH) |
Use distinctive event shape to separate channels 1 —-= NLO (WBF)
with “VBF cuts” I -
> _
- - O
S, S
- = —~—
| | | | = 100 PP g =
BUT this precisely enhances higher orders in < |  LHCOI3TV :
pel’t eXpanSIOn ; anti — kt, R = 0.4,p; ; > 30GeV, |y,| < 4.4
R T AN TR R T A S S SR SN S S SR S S
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mjle[Gev]

Andersen, Heil, Maier & JMS, in arXiv:1803.07977
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https://arxiv.org/abs/1803.07977

Vector Boson Scattering (VBS) sensitive probe of EWSB

pp — WTWT445 proceeds through various diagrams including

EW = O(aty)

We would like to separate the EW and QCD channels, justified by
assessing interference between the two to be small

do / dIA yi ; | (fb)

To isolate EW component, typically apply VBS cuts of large rapidity
and/or large invariant mass on the jets.

Very similar to pp — Hjj

Ballestrero et al arXiv:1803.07943



We want to exploit high centre-of-mass energy to search for new heavy

Exotics Searches

particles at large invariant mass

e.g. a search for heavy right-handed neutrinos or right-handed Ws

% ATLAS SR (e—e ) post-fit __ My, = 0.6 TeV ATLAS arXiv:1809.11105
— 10° EVs=13TeV, 36.1 fb" ~ m. -0.9TeV
N, = Y-
2 {o*E ¢ Data %4 Total Pred
9 Z+jet(s) [ Diboson, W+ijet(s) My, = 1.2TeV
u> 10° &~ WM (1 ,single-t,f1V my_=1.8TeV
§102 My, =1.8TeV
- 10 . =27 106
N T > ATLAS | SR (y ly )postI fit | m'wq = O.GITeV
Gl 9 10° Z+jet(s) - Diboson, W+jet(s) My, = 1.2 TeV
- : ' - . B (isingle-t,ftV =1.8 TeV
Q 2 T ISR SR~/ / S U) 1 03 qu . e
C\t 1t i ////// QC) 102 m,, =1.8TeV
I | — - : : / i _qu—2.7TeV
S 05 1 15 2 25 10 e
n 1
10
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https://arxiv.org/abs/1809.11105

Exotics Searches e

We want to exploit high centre-of-mass energy to search for new heavy
particles at large invariant mass

e.g. a search for heavy right-handed neutrinos or right-handed Ws

—
N
I B

S
> ATLAS SR (8”6 ) postit mw =0.6 TeV ATLAS arXiv:1809.11105 < : ATLAS -
— 10° [ Vs=13TeV, 36.1 fb" 0.9 TeV < ]
© - My, =090 g Vs =13TeV, 36.1fb"~
o' 10¢ ¢ Data #4 Total Pred . = i - 3 . |
Z +let(3) [0 Diboson, W+jet(s) My, = 12Te 2 i ~—— Novosibirsk fit -
qu =1.8TeV = _._ Data/simulationratio
% 0.8 __ Z+Jet(s) events i
~ my =18TeV i peak = (0.24 =0.01) TeV |
my =277 i width = (1.12 =0.03) TeV -
— 10— ey 0.6} tail = -6.2 0.9 -
1 T > ATLAS SR (1=t %) post -fit __my, =06 TeV - .
= 10° E-Vs-13TeV,36.1 b ~ my.=0.9TeV ! ' :
107" / L0 ¢ Data 44 Total Pred ) 0.4 \
Gt E’, 10° Z+jet(s) _ [ Diboson,W+jet(s) My, =1.2TeV 1
© i ' ' ' ' 7 ' 10° & WM ti.single-£,1V m. =1.8TeV ]
Q 2 T (R AN/ S U) N, —
o ey @ S 102 e m,, =18TeV T -
- e,
(] 10 nnnnnn mN‘ - 2.7 TeV
Q 0.5 1 1.5 2 25 B N FYTRETETTT FERTY FRTTY FETEY TR FETEY TPRTE PR ITOY
n 0 05 1 15 2 25 3 35 4 45 5
---------------- m; [TeV]

BUT needed to scale the MC
background by this much

Data/Pred
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https://arxiv.org/abs/1809.11105

Which Logs in s/t? g

Inclusive 2-jet cross section given by / dPS5 |M2j4|2 , with

Map2 = a2 (as(s™/t7) + bo)
+ o (as(s”/t7) log(s/t) + bs(s”/t7) + c3)
+ o (as(s”/t7) log®(s/t) + ba(s?/t*) log(s/t) + )
+ ...

» LO = first line, NLO = first two lines
- Leading logs = the ‘a’-terms: o2™*log"(s?/t?)

» Logs arise from integrals over loop momenta in virtuals and from integrals over reals

» Qur description = LO + LL + ...

Higgs Maxwell Feb 2023 8 Jenni Smillie




Fortunately, the matrix elements of these processes simplify in the High Energy limit: s,; — oo, [pr:] finite

— Current —
Applies to loop diagrams too,
and generates leading logs in s;; /p>
H
Increasing
L rapidity Can use this simpler structure to
! make an efficient event generator
l for arbitrary numbers of quarks/
gluons.

!

— Current | —

High Energy limit of amplitudes also
many theory applications...



Regge Scaling of Amplitudes %

Regge scaling dictates the scaling of an amplitude with s;; for a given process

Pa P1 Pa P1

Mo sz, s T hn ({pr.i})

n—1,n

P2 >
N<YP<L... <Y,

. where «;; is the spin of that

particle in effective t-channel

Po Brower, DeTar, Weis Phys Rept. 14:257, 1974

Higgs Maxwell Feb 2023 10 Jenni Smillie




lData
.HEJ (x0.9)

BlackHat/Sherp:
NJet/Sherpa (x

_..p<T1>>1oo GeV

The High Energy Jets (HEJ) framework is § 1 pmas
Sor =
exact for simple processes (2 to 2 (+X)) ;" T,
accurate to leading logarithm in s/t o
constructed event-by-event g e

sufficiently fast for numerical integration (up to

30 gluons) ) DR ;
—

Andersen, Hapola, Heil, Maier & JMS arXiv:1902.08430 }

Extra colour-neutral bosons can be added without affecting the logarithmic accuracy :

HEJ2.1 includes: > 2§, H+ > 25, W (— (v)+ > 24, Z/7*(— )+ > 27

Andersen, Black, Brooks, Ducloué, Heil, Maier & JMS arXiv:2110.15692

Total experi
systematic L

NLO (scale

1.00

0.98

0.96 |
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uncertainty

ATLAS
[ Vs=7TeV [Cdt=4.5fb"
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https://hej.hepforge.org
https://arxiv.org/abs/1902.08430
https://arxiv.org/abs/2110.15692

Finite Quark Masses in H+2j Aoy
Fixed-order stalled for full quark mass effects because LO = 1-loop. Del Duca et al hep-ph/0105129. heb-ph/0108030

LO results only for 2 and 3 jets (no NLO for 2j+)

Greiner et al arXiv:1608.01195

In HEJ, factorised structure removes complexity from increasing number of jets

— — — — 4) — —

Straight-forward
e.9. ¢Q) = qH{

Del Duca, Kilgore, Oleari, Schmidt & Zeppenfeld hep-ph/0301013
Andersen, Cockburn, Heil, Maier & JMS arXiv:1812.08072

Outer Higgs more involved but calculated

Higgs Maxwell Feb 2023
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https://arxiv.org/abs/hep-ph/0105129
https://arxiv.org/abs/hep-ph/0108030
https://arxiv.org/abs/1608.01195
https://arxiv.org/abs/1812.08072
https://arxiv.org/abs/hep-ph/0301013

HEJ can include finite quark mass and loop propagator effects for any number of jets

Performed at amplitude level so we include mass effects from top quark, bottom quark
and the interference between the two

Fixed-order matching performed to highest-available accuracy

Gleisberg et al arXiv:0811.4622; Cascioli, Maierhofer, Pozzorini arXiv:1111.5206

Highest available =
finite m; H +25 at LO (35 results exist, but events not available)
infinite mg H + 25 at NLO
H +55 atLO

All predictions shown with pur = pr = max(mgy, mi2) with indt variations by 1/2,2


https://arxiv.org/abs/0811.4622
https://arxiv.org/abs/1111.5206

Finite Quark Mass Results g

First probe the impact of higher orders in a4

HEJ here temporarily without 1y

,; | | | I |
';‘ | | | | I | | q) HEJ mt
5 — BBl A=  om
g - mTt eff. eff. é; 1077 = l.— ——= dopg - doito/dots E
3 10-2 dot - doxro/dotg il g . .
g = —
= ~~ p
= S L.
% L. -
L.
1073 . . —
10—3: [~ | S— — -
i g Cpp — (h—= 7)) L.
D Cas e | LHCQI3 ToV ==
Canti — kt, R=0.4,p;, > 30 CeV, |y;| < 4.4 anti —kt, R = 0.4,p; 1 > 30 GeV, |y;| < 4.4 =
’ T ’ . I N
108 ——+—+—+—1—+—+—+—+—F—+—+—+—+————————t—t—t— o F '
= : =
o O 2.0
— 2 — -
8 2
o o 1.5
® 1F &
: | | | | | | | | | | | | | | | | | | ! l 1 O B l 1 [— R L
0 100 200 300 400 500 0 200 400 600 800 1000
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NLO K-factors clearly not flat, very scale-dependent, all choices have problems

HEJ harder py, spectrum HEJ much steeper drop with m 9
Andersen, Cockburn, Heil, Maier & JMS arXiv:1812.08072
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Finite Quark Mass Results e

Now probe the impact of quark masses

o .

- pp — (h—7)7J
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Andersen, Cockburn, Heil, Maier & JMS arXiv:1812.08072

o — (b= 97)37
LHC@13 TeV
[ anti — kt, R = 0.47pj,J_ > 30 GeV, ]yj| <44
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] | ] ] ]
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*Importance of finite quark mass increases with pg 1

- Relatively small impact of my, finite m. lowers predictions at large m 12
* Therefore finite quark mass effects make VBF cuts more effective

Higgs Maxwell Feb 2023
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Full HEJ Prediction vs “best” fixed-order @%@/@

* Resummation alone reduces cross section at

large values of m Z : — HEIm,
9 L HEJ off.
%10—2: : ——= do7 - dojio/dot =
s
* Finite quark mass/loop effects reduce x-section in 107
VBF cuts by further 11% o ()i :
LHC@13 TeV
Canti — kt, R = 0.4,p; | > 30 GV, [y;] < 4.4
- : | I | h | | |
é 20}
Prediction |xs after VBF cuts T 15
Fixed order 9% R e ——————
0 1000
HE'J 4% [ _> mlz[GeV]

Typical VBF cut

Andersen, Cockburn, Heil, Maier, JMS arXiv:1812.08072
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Vector Boson Scattering — Distributions g

G
Impact on cross sections much reduced here (central scale choice) due to
cancellatio \CIrOSS phase space, Not agreement througheut Andersen, Ducloué, Elrick, Nail, Maier, JMS arXiv:2107.06818
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Shape of distributions significantly changed by the all-order resummation
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Similar for e.g. delta-y

ATLAS arXiv:1703.04362
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ATLAS arXiv:1703.04362

5x10?
Leading-jet p. [GeV]

Different picture when plotted versus pr as no
systematic evolution in pT in HEJ.

QCD contribution no longer suppressed compared to
EW

Subleading corrections and NLO matching improve this
(see later)

Can also combine with a parton shower

Andersen, Brooks & Lonnblad arXiv:1712.00178
Andersen, Hassan, Jaskiewicz arXiv:2210.06898
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p;. 1 (leading jet) [GeV]

Observed that particle channels which are formally
next-to-leading log, contribute significantly at large pr

Can consistently apply resummation to all such
channels (part of full NLL, and step towards it)

Andersen, Black, Brooks, Byrne, Maier, JMS arXiv:2012.10310

Improvements at Large pr: NLL

Increasing
Rapidity
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Not able yet to match to NLO event-by-event, but can do
better than a k-factor by matching bin-by-bin
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<
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L anti-kt, R = 0.4, p, 1 > 30 GeV, |y;| < 4.4
| | | | |

take the ratio to full NLO for each distribution. T VR T

p;.1 (leading jet) [GeV]

We derive predictions from HEJ, truncated to NLO and

)
S

—~ 2.0 T S A R T
% — pp— Wt = efr,) +2j
815 ——— pp—> (W™ = e ) +2j
Final predictions are then given by S 10|
Z. i
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wNLO | anti-kt, R = 0.4,p; 1 > 30 GeV, |y;| < 4.4
WHEJ2NLO — WHEJ2 ~ WFO W+ >4; A Y- R N R ¥ ¥ R T
WHEJ at NLO Adrz

Can check by expansion that each bin is accurate to NLO+LL

Andersen, Black, Brooks, Byrne, Maier, JMS arXiv:2012.10310
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- HEJ2 NLO prediction lies between the - At large pr values, require = 4) events to
previous two obtain good agreement

- Scale variation reduced — larger than NLO

due to higher multiplicities
Andersen, Black, Brooks, Byrne, Maier, JMS arXiv:2012.10310
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HEJ has always resummed logarithms in the region between the outer jets in rapidity, hence always for

processes with at least two jets

Observed in H+2j studies, that scaling with an intermediate Higgs boson was as in QCD

x 10722
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. e — — —
—
-

— LO with m; = 174 GeV

HEJ with m; = 174 GeV
HEFT with m; = oo
HEJ with m; = oo

Ay =Yg — Yu

The same (Regge) scaling applies in the amplitude if the Higgs boson is external in rapidity

Hence the same framework can be applied to H+1]
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Andersen, Hapola, Maier, JMS arXiv:1706.01002
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Andersen, Hassan, Maier, Paltrinieri, Papaefstathiou, JMS arXiv:2210.10671
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What about a 100 TeV collider? Even larger centre-of-mass energy will give even larger logs!
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Higher pT cuts can control the jet rates, but impact of logs on shapes of distributions will be large

Plots: Gonor Elrick



Summary & Outlook

- Current and future data demand higher precision predictions...
* ... and demand calculation of new effects

- High Energy Jets allows the description of high energy logs in a
fully flexible framework

- High Energy Jets provides alternative way to include finite quark
mass effects

HEJ2 event generator: https://hej.hepforge.org

‘ Alsseandsr Glandien

University and College Union
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