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Plan for the lectures

» Basics of collider physics
* Basics of QCD
* DIS and the Parton Model
* Higher order corrections
* Asymptotic freedom
e QCD improved parton model
o State-of-the-art computations for the LHC
 Monte Carlo generators
* Higgs phenomenology
* Top phenomenology
» Searching for New Physics: EFT
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Basics of collider physics

Goals of collider physics:

¢ Test theoretical predictions: Standard Model and New
Physics

¢ Hopefully find the unexpected!
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ollider physics

Ken Mimasu

QATLAS

EXPERIMENT
http://atlas.ch

Run: 189280

Interpretation

Event: 143576946
2011-09-14 12:37:11 CEST

Experiment

Standard Model Total Production Cross Section Measurements status: March 2021
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Historical perspective

Why bother? Because it works!

Ken Mimasu

Collider When Collisions Energy Main Impact
SPS-CERN 1981-1984 pp 600 GeV W/Z bosons
Tevatron 1983-2011 p-anti p 2 TeV Top quark
LEP-CERN 1989-2000 e+e- 210 GeV Precision EW

HERA-DESY 1992-2007 ep 320 GeV QCD/PDFs
BELLE 1999-2010 e+e- 10 GeV Flavour physics
LHC 2009-Today PP 7/8/}2\//1 3.6 Higgs...
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Future of collider physics?

Timeline for the update of the
European Strategy for Particle Physics

Deadline for the

Council appointment of the Deadline for the Open submission of final
members of the PPG and submission of main S . national input in advance Submission of the draft
decision on the.venue for the input from the ymposium of the ESG Strategy strategy document to
Open Symposium community Drafting Session the Council
End September 2024 31 March 2025 23-27 June 2025 14 November 2025 End January 2026
a
o o o 1

® ©®©® ® ® ®©@ ® © @

0 o * o
December 2024 26 May 2025 End September 2025 1-5 December 2025 March and June 2026
Council decision on the : o
venue for the ESG Deadline for the Submission of the ESG Strategy Discussion of the draft strategy
. submission of additional Briefing Book™ to . document bv the Council and
Swrategy Drafting national input in the ESG Drafting updatin oi}lthe Strate
Session advance of the Open Session v ¢ o

Symposium
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Future of collider physics?
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Collider reach

A+B— X My = (p; + po)°
Fixed target experiment: 7 = (£,0,0,E) betore after
p, = (m,0,0,0) —> @ *o—>
M, ~ \/ 2mE
Collider experiment: p; = (£,0,0,E) before after
P, =~ (£,0,0, — E) —_— O
M, ~ 2FE

Better energy scaling for collider experiment

Note: fixed target can benefit from dense target
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Collider aspects

Luminosity: rate of particles in colliding bunches

N. humber of particles in bunches

NN, f l L
~ T f bunch collision rate Integrated Luminosity: L = Jdet
A transverse bunch area »
LHC luminosity Run Il L = 300 fb
Number of events for process with cross-section o: Lo HL-LHC luminosity . = 3000 flo!
Circular vs linear: 1/ E\?
circular colliders are compact, but suffer from synchrotron radiation P « E (M)

Lepton vs Hadron:
Lepton colliders, all energy available in the collision
Hadron colliders, energy available determined by PDFs, can generally reach higher energies
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LHC: a hadron collider

iLumi)

L\ | ARGE HADRON COLLIDER

LHC HL-LHC

EYETS 13.6 Tev LIRS 13.6 - 14 TeV

13 TeV energy
Diodes Consolidation
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7 TeV 8 TeV button collimators interaction _ inner triplet . Al LH(.:
R — R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
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DESIGN STUDY o PROTOTYPES / CONSTRUCTION
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DEFINITION EXCAVATION BUILDINGS
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LHC status

Exploring & refining the SM Searching for the unknown

Standard Model Total Production Cross Section Measurements status: March 2021 ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2021 _ -1 _
Ldt=(3.6-139) fb = 8,13 TeV
L 500 ub~1 i
11 H Emiss -1 P
O 10 A0, .. Model £,y Jetsi EI™ [Ldt[fb7] Limit Reference
Q 80 /Jb ATLAS Prellmlnary - A G T 1. 11 I T T T T T 1 11 I T T T T LI B I T T T T
DD +g/q Oeput,y 1-4j Yes 139 | Mp 11.2TeV n=2 2102.10874
< KK
— Theory S ADD non-resonant yy 2y - - 367 |Ms 86TeV  n—3HLZNLO 1707.04147
ADD QBH - 2] - 37.0 M, 8.9 TeV n==6 1703.09127
< N )
b 106 \/g = 7,8, 1 3 TeV QE> ADD BH multijet - >3] - 3.6 Mg, 955TeV n=6, Mp=3TeV,rot BH 1512.02586
£ RS1 Gkk — yy 2y - - 139 Gkk mass 4.5 TeV k/Mp = 0.1 2102.13405
LHC pp Vs =13 TeV S | BukRS Gyx — WW/ZZ multi-channel 361 | Gux mass 23 TeV KM = 1.0 1808.02380
8 BukRS Gkk —» WV — tvqq 1eu 2j/1J  Yes 139 | Gk mass 2.0 TeV k/Mp =10 2004.14636
X Bulk RS gkx — tt le,u >1b,>1J/2) Yes  36.1 gKK Mass 3.8 TeV r/m=15% 1804.10823
1 :
n} _ Data 3.2 -139fb 4™ ouep/ ReP Teu >2b>3j Yes 361 |KKmass 1.8 TeV Tier (1,1), BAM — ) = 1 1803.09678
5 Ao SSM 2’ — ¢t 2e 2
10 7 - - 139 | 2’ mass 5.1 TeV 1903.06248
SSM Z’ - 1t 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
() .
0 8 Leptophobic Z" — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
A o LHC pp Vs =8 TeV S Leptophobic Z/ — tt Oeu >1b,22J Yes 139 |Z/mass 4.1 TeVv /m=1.2% 2005.05138
S ssMwW -y 1eu - Yes 139 | W’mass 6.0 TeV 1906.05609
® SSM W’ — 1v 17 - Yes 139 | W’ mass 5.0 TeV ATLAS-CONF-2021-025
4 A Data 20fb! D  SSMW' —tb - >1b>1J - 139 | W’ mass 4.4TeV ATLAS-CONF-2021-043
S ;
© HVT W’ - WZ — tvqgmodel B 1 e,u 2j/1J Yes 139 W’ mass 4.3 TeV gy =3 2004.14636
S HVT Z’ — ZH model B 0-2e,u 1-2b Yes 139 Z’ mass 3.2TeV gy =3 ATLAS-CONF-2020-043
HVT W’ — WH model B Oe,u  >1b,>2J 139 W’ mass 3.2 TeV gv =3 2007.05293
- LRSM Wk — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
LHC pp Vs =7 TeV (Ne)
103 n g: ??qq - 2j - 37.0 A 21.8TeV 7, 1703.09127
- — qq 2e,u - - 139 A 35.8 TeV m 2006.12946
_ Data 4.5fb7! QS  Cleebs 2e 1b - 139 |[a 1.8 TeV g =1 2105.13847
Cl pubs 2u 1b - 139 A 2.0 TeV g =1 2105.13847
A [m | Cl tttt 21eu 21b,21] Yes  36.1 A 2.57 TeV |Catl = 4n 1811.02305
9 1% O Axial-vector med. (Dirac DM) Oeu, 7,y 1-4j Yes 139 Mped 2.1 TeV 84=0.25, g,=1, m(y)=1 GeV 2102.10874
Pseudo-scalar med. (Dirac DM) Oe,u, 7,y 1-4j Yes 139 Med 376 GeV gq=1, =1, m(x)=1 GeV 2102.10874
S
O ok AN O | Vectormed. Z’-2HDM (Dirac DM) 0 e, u 2b Yes 139 | Mmea 3.1 TeV tanB=1, gz=0.8, m(y)=100 GeV | ATLAS-CONF-2021-006
O 0 Pseudo-scalar med. 2HDM+a  multi-channel 139 Mpmed 560 GeV tanpB=1, g,=1, m(y)=10 GeV ATLAS-CONF-2021-036
A A A Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1Db,0-1J VYes 36.1 my 3.4TeV y=0.4, 1=0.2, m(y)=10 GeV 1812.09743
n total n o0 Scalar LQ 1t gen 2e >2j Yes 139 | LQmass 1.8 TeV B=1 2006.05872
10 1 Scalar LQ 2™ gen 2u >2] Yes 139 | LQmass 1.7 TeV B=1 2006.05872
5 fp-1 N O 9‘ Scalar LQ 3fj gen 17 2b Yes 139 ::85 mass 1.2 TeV B(LQ§ - br) =1 ATLAS-CONF-2021-008
Scalar LQ 3" gen Oe,pu >2j,>2b  Yes 139 mass 1.24 TeV BLY; - tv)=1 2004.14060
ICh_VBF A Scalar LQ 3™ gen >2eu,21721),21b - 139 | LQZ mass 1.43 TeV BLQY - tr) =1 2101.11582
WH AN Scalar LQ 3" gen Oe,u,>170-2j,2b Yes 139 LQ3 mass 1.26 TeV .’B(LQg - by)=1 2101.12527
[ m | VLIQTT - Zt+ X 2e/2u/>3eu 21 b, 21 - 139 | Tmass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
1 n A n e §~j’<> VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
n 8§ VLQTssToalTss > Wet X 288)23eu21b21] Yes 361 [Tspmass 1.64 TeV B(Tsj3 — W)= 1, o TsjsWe)=1 1807.11883
ZH VH A T2 VLQ T — Ht/Zt le,u  >1b,>3] Yes 139 | T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
m | vLQY - Wh leu >1b, 21 i Yes 36.1 Y mass 1.85 TeV B(Y — Wh)=1, cp(Whb)=1 1812.07343
A VLQ B — Hb Oeu >2b,>1j,>1J - 139 | B mass 2.0 TeV SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
10—1 ttH S ‘é’ Exc@ted quark g* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
(x0.4) g S Exc!ted quark ¢* — qy 1y 1] . - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
. §<> IS Exc!ted quark b* — bg - 1b,1] - 36.1 b* mass 2.6 TeV 1805.09299
I} 3,:, Excited lepton ¢* 3epu - - 20.3 A =3.0TeV 1411.2921
“ Excited lepton v* 3eut - - 20.3 A=1.6TeV 1411.2921
) Type Il Seesaw 234ep  22] Yes 139 |'N®mass 910 GeV ATLAS-CONF-2021-023
10 LRSM Majorana v 24 2j — 361 | Ngmass 3.2 TeV m(Wg) = 4.1TeV, g = gr 1809.11105
+  Higgstriplet H** - W*W=* 2,34 e, (SS) various  Yes 139 | H** mass 350 GeV DY production 2101.11961
D Higgs triplet H** — ¢¢ 2,34e,u(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
&  Higgstriplet H** — (7 Seut - - 203 |H**mass 400 GeV DY production, B(H;* — {r) = 1 1411.2921
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v-=13Tev v-=13Tev L1 11 I L 1 L 1 L1 11 I 1 1 L 1 Ll 1 1 | 1 1 1 1
_ - — artial data full data -1 1 1
PP W Z tt t Wit H WW WZ ZZ t tiw ttZ  wwz _ _ | — 10 0 Mass scale [TeV]
WWW tttt *Only a selection of the available mass limits on new states or phenomena is shown.
t-chan s-chan +Small-radius (large-radius) jets are denoted by the letter j (J).

Good agreement with the SM
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LHC physics

No sign of new physics so far! Searches for deviations continue

New Physics can be:
Weakly coupled: Small rates means that more Luminosity can help

Exotic: Need new ways to search for it, going beyond standard
searches or even beyond high-energy colliders

Heavy: Not enough energy to produce it
Need indirect searches via precision measurements: EFT

Ken Mimasu STFC HEP school 2026
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What is next for LHC physics

* New Physics is hiding well!
* Need to probe small deviations from the Standard Model.
* Precise predictions are needed for both the SM and BSM.

In this course we will study the ingredients which enter In
theoretical predictions and interpretations of LHC data

Ken Mimasu STFC HEP school 2026
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How to compute cross-sections for the LHC?

z; /dmldz?d@FS fa($17 :uF)fb(x% :uF) 5-ab—>X(§7 HE, MR)

Phase-space integral Parton density functions  Parton-level cross section

Ken Mimasu STFC HEP school 2026
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Master formula for LHC physics

z; /dxldxzd%s folx1, 1ur) fo(Te, pr) Cap—x (S, hF, LR )

Ken Mimasu

Phase-space integral Parton density functions
Important Universal:
aspect of a - .

~ f findin
Monte Carlo P robab'[Itltles c')th d J
generator given parton with given

momentum In proton
Extracted from data

Parton-level cross section

Subject of huge efforts in
the LHC theory community
to systematically improve
this

We will study this formula in detail this week

STFC HEP school 2026
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From the hard scattering to events

|deally Artist’s impression of reality

Ken Mimasu STFC HEP school 2026

Reality
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An LHC event

. High-Q* Scattering

[ B

3. Hadronization

Ken Mimasu

‘We will discuss all of these!

4. Underlying Event

STFC HEP school 2026 17



QCD...

LHC Is a proton-proton collider:
* Colliding particles are proton constituents which are coloured particles

QCD plays a crucial role in what we eventually observe in the detectors

Why is QCD “special”?
Let’s compare it to what we know best: QED

Ken Mimasu STFC HEP school 2026

18



From QED to QCD

+ €—|‘7 Y T q

) v/ 2 V ) /2
VS
- (., v - q

€

et

Let’s compute the matrix element for: W & 5
Summing and averaging spins: i - e
_ 264 ) ‘ % ...................................
Z M|* = . RENRE Try this out!
\)

\)
Mandelstam variables: s = (p,, +p,_)* 1= Doy —Puy)” =— 5(1 — cos 0)
S+1+u= Z mi ~0 = (Pe--—Pﬂ—)2= —%(1 + cos 0)
1Cext.
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From QED to QCD

Cross-section:

do | IS 2
i M
dQ  64rls Z M

Ken Mimasu

_ 284
) IM[>=—[*+u’
\)

2 M| « (1 + cos20)

2-body phase-space + momentum conservation

d€2 = d¢ dcosl
2
€
dra” =
O, +,—_ +,- —
€'e —>Il/t //t
38 Try this out!

STFC HEP school 2026
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From QED to QCD

€

+ (.0 ot

q

{q
VS
e (., v - q

€

Ao’ o(ete~ — hadrons)

ete” = utu) = R =
o prpn) = e

Difference due to colour d.o.f

Quark— anti-pair can be one of r7, g, bb

— Q(NC/S) q — U,

o)
d, s

Nche

q

=3.7(N./3) q=u,d,s,c,b

q

Experimental evidence for colour!

Ken Mimasu STFC HEP school 2026
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From QED to QCD

R-ratio computation

5
R 10° z|
§

107 d
11/8 R \
10/ 3 10 {0 . e
- g, rroediervwvih fuuimcacdigit 110
2 1
2m., 2m S o 'L

- b \/_ 1 1 10 10

\/E [(.__;("\W

Expected Measured

Quarkonium states: very small width, very long lived states

Ken Mimasu STFC HEP school 2026 22



A few words about the Z-resonance

Z contribution becomes relevant when /s ~ M,

We then need both diagrams and their interference

See exercise!

Ken Mimasu STFC HEP school 2026
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Z-resonance

1
Z is an unstable particle, we can’t simply use s — M2

1
s—Mz+iI'M

Breit-Wigner propagator: Resonant peak regulated by width

Narrow width approximation:

1 T

~ 6(8 — M2) i ~90GeV, I, ~ 2.5 GeV
(§ B M%)Q n M%FQZ MZFZ (S Z) |f FZ/MZ << 1 mZ e 7 e

Ge+e——>Z—>,u+,u— = Opto-—7 X BI”(Z — /’t+/ft_) with BI”'(Z — //l+//t_) =1 _/FZ

Z—utu

Simplifies computations for particles with narrow width (e.g. Z/Higgs)

Ken Mimasu STFC HEP school 2026 24



From QED to QCD

=

Let’s compute the amplitude for gg — yy |

<€

R

Z./\/l Muyél 62 — D1 D2 - 62 (U(Q)¢2¢ %1 §,/1U( )

Gauge invariance requires: ¢;"ki M, = 3"k M, =0

L 1
Mikies? = ¢ (@ag—huta) + o(@hs —oua)
—0(q)f2u(q) + v(q)f2ulq) =

Ken Mimasu STFC HEP school 2026

(s - tula) )

“Ward identity”

Works fine!
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From QED to QCD

y | ! iM= M, e"es’ = Dy + Dy = e° (U( 7)d2 d1u(q) + 0(q)¢1

1
Sl T ¢—éé2¢2“(q>)

Let’s do the same for gGg — gg VW sl

J
o —igati;” M = (t"%);: D1 + (t%*);: D 0 b1 - rabec
i 95 ( )J 1 ( )J 2 [t,t]:zf f
1

My = (t"")i; My — g° f*°t5; D

s this gauge invariant? ;. ,u _ abcyc -
— t U,
g i 0il@)gui9) We don’t get zero anymore!

abc C — [ — ...looksl'ke CD erte
iy MP = i(— g fP°el) (—igatS B (@)Yt (q)) ike QCD vertex

Ken Mimasu STFC HEP school 2026 26



From QED to QCD

What are we missing?

>mm§: —ig; D3 = (—igst§; (7" u;(q)) X (%) X (=g Viuwp(—p, k1, ko€ (k1)eb (k2))

Viipops (01,02, 03) = Vo [(P1 — P2) s Gpurpio + (P2 = P3) 10y Gpuaps + (P3 — P1)w29us.] © LOrentz covariant

i e Anti-symmetry
k1- D3 = g° f*t°V; (Q)%U(CI) » Dimensional analysis

Gauge invariant IFF the other gluon is physical

An empirical way to write down the triple gluon vertex!

Ken Mimasu STFC HEP school 2026 27



QCD Lagrangian

Interaction

Fﬁu = 0, A}, — ('LAZ—g f abcAzAﬁ & Self-interactions
See QCD-QED course!

Ken Mimasu STFC HEP school 2026
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Colour algebra

[ZL a] lj
Tr(t*) = 0 m@ =0 1 4] = j fabese

@ Fb _ achc
(tatb = TR @mOfom , = Tgr * vovo00° B ET = if

|-loop vertices

(tata)ij a OFaij | m | = CF* |

2

Z facdfbcd CA

C
Pfre(t0%),; =~

— ab — W AUab

§QQ_QQQQ/Q)

000000, O

§QQQQQQ , O
|l

= Cal2 *

= -1/2/Nc *

a b

"

X0000

Can be a bottleneck for higher order computations! People always on the lookout
for simplifications! Quite a few computations are done in the large V. limit.

Ken Mimasu STFC HEP school 2026
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Properties of QCD

distance~|/energy

UV: Asymptotic freedom
Perturbatlve Computatlons
' Parton model

>
I |
Confinement asymptotic freedom
(large distance) (short distance)

IR: Universality

. . . b 2
e Collinear Factorisation |IM”§ e
e Parton showers
Ken Mimasu STFC HEP school 2026
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Master formula for LHC physics

E; / 021 dzad®ps| £ (21, 100) Fo (2o 1 NGaboxc (51 s 102)

Ken Mimasu

Phase-space integral

Important
aspect of a
Monte Carlo
generator

Parton density functions

Universal:

~Probabilities of finding
given parton with given
momentum In proton

Extracted from data

STFC HEP school 2026

Parton-level cross section

Subject of huge efforts in
the LHC theory community
to systematically improve
this
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Structure of the proton

Best tool: electron proton scattering: e_p — e_p

* Probe proton structure via virtual photon (Z-boson)

* Different regimes for different photon energies (wavelengths)

Ken Mimasu STFC HEP school 2026

Point-like
Finite size
Constituent quarks

Sea of strongly
Interacting
quarks/gluons

32



Low energy

Long wavelength photons see proton as point-like

Spin 1/2 2

€
scattering M g = i—2[ﬁ(k’) y* u(k)] [u(p’) y, u(p)] g° = (k — k')
in QED q
Non relativistic limit: q2 < me2 Relativistic electron: me2 <K q2 <K mlg
— Rutherford scattering — Mott scattering
do a’ do o’ , [0
e _ — = COS”™ | —
dQ |, 16 EZsin*(6/2) dQ |\« 4 E?sin*(0/2) 2

E = |k|*/2m, E~|k|

Ken Mimasu STFC HEP school 2026 33



&=
I

P P

Intermediate energy

Form factor
: %ﬁ — %]Ic)loth(q )
F(q*) = Jd3rp(r)e"“"'

Photon experiences finite extent of the proton

* Resolves charge distribution of the proton

Form fact tion: / i il 2 (2| F ()]
orm factor correction: 4, ~ r — —> , cos” | — q
9 P dQ |y 4 E?sin*(0/2) 2
[M. Thompson; Modern Particle Physics]
point-like exponential Gaussian I— Uniform Ferm!
P(T) sphere function
F((—I'Z) unity “dipole” Gaussian sinc-like
Dirac Particle Proton 40Ca

Ken Mimasu STFC HEP school 2026



Intermediate energy

it : . 2 2 2 — 2 SN Py
Relativistic corrections: g~ > 1, =—q°=4FEFE'sin (—)

* Proton recoil becomes important

 New angular dependence from magnetic (spin-spin) interactions

2 ! 2
= Rosenbluth formula i . a lcosz (ﬁ) T ; i’ <g)]

dQ |, AEZsin%0/2) E 2) " 2m? 2

recoil dominates at high Q*
c.f. Gordon decomposition

1

upy'ur = %QF [(PF pz)“ ’WW(PF — pz)u] Uy

‘electric’ ‘magnetic’

Magnetic term ~ g, gives rise to He_—7 B 8€ 3
. . . - //t . 9
magnetic moment of spin 1/2 particles 2m

Ken Mimasu STFC HEP school 2026 35



[M. Thompson; Modern Particle Physics]

Elastic scattering formula

Finite size + relativistic: requires two form factors

 Electric & magnetic, GE(QZ) & GM(QZ) 0? : 05 QZ/G;W | s
* Lorentz invariance: q2 — Q2 Q2 — q2 + O(7) T =
4m;

d 2 E' | |Ggl” +7|Gyl° 0 0

il = .a — |G|+ 71 Gl cos® | — +27\GM\2sin2 —

dQ |,  4E?sin*(0/2) E 1 +7 2 2

GQ) ~ F(q?) = jd%p@) e Gu(Q?) ~ Id3rﬂ(r) 4T
Measure FFs experimentally by g, = G(0) = Jd%y(r) =12.79g,

studying angular distributions

in e~ p scattering g, # 8. suggests the the proton is not

a point-like particle

Ken Mimasu STFC HEP school 2026 36



High energy

Magnetic form factor dominates: O” > n,

do Clz E Q2 2 .9
— ~ . — | Gy |7 sIn” | —
dQ |, . 4E?sin*(0/2) E | 2mp 2

Elastic scattering cross section falls off rapidly

‘elastic’: AB — AB (proton remains intact)

Also ‘inelastic’ process: ¢ p — ¢ X

* Proton breaks up and can lead to a multitude of
hadron final states (X)

» In general both contributions exist: do,, + do. .,

Ken Mimasu STFC HEP school 2026

GM(Q 2) ™~

2.79

(1 + 02/0.71GeV2)2
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Inelastic kinematics

For 2 — 2 elastic scattering at a fixed CM energy, \/E

» Kinematics fixed by one variable, e.g. &

Inelastic scattering, W?* = p)z( =+ m]g doaiasiic [ do B \ '
dq2 dq2 Doint elastic\4d
* Now need 2 variables to fully describe Tor | 7
inelastic _ _U . F2 . ( 2 )dx
dq2 dqz Soint inelastic\d <
Useful variables:
P -
Bjorken x Inelasticity, y Energy loss, v = 4 _ E—FE >0
m
P
X = Q2 — Q2 —P.q—l E 2 2 2
_2P-q Q2+W2—m]% y_P.k_ F Q" =—-—q =—(k—k)
2 2 Fracti | elect S:(P+k)2
W2>m2=>0<x<1 ractional electron —
g energy loss W? = (P+q)" =M » 0*

Ken Mimasu STFC HEP school 2026
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Deep Inelastic scattering

What can F?(g?) look like?

1. Proton charge is smoothly distributed (probe penetrates proton like a knife through
butter)

2 2
EZCZSth(q ) ™~ lnelastlc(q ,.X) < 1

2. Proton consists of tightly bound charges (quarks hit as single particles, but cannot
fly away because tightly bound)

elastzc(qz) ~ 1 r z%zelastic(qz’ x) <1

2 2 2
' (q ) <1 I melastlc(q ,)C) ~ 1
Quarks are free particles which fly away without caring about confinement!

Ken Mimasu STFC HEP school 2026
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DIS cross section

Final state phase space: dJdo I’k dD ik dx dy d®y,
p p " kKX — (272_)3 VE X — 871' yaxay
. 1 e?

: : 2 _ 2 _ Y rgugX

Spin-averaged ME: | Z|” = 7 Z | A |~ = Q4Lﬂ HW
e (k) A
1 / — / .
- { 0 L= Y lat¥ )] [k e |QED leptonic current]
Ae

— Tr[}élvukwy] — k;ky +k k,+k-k'gu

What is Hlﬁ? Hadronic current: non perturbative, depends on X state

| ___ 1
Gep—wX _ E: Jd(I) ‘ /A ‘2 — J'Cllcl)k—4 L’MUWIMU
~ 4m,E 4m,E O

For inclusive DIS () ) =) JchX
X

X
Ken Mimasu STFC HEP school 2026
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Hadronic tensor & structure functions

Most general form obeying Lorentz & gauge invariance q ?ﬁ\w

» Must be a covariant function of P¥,g* [py = (p + q)] P

 Gauge invariance: Ward identity (current conservation) for real photon amplitude
qd'W,=q"W,, =0

- B Tsymmetriesimply W, =W, , [L, is (u < v) symmetric anyway]

4,9, P-q P-g\ 1
W, =1-g, Fi(x,09)+ | P, — P, — F,(x, 0”
2% ( g,uy qz ) 1( Q ) ( J7; q,u q2 ) ( v — d q2 ) p. q 2( Q )

Need 2 independent structure functions I 1,2(x, QZ)

 Depend on two independent, Lorentz invariant kinematic variables of DIS
* Must be determined from data

Ken Mimasu STFC HEP school 2026

q

»

41



DIS cross section

62

Q4

Finally oPeX — : [dCDk, L””WW
4mpE

d’c 4ro’ 1 —vy
= — [1+(1— )2]F . 02) + lF x, 02) — 2xF x,QZ]
szdx Q4 y 1( ) r 2( ) 1( )
1 ~
Observed £ in opq approximately independent of o4 - W -2.0 GeV
i ,,ﬂc_ — oW =3.0GeV
 AKA “Bjorken scaling” oe OTEL e, o TWo38Ge
Independence on photon resolution scale 3|s ~_
suggests scattering with a point-like, 5 10t -
fundamental constituent: parton = quarks! : .. Elastic scattering
10-3 | .‘ | L
0 2 4 6

Ken Mimasu STFC HEP school 2026 42



Parton Model

Breit frame: proton moves fast (p > mp) in Z direction & photon has zero energy

 Struck parton carries a fraction & of the proton morrlgentum
e'(k')

/e — —
(k) —>—5 = (8,00, —
v.Q ( Va2 T e | 26 T o 2
)pﬁ —— p = (F,0,0,p")
§X

 Energies of p and p’ are equal = magnitudes of momenta are equal

h=(E,0,0,60) & p'=(E0,0,—&p) = &p—0=—& = |p| =2—Q5

* Proton 4-momentum: p = (E 0, (),2>

Ken Mimasu STFC HEP school 2026
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Parton Model

Breit frame: proton moves fast (p > mp) in Z direction & photon has zero energy

 Struck parton carries a fraction & of the proton morrlgentum
e'(k")

| A0
el /2 p = (E.0,0,&p) 7 0 0 0
%V,Q“ ( p= [\/—2 + 2,0,0,2—5] ~ (2—5 o 2—93)
E — p = (E,0,0,p)
§ X
Proton length & time scales |
1 - CAp :
Rest frame  p = (m,0,00) At~ Ax ~ — Photon timescale: Az, = 0 < At
m
P
Breit frame
0 AXx 1
Ip ~ AX' = — ~ — At’=}/pAt~£
", Yp O m]%

Ken Mimasu STFC HEP school 2026
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Parton Model

Breit frame: proton moves fast (p > mp) in Z direction & photon has zero energy

 Struck parton carries a fraction & of the proton morrlgentum
e'(k')

Schematically: in the Breit frame the proton is therefore Lorentz contracted to a kind of pancake.
The photon interaction then takes place on the very short time scale as it passes through.
Partons experience time dilation: interact with each other on much longer timescales

During the short photon interaction time, the quark does not interact with spectator partons

It can be treated as a free quark!

Ken Mimasu STFC HEP school 2026
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Parton Model

In Breit frame, the parton i carries a fraction & of proton momentum
. Before scattering (EP)? ~ ()

« After scattering it has a momentum p; = P + g
B _q2 B Q2
2P-qg 2P -q

X

(EPY =p*=(EP)*+26P-q+q* = ¢

ldentify Bjorken x with the proton momentum fraction carried by the Parton

Photon ‘sees’ partons are quasi-free inside the proton

e Write DIS cross section in terms of the n 212
dG 47[“ Qq 1

‘partonic’ ¢ g — e ¢ cross sections — . ll +(1 - y)zl

d0? 0+ 2

Ken Mimasu STFC HEP school 2026
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Factorisation -5,
Defining analogous X & y variables for eq scattering 2(¢P) 2(€P + q)
X = 5 IQDZ S dPIS 1 dE d&
s o 2=[—Zfl-<z:> — (£.0%)
. &P.g dxdQ 0 & “ dxdQ
==Y

B _ dG  parton-photon double differential
: - d;chz scattering cross section

£(E) Probability for finding parton 1 in the
l proton with momentum fraction &

long distance

Ken Mimasu STFC HEP school 2026 47



Factorised DIS cross section ﬁé

- DIS - S——
Compare our two expressions for do o ~=
d’c dra’ (T ‘ l—vyr '
0 =i (_1+<1_ 0] Fi(5.0%) + 12 [y (x.0%) — 20, (x QZ)_)
d’o dé ) ds;  4na’QF 1| Ao
b) 10%dx J Zf(f)ddez( %,0%) & — — 14+ (1 =y)?*|6(E - 1)

dxdQ? o+ 21 D=y

Get structure functions in terms of parton distribution functions f.(x)

Fy(x, Q%) = Z Q7 fi(x)  Fy(x,0%) = 2xF,(x, 0?)

1=q,q
* Probability to find (anti-)quark in the proton with momentum fraction x

. Independent of Q7 ( Bjorken scaling)

Ken Mimasu STFC HEP school 2026
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Scaling and Callan-Gross relation

Scaling: Qz—independence of structure functions Callan-Gross relation
+ 6° o |8° ) 1.5 < Q%(GeV/c)? < 4
x 10° a 26° 2xF 1 i 5<Q?/(sz<c:)2< 11
0.5 _ . . ] I [ é’ N ) b 12 < QY(GeV/c)? < 16
= 1,5 -
0 + O 4 o 4 #% +¢ % z 5 T
F P 03 - . — 2 g h i
2 | o3 ot~
02 s 2 BN
ol | x=025 | =3 % *
0 1 | 1 | 1 | 1 S é 0.5
0 2 4 6 8 8 ’ m
0% /GeV?
Evidence that quarks are X
point-like proton constituents Evidence that quarks are

spin-1/2 particles!

Ken Mimasu STFC HEP school 2026



Parton distribution functions

g T u(z) = wuy(z)+ ulz) 1 1
_ / dr uy(z) =2, / dr dy(x) =1
dlr) = dy(x)+d(x) Jo Jo
s(x) = 5§(x)

1
Z / dr z|q(x) + q(x)] ~ 0.5
q /0

Quarks carry only 50% of the proton momentum
Evidence for gluons!

Proton is a sea of strongly interaction quarks & gluons

PDFs are universal: don’t depend on hard scattering

Ken Mimasu STFC HEP school 2026



LHC cross sections

pp collision at a CM energy \[S’

. Partonic collision ab — X, § = (p, + p;)* — d&ab(ﬁ, Px)
Y 2 F = 2§ (massless)
ab—X 2 o (4)
dapp—>X — Z dx, dx, (fa(xl)fb(XZ) +a < b) dDy 2 (27)°0™"(p, + Pp — Px)
ab

Colliding partons carry momentum fractions x; and Xx,, respectively

 Partonic centre of mass energy § = SX1 Xy = T = S/s = X1 X5 ) .
 Momentum imbalance in lab frame = net longitudinal momentum y = — log 1

2 X>
x| = \/;ey Xy = \/;e_y —> dx;dx, =dydr

Ken Mimasu STFC HEP school 2026



Parton luminosity

do,,_x = D, dx;dx, (£,(0)fy() + a < b) d6,,(sx,%,, py)
ab

Vdr 7 (! dx .
dxdx, > drdx; 0, x=) | —=| — (L@f@/x) +a < b) (36,

abp 0 Tx

1

L dx
I . (£, (t/x) + f(z/x)f (%))
b Jr

T
Define parton luminosity: £, = — =7
A

A

e Dimensions of a cross section
< 1 ‘luminosity’ of partonic initial

Ldr . state as function of t, for a given s
6pp—>X: Z _‘gab(S,T)‘ [SUab]

|56, |: Dimensionless factor,
approximately determined by couplings
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Li]‘ [nb]

Parton luminosity

__LHC parton luminosities

10°
106 i
104 !

102 !

99
q9q

14 TeV
8 TeV

Ken Mimasu

1

d
Gpp%X:ZJ' _T’gab(s,f)’ [S\&ab]
ab 0 ‘

Gluon-gluon luminosity dominates
at lower \/§ (low Xx)

A ; and A o CrOSs over around
\/;Z ~ 1 TeV

Single production of a particle with
mass, My

6ab—>X(§) — 8ab—>X(M)2() 5<§ o M)zf)

STFC HEP school 2026



Parton model summary

DIS experiments show that virtual photon scatters off massless, free,
point like, spin-1/2 quarks
* One can the short- and long-distance physics entering this process.

 |ong-distance physics absorbed in PDFs.

e Short distance physics described by the hard scattering of the parton with the virtual
photon.

D | dxydxy d@pg f,(x)f () 6(5)

a ,b Phase-space integral ~ Parton density functions Parton-level cross section

Ken Mimasu STFC HEP school 2026
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Master formula for LHC physics

E; / A2y dad®ps £ (21, 100) o (2o 1 N (B i i)

Ken Mimasu

Phase-space integral

Important
aspect of a
Monte Carlo
generator

Parton density functions

Universal:

~Probabilities of finding
given parton with given
momentum In proton

Extracted from data

STFC HEP school 2026

Parton-level cross section

Subject of huge efforts in
the LHC theory community
to systematically improve
this
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Higher order corrections

Born
(p) W<m O(gs) Real emission

O(gg) :
O(gs) Virtual (loop)
o(p) _ correction
O(gs) 0(g3)
ONLO = OLo T J' ‘Areal ‘2 d(I)3 T [ 2Re lABorn A;klr] dq)Z
R V
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QCD in the final state

Real corrections: . ;
P d —1 Ho(p)t® + u H 0 p)t®
a(p)gy+ P o(p)  ap) @+ Dt (@)] .
_ 2p - k 2p - K _

What are those denominators?

p - k = poky(1 — CcOSO)

What happens when the gluon is soft (k, — 0) or collinear (¢ — 0) to the quark?

Ken Mimasu STFC HEP school 2026



QCD in the final state

What happens when the gluon is soft (k, — 0) or collinear (¢ — 0) to the quark?

" y k<<p -
A/ ° 7 k,a .o - € - € .
V Asoft — — &5 [ta]l] (p ) ; ) Aé]
- orn
kya p-k p-k
D, 1 D, 1

Very important property of QCD & QED

of long-wavelength (soft) emission from the short-distance
(hard) scattering!

Soft emission factor is universal!

Ken Mimasu STFC HEP school 2026
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QCD in the final state

How does it contribute to the NLO cross-section?

Born ‘

_ ) p ep-€* p-ep-€*+(pep) prep-et
Z‘Areal‘ Z 3CF (p k)2 (p k)(p k) | (p k)2 )‘A

qq98
Greal CF g §

o I 4k 2p - p

O.

som | 2ko(27)3 (p - k)(P - k)
dk, 4

A

UNLO - GLO —+ J ‘Areal ‘2d(1)3 —+ J 2R€
R V )
i P €
real = — & [ta]] (p I p ) Born

A%

Born vir |

Ug
= Cy — 699 |dcos®

271. Born

Ken Mimasu STFC HEP school 2026
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QCD in the final state

37 _
_ qug—c gsgqq J d”k 2p P

2%, real F Born 2]{0(271')3 (p - k)P - k)
= C,, — 597 Jdcos 0 il -
~ “F 5 %Bom ko (1 —cos@)(1 + cosb)

Real emission diagrams: IR singularities Soft divergence Collinear divergence

* |nfrared divergences arise from interactions that happen a long time after
the creation of the quark/antiquark pair.

 \When distances become comparable to the hadron size of ~1 Fermi,
quasi-free partons of the perturbative calculation are confined/hadronized

non-perturbatively.
How do we proceed with our calculation?

Ken Mimasu STFC HEP school 2026
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Cancellation of divergences

Real In practice: regularise both
divergences (with either dimensional

regularisation or mass regulator)

Mass regulator (1): (p+k)* — 2p - k+ A*
Virtual 2
send A© — 0 at the end

Also dlvergent'

Dimensional regularisation (¢ = d — 4)

PS integration 2 3 19
...mm O_REAL BornCF s | | 7'('2
2T e 2
2 3

VIRT B s
Loop integration o =0 O — (

e—0 4
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KLN Theorem

Kinoshita-Lee-Nauenberg theorem: Infrared singularities in a massless theory cancel
out after summing over degenerate (initial and final) states

/

hard hard + soft gluon 2 collinear partons

Physically...

* hard parton can’t be distinguished from a hard parton plus a soft gluon
* ...or from two collinear partons with the same energy.
* final state with a soft gluon is nearly degenerate with a final state with no gluon at all (virtual)

Hence, one needs to add all degenerate states to get a physically sound observable

Ken Mimasu STFC HEP school 2026
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Infrared safety

Consequently...
We need to pick observables which are insensitive to soft/collinear radiation.

 These observables are determined by hard, short-distance physics
* Long distance effects suppressed by an inverse power of a large momentum scale.

Schematically for an IR safe observable
On_|_1(k1, kg, C ey /f@', /fj, . oo ]{in) — On(kl, ]{72, ce kz -+ kj, c e ]{Tn)

whenever one of the k;/k; becomes soft or k; and k; are collinear

Ken Mimasu STFC HEP school 2026
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Which observables are infrared safe?

» energy of the hardest particle in the event NO

» multiplicity of gluons NO

» momentum flow into a cone in rapidity and angle YES

) jet cross-sections DEPENDS

See exercises!

Ken Mimasu STFC HEP school 2026
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Asymptotic freedom

w Ri = Ry (1 | O;S) No divergences!

What happens at higher orders? M, — oo (cutoff regulator)
2 M? 11N, — 4nT
R® = R (1 | O;S | (%) <c+7rbolog< QUZV>>> bo = 1%7” -

UV divergences don’t cancel! We need renormalisation!

Renormalising the bare coupling we have:

M — : :
____bare Uv bare\ 2 2 2
ag(p) = g™ + bg log ( 112 ) (ag™) Ry (as (1), —MZ) = Ry (1 | QS;M) - |c+ mbo log —gQ (QS(M)> )

p = renormalisation scale Finite but scale dependent!
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Asymptotic freedom

(xs ) ,u = = b()Ck2 + b1a3 —+ b2a4 -+ -

Perturbative region

QCD b= 11Ni2;2nf = Bag) <0
QED bo = —ﬁ = Blagm) >0 1 ) bl log log ,uQ/AZ )

ozs(u — = |1
| bolog 45 | b5 logp?/A?
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Running of o,

0.35

O3 F PN\ .

o2s -\

ay(Q?)

0015 e E 1

o1

0.2 - R \\

= o 3(Mz%)

T decay (N°LO) +=- |
low Q? cont. (N°LO) e -
DIS jets (NLO) ]
Heavy Quarkonia (NLO)
e e jets/shapes (NNLO-+res) F*
pp/pp (Jets NLO) —a— -
EW precision fit (NSLOy—e— ~
pp (top, NNLO) =+ -

~0.1179 £ 0.0010

0.05 L

Baikov :
Davier :
Pich |

|

SM review

Boito F—e—i
|
|

........

............
2 T 1

} } |
H PQCD (Wilson loops) o

herl
H PQCD (c-c correlators) |-b1

Maltmann (wilson loops)

PACS-CS (SF scheme)
ETM (ghost-gluon vertex)
BBGPSYV (static potent.) I-Q-—I: |

...........

...........

ALEPH (jets&shapes)
OPAL(j&s)

JADE(&s) | ®

Dissertori (3j)
JADE @3j)

DW m) } ©

Abbate (1) o
Gehrm. fp—®

...........

..........

|
|
« VT

..........

...........

| 10 100 1000 011 0115 012 0125 0.13

Q [GeV] April 2016 as(Mg)
Many measurements at different scales all leading to very consistent results once
evolved to the same reference scale, M-
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Going back to the Master formula
Z [ dx;dx, d®p¢ f.(x1)f,(x) 6(8)

a.b i

Z [ dx,dx, d® pg f,(x1)f,(X) 6(S, pig)

a,b i 299

z; /d$1d$2d@FS folxy, pr) fo(xe, ur) Oap—x (S, UF, UR)




QCD improved parton model

The parton model predicts scaling. Experiment shows;

Ken Mimasu

Scaling violation

What are we missing?

Xs corrections to the LO process

STFC HEP school 2026

photon-gluon fusion

69



QCD improved parton model

— W v.Q
t:ﬁwy % Y & } What do we expect? Py

Given the computation of R at NLO, we expect IR divergences

We need to regulate these, and hope that they cancel!

d2

. Y - —
O A v
ddeQ‘FQ = F2q ? _a %y % ;—>—<

Soft and UV divergences cancel but a collinear divergence remains:

, 2 V.
g — 2 [5(1_ )+&P lo Q__|_C‘1( )] ﬁ’g_ 2 [O+&P lo Q—+Cg( )]
y eqx X 471_ qq gmg 9) X 2 eqx 471. 48 gmg 2 A yL
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QCD improved parton model

g e | S

Soft and UV divergences cancel but a collinear divergence remains:

) 2

9 = o2x[5(1 — )_I_ﬁp o Q__|_C61( )] 8 — 2[O+&P lo Q—+Cg( )]

» — gt A Ag 99 gmg2 o » = Gt Ag 98 gmg "
———— Rcutoff &«

i 2
What are functions qu and qu.

Splitting functions Plj(x): they give the probability of parton | splitting
iInto parton | which carries momentum fraction x of the original parton
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Altarelli-Parisi Splitting functions

Branching has a universal form given by the Altarelli-Parisi splitting

functions SHRES (1)

Pyqg(2) = Cr 1z |7 Pygq(z) = Cp -

/
AN

These functions are universal for each type of splitting

Ken Mimasu STFC HEP school 2026



What does this collinear divergence mean?

Residual long-distance physics, not disappearing once real and virtual corrections
are added. These appear along with the universal splitting functions.

Can a physical observable be divergent?
No, as the physical observable is the hadronic structure function:

i o) L d i T 2 T |
Fi@.Q) =2 3 & |fol@) + 52 [ T hi0l) [Pu(F)los o + CHE)

2T m?
i=q,q S

g
We can absorb the dependence on the IR cutoff into the PDF:

1
folsig) = fao(a) + 55 [ huol€) Pl 1o

Renormalised PDEFs!

STFC HEP school 2026
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Factorisation

Structure function is a measurable object and cannot depend on scale
at all orders (renormalisation group invariance)
2 X

1 ] ]
d .
qu(va2) —xizq;qug/x ?gfz(fa/‘?“) _5(1 zf) | &52(: ) _qu(g)log 5? | (Og_zqq)(g)"

Long distance physics is universally factorised into the PDFs, which now depend
on /. PDFs are not calculable in perturbation theory. PDFs are universal, they

don’t depend on the process.

Factorisation scale Wy acts as a cut-off, emissions below Jipare included In the
PDFs.

Ken Mimasu STFC HEP school 2026 74



LHC Master Formula
Z I dx,dxy d@pg (X, )fy(X) 6(5)

a.b i

Z [ dx,dx, d® pg f,(x1)f,(X) 6(S, pig)

a.b i

E; /dmldﬁzd@r«‘s folxi, pr)fo(ze, pr) Cap—x (8, ir, LR) Q




DGLAP

We can’t compute PDFs in perturbation theory but we can predict their evolution
INn scale:

4 )
L, Of (T, 1?) : /1 dz a
s O4? . 22T

Altarelli, Parisi; Gribov-Lipatov; Dokshitzer °77

Universality of splitting functions: we can measure pdfs in one process and use
them as an input for another process

Splitting functions improved in

s (0 s\ 2 (1 s\ (2 .
Poy(as, 2) = 2—;P§b)(Z) + (2—;> Py (2) + (2—;) P (2) + ..... perturbation theory!
1 1 1 L.O Dokshitzer; Gribov, Lipatov; Altarelli, Parisi (1977)
LO (1974) NLO (1980) NNLO (2004)

NLO Floratos,Ross,Sachrajda; Floratos, Lacaze, Kounnas

Gonzalez-Arroyo,Lopez,Yndurain; Curci,Furmanski
Petronzio, (1981)

Ken Mimasu STFC HEP school 2026 NNLO - Moch, Vermaseren, Vogt, 2004 76



PDF evolution

Ken Mimasu

0.9

0.8

| IIIIIIII | Illlllll

- NNPDF3.1 (NNLO)

xf(x,u2=10 GeV?) :

] llllllll

g/10

xf(xu2=10* GeV?):
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Impact of PDF uncertainties

Higgs Production Channel 7 theo. uncertainty Higes Production Channel % theo. uncertainty

Yellow Report 4 (2016)

Progress in PDFs!
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Fixed order computations

AN AN

_p‘ /.\ p }{@fﬁ”\

/daz‘ldazzd%s folxy, pr) fo(xe, pr) Gap—x (S, UF, UR)

sBorn (1 %¥s (1) (O‘) (2) ( ) (3)
— 1 4
7= ( o’ " 2T " 2T i

LO NLO NNLO N3LO

Ken Mimasu STFC HEP school 2026
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Fixed order computations

AN/ AN

Y >

e, -

We need to add real and virtual corrections to the hard scattering
dealing with singularities

Relatively straightforward at NLO (automated), complicated at NNLO (tens of
processes), extremely hard at NNNLO (handful of processes known)

Ken Mimasu STFC HEP school 2026
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Structure of an NLO calculation

Q- X >12 FC K

SNLO _ d<d>(, n <d>0 n d<4> B

m m—l—l m

Virtual part Real emission part Born

Difficulties:

* Loop calculations: tough and time consuming
* Divergences: Both real and virtual corrections are divergent

 More channels, more phase space integrations

Ken Mimasu STFC HEP school 2026
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A note about NLO

Example: top pair production

Which observables do
Total cross-section )
ol of a top quark J

oT of top pair x
pT of hardest jet x

tt invariant mass J

It is certain observables which are computed at NLO

Ken Mimasu
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e compute at NLO?
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Need for higher-orders

Standard Model Total Production Cross Section Measurements status: March 2021

ATLAS Preliminary
\s=7,8,13 TeV

Pp W Z tt t Wit

Ken Mimasu

Reminder:

LHC pp Vs =13 TeV

BEl Data 32- 13910

LHC pp Vs =8 TeV

Level of experimental precision
demands precise theoretical predictions

Data 20fb~!

LHC pp Vs =7 TeV

Data 4.5fb!

Theorists are not simply having fun!!!

There are processes whose
measurement is limited by theoretical
uncertainties

t tt t —
H WW Wz Z77 ttW  ttZ I L A
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Higher order computations

2
Tree l
24
1 -loop X ‘ + complex conj.
2—3 | |
2-loop X I + complex conj.
22 _H_
2
1-loop
2 — 2 From Gavin Salam’s lectures

Quy Nhon Vietnam 2018

Complexity rises a lot with each N!
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Status of hard scattering cross-sections

LO automated

NNLO: Several processes known (VV production, top pair production, all 2 — 1 processes)

NNNLO: only a handful of processes!

* Higgs in gluon fusion (Anastasiou et al, arXiv:1602.00695)
* Higgs in VBF (Dreyer et al, arXiv:1811.07906)

* Higgs in bottom annihilation (Duhr et al, arXiv:1904.09990)
* Drell-Yan (Duhr et al, arXiv:2001.07717, 2007.13313)

Ken Mimasu STFC HEP school 2026
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Progress In higher-order computations

TIMELINE FOR NNL

Antenna H+jet
: ' Z+j€t :
. g tat=pTiats -~ VH 'VH
q1 ; ete—>Jjets Yiets |
.. ep—>2jets ~ Z+tb-jet
N-jettiness : W+jet y+X
Y ZH ZZ WW WZ
i H 5
Colourful | Z/W  WH Ly Wy HH tt
: : : \V+jet :
; 2.7
P2B v+X Zyjet &Y 7006(aa)
nested soft-coll. - . |
H+jet ep—>)et - WH(m, # 0)
5 W HH;j (VBF
Hjj (VBF) ) (VBE)
W/z H ; 4 :
Ttot Utot : - WH
' r ie'e—>3)ets.
———— a4 s — t - - - - t t t —5 >
199] 2002 2005 2007 2009 2011 2013 2015 2017 2019
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Hard scattering cross-section

— LO NLO = NNLO = N3LO

~100%| Improved accuracy and precision
0.

— LO NLO

— NNLO — N3LO

< 5%!

7200 400 600 800 1000 1200 1400 1600
Q [GeV]

T dhemeie T Dilepton production
Higgs production arXiv:2203.06/30
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Uncertainties in theory predictions

“All orders™ result should be ,u /nde,oendent

How do we estimate : m |_o = NLO = NNLO B NNNLO m
uncertainties? -

Vary the renormalisation and
factorisation scale

al/pb
W
o
|
|

Typically pick some central scale
Ho and vary the scale up and

down by a factor of 2 o} x l
Aim to capture unknown |
higher order corrections, 10 | 1 S ————— 2
not exact science!

Ken Mimasu STFC HEP school 2026



How do we actually compute all of these?

Y""’:} '-;v e L
g T W |
@l%‘r V(@) H

Theory

Eleni Vryonidou

Monte Carlo

Invisibles school 2022

Experiment
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Focusing on LO

Example: 3 jet production in pp collisions

1. Know the Feynman rules (SM or BSM)

2. Find all possible Subprocesses

97 processes with 781 diagrams generated in 2.994 s
Total: 97 processes with 781 diagrams

3. Compute the amplitude

4. Compute | M \2 for each subprocess, sum over spin and colour

1 >
o= / M|2dD(n)

Ken Mimasu STFC HEP school 2026

5. Integrate over the phase space
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LO calculation of a cross-section

How many subprocesses?
Amplitude computation (Feynman diagrams) Difficulty

Square the amplitude, sum over spin and colour

Integrate over the phase space

Complexity increases with
 number of particles in the final state

 number of Feynman diagrams for the process (typically organise these in
terms of leading couplings)

Ken Mimasu STFC HEP school 2026
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Output of LO MC generators

Example: gg>ZZ

LHE event format

<event>
4 0 +1.1211000e+00 1.89058500e+02 7.81859000e-03 1.15931300e-01
21 1 0 @ 502 501 (+0.0000000000e+00 +0.0000000000e+00 +4.6570159241e+01 4.6570159241e+01
21 1 0 @ 501 502 |-0.0000000000e+00 —-0.0000000000e+00 -1.9187776299e+02 1.9187776299%9e+02
2311 1 2 0 0 |+1.3441082214e+01 +1.3065682927e+01 -5.1959303141e+01 1.0661295577e+02
1 1 2 0 0 [-1.3441082214e+01 -1.3065682927e+01 -9.3348300610e+01 1.3183496646e+02

</event>

PDG

Momenta

0.0000000000e+00
0.0000000000e+00
9.1187600000e+01

.1187600000e+01

Mass

0.0000e+00 1.0000e+00
0.0000e+00 1.0000e+00
0.0000e+00 1.0000e+00
0.0000e+00 1.0000e+00

All Information needed to pass to parton shower is included in the event

Ken Mimasu
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Available public MC generators

Matrix element generators (and integrators);
 MadGraph/MadEvent

 Comix’AMEGIC (part of Sherpa)

« HELAC/PHEGAS

 Whizard

 CalcHEP/CompHEP

Ken Mimasu STFC HEP school 2026



Is Fixed Order enough?

Fixed order computations can’t give us the full picture of what we see
at the LHC

AN/

SClE CCQE

Studied so far

Ken Mimasu STFC HEP school 2026
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An LHC event

. High-Q* Scattering

[ B

3. Hadronization

Ken Mimasu

: 4. Underlying Event

STFC HEP school 2026
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Is fixed order enough?

SRL ¥
l-1 o, . i . i ,-' o
oL @e S 00, fel
. ) ® .‘.ri '¥.. y ‘9 .
L b ® o \\ e ﬁa‘% « ;
s N AR 4 » p
i. . '.x.. g ;ﬂ;ﬂnl-* o ’ "::*: o
:: .'w.\ ) .’r - ‘; ,!.
*~ > o  f/ .M\ o
- . o WV
o sy
o | : ®
[ | o m? ®- =
D - ® o O- i] i. f
y : .a:‘_!‘..d‘ ! %ﬁu*. ."'A"i @
e Particle multiplicity? A NV
* et structure! K 4 f .-,
e Hadrons! w ¥ In AN S
. ® .' .. @ . Y ¢

e Fixed order calculations involve
only a few partons

e Not what we see In detectors

e Need Shower and Hadronisation

Ken Mimasu STFC HEP school 2026
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A multiscale story

High-Q? scattering: process
dependent, systematically improvable
with higher order corrections, where
we expect new physics

Parton Shower: QCD, universal, soft
and collinear physics

Hadronisation: low QZ, universal,
based on different models

Underlying event: low O7, involves
multiple interactions

Ken Mimasu

energy
scale |
hard process 7 time
1 TeV l
100 GeV
10 GeV

1 GeV hadronisation
nKnpp..... KnnKnm

@G.Salam
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Parton Shower

* Dress partons with radiation with an arbitrary number of branchings
* Preserve the inclusive cross-section: unitary
* Needs to evolve in scale from Q~1TeV (hard scattering) down to ~GeV

e ..at which point hadronisation takes place

Ken Mimasu STFC HEP school 2026
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Basics of parton shower

Factorisation!

Starting with one splitting |

small angle=collinear

* Time scale associated with splitting much longer than the one of the hard scattering
* This Kind of splitting should be described by a branching probability

* The parton shower will quantify the probability of emission

Collinear factorisation: | |M,,,1|?d®,,.1 ~ |/\/ln\2d<1>n%dzd¢ (s

Pa—)bc(z)

2T 2T

Ken Mimasu STFC HEP school 2026
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Collinear factorisation and splitting functions
b

dt = do o
M ["d®niy = ‘M”‘Qd%?d’zzi o Larve(2) 3/4
C

e [1s the evolution variable

e {tends to zero in the collinear limit (this factor is singular)
7 enerqgy fraction transferred from parton a to parton b in splitting (z — 1 in the soft limit)

() azimuthal angle

The branching probability has the same form for all quantities 0°

» transverse momentum k; ~ 72%(1 — 7)°0°E?

. invariant mass Q° ~ z(1 — 7)0%E”*

Ken Mimasu STFC HEP school 2026 100



Altarelli-Parisi Splitting functions

Branching has a universal form given by the Altarelli-Parisi splitting
functions (as we saw in DIS)

Pysqg(z) = CF :11 _ZZQ: ) Pysgq(2) = CF :1 (12— )
& /
AN .,

At dé o
., Pa C
£ g g L abel?) »

These functions are universal for each type of splitting
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Multiple emissions

b d
2 .| 2
8,0 >0 X 7 O x b 6’
0’< 6 C e
dt . do « dt’ ,do’ «
2 2 S S
|./\/ln_|_2‘ d(I)n_|_2 ~ ‘./\/ln‘ dq)anZ o O Pa_>bc(Z) X 7d2’, o O Pb_>d€(z’)

We can generalise this for an arbitrary number of emissions

lterative sequence of emissions which does not depend on the history
(Markov Chain)

* No interference: Classical

Ken Mimasu STFC HEP school 2026
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Multiple emissions

o L6 |2 | 2
a GC e 0.0 — 0 X g 0 X b B’
0 <0 C e

Dominant contribution comes from subsequent emissions which satisfy strong ordering
0>0>0"

For k emissions the rate takes the form:

Q qt [t ar T (k=1 a\
On+k OCCV];/Z 7 i 7 /Q2 t(k_l) X On (ﬁ) 1ng(Q2/Q(Q))

 (Jisthe hard scale and (J is an infrared cut off (separating non-perturbative regime)
» Each power of a, comes with a logarithm (breakdown of perturbation theory when large)

Ken Mimasu STFC HEP school 2026 103



Basics of PS

* Collinear factorisation allows subsequent branchings from the hard process
scale down to the non-perturbative regime

» Different legs and subsequent emissions are uncorrelated
* No interference effects
» Captures leading contributions
 "Resummed” calculation: sums logs to all orders
* Bridge between fixed order and hadronisation
* Parton shower Is unitary
 Sum over all possible branching histories = 1
* Preserve hard scattering cross section

Ken Mimasu STFC HEP school 2026 104



Hadronisation

Colourless hadrons observed in detectors, not partons.

Hadronisation describes creation of hadrons in QCD at low scales where a, ~ O(1)

Requires non perturbative input

Two models: cluster and string

Ken Mimasu

Color-singlet parton pairs end
up “close” in phase space. This
Is called preconfinement.

Involves collecting gg pairs into
color-singlet clusters.

STFC HEP school 2026

Create strings from color
string, with gluons
“stretching the string”
locally. It uses non-
perturbative insights

105



Hadronisation

Sjostrand, Durham '09

S_)
\
L\ H
R --\\l U\O
\\\w
U/
program PYTHIA HERWIG
model string cluster
energy—momentum picture powerful simple
predictive unpredictive
parameters few many
flavour composition messy simple
unpredictive in-between
parameters many few
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Summary: Parton shower

* A parton shower dresses partons with radiation such that the sum of probabilities is one.
* Predictions become exclusive.
* (General-purpose, process-independent tools
 Based on collinear factorisation and provides a “resummed” prediction

* Similar ideas can be used for the initial state shower (need to account for PDFs-
deconstruction of the DGLAP evolution, backwards evolution)

* Full description starting from hard scattering, shower and hadronisation (also underlying
event)

* Move to hadronisation at a cut off at which perturbative QCD can’t be trusted
* Hadronisation is also universal and independent of the collider energy

Ken Mimasu STFC HEP school 2026 107



Parton shower programs

Current release  Hard matrix Shower

Hadronization

series elements algorithms
Internal, Clust

Herwig 7 libraries, QTilde, Dipoles  Eikonal (S:S, er;,

event files rings

: Internal, Pt ordered, :
Pythia 8 event files DIRE.VINCIA Interleaved Strings
7

A Internal, CSShower, . Clusters,

o) %I Sherpa 2 libraries DIRE Eikonal Strings

Ken Mimasu STFC HEP school 2026

Herwig and Pythia use
LHE files e.g. produced
in MG5_aMC
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What do we see in the detectors?

CMS Experiment at the LHC, CERN
N Data recorded: 2016-May-29 22:35:55.226560 GMT
2! ‘Run / Event / LS: 274199 / 548714092 / 285

Collimated sprays of particles: Jets!

Ken Mimasu STFC HEP school 2026 109



Ken Mimasu

2-jets

same event!!

3-jets

How do we decide?

4-jets

STFC HEP school 2026

Jet algorithms:

A set of rules to project
information from the
hadrons we see In the
detectors onto a small
number of parton-like
objects
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Jet algorithms

T T
A\
K
jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VN N

Procedure needs to be IRC safe!
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Sequential recombination algorithm

Example of jet algorithms

Bottom-up: combine particles starting from .
closest ones

How? Choose a distance .
measure, iterate recombination

until few objects left, call them

jets

Usually trivially made IRC safe, but
algorithmically complex

Examples: Jade, kt, Cambridge/Aachen,
anti-kt ...

Cone:

Top-down approach: find coarse regions of
energy flow.

How? Find stable cones (i.e. their axis
coincides with sum of momenta of particles in
it)

Can be programmed to be fairly fast, at the
price of being complex

Examples: JetClu, MidPoint, ATLAS cone,
CMS cone, SISCone

Ken Mimasu STFC HEP school 2026 112



IR safety and cone algorithms

Example: Take the hardest constituent of event as seed for jet cone

vr R pr
collinear splitting of
hardest constituent
R ! — R
— AR = 0.5

AR =0.5 hew seed!!

| -jet configuration 2-jet configuration

Sensitive to collinear emission! Not IRC!

Ken Mimasu STFC HEP school 2026 113



Example of jet algorithm

Start with a collection of “particles” defined by their 4-momenta

Steps:
o o (AR 1. Find the smallest of d.. d
Distance dij = mln(pTivaj) R2 ' Tk
measure dip = P2 2. If 1] recombine them

3. If 1B call 1 a jet and remove from particles
4. Repeat from 1. until no particles left

*Minimum distance between jets is R

"Number of jets above pr; is IR sate

Ken Mimasu STFC HEP school 2026 114



Example of jet algorithm

Py 4 Py A Py A
o ol oL
CI) > Py (') > P, CI)
Py A Py 4 Py 4 Py A Py 4 Py 4
O O = O O O
5 > P 5 > P, L > F L -> 5 5 >

4-jets found!
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Example of jet algorithms

d;; = min(p;, p;;)

KT algorithm

dip = p%i

2

2

Anti-KT algorithm |

Ken Mimasu
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soft jet /

more
circular

.......................... .k" il p. [GeV] ng(Aachen, R=1
B g )
e ] < N
S SR i I
i P S
B .............
BRERE 0 V)
i 6 )
----------- - 5
5 4
o 3
| 2
6 1
0 2 4 ) A 6
0 2 0
y 6 4 y \
p [GeV] a_,'_‘,'ti-k' R=1
R shape independent
g A R R of jet pT
103\ f =
o\ )
5 0
° i
s
) hard jet
6 3
: B circular
0 & 4 -2 0 2
y

G. Salam
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Summary so far

* We try to Improve cross-section computations by going to higher
orders: LO, NLO, NNLO etc

* We try to describe collinear radiation with the parton shower Q
* We identify jets using IRC jet algorithms Q
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Fixed order vs parton shower

Parton shower describes soft and collinear radiation: not appropriate for hard
emissions

For hard radiation we need input from the matrix element
Two directions of improving parton shower Monte Carlo

 ME+PS merging: include higher multiplicity (but leading order) matrix
elements

 NLO+PS matching: include NLO corrections to the matrix elements to
reduce theoretical uncertainties and then match to the parton shower

Ken Mimasu STFC HEP school 2026 118



Parton shower results

W +jets, LHC 7 TeV.

Inclusive jet multiplicity (electron channel) p of 2nd jet (electron channel)
2 : e amasam F ot D amasam Parton shower can’t
2 —— H — H - . . . . .
% ol e | = L [y — HwerPowheg - describe high multiplicity
- + E -
: + s * ; hard jet events

S 107 = 1077 T E

Need input from the

E matrix element
(S) 0.8 = — % ;%—_. | 3

0 ) 100 12
Njet p 1 (2nd jet) [GeV]
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Towards LO merging

Ken Mimasu

+

N 4

. Fixed order calculation Resums logs to all orders

.
2. Computationally expensive 2. Computationally cheap
3. Limited number of particles 3. No limit on particle multiplicity
4. Valid when partons are hard and 4. Valid when partons are collinear
well separatec and/or soft
5. Quantum interference correct >. Partial interference through
6. Needed for multi-jet description angular ordering

6. Needed for hadronization

STFC HEP school 2026
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Double counting

_Parton shower * QOverlap between ME and PS: double counting

>«m sz 'kz .. * Apply a cut in phase space: a merging scale
()° to divide the shower and matrix element

Z:wm 2% regions

gxﬁ e Ensure the transition is smooth between them

kt > Q°

Matrix elements

 [The matrix element should look like the parton
shower at the cutoft

Ken Mimasu STFC HEP school 2026 121



Example: MLM merging

o &~ b

k
3 / Zm@f [M.L. Mangano, 2002, 2006]
kT3
N\

Q> [J. Alwall et al 2007, 2008]

KT

. Generate parton configuration from matrix element

Shower the event without any restriction (shower from Q)

Cluster jets with a clustering algorithm

Match partons and jets

Reject if not all partons and jets match or if additional jets have been produced

Ken Mimasu STFC HEP school 2026
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Exp vs Theory

Z p | reconstructed from dressed muons , CMS Vs =7 TeV L =49 fb~!
— 10_1 — — 10 =
i — : ‘ e —
I> - - T S — —e— CMS Data
@ T ° . 3 . B . —— SHERPA Z + o jets
S0 = e Z = ——— SHERPA Z + 1 jet
o — _ﬂLC-r._ + — .
s - - 2 - . —— SHERPA Z + 2 jets
~ — — .
5103 —e— 1 1 SHERPA Z + 3 jets
E E = * E &
— ~ —e— ATLAS Data < - |
104 - —— SHERPA Z + 0 jets —— S 10 = .
- —— SHERPA Z + 1 jet -
o5 s SHERPA Z + 2!ets L, 02 :_
= SHERPA Z + 3 jets - =
10_6 ] I I I I I I I _I_II 10_3 _I I I I I I [ I I I [
1.4 — 1.4 —
% 1.2 :— :_\:I_‘ ..g 1.2 :—
g 1 ; = rh_., g 1 ;
S 08— M ==Ra | S 08 = | | |
0.6 - 0.6 — | . ' |
I I O I I I I I I [ I I — — — I [ I [ I I I I I I I I [
1 10" 10° 1 2 3 4 5 6
p (up) [GeV] Exclusive Jet Multiplicity

ATLAS, Phys. Lett. B 705 (2011) 415; CMS, Phys. Rev. D 91 (2015) no.5, 052008

Much better agreement with experiment!
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Summary: LO merging

* (Good description of both hard and soft/collinear regimes

* Double counting problem is solved by throwing away events where
the matrix element partons are too soft or the radiation from the
parton shower Is too hard.

* Better agreement with data in high-multiplicity regions Q
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Is LO merging enough?

We have seen the importance of higher-order corrections to predict
rates and distributions and reduce uncertainties

Need at least NLO to describe the data!
107 CMS, 5.0fb‘1at\Fs=7Tev/ LO

T 14] Diepton Combined  » Data 4

8 E —— MadGraph i

— 12k e MC@NLO@

8a --- POWHEG <= ..

me 19 - NLO Let’s match NLO predictions
I - to the parton shower
0 50 100 150 200 250 SCI)DOT C|:3(5;|Oe \;IJOO
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Higher orders and PS matching

5 10 15
transverse momentum [GeV]

Note: Fixed order calculation makes
no sense in the small pregion

Ken Mimasu

NLO has divergences in virtual and real
corrections

The real emission has to be integrated over
the full phase-space to cancel the IR poles
against the virtual corrections

Our trick of introducing a cut (merging scale)
like we did for LO merging cannot work

We need a new procedure to match NLO
matrix elements with parton showers

STFC HEP school 2026
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NLO+PS

Two main methods:
MC@NLO: Frixione, Webber 2002
POWHEG: Nason 2004

also
KRKNLO, Vincia, Geneva
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MC@NLO features

Good features of including the subtraction counter terms

* Double counting avoided: The rate expanded at NLO coincides with the total NLO cross
section

 Smooth matching: MC@NLO coincides (in shape) with the parton shower in the soft/
collinear region and it agrees with the NLO in the hard region

o Stability: weights associated to different multiplicities are separately finite. The MC term
has the same infrared behaviour as the real emission.

Not so nice feature:

 Parton shower dependence: the form of the MC terms depends on what the parton
shower does exactly. Need special subtraction terms for each parton shower to which we
want to match: updates in showers might not be compatible with MC terms
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Summary: NLO+PS

Higher order computations matched to parton showers allow us to
have useful features from both!

MC@NLO: subtraction term avoids double counting between NLO and
parton shower

Other NLO+PS method:

POWHEG: overall k-factor and modification of first emission to fill hard
region of phase-space based on the real emission matrix elements
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Merging@NLO

To improve both high multiplicity regions and rates
Two main methods of merging@NLO

¢ FXFX

« MEPS@NLO

Make MC@NLO calculation exclusive in more jets by vetoing additional radiation and
resumming the dependence on the merging scale

- CKKW-L approach (i.e. Sudakov rejection based on shower kernels)

Used in Sherpa’s “MEPS@NLO”

CKKW from hard scale down to the scale of the softest jet not affected by veto;
 MLM-type rejection from there down to merging scale

Used in MadGraphd_aMC@NLO with Pythia or Herwig: “FxFx merging”
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Merging@NLO

[Hoeche et al., 1207.5030] [Frederix, Frixione, 1209.6215]

Inclusive Jet Multiplicity IIIIIIVIbI
= I l I I I = - pp - H @ LHC 8 TeV in pb/bin |
z —— ATLAS data ] ER 2 TS i=0 3
S MePs@NLo . osopR- " TE, i=1 —
- ot . Mh‘pS@NLO /2. 20 -

Al = — MExNLoPS =
- [r— MENLOPS u/2...2u 1 0.10 k
= ¢ o Mc@NLo 7 005:
10} - . —_— i ;u ! ."E...
= jet = - L - ' -
—— 20 GeV 3 aMC@NLO ; .
——c—— T pl(ilO) . 20_:::!::::!::::!::::!:::i!:::f!::::!::::,::_
. - " | Ratio over N=2: ----H - H+1j H+2j 3
P’f > 30GeV - | e
10? - + - e s - e e
‘. S | — 1 = =
0" b -
—— i 0.50 0.75 1.00 125 150 1.75 2.00 R2.25
' ' ' ' ' ' logyo(dy/[GeV])

W + jets: up to 3—jéts@NL€3 H + jets: up to 2-jets@NLO
Jet multiplicity Differential jet rate

Good agreement with LHC data Very mild merging scale dependence
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Is this progress relevant?

- 7(>Niy), Z —ee”, p (jet) > 30 GeV, |yi| < 4.4
0(> Nigr), Z = €e”, p_ (jet) > 30 GeV, |yje| < 4.4 0(> Nigt), Z = e'e, py(jet) > 30 GeV, |yef] < 4.4 o, (= Niet) P (jet) eV, [Yjet
10" B 3102 =5 %—410 = &
Q, — . e — e M =
ko) B Z& - = -
ilol = * AITO" = * AITO" = ‘
- E + —
|jL - : - g - ¥
+ T ¢ - - 4 t, [
\S) \S) 1
T+ TE T TE T T E
N | —e— ATLAS Data i t N | —e— ATLAS Data | t % ~ —e— ATLAS Data ! t
> - —— SHERPA Z + o-1jet LO > L —— SHERPA Z + 0-1jet LO [~ SHERPAZ +o-1jet LO
10 & 10 ' &= —— SHERPA Z + o jets NLO 10~ &= —— SHERPA Z + ojets NLO
- i - - —— SHERPA Z + 0-3 jets NLO
_IIIIIIIIIIIIIIIIIIIIIIIIIIII|IIII _IIII|IIII|IIII|IIII|IIII|IIIIIIIIIIII :|||||||||||||||||||||||||||||||||||||
1.4 = 1.4 £ 1.4 =
1.2 1.2 1.2 —
] = () — | ) — | ] I |
= 1C £ 1E : : =T = :
Ro0.8 & Ro0.8 I 0.8 £
~ = ~ = ~ =
20.4 — | 20.4 — | 20.4 —
0.2 — | 0.2 — | - | 0.2 — | ! |
O:IIII||||||||||||||||||||||||||||||| :IIIIIIII|IIIIIIII|IIII|IIIIIIII|I||| :IIII||II|IIIIIIII|IIII|IIIIIIII'IIII
0 0
0.5 1 1.5 2 2.5 3 35 4 4.5 0.5 1 1.5 2 2.5 3 3.5 4 4.5 0.5 1 1.5 2 2.5 3 3.5 4 4.5

jet I\]jet N

Merging at LO NLO+PS NLO+PS merging
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LHC status

Exploring & refining the SM Searching for the unknown

Standard Model Total Production Cross Section Measurements status: March 2021 ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2021 _ -1 _
Ldt=(3.6-139) fb = 8,13 TeV
L 500 ub~1 i
11 H Emiss -1 P
O 10 A0, .. Model £,y Jetsi EI™ [Ldt[fb7] Limit Reference
Q 80 /Jb ATLAS Prellmlnary - A G T 1. 11 I T T T T T 1 11 I T T T T LI B I T T T T
DD +g/q Oeput,y 1-4j Yes 139 | Mp 11.2TeV n=2 2102.10874
< KK
— Theory S ADD non-resonant yy 2y - - 367 |Ms 86TeV  n—3HLZNLO 1707.04147
ADD QBH - 2] - 37.0 M, 8.9 TeV n==6 1703.09127
< N )
b 106 \/g = 7,8, 1 3 TeV QE> ADD BH multijet - >3] - 3.6 Mg, 955TeV n=6, Mp=3TeV,rot BH 1512.02586
£ RS1 Gkk — yy 2y - - 139 Gkk mass 4.5 TeV k/Mp = 0.1 2102.13405
LHC pp Vs =13 TeV S | BukRS Gyx — WW/ZZ multi-channel 361 | Gux mass 23 TeV KM = 1.0 1808.02380
8 BukRS Gkk —» WV — tvqq 1eu 2j/1J  Yes 139 | Gk mass 2.0 TeV k/Mp =10 2004.14636
X Bulk RS gkx — tt le,u >1b,>1J/2) Yes  36.1 gKK Mass 3.8 TeV r/m=15% 1804.10823
1 :
n} _ Data 3.2 -139fb 4™ ouep/ ReP Teu >2b>3j Yes 361 |KKmass 1.8 TeV Tier (1,1), BAM — ) = 1 1803.09678
5 Ao SSM 2’ — ¢t 2e 2
10 7 - - 139 | 2’ mass 5.1 TeV 1903.06248
SSM Z’ - 1t 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
() .
0 8 Leptophobic Z" — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
A o LHC pp Vs =8 TeV S Leptophobic Z/ — tt Oeu >1b,22J Yes 139 |Z/mass 4.1 TeVv /m=1.2% 2005.05138
S ssMwW -y 1eu - Yes 139 | W’mass 6.0 TeV 1906.05609
® SSM W’ — 1v 17 - Yes 139 | W’ mass 5.0 TeV ATLAS-CONF-2021-025
4 A Data 20fb! D  SSMW' —tb - >1b>1J - 139 | W’ mass 4.4TeV ATLAS-CONF-2021-043
S ;
© HVT W’ - WZ — tvqgmodel B 1 e,u 2j/1J Yes 139 W’ mass 4.3 TeV gy =3 2004.14636
S HVT Z’ — ZH model B 0-2e,u 1-2b Yes 139 Z’ mass 3.2TeV gy =3 ATLAS-CONF-2020-043
HVT W’ — WH model B Oe,u  >1b,>2J 139 W’ mass 3.2 TeV gv =3 2007.05293
- LRSM Wk — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
LHC pp Vs =7 TeV (Ne)
103 n g: ??qq - 2j - 37.0 A 21.8TeV 7, 1703.09127
- — qq 2e,u - - 139 A 35.8 TeV m 2006.12946
_ Data 4.5fb7! QS  Cleebs 2e 1b - 139 |[a 1.8 TeV g =1 2105.13847
Cl pubs 2u 1b - 139 A 2.0 TeV g =1 2105.13847
A [m | Cl tttt 21eu 21b,21] Yes  36.1 A 2.57 TeV |Catl = 4n 1811.02305
9 1% O Axial-vector med. (Dirac DM) Oeu, 7,y 1-4j Yes 139 Mped 2.1 TeV 84=0.25, g,=1, m(y)=1 GeV 2102.10874
Pseudo-scalar med. (Dirac DM) Oe,u, 7,y 1-4j Yes 139 Med 376 GeV gq=1, =1, m(x)=1 GeV 2102.10874
S
O ok AN O | Vectormed. Z’-2HDM (Dirac DM) 0 e, u 2b Yes 139 | Mmea 3.1 TeV tanB=1, gz=0.8, m(y)=100 GeV | ATLAS-CONF-2021-006
O 0 Pseudo-scalar med. 2HDM+a  multi-channel 139 Mpmed 560 GeV tanpB=1, g,=1, m(y)=10 GeV ATLAS-CONF-2021-036
A A A Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1Db,0-1J VYes 36.1 my 3.4TeV y=0.4, 1=0.2, m(y)=10 GeV 1812.09743
n total n o0 Scalar LQ 1t gen 2e >2j Yes 139 | LQmass 1.8 TeV B=1 2006.05872
10 1 Scalar LQ 2™ gen 2u >2] Yes 139 | LQmass 1.7 TeV B=1 2006.05872
5 fp-1 N O 9‘ Scalar LQ 3fj gen 17 2b Yes 139 ::85 mass 1.2 TeV B(LQ§ - br) =1 ATLAS-CONF-2021-008
Scalar LQ 3" gen Oe,pu >2j,>2b  Yes 139 mass 1.24 TeV BLY; - tv)=1 2004.14060
ICh_VBF A Scalar LQ 3™ gen >2eu,21721),21b - 139 | LQZ mass 1.43 TeV BLQY - tr) =1 2101.11582
WH AN Scalar LQ 3" gen Oe,u,>170-2j,2b Yes 139 LQ3 mass 1.26 TeV .’B(LQg - by)=1 2101.12527
[ m | VLIQTT - Zt+ X 2e/2u/>3eu 21 b, 21 - 139 | Tmass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
1 n A n e §~j’<> VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
n 8§ VLQTssToalTss > Wet X 288)23eu21b21] Yes 361 [Tspmass 1.64 TeV B(Tsj3 — W)= 1, o TsjsWe)=1 1807.11883
ZH VH A T2 VLQ T — Ht/Zt le,u  >1b,>3] Yes 139 | T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
m | vLQY - Wh leu >1b, 21 i Yes 36.1 Y mass 1.85 TeV B(Y — Wh)=1, cp(Whb)=1 1812.07343
A VLQ B — Hb Oeu >2b,>1j,>1J - 139 | B mass 2.0 TeV SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
10—1 ttH S ‘é’ Exc@ted quark g* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
(x0.4) g S Exc!ted quark ¢* — qy 1y 1] . - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
. §<> IS Exc!ted quark b* — bg - 1b,1] - 36.1 b* mass 2.6 TeV 1805.09299
I} 3,:, Excited lepton ¢* 3epu - - 20.3 A =3.0TeV 1411.2921
“ Excited lepton v* 3eut - - 20.3 A=1.6TeV 1411.2921
) Type Il Seesaw 234ep  22] Yes 139 |'N®mass 910 GeV ATLAS-CONF-2021-023
10 LRSM Majorana v 24 2j — 361 | Ngmass 3.2 TeV m(Wg) = 4.1TeV, g = gr 1809.11105
+  Higgstriplet H** - W*W=* 2,34 e, (SS) various  Yes 139 | H** mass 350 GeV DY production 2101.11961
D Higgs triplet H** — ¢¢ 2,34e,u(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
&  Higgstriplet H** — (7 Seut - - 203 |H**mass 400 GeV DY production, B(H;* — {r) = 1 1411.2921
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v-=13Tev v-=13Tev L1 11 I L 1 L 1 L1 11 I 1 1 L 1 Ll 1 1 | 1 1 1 1
_ - — artial data full data -1 1 1
PP W Z tt t Wit H WW WZ ZZ t tiw ttZ  wwz _ _ | — 10 0 Mass scale [TeV]
WWW tttt *Only a selection of the available mass limits on new states or phenomena is shown.
t-chan s-chan +Small-radius (large-radius) jets are denoted by the letter j (J).

Good agreement with the SM
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Higgs phenomenology

In the SM, the Higgs field plays the role of EWSB Im[H}
_ o 2qyd FI7V2 L (0 , M Re[H,]
V(H) wH'H+ A H'H* = H_\/z<v+h) V =

Generates mass for all fundamental particles

» Higgs boson (/) couplings are proportional to mass

2 > 2.2

(D*H)'(D,H) > (gv)* V*V,, g*Vvh V'V, , g°hh V'V,
. ~ My mff V
yel L Hfg O ypvlfs yeff Not necessarily the
~mp o~ mplv o~ mpv? case in BSM theories,
V(H) D W2h%, Avh3, Ah* Important to test!
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Custodial symmetry V(H) = — p*H'H + A(H'H)’
V(H"H) as a consequence of SU(2), gauge symmetry

N
H= (1) = HH= S 6= 1ot

P2t 1; i=0...3
0(4) try broken by (¢,) = b0 =V
symmetry broken by {(¢,) = v, R ) B
»  EW vacuum has residual O(3) ~ SU(2) symmetry P2 =0 00)
¢3 =0

Make SU(2) X SU(2) manifest by using bi-doublet notation for Higgs field

H = (ioH* H) = ( v +> = i ’
—-HY H, V(H) = — TTI'[%T%] + ZTI'[%T%]z
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IMZ

- A
Custodial symmetry V)= -l 7]+ T 7T

Z transformation under SU(2); X SUQQ)p: # — UL%UEE (HH) = v ((1) (1)>

o V(F ) invariant under this global transformation

» Vacuum preserves SU(2),, subgroup where U; = Uy U(FTINUT = (HH)

SM: global — gauge symmetries
g/

» Completely gauge SU(2); but only gauge T; : DFH =0, — ingﬁal% — iEBﬂ% O3
. Ifg'=0,8UQ)y,=> W;; all have the same masses
W, mi 0 0 0
 Form atriplet of SU(2),, custodial symmetry waf . ] 0 m3 0 0
Wil ' 0 0 mj O

 U(1)y modifies the picture in a particular way o
0O O 0 O

Ken Mimasu STFC HEP school 2026 136



2

C 1al V(H) = — = Tr[o7 971 + ) B4t 45
ustodial symmetry =-S5t At
Suppose we completely gauged SU(2) 5 D' = 0,H — igW,o: — ig'B,# o,
* 3 identical mass + 3 massless gauge bosons W 2 (g2 gg 2 |
| ( l) . M, =— 7 ,/”tl-z—(g2+g2,0)
» SU(2), manifest B, 2 \gg' g 2
In the SM we partly gauge Tg of SU(2)p
« H & H* have opposite charge W, g2 0 0 mi 0 0O 0
- y) ) W, 2|0 g2 0 of [0 my 0 0
« SU(2)y imposes my, = m;cy, W, M=o o 2 ol Tlo 0 m mics.
b 0 0 gg g~ 0 0 micys, misy
_ My
Ptree = m% Cw — Very strong prediction that we can use to test for BSM!
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2
My,

Custodial symmetry  r..= 5 =1

Yukawa sector of the SM explicitly breaks custodial symmetry

* Right handed fermions do not form a doublet

fu fu Yfu = Yt
L F., = R I I d " LJLU
le TR T ngYFFL%FR#deFLHfR+YfMFLHfR

FL —
ff@i Ypu = Yy
e Loops of SM fermions modify p = 1 + Apgy & 1.0004 = 0.0002 (LEP)

» Higgs boson loops proportional to g’ also contribute to Apg,

We can test the SM by searching for deviations Apgonm
V; < Vom OF
* e.g. new EW scalar multiplets that get a vev Y v |2 [T+ 1) - Y7 only specific
p = 7 : representations
tree 29
22 Iy, allowed

 Doublets always give p,.. = 1
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Higgs production @ hadron colliders

{ (
/ - s / = 4 104 E | | | | | | I | I | ] ] ] ] ] | I I E g
7 v S F (s=13Tev %
P ! P e =10°E EF
Vi~ 7r v'[;r——— > - 13
o H llwl H T 102k -
P N P N T =
\ \ 8 10 = =
, : ( t © = =
Weak-Boson Fusion £ tHj = .
J TE -
/ / /. 107 L
i fi/ N & # 10—2 E_ _E
NN 3 I—_I— - '3 I—_]— - = =
N — —
@ H" o o N 107
Q \ p \K\ -f- p ]Q \ :| 1 I Lo vl 1 1 L1 11 L A
AN AN AN 10 20 30 100 200 1000 2000
MH (GeV]

Higgs Strahlung ttH bbH
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Gluon fusion

h----<_ a A
Higgs boson coupling to gluons induced by quark loops
9
e g — h amplitude is finite at LO (one-loop)
Gy o> o’ 42 3 arcsin’ 1/\/; 7> 1
A - ) q B ) )
R 27r| ;Aq(%)| (e ; [loe = i oy

* No tree-level ggh interaction = no local counter term to absorb divergence, must be finite!
Small m, limit: 7 — 0,A(r) - 0

 Dominated by heavy quark loops e.g. top (bottom)

Large m, limit: 7 — 00, A(t) — 1

* Non-decoupling behaviour!

Ken Mimasu STFC HEP school 2026
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Higgs decay — —

v f
. . . . v
Tree level: Higgs decays into pairs of SM fermions & W/Z bosons
« Form,; < 2m,, off shell contributions can be relevant == ———
v f
Loop level: decays to massless gauge bosons )
f
* 88,7y &Zy
* c.f. gluon fusion & non-decoupling behavior )

h — g9 h---- q A h — ;/;//Zy h ----<A 4+ h----
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Higgs branching fractions

=
7
ul

I
LHC HIGGS XS WG 2013

* Wealth of decay channels for 125
GeV, rich phenomenology

L

e Very narrow! | ~ 4 MeV

| llllllll

» Diphoton and ZZ* — 4¢ final state
are the cleanest signatures

Higgs BR + Total Uncert
-

—
Q
N

 Hadronic channels are hard at the
LHC because of the backgrounds,
but accessible through boosted
techniques!

—_—
Q
W
‘Y

/ | 11118 | llllllll

-4 | | | | | | | | l | | | | | | L | |
1070 100 120 140 160 180 200
M, [GeV]
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Higgs measurements

‘Signal strengths’ u. = ¢**P-/ Ggf\}l

IIT_YIIIft]‘I_lt]HIIItr‘[—l_T_T_T_m]ﬁrIT_lIIIiI

ATLAS F—e— Total Stat. [ Syst. | SM
Vs=13TeV,245-7981"
m, = 125.09 GeV, |y | <2.5
Pgy = 76% Total Stat. Syst.
| + 007
ggF —e—| 1.04 +0.09(+0.07, _pps )
024 4018 +0.16
VBF 121 022 (047 -013)
+040 ,+028 +0.29
WH 130 _pa3s (_027+ -027)
ZH e 105 030 (+o024, 7219
(TH+tH |-|»=—< 121 ooe (017, To%9)

Lllllllllllllllllllllllllllllllllllllllll

Ken Mimasu

06 08 1 12 14

16 1.8 2 22 24 26
Cross section normalized to SM value

rod
uP™d = 1.002 £ 0.057

JILELEL NN DL DL L DL LN L LN DL
ATLAS t—e— Total Stat.mmm Syst. | SM
Vs=13TeV,245-7981b"
m, = 125.09 GeV., ly, | <2.5
Pgy, = 3% Total Stat. Syst.
0% 113 +013 (g1 , £0.06)
Oyar/ Oggr Ht-‘-—* 124 557 (‘622 + “o15 )
O/ Oogr == 12¢ (i (1035 . 02 )
O 214/ O ——— 101 905 (‘o050 . “o1s )
criH.tHIOQQF I —— 1.20 :gg; Cg;: ' :gfg )
By B2z F—e— 087 ‘o1z (‘011 To0e )
Byw-/Bzz ey 084 ‘gis (1o11 + Jom )
BBz == 086 ‘52 (‘017 + 014 )
BBz W fm——— 093 0% (1021 + o1 )
0 05 1 15 T2 a5 3

Parameter normalized to SM value
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Characterising the Higgs boson

We measure combinations of Higgs production modes & decay channels

« Use narrow width approximation (c.f. Z boson discussion)
6,,(ii > h — ff) ~ o, (ii — h) x BR(h — ff) + O(T';/mj;)
=¢,,(ii > h) X '(h > f)IT,

» Define ‘modifiers’ for SM Higgs couplings, k; = y;/ yl.SM

Cin =K 0y Ly = Kj FlSszf’ [y = Y
. SM, - - Kiz . Kf2 l_>ff
: Gpp(ll — h _>ff) — Gpp (ll — h _>ff) ) K2 ﬂll—)ff T
h l—>ff

Ken Mimasu STFC HEP school 2026
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Kappa framework

' Fh—> g —h Fh—> /7
Effect_lve g8 / }/]// Z}/ ng(Kt, K,) = SMgg _ Aii/[ K}/Z/Zy(Kt’ K, Koy Kyy) = SMW Y
coupling modifiers [ e Opem L2z

» Can be considered independent or determined by tree level k;’s
BSM interpretations: Higgs-scalar mixing
* Scalar singlet with Higgs portal coupling * two-Higgs-Doublet Model (2ZHDM)
ugSo (H'H) = pugv Sy hy ky =sin(f—a)  ‘Typel
K, = K; = k; = cos(f — a)/tan f + sin(f — a)
h\ _ (cosa —sina hg | ‘ |
S sin@  COS & So ky = sin(f — a) Type ll
kK, = cos(p —a)/tan f + sin(ff — a)
—> K, =cosa < 1 K; =K, =sIn(ff —a) —cos(ff —a) tan

Ken Mimasu STFC HEP school 2026

145



Knowns and Unknowns [ATLAS; 2207.00092]
[CMS; 2207.00043] A T s

— E Kc = Kt
100 — < K, is a free parameter
CMS 138 fb-1 (13 T = .
(13 TeV) — — SM prediction
® Observed +1 s.d. (stat) B ?
w11 5.d. (stat @ syst) +1 s.d. (syst) 10—
>z =
— 12 s.d. (stat @ syst) g9 —
— : Stat Syst 2> —
Ky —@- 1.02 +0.08  +0.05 +0.05 < 102l
K7 -@- 1.04 +0.07 +0.05 +0.05 E> (E) . Leptons Quarks
- o 1 ] [
“y —-— 1.10:008  #0.06 +0.05 = 10-81—
- : = e [N d| s
Kq —-- 0.92:008 %005 006 — Force carriers Higgs boson
Ky —-—— 1.01#211 007 =0.08 107 = Cl
| E . :llll | | llll‘rllll | 1 lllllll | 1 lllllll | I
b ——— 0.99°011 2012 *017 141~
Ke —— 0.92:008  *0.06 +0.06 > 1.2 —
- 5 : . I = T I
+0.2 0.19 =+ :
“y ————— 1121921 +019 000 & 1.0f i
B ’ i it R
“2zy ——————— | 16503 0% 00 08~ | Lo | |
T T T e —1 111 L1 1 13111 L1 1 11111 L1 1 11111 L
0 0.5 10 15 20 25 30 35 4.0 101 100 101 102
Parameter value Particle mass (GeV)
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Correlations

1.15

1.10

1.05

1.00

0.95

0.90

0.85

0.80

[ATLAS; 2207.00092]

[CMS; 2504.13081]

138 fb' (13 TeV)

L l L

Exp. Combination best fit |-

Exp. Combination 68%
Exp. Combination 95%
Combination best fit
Combination 68%

- Combination 95%

<4 Observed best fit - o.osC,M.s. ——r—r—r—r

- [ Observed 68% CL O

- Observed 95% CL

- 2L SM prediction 2odl

- g

N 0.02[

: poees

:_ 0.00f

:_ g

- 0.02}f

- ] | 1 l ] ] I ] ] ] | ] ] ] ] | ] ] ] ] -0.04 —
0.95 1.00 1.05 1.10 1.15 Yoo 028

Ky

Kt,b,c,. LT

Ken Mimasu
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Bound on new scalars
Singlet 2HDM [ATLAS; 2402.05742]

ATLAS — K Obs. 95% CL ATLAS
Vs =13 TeV, 36.1 - 139 fb~1 ~~- K Exp. 95% CL VS =13 TeV, 36.1 - 139 b~} 1 kKObs. 95% CL
K: = COS O M, = 125.09 GeV T3 K Obs. 95% CL (inc. k) M, = 125.09 GeV -~~~ K Exp. 95% CL
! | === KExp.35% CL(inc. k) | --- SM-like coupling
2HDM Type-I|
_ 2 Q. 101_ ...............
Il/tl = COS (¥ IS
(BRs unchanged)
109+
— sina S 0.2
N N T S| N S T
0.3 10—0.3 —0.2 —0.1 . . . .

c.os(B — Q)

~Independent of mass of new states
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Beyond kappa-framework?

Pros Cons
e« Simple * |ncomplete
* Intuitive * Theoretically ill-defined

Incompleteness

* Restricted to SM couplings only
* No exotic Higgs production or decays into BSM states
* Defined in terms of on-shell Higgs production & decay

* Only predicts modified total rates: LHC has much
more differential information to offer

off—shell v

exotic Vv X
ol f
R h X

STFC HEP school 2026

Ken Mimasu

BSM coupling structures

BSM: hV, VH
SM: AV, V¥ 3
CPV: hVWV”” ?

e.qg. heavy quark loop

g

= f(q2,M2) hG/‘;‘yGX”
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Beyond kappa-framework?

Theoretical consistency

* Its not a theory! no Lagrangian, Feynman rules

Lets try...
P = ZKf—hfoR+ D iy — hwv + 2 hX””X

V=W 2 X=g, yZy

Modifies couplings that exist after EWSB: not SU(2) gauge invariant

* EW loop corrections not possible Vi Vi V. ViV Vi
* Breaking relations between masses & couplings },\{ + ><< + >h<
= unitarity violation v - - "

* Ky have enhanced momentum dependence
— beyond total rates
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Differential measurements

1
d
0pp—>X — Z J TT ° gab(s’ T) ' [ﬁ&ab(&px)]
ab 0

Hadron colliders scan partonic invariant mass: 0 < \/§ < \/E

* Measure energy dependence of scattering * Angular dependence = spin information
- T [ RERRE [T [Tt ]

d_U <0.12- ATLAS Simulation ~
dE - H — 11 > v —e— Scalar :
T -m-- Pseudoscalar -

01__ p:">30 GeV, pT‘>2O GeV - CP-mix (¢T=450)_

= [ATLAS; 2212.05833] 008w , st h eee ot
006+ T . T -

0.04f A ""'";::'- +,,f"“ .

002 0T

E [ oy 1o Ly Ly vy ]

0 60 120 180 240 300 360

¢* [degrees]
CP
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Simplified Template Cross Sections (STXS)

Intermediate stage between k-framework & fully differential measurements

 Probe differential rates: p?, p}/ , jet multiplicity & kinematics

* Unified theoretical definitions = global combination across production & decay modes

Stage 1.2 _ Stage 1.2 VH = V(— leptons) H

py [0,200] py [200, oo] qf — WH qg — ZH g9 — ZH
| pql“{ p¥
C | | 500
— 0-jet — 1-jet > 2 jet 0

300

75

o o5 MRS 150 L L .
150 : : :
35" 650 s 5 a
250

w ] ) ] ] L} 1
1000 0.15 400 : : : : : :
pr’/Py i i : i i :

1500 m : : . : . : . . : . : .

O-jet 1-jet > 2-jet O-jet 1-jet > 2-jet O-jet 1-jet > 2-jet
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gg—>H

p4 < 200 GeV pi =200 GeV
|
| | |
0 jets 1 jet >2 jets
|
| |
mj; < 350 GeV m; 2 350 GeV
30¢ 10( 4r ‘ - .
X I - i — 1.5 10 E_ ;
g 7| gt & s ol :
g g9 or g [ 2 1.0F 3 f
g e e | == 8 1Orfer < 102
© 10F S 5 oF 5 o5E S
S ia ok - I “E L - i
0 i 1 i L 1 -2 i 1 0 101 1 l
0 10 200 0 60 120 200 0 120 200 200 300 450 oo
pY (GeV) pY (GeV) pY (GeV) pY (GeV)
qq - qqH
1
| |
<1 jet >2 jets
. | : 1
I Data (total uncertainty) m. < 350 GeV m; > 350 GeV
Systematic uncertainty 4 1 ' 1
#= SM prediction p4 <200 GeV p4 =200 GeV
4 3 - r _ 1
- ! [ T 100 __
g °F | 5 ¢ 5 500"~ s [
(=2 + e r = - ? < 50F ¢
'3 I S 5 A S Y I
1 - § - o 1
-2 ok L = ! ! ! - |
VH-enriched VBF-enriched 350 700 1,000 1,500 o 350 1,000
m; (GeV) m; (GeV)
v(ee, ev)H
|
| |
qq’ - WH — Hby pp — ZH — Hee ttH tH
1 03 E I | l - 1 ,000
- 102 & 200F __ :
p— - 750
€ | g3 £ 10 - € 100[-" " < 5001 ¢
S 4 o S S [ :
10 EF . 100 - . .E. 250 L
X _j._— ° oF — ' = S
100 1 | ] 1 l ] 1 ] | l 1 ] 0
0 75 150 250 400 oo 0 150 250 400 o 0 60 120 200 300 450 oo
pY (GeV) p% (GeV) pY (GeV)
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L | -
STXS [ATLAS-CONF-2020-027] Correlation information crucial!
Interpret beyond k’s e.g. EFT

ATLAS Preliminary Total Stat. Syst .. \/ s=13 TeV, 139 fb
Vs=13TeV, 139fb™ A 1014 +0.12  +0.07 A ' LAS I reIII I Ilnary
) B,/B,, 1.07 Y I”
my,=125.09 GeV, |y, | < 2.5 r/Baz I'EE"ll <012 (011> —0.06) Y= 12509 GeV, |y | < 25
= ) +0.57 , +0.48 +0.30
Pgy = 95% BBz I-_E|__I 077 528 (0250 —0.12) H 1
F—e—Total Sk . . , X . 0-jet, p’T‘<10 GeV 0.04 0.020.07 0.03 0.030.02 0.07 0.07 0.01 0.03:0.00 0.04 0.03 0.020.11 0.09:0.07 0.06 0.06 0.060.01 0.07 0.06:0.03 0.05 0.05 0.06:0.02+0.27-0.06| O
0 0.5 1 1.5 2 ¥ d r s P 3
== Syst. | SM 0-jet,10£p';<200 GeV >
LY
Total Stat. Syst. 1-jet, p'T*<60GeV x
e ) +0.22 ,+0.19 +0.10 i < pt 0 8 L ,
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] 60 < b < 120 GeV 1031 1028 +0.13 S X 22-]et,mﬁ <350GeV,1205pT<2OOGeV .
-jet, 60 < p" < e . ’
O ll 191 029 (027 -010 > 2jet, m, > 350 GeV, p < 200 GeV
1-jet, 120 < p¥ < 200 GeV e 072 143 (1042 015 200< p¥ < 300 GeV
:
99—H x By >2-et, m, <350 GeV, p" < 120 GeV  |—sme—] 0.30 045 (042, 20.16) 300 p < 450 GeV | 04
i +0.46 , +0.41 0.21
> 2ot m; <350 GeV. 120 < pr <200 GeV |—=m=d 067 44 (Z039 “019 ...............!'f?.‘.‘?‘.’.???’ ...............................................................................
i H +0.83 ,+0.73 +0.39
> 2-jet, m; > 350 GeV, p/ < 200 GeV |l—_—| 161 576 (Jo69 0.3 e 150 Gev VZHtet 0 2
H +0.40 ,+0.37 +0.15 2 ez-jet,m; < ev, velo —
200 < p* < 300 GeV == 119 536 (033 -0.12) g N S 24 ! GeV. VH -
300 < p¥ < 450 GeV 0.39 ‘056 052 4020 Ty 2 2-jet, m; <350 GeV, VH topo
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Higgs self-couplings

Fixed values in the SM

m2
H] tential: V(H) = : 2h2 + A vh? 1,1 ht A = Mhhin, = .
iggs potential:  V(/1) = A T ApppVA™ T 4 b 2v2
» Measuring 4,1, A1, tests the SM: How? : H o sosvoreeg—t—t — — = 1
H .-
Multi-Higgs production Q‘>“/i‘<\\ ro Y
4 g Yooy hhh ~H ¢ voeee—+———--- H
Y productio;i‘ at pp colliders at NLO in QCD
193 LMH=125GeV, MJTW2008 NLO pdf (68%cl)
2 oved) At 14 TeV from gg fusion:
; op— it EH' 1000
= 10’ L
:; op”w\weﬂ T WHH OH — 55 pb 10_3
S ppz“’“’\ pp . X
/ PP”ZHH g
o' b i S OHH — 44 tb
p—Y ° _3
5 2 ) X 10
10" E [ : UHHHzllO ab
10° 8 1I31I4 2IS 3I3 5IO 7I5 100
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How to extract the Higgs self-coupling

| | | |
| " HH production at 14 TeV LHC at (N)LO in QCD 1 A= —1 X gy swemmems ]
~~~~~~~~~~~~ M=125 GeV, MSTW2008 (N)LO pdf (68%cl) i ]
~~~~~~~~~ . — A =0 X Agp\p ==mmmmmem
: o L N = 1 X \QNf eeeerennees
%b ! U O 1 ;" .f'-'-' H:.::;u o SM
_ ] R I L T P S g
% o, =} L S o 4
%’ < -!- :.: ) _l‘ "y - -‘..;-'-l-. .
° 13 ( ) E i r‘g'_'._...--r' "-1.1_;_-..3:;_'_:.=_
| oKk K) S oo By,
i % '-E l."":-; l\.:'i;"-
b ] & - Th gt
o g2 o E i
Frederix et al. arxiv:1401.7340 1= ""!f_-::_' .
-4 3 2 1 0 1 2 3 4 0.001 mp = 125 GeV B "31-1
Misu Dolan et al arXiv:1206.5001 1 1
0 100 200 300 400 500
SM cross sections D GeV
NE 13 TeV 14 TeV 27 TeV 100 TeV In terf erer C,e eﬁ ects PT.h [ ]
o(HH)[fb] 31.0522% | 36.69 724% | 139.9 T1-3% | 1224 ¥9-7% betwe_en tr Iang/e &
Grazzini et al arXiv:1803.02463 box diagrams Need for differential information
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Measuring di-higgs production

Phenomenologically rich set of final states. hh-Br B
Lafgefo'hbb | | | | | | | 1 bb Iarge QCD baCkgrOundS
ecay
WW . —!E 10  Boosted (jet substruc}:lture)
5 102 techniques at high p-
g9 =
| 7% | = 10° yy: clean but very small BR
10 .
L |5 10 WW: clean leptonic W decay
1405
£z - —|= 10 * Missing energy from neutrinos
YY 3e-3 10-6 ]
7y [ - 77. complicated decays
L 1077 1 . . .
m _ * Leptonic (neutrinos) or hadronic
v 10°

bb WW 99 Tt CC ZZ Yy Zy uu Rarer Br-h decay [ 3@St bEyy/bETT/bI_QWW/bI;bI_o
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How to extract the Higgs self-coupling

10 ATLAS BB CWMS

41 (29)

PLB 801 (2020) 13514

30 (37)

CMS-PAS-HIG-20-004

22 (20)
CMS-PAS-HIG-21-002

5.4 (8.1)

ATLAS-CONF-2022-035

3.9 (7.8)

arXiv:2202.09617

9.9 (5.1)

CMS-PAS-B2G-22-003

4.7 (3.9)
ATLAS-CONF-2021-030

3.3 (5.2)
CMS-PAS-HIG-20-010

2 (3.7)

arXIV 21 12.11876

4(5.9)

JHEP 03 (2021) 25

bbVV(Iviv)
bbZZ(4)

Multilepton

bbbb
bbbb resolved
bbbb boosted

bbtt

bbyy

Summary of 1 10
Run 2 results

Ken Mimasu

95% CL upper limiton u = ol

ATLAS and CMS HL-LHC prospects 3 ab-1 (14 TeV)
12 ' -
“ | I| . e i :
= | SM HH significance: 4o ; — Combination
Z 10 'nl 0.1 <K/1<2.3 [95% CL] ." B
Yo vl 05<K<1.5[68% CL ; - bbyy
99.4% CL 8 _ _i: bbre
" “=*~ bbbb
6 —_—
bbZZ*(41)
95% CL 4 -- bbVV(Ivlv)
2
68% CL
0

2 -1 0 1 2 3 4 5 6 7 8

A challenge even for the HL-LHC
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Higgs width

The SM Higgs width is 4MeV. How can we measure it?

On-shell/Oft-shell : gg—7Z7Z—4leptons

10° |
4—lepton roduction, S cuts, Vs=8 TeV
107 - qq - 4leptons
<|_|_r gg - h - 4leptons
] gg - 4leptons(cont)
107 L- [ gg - 4leptons(total)

| A(gg — h) |?| A(h = ZZ) |?

. 2\2 2.2
(s —m h) + I'ymy

o(gg —>h— ZZ) ~ /d.@

L

&

do/dmg[fb/GeV]
o
ml\—\_‘ I ‘LI IILLLL NI [ILLLLLL ILLLLLLL

[
o

202\ o2 [(n 2
+ On-shell: 6(gg — h — 22y ~ S0 Z("h) -
nlhrh 10-7: — Héor Z(IJO — 5(|)0 —— l1o|oo oc
.2 2 my[GeV]
o . A » _\above _ ,h'g(s)h'Z(S)
Above: g9~ h— ZLZ1) / s M3 beware: model dependent
(:,_ZBL]:)(Z)‘V’GEr///’(:7_(:)121---];>15325L]51 ~ :lj"jfil_ <:::I\V/IEESH: ][-2[{I — :E;'.:EZiﬂ:?%E:é;i ]F\/]](E?SVZ-
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BSM Higgs decays

What if the Higgs couples to other particles that are lighter than m,?

e e.g. Higgs portal 2mg < my, or dark matter 1 — yy

e Light scalar or vector my < my —m, h — ZX

|H|2 gauge invariant

Higgs is a natural portal to new physics: mass-dimension 2

2 _
* No symmetries to prevent BSM coupling via portal ‘ H‘ @BSM (= x5S, ...)

* |f light new physics exists, there is a good chance that the Higgs might decay into it

For i — XY we have a nice kinematic constraint: m)z(Y — mé

 Dark sector or long lived particles = missing energy

, See e.g. overview Iin
* Rich programme of searches under way [ATLAS: 2405.04914]
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Invisible/unobserved Higgs decays

What if we cant observe the decay channel directly?
 Completely invisible Higgs decay into e.g. DM

 Some yet unobserved final state: too high background or simply not yet searched for

Partial width contributions will still modify the Higgs width '), = M + 17 o

* If nothing else about the Higgs couplings is modified

FSM

$ Global reduction of  p. lil =1 —=BR_, .
| h BRunobs ~ 008
Strong assumption!
« BR, .. is degenerate with a universal coupling modifier k.:., Hi = Kiniv. - (1 = BR 105
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Indirect constraints

M; combination

h — invisible B
h — unobserved B,

Ken Mimasu

Fix Bl-,u = ()

Float B; , # O with theoretical assumption:

ATLAS Preliminary Kyw < 0
: 68% CL =—e— ’
(s =13 TeV, 24.5- 139 fb" . .
Not possible otherwise
my = 125.09 GeV, IyHI <25 95% CL
5 ‘ *; |
; ) : | Moderate impact
————— — on other k;
—+ __.;-_ Parameter (a) B =By, =0 (b) B free, By, > 0,kw.z <1
' - ' - Kz 1.02£0.06 > 0.88at 95% CL
 —— | ——— Kw 1.06 +0.07 > 0.89 at 95% CL
' - ' - Kb 0.98 * 212 0.92 +0.10
——— o ——— ke 1.00 +0.12 0.97 +0.12
5 _ ' _ . L05*ol 1020
I S e o 106798 104t
: | : | Kg 0.96 * 008 0.93 * 308
: : B; - < 0.09 at 95% CL
e ] Bl ] B, : < 0.19 at 95% CL
P, = 92% : < upper bounds
| | | | |
0.8 1 1.2 0 0.5 1
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Invisible Higgs decays pp = X+ (h - MET)

Purely invisible Higgs decay is a distinct phenomenological signature

* Requires something (X) for the Higgs to recoil against

e Tag X and measure missing transverse energy (MET) [ATLAS; 2301.10731]
VBF: [CMS; 2201.11585] BR;,, <0.113 @ 95% C.L.

10_1—l_ - __L_q__L__1 j r'Y
B i e ‘
-5

L
]
-
|
H
|
:
|

—— 1L L LR L I I L L

CMS 101 fb' (13 TeV) < B | | | | R

> F | - T 10 L ATLAS e JoET®
8 10t - MTR SR —%+ Data Z(vv)+jets (strong) E e 1 VBF Emiss

~ = Z(vv)+ets (VBF) W(lv)+jets (strong) 3 QA I~ s=13 TeV, 139 fb ! -::.,issT +Y -

D el W(Iv)+jets (VBF) Other EW . ! Observed == tt+E5 | -

qc) S HF noise | ] QCcD multijet 3 Z(% ”)+E-T-“ss N

S . . . = . |

g 102 Eg - :;‘;s' bkg. (B-only fit) f% ;::l\t;kli t:j+|3 fit) + 1o Eg 8 ''''''''''' VBF+ E?ISS I

10 BH- i) =007 -3 Run 2 Comb.

= = 6 B

E _._:l_ — Events / 1500 GeV 3 -

r —

,llllrl‘.k'lllllllllll

(d) VBF + photon topology (e) H+jet topology 0
1.6
S 1.5 -4-B-only fit -4~ S+Bfit \\\ Bkg. uncertainty — Fitted (S+B)/B  —
= 14F e 2
O 13 —
o 12 —
9 14‘%\\\' i\\\\&\\\\\\\\}ﬁ '\Q-\\\x{:
Q 0.9_ 1 1 1 1 1 1 l\ 1 ‘ l\ l v \: "‘
~ 8L e O Frws '..‘. £~j1_;.r‘[l|,lll|l||l|lllllllll
_'(E 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
S m, (GeV) —02-0.1 0 0.1 02 0.3 0.4 05 06

B., .
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Searching for the invisible

mgy [GeV]

0.2
0.1
0

y p 0.0200
19.7 b (8 TeV) + 140 fb' (13 TeV)

0.8 . 0.0150
3 08f cMS oeorve ] Immediate 00100
= u — serve . : . . . B
z 0.7 e Median expected - |mpllcat|ons for 0.0070F
1 3 I 68% expected any model with < 0.0050
L 0.6 n 95% expected ] : >
T - particles of mass  ; yo30t
o TTE - M<mu/2 0.0020
S  04F E 0.0015
E - .
T 0.3F - 0.0010
o -
oy N
3 —
@)
L
&

1 1
L=Lsy — ; L POH P — §M2¢2 — co|H|*¢*

2012 - 2016 2017 2018 Combination Simplest extension of the SM:

The Higgs portal
A window to the Dark Sector

19.7 b (8 TeV) + 140 fb™ (13 TeV)

e 10 37 % I I I LI I LI | é
E ¢ \oms sowcLLmis  § lmMportant
c 10°° B(H —»inv)<0.16 =
o . =
8§ K _ = Dark Matter P
2 10 L Higgs portal models?= . ; . >
TN wrmeon 5 IMPliCations g
© 10 E Scalar DM E -1
104 Direct DM Detection - o
- XenoniT 2018 3 :
102 — LUX - ) 1
S —— Panda-X 4T 3 L > / J

43 [ = CDMSlite L roy 1 J
10 E_ = Cresst-I| E [ | 11
10 - —— DarkSide-50 ; - ,

_45 - : : . : . 1 4
10°F - 50 55 60 65 70
107 e T

_47 - . . mg (GCV)
10 10 10° e Casas et al arXiv:1701.08134
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LHC is a top factory

Rich phenomenology:
Cocorg—" |
pair production A single
IR
%/
associated 4 tops
production IO e

@ - - TOO00) % Q-
top loops ﬁn | ‘>/ ' LM
- TOO00 R \QQQQQ)—=
* connection to Higgs physics
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Top physics

Why study the top quark ?

1. Heaviest known particle: Strong coupling to the Higgs
2. Portal to new physics: e.g. EWSB, composite Higgs

3. LHC is a top factory: precise access to top properties through a lot
of production channels
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Top has a special place in the Universe

Stability of the vacuum

nggS pOtentlaI. e 180 e

200 1 Instabili i [ - — .- .- 3

: J - >  Instability = - “ S Meta-stability. - - K

& 150 ,&"‘\M Z g 175F=— - , , _ _ !

7 100 - Stability | S i - e — ]

= I =, S 170 - -

F - 5. 2 —, 1_: :

50 < S L Ao Stability :

1 1 1 —' g . . :

V(H) = §M12{H2 + AgapvH?® + Z)\HHHHH4 o[l ] 65 = Degra§.3| et al arX!v:1l2015.6149|7 ]
0 50 100 150 200 115 120 125 130 135

Higgs mass M;, in GeV Higgs mass M, in GeV

Need A to be positive (and remain positive)!
3

dk(ﬂ) 1| 5 9 4 3 2 12\ 2 4 2 2 /2 2_
— 12\ — — —3h, — 3\g° — =)\ PN
dlog2 1672 | 87 T 16 (97 +97)" —3hi = 39" = 5 A (g7 +97) + 63

h+(M,;) = 0.93587 + 0.00557 (é\ﬁ/ 173.15) ...+ 0.00200¢ T()p Yukawal
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Top quark is a special quark

Spin Correlations M W

The top decays before hadronising
b

Thad = h/Agcp = 2¢10-24 s

N i A i op ~ 1/ Tiop =1/(GF mg3 [Vtb|2/87V2) = 5¢10-25
Spin information is preserved! g;;thh:6fgm_2g Ge@ts)\ 2/8m72) s

: 1 dI 1+ pk;cosb ]
— Al d I b

- ' dcos@ 2 o 1 1 032 039
o NLO: 0999 097 -031 -0.37

Top Spin effects

Lepton+ or d emitted in the fop spin direction Spin analysing power

We can check how the top is produced!
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Weak interaction and W polarisation

D i vl |
g e { \/5 1q/ o) / Only left-handed tops in the decay!
%%

\

U — — e || — A -« R s

longitudinal left-handed right-handed

Helicities of W bosons

? ? ?
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Weak interaction and W polarisation
Extract W polarisation by looking at thelyV decay products:

—— —, Neg. direc-
b W+ * tion of top b
\

- 172 !
!

Angular distribution of [™:

=y NEE. direc-
" tion of top

]_ dN([[ } ZV) o.l I [ | 1 ' A | 1 '.;.'.l rrrrrr bl ol A,

_ .2 o 2 2 T v S R Y Ry Ry ¥ R
N oo = K [fosin®0 + fr,(1 —cos0) + fr(1+ cosf)’] cos6
2 2
m 2m _
fl=—t—~T70% f=—~30% fi~0% form,=0

2mg, + m? 2mg, + m?

Check of Wtb interaction!
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Status of top measurements

Top Quark Production Cross Section Measurements

Status: March 2022

o [pb]

10°

102

10!

1 IIIlIII

1071

102

ATLAS Preliminary

Run 1,2 4/s =5,7,8,13 TeV

Theory

v

LHC pp Vs =7 TeV

BBl Dae 2546

LHC pp Vs = 8 TeV

A Data 20.2-20.3fb™*

LHC pp Vs =13 TeV

Bl Daa 32-139M!

1 1 Illllll 1 1 lllllll 1 1 IIIIIII 1 1 IIIIIII

1 lllllll

Model

t

t-chan

ECM [TeV]

tW

t ttW

s-chan

[£ dt[fb™]

ttZ ttH tty tZj

fid. {+jets

Measurement

4t

Overview of CMS cross section results
CMS preliminary

18 pb~! - 138 fb~1 (7,8,13 TeV)

tt 7 TeV JHEP 08 (2016) 029 = o(tt) = 1.7e+05 fb 5fpb!

tt 8 Tev JHEP 08 (2016) 029 B ot = 2.4e+05 b 20 fb~1
tt 13TeV  Accepted by PRD ®  oltt) = 7.9e+05 fb 137 fb~?
te_ch 7Tev JHEP 12 (2012) 035 O(te—ch) = 6.7e+04 fb 2 bt
te-cn 8 TeV JHEP 06 (2014) 090 s olte_ch) = 8.4e+04 fb 5 fb!
te—cn 13TeV  PLB 72 (2017) 752 Ml o(t_) =23e+05fb 2 fb~t
tw 7Tev PRL 110 (2013) 022003 - o(tW) = 1.6e+04 fb 5fb~t
tw 8 TeV PRL 112 (2014) 231802 P=l  otw) =23e+04fb 20 fb~t
tw 13 TeV JHEP 10 (2018) 117 = o(tw) = 6.3e+04 b 36 fb~1
ts—ch 8 TeV JHEP 09 (2016) 027 - o(ts—cn) = 1.3e+04 fb 20 fb~1
tty 8 Tev JHEP 10 (2017) 006 == o(tty) = 3.5e+03 fb 20 fb!
tty 13TeV  Submitted to JHEP m—f  O(tty) = 1.2+03 fb 138 fb~?
tzq 8 TeV JHEP 07 (2017) 003 = o(tza) = 2.9e+02 fb 20 fb!
tZq 13 TeV Submitted to JHEP B o(tZg) =87e+02fb 138 fb~?!
tz 7 TeV PRL 110 (2013) 172002 - o(ttz) = 2.8e+02 fb 5 fo!
tz 8 TeV JHEP 01 (2016) 096 = olttZ) = 2.4e+02 fb 20 fb~t
ttz 13 TeV JHEP 03 (2020) 056 =i  o(ttZ) = 9.5e+02 fb 78 fb~1
ty 13TeV  PRL 121 221802 (2018) s o(ty) = 1.1e+03fb 36 fb!
ttw 8 Tev JHEP 01 (2016) 096 = P o(ttw) = 3.8e+02 fb 20 fb!
tw 13TeV  TOP-21-011 —  O(ttW) = 8.7€+02 fb 138 fb~?
tttt 13TeV  EPJC 80 (2020) 75 B ottt = 13fb 137 fb~?
ggH 7 TeV EPJC 75 (2015) 212 - o(ggH) = 1.6e+04 fb 5 fb~!
ggH 8 TeV EPJC 75 (2015) 212 = o(ggH) = 1.5e+04 fb 20 fb~1
ggH 13TeV  Nature 607 60-68 (2022) @ o(ggH) = 4.7e+04 fb 139 fb~!
VBFqgH 7 Tev EPJC 75 (2015) 212 . o(VBF qqH) = 2.2e+03 fb 5 fb~t
VBFqgH 8TeV EPJC 75 (2015) 212 I o(VBF qgH) = 1.6e+03 fb 20 fb~1
VBFqgH 13 TeV Nature 607 60-68 (2022) @ Oo(VBF qgH) = 3e+03 fb 138 fb~!
VH 8 TeV EPJC 75 (2015) 212 IE  o(VH) = 1.1e+03fb 20 fb!
WH 13TeV  Nature 607 60-68 (2022) B o(WH) = 2e+03 b 138 fb~?
ZH 13TeV  Nature 607 60-68 (2022) il o(ZH) = 1.1e+03fb 138 fb~?
ttH 8 TeV EPJC 75 (2015) 212 - I ottH) = 4.2e+02 fb 20 fb~t
ttH 13TeV  Nature 607 60-68 (2022) = o(ttH) = 4.8e+02 fb 138 fb?
tH 13TeV  Nature 607 60-68 (2022) . Bl o(tH) = 5.4e+02fb 138 fb~?
HH 13TeV  Nature 607 60-68 (2022) — o(HH) < 1.1e+02 fb 138 fb~?

1 1 1 1 1
1.0e-01 1.0e+01 1.0e+03 1.0e+05 1.0e+07 1.0e+09
Measured cross sections and exclusion limits at 95% C.L. Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty o [fb] July 2022

See here for all cross section summary plots Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction

Theory |

tt
ti—chan
ttwW
ttZ
ttH
tty
tZj
4t
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13
13
13

13

13
13

13
13

36.1 fb!
3.2fb7!
36.1 fb?
139 fb!
80 fb?
36.1 fb?

139 fb1
139 fb!

o =826.4+3.6+19.6 pb

o =247 +£6 +46 pb
oc=870+130+140fb
oc=990+50+80fb

oc=670+90+ 110-100 fb
o=521+9+411b

oc=97+13+71b
o=24+7-61b

o = 832 + 40 — 45 pb (top++ NNLO+NNLL)
o =217 + 10 pb (NLO+NLL)
o = 600 + 72 fb (Madgraph5 + aMCNLO)

o = 840 4 90 — 100 fb (NLO QCD + EW)
o = 507 + 35 — 50 fb (LHCHXSWG NLO QCD + NLO EW)

o = 495 + 99 fb (PRD 83 (2011) 074013) j A A
Exp < ATH

|
| In some cases:

|
o =102 + 5 - 2 fb (Madgraph5 + aMCNLO (NLQO)) I
o =12.0 + 2.4 fb (JHEP 02 (2018) 031) |

—
e — T — e -
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New Physics searches at the LHC

Model-dependent Model-Independent
SUSY, 2HDM... simplified models,EFT
New particles New Interactions of SM particles
> 35 S Preliminary el LA A Sk e m PR anomalous couplings, EFT
D - s Data _
O N - 0107 & —_— . I
o 30 Z+X — = ATLAS e Data 2012
~ E . _ 3 10° . Ozr
4‘2 - M Z,Y ,ZZ ] 5 ee. J Ldt=20.3f [JPhoton-Induced
(]CJ 25— . — 10 S—8TeV [l Top quarks
> § s m =126 GeV- 10% 'S = CJMuiti-Jet & W+Jets
L B i 57 [[]DIboson =
20 - _ 10°E — Ay =14 TeV =
- o i = - A}, =14 TeV =
- - 10255  —M,=35TeV(GRW) &
150 T B 10 “ =
: . : 4 o =
10 = | )i o = - E:
5 | [ 9 1;?‘--- -
- ' o 1 Y 1 ] E
0 RAARK; ll : TP e R 1 4 M :
T —++ 'T“ ] R e — — s 1 — —
0 i — I It 0.1 02 0304 1 2 3 4
80 100 120 140 160 180 Deviations in tails e 11N
my [GeV]
90

+O(A™?)

Leg = Lsm+ Y e
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EFT: What is it all about?
Energy

New Physics
>wm 7’
A
oo — >

S M p? — M?2 _ M2

Lot (r p? \? |
2z e | T\az) T \az) 7| A Taylor expansion

We have integrated out the Z
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EFT: What is it all about?
Energy

New Physics
S e

A=M

>< ESA[(S‘Q) T ED?J?n()'(QP) T
SM -
_;[2 ‘CDz'mﬁ('p ) ( f Al"uf ) ( f A)'",u,f )

c/\2 can be linked to High Scale physics:
Matching and Running

Ken Mimasu STFC HEP school 2026 174




EFT for New Physics

Low Energy Effective Theory without the Z’

New [nteraction . Yp e Lsn(¢) + Lpime(p) +

Modified interactions suppressed
by the scale of New Physics

Rate

~F1 region

M Energy
The way to probe New Physics in the absence of light states

Ken Mimasu STFC HEP school 2026 175



Does the effective theory work?

An example of a successful EFT;

n—pte +Ure “ermi formulated his theory in the 1930’s
t described [3-decay data very well

—nergy of 3-decay: ~MeV

But this is not the full theory: cross-section rising with energy,
violating unitarity

1983 Discovery of W-boson at CERN UA1 and UA?

Mw=80 GeV >> QB

Energy borrowed from the vacuum
A virtual W-boson exchange

Ken Mimasu STFC HEP school 2026 176



Low energy weak interactions

Muon Decay

___& T 7m __GF i CF _ g
L:/— 2\/§{Wuj —|—hC} Leff— ﬁjﬂj \/5 SMa/
GZmS 2
rM: Fp f % f(X):1—8X—|—8X3—X4—12X2InX
19273 me

Full dependence on low energy parameters: agreement with full theory up to 107°
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General EFT considerations

 EFT is a field theory, the low-energy limit of a full theory
 Same IR behaviour as the full theory (but different UV behaviour)
* |t can make quantitative predictions (without knowing the full theory)

* Predictions can be improved in a systematic way (higher order corrections to
matching, running and mixing)

* Eventually need full theory to go beyond the low energy region (unitarity violation)

Power counting: Systematic expansion in a small parameter p/M

Locality: Factorise quantities into short distance parameters (Wilson coefficients) and
long distance operator matrix elements

(We are integrating out heavy fields: in practice done with the path integral see for example arXiv:1804.05863)

Eleni Vryonidou NEXT school 2022 178



Why use an effective theory?

Top-bottom: We know the full theory but it’s too complicated
EFT simplifies the calculation by only including the relevant interactions

It focuses on the relevant scale
Examples: SCET, HQEFT

Bottom-up: We don’t know the full theory, we are trying to describe measurements
and guess the full theory

Efficient to characterise new physics
Examples: SMEFT, Fermi Theory (when formulated in the 1930°s)
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SMEFT for New Physics

e Focus on SMEFT:
e only SM fields
. respecting SM symmetries
e valid below scale A

 Gauge invariant ¢/
 Higher-order corrections: renormalisable order by order in 1/A ¢

(s

O(&s)+0(%>+O<A2>‘|‘"‘

« Complete description ¢/
» Model Independent (apart from symmetries and no new light states) ¢
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Let’s take a tour of SMEFT

(D)
Ci D
Lo = L1 + ZZ AD—4 @,( ) =l Processes and observables

D>4 |

Sensitivity —————))\lcasurements m—) Constraints

!

UV

Huge effort to improve each one of these steps!
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SMEFT dimension-5

One lepton number violating operator at dim-5  weinberg (1979)
C

LZA

(L' e€)C(¢p" €L) + h.c.

U2

My = c7=  Majorana neutrino mass

Neutrino masses of 0.01-0.1eV imply A ~ 101> Tevi!

Possible UV completion: see-saw model

_ |
L=—ypLedp*vg— MgvirCrvp+He.

o

Not relevant for LHC physics

Ken Mimasu STFC HEP school 2026 182




SMEFT@dim-6

0(6)0(6)
Leg = Lsm + Z -O(A™)

Buchmuller, Wyler Nucl.Phys. B268 (1986) 621-653

59(2499) operators at dim-6:

Grzadkowski et al arxiv:1008.4884

X3 ©% and @*D? V23 (LL)(LL) (RR)(RR) (LL)(RR)
Qe | fABCGAGErGSH | Q, ()3 Q.. (eto) (e ) Qu (I Yulr ) (L*1e) Qee (EpVuer) (e er) Qe (L Yulr) (B €r)
& | FAECCHGEGS | Qo | (Ple)Tlele) | Que | (#'0)@urd) ; (@N0) @ '%) | Que | @nur) @ u) || Qu | Goule) (@)
Ow | 7K I,.‘,:’ﬂluI,.‘.u'VJpI,‘.-"pr Qup (-y;f D“'p)* (gp"Dygo) Qa, (#S‘t#?)(‘jpdr#?) aq | (GVT ¢ )@ 7'q) || Qua (d, Yl )(dsy*dy) Qua (1 L)(d,"d,)
— | KW vy Jey Ku Q) (LYl ) (@7 ) Qeu (EpVuer ) (s 1) Qge (@7u0) (€7 1)
- szi:: —— DX V202D fo’ Lyt ) (@7 7" e) Q(e:; (Epyuer)(dsy*dy) %I (Gpﬁf'f;qr)(ﬂs‘f'“ )
ton (A Apv 7w Nk, A7 T (1) P AT A Qua (Y, ) (dsy'dy) au | (@I q) (@ T )
Qoo | wRCWE | Qar ) (Grtedmel ) Qo (D)) & | @iy | 0| et
Qi | ¢leGhe™ | Qs | @o"e)pBu | QY (99*270:1 ) (L7 71y ) QY | (@7.T4¢.)(dA"Td,)
Qow | PeWL W Que | (Go" T )P G, || Que | (#7 Dup)(&57"er) (LR)(RL) and (LR)(LR) B-violating
Qv poWI Wi | Quy | (g0™u,)T' WL | QL) (99*1 L 2)(@"ar) Qreds (Le,)(d.q?) Qg e*®1e i [(d2)TCuf] [(g27)TCl¥]
Qep ' By, B Qus | (40" )3 B | Q (@‘iDé 2)(3,7' 7" qr) QY | (@u)ein(@d) | Qugu c287e;, [(29)TCaP¥] [(u1)T Ce))
Q.5 olp B,, B Qic | (70" T, )p Gy, || Quu (99*?712:‘ ) (" uy ) QY | (@T w)en(@TAdy) | QL e jxmn [(¢29)TCqP*] [(@™)7CI7]
Quwp | P'TIoW B | Qaw | (30"dr )T oWy, | Qea | (¢"1Dyp)(dpy"dy) Quewa | Ber)ein(@u) || Qo e (11€) k(T €)ma [(a57)7 Caf] [(a7m)" O]
Quvs | PTeWLB™ | Qs | (30"d)¢Bu | Quua| #FDup)(@,n"d,) Qtoyu | Bowve )o@ 1) || Quun e [(dg)" Cuf] [(u])" Ce,]

Warsaw basis of dimension-6 operators
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SMEFT@dIm6

59 operators in flavour universal scenario
2499 if fully general @

Is there any hope?

* Not all operators enter in all observables

 Many observables available no B,L violation

* We can make “reasonable” assump’cions<> Flavour (universality, MFV...)

CP conservation

<100 operators for the LHC Q

Ken Mimasu STFC HEP school 2026 184



Examples of operators
Dimension-6 operators of the SMEFT:

Class Warsaw Example Interaction
W H? (SOTSO) (qi uj ) Higgs-tfermion (Yukawa)
<
W H?D : (9" D, 9)(3 " q5) gauge-fermion (Z,W)
V' XH : (g 0" u; ¢)Bu, dipole
Wl (@Y 45 )( @k e @) four fermion

Assumingi =] = 3

Ken Mimasu STFC HEP school 2026

Impact

ttH

ttZ production, Wtb, single top

ttZ, ttA, WIB (ttVH)

top palr production, single top, ttH,
ttV, tttt
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From Operators to Observables

Operators have different impact on particle interactions
1) Modification of SM vertices
2) New Lorentz structures

(3) Indirect effect due to impact on input parameters and canonical
normalisation of fields

What is next? Study particular processes and observables to maximise
sensitivity on different operators

Fit data to extract EFT coefficients

Ken Mimasu STFC HEP school 2026 186



SMEFT in practice

HH
ttH
y Gl AR VHVBE vy
o R4 thiz;
4-tops ttH Vv
tH/Z] EWPO

EFT has a global character

Ken Mimasu STFC HEP school 2026 187



EFT pathway to New Physics

3 Precise EFT predictions

Precise SM predictions Cl (//t )

(1 Precise experimental measurements / \2

Ken Mimasu STFC HEP school 2026 188



EFT interpretations

Complexity # assumptions Information

2k Inclusive (fiducial) cross-section

2k Differential parton level
3k Differential particle level

2k Detector level

LHC EFT WG effort:

https://indico.cern.ch/category/12671/

Ken Mimasu STFC HEP school 2026 189



Global fit Setup

Theory Data

Top pair production and single top |
(differential) |

Associated production with W,Z,H *ﬁ
W helicity fractions

Best available prediction for the SM |
L NOQCDfor SMEFT |

. Global SMEFT fit |~
i Of the top-quark sector|,

Constraints on the Wilson coefficients J
{ Fitresults can be used to bound |
' specific UV?ctompIete models N

‘Faithful uncertainty estimate |
| Avoid under- and over-fitting
{ Validated on pseudo-data (closure test) §

Fit Methodology Output

Ken Mimasu STFC HEP school 2026
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Observables

Data

Top-pair production
W-helicities,
asymmetry

4 tops, ttbb, top-
pair associated
production

Ken Mimasu

Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ ndat | Ref
ATLAS_tt_8TeV_ljets ‘ 8 TeV, 20.3 fb—1 lepton+jets ‘ do/dm; ‘ 7 ‘ [46]
CMS_tt_8TeV_ljets ‘ 8 TeV, 20.3 fb~1 ‘ lepton+jets ‘ 1/odo/dy; ‘ 10 ‘ [47]
CMS_tt2D_8TeV_dilep ‘ 8 TeV, 20.3 fb—1! ‘ dileptons ‘ 1/od?0 /dy,zdm,; 16 ‘ (48]
ATLAS_tt_8TeV_dilep (*) ‘ 8 TeV, 20.3 fb—1! ‘ dileptons ‘ do /dm; ‘ 6 ‘ [54]
CMS_tt_13TeV_ljets_2015 ‘ 13 TeV, 2.3 fb~1 ‘ lepton+jets ‘ do /dm; ‘ 8 ‘ [51]
CMS_tt_13TeV_dilep_2015 ‘ 13 TeV, 2.1 fb~1 ‘ dileptons ‘ do /dm; ‘ 6 ‘ [53]
CMS_tt_13TeV_ljets_2016 ‘ 13 TeV, 35.8 fb~1 ‘ lepton+jets ‘ do /dm,; ‘ 10 ‘ [52]
CMS_tt_13TeV_dilep_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ dileptons ‘ do/dm; ‘ 7 ‘ [56]
ATLAS_tt_13TeV_ljets_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ leptonjets ‘ do /dmy; ‘ 9 ‘ [55]
ATLAS_WhelF_8TeV ‘ 8 TeV, 20.3 fb—1 ‘ W hel. fract ‘ Fo, Fr,Fr ‘ 3 ‘ [49]
CMS_WhelF_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ W hel. fract ‘ Fy,Fr,Fr ‘ 3 ‘ [50]
ATLAS_CMS_tt_AC_8TeV (*) ‘ 8 TeV, 20.3 fb~1! charge asymmetry ‘ Ac ‘ 6 ‘ [57]
ATLAS_tt_AC_13TeV (*) ‘ 8 TeV, 20.3 fb~1 charge asymmetry ‘ Ac ‘ 5 ‘ [58]
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Nyat ‘ Ref
CMS_ttbb_13TeV ‘ 13 TeV, 2.3 fb~1 ‘ total xsec ‘ Ttot (tEbb) ‘ 1 ‘ [70]
CMS_ttbb_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb—1! ‘ total xsec ‘ Ttot (tThD) ‘ 1 ‘ [79]
ATLAS_ttbb_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb—1 ‘ total xsec ‘ Ttot (tEbD) ‘ 1 ‘ [78]
CMS_tttt_13TeV | 13 Tev, 35.9 b= | total xsec | ow(tit) | 1| [71]
CMS_tttt_13TeV_run2 (*) ‘ 13 TeV, 137 fb—1 ‘ total xsec ‘ Ttot (tttt) ‘ 1 ‘ [76]
ATLAS_tttt_13TeV_run2 (¥*) ‘ 13 TeV, 137 fb—1! ‘ total xsec ‘ oot (tTtL) ‘ 1 ‘ [77]
CMS_ttZ_8TeV | 8Tev,19.5 b1 | total xsec | owe(i2) | 1 | [72)
CMS_ttZ_13TeV | 18 Tev, 35.9 b1 | total xsec | owen(ti2) | 1 | [73]
CMS_ttZ_ptZ_13TeV (¥) | 13 TeV, 77.5 fb=1 | total xsec | do(t2)/dpZ | 4 | [81]
ATLAS_ttZ_8TeV | 8Tev, 203 b= | total xsec | owor(tiZ) | 1| [74]
ATLAS_ttZ_13TeV ‘ 13 TeV, 3.2 fb~1 ‘ total xsec ‘ Otot (tE2) ‘ 1 ‘ [75]
ATLAS_ttZ_13TeV_2016 (*) ‘ 13 TeV, 36 fb—1 ‘ total xsec ‘ Ttot (tEZ) ‘ 1 ‘ [80]
CMS_ttW_8_TeV | 8 Tev,19.5 b1 | total xsec | owoe(tfW) | 1| [72)
CMS_ttW_13TeV | 13 Tev, 35.9 b1 | total xsec | owou(ttW) | 1 | [73]
ATLAS_ttW_8TeV | 8 Tev, 203 b= | total xsec | owor(tW) | 1| [74]
ATLAS_ttW_13TeV ‘ 13 TeV, 3.2 fb~1 ‘ total xsec ‘ Otot (LTW) ‘ 1 ‘ [75]
ATLAS_ttW_13TeV_2016 (*) ‘ 13 TeV, 36 fb—1 ‘ total xsec ‘ Ttot (tTW) ‘ 1 ‘ [80]

Dataset

\/57'6

| o |

Observables

ATLAS_CMS_SSinc_RunT (*)

748 TeV, 20 fb—1

Incl. “zf

ggF, VBF, Vh, tth
h — v, VV,77,bb

ATLAS_SSinc_RunI (*)

8 TeV, 20 fb—1

Incl. uf

K3

h— Zv, pp

ATLAS_SSinc_RunIT (*)

13 TeV, 80 fb—1

Incl. ,ulf

ggF, VBF, Vh, tth
h — vy, WW, ZZ, r7,bb

CMS_SSinc_RunII (*)

13 TeV, 36.9 fb—1

Incl. u{

ggF, VBF, Wh, Zh tth
h — vy, WW, ZZ, r7,bb

Higgs signal strengths

Dataset

Info

Observables

CMS_H_13TeV_2015 (*)

ggF, VBF, Vh, tth

h — ZZ,~v,bb

do /dph.

ATLAS_ggF_13TeV_2015 (*)

15 TeV. 36,4 oot ggF, VBF, Vh, tth
eV, 36.

h — ZZ(— 41)

do /dph.

ATLAS_Vh_hbb_13TeV (*)

13 TeV, 79.8 fb—1

do(fid) /dpl¥

do D) /dpZ

ATLAS_ggF_ZZ_13TeV (*)

, 79.8 fb—1

Oger (P, Njets)

CMS_ggF_aa_13TeV (*)

, 77.4 fb—1

OggF (PSL«» Niets)

Higgs differential

Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Nya; ‘ Ref
CMS_t_tch_8TeV_inc ‘ 8 TeV, 19.7 fb~1 ‘ t-channel ‘ Ttot (t), Ttot () ‘ ‘ [83]
ATLAS_t_tch_8TeV ‘ 8 TeV, 20.2 fb~?! ‘ t-channel ‘ o (tq)/dyt ‘ 4 ‘ [85]
CMS_t_tch_8TeV_dif ‘ 8 TeV, 19.7 fb—1 ‘ t-channel ‘ do /d|y(t+D)| ‘ 6 ‘ [84]
CMS_t_sch_8TeV ‘ 8 TeV, 19.7 fb—1 ‘ s-channel ‘ Tiot(t + 1) ‘ 1 ‘ [87]
ATLAS_t_sch_8TeV ‘ 8 TeV, 20.3 fb~?! ‘ s-channel ‘ oot (t + 1) ‘ 1 ‘ [86]
ATLAS_t_tch_13TeV ‘ 13 TeV, 3.2 fb—? ‘ t-channel ‘ Ttot (t), Otot (f) ‘ 2 ‘ 88]
CMS_t_tch_13TeV_inc ‘ 13 TeV, 2.2 fb—? ‘ t-channel ‘ Ttot (t), Ttot () ‘ 2 ‘ [90]
CMS_t_tch_13TeV_dif ‘ 13 TeV, 2.3 fb~! ‘ t-channel ‘ do /d|y(t+D)| ‘ 4 ‘ [89]
CMS_t_tch_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb—1 ‘ t-channel ‘ do /dly®)| ‘ 5 ‘ [o1]
Single top t-, s-channel
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Naat ‘ Ref
inclusive
ATLAS_tW_8TeV_inc 8 TeV, 20.2 fb~! ( ot (tW) [95]
dilepton)
inclusive 1
ATLAS_tW_inc_slep_8TeV (¥*) 8 TeV, 20.2 fb~! (single ot (tW) [101]
single lepton)
CMS_tW_8TeV_inc ‘ 8 TeV, 19.7 fb—! ‘ inclusive ‘ ot (tW) ‘ 1 ‘ [96]
ATLAS_tW_inc_13TeV ‘ 13 TeV, 3.2 fb~! ‘ inclusive ‘ oot (tW) ‘ 1 ‘ [97]
CMS_tW_13TeV_inc ‘ 13 TeV, 35.9 fb~! ‘ inclusive ‘ ot (tW) ‘ 1 ‘ [98]
ATLAS_tZ_13TeV_inc ‘ 13 TeV, 36.1 fb~! ‘ inclusive ‘ oot (tZq) ‘ 1 ‘ [100]
ATLAS_tZ_13TeV_run2_inc (*) ‘ 13 TeV, 139.1 fb—! ‘ inclusive ‘ oga(tlT4—q) ‘ 1 ‘ [102]
CMS_tZ_13TeV_inc ‘ 13 TeV, 35.9 fb—! ‘ inclusive ‘ ora(Wbtte—q) ‘ 1 ‘ [99]
CMS_tZ_13TeV_2016_inc (*) ‘ 13 TeV, 77.4 fb~! ‘ inclusive ‘ oha(tlTe—q) ‘ 1 ‘ [103]
tW, tZ
Dataset Vs, L Info Observables Ngat Ref
LEP2_WW_diff (*) (182, 296] GeV LEP-2 comb | d?c(WW)/dEcmd cos Oy 40 [128]
ATLAS_WZ_13TeV_2016 (*) | 13 TeV, 36.1 fb—1 | fully leptonic do ) /dm )V Z 6 [129]
ATLAS_WW_13TeV_2016 (*) | 13 TeV, 36.1 fb~! | fully leptonic do8d) /dm.,, 13 | [130]
CMS_WZ_13TeV_2016 (*) | 13 TeV, 35.9 fb—! | fully leptonic do D) /dpZ 11 [131]

STFC HEP school 2026

Category Processes Ndat

tt (inclusive) 94

ttZ, ttW 14

ingle t inclusi 27

Top quark production single top (inclusive)

tZ,tW 9

tttt, ttbb 6
Total 150

Run I signal strengths 22

nggs production Run II signal strengths 40
and decay Run II, differential distributions & STXS 35
Total 97

LEP-2 40

Diboson production LHC 30
Total 70
Baseline dataset Total 317
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Full fit: individual

0.05;

SU(3)>: EWPO+Diboson+Higgs
0.04 1 mm su(2)? x SU(3)3: EWPO+Diboson+Higgs+top

|| Top operators: EWPO+top (incl. ttH)
0.03-

Wi (optimistic, unrealistic)

e R | L

—0.011

| I I What does that mean
~ for the UV scale?

—0.041

(1TeV)?

95%CL individual; C; >
A

Individual: only one non-zero c;

—0.05

e T T aRseatl ot l Strongly Coupled Cz6(ﬂ)

Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779
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Full fit: marginalised

Ken Mimasu

2.5 _
] SU(3)°: EWPO+Diboson+Higgs (1TeV)? ||
| . o _
2.0 m SU(2)? x SU(3)3: EWPO+Diboson+Higgs-+top 95%CL marginalised; ; —5
Top operators: EWPO+top (incl ttH)
1.51
1.0
0.5 * \
0.0 +~*~{++-+~+{¢{_. |+|
—0.51 |
—1.0:
—1.5;
—2.0"
~25 T 9 ShPyoOy $ASST ¥ 2 3 93 D 2 0L T LI IGPSY £ QS BUe®c®c.3 . Sofolol
Su%bbubuuugu&uUfuuQUEEUUUU@@@uUUUU
— | — — — — — — — — — — —
— - ) o © ©o o | | | — | | | | I
LS 2%2%g 3 2 LLssgagq
—
102 Ci = (4mp?
] C,'=1
S 101 1 — C;=0.01
) ] ER""NEERERNEERSEnEEREEREEE RN RESRIEREEESEE B B RaiRiERiEREREEEE R R R R
— i
e 100_ ii ......................................................................
<|\g ) } _______
10— . It | b | | = o [ | o
10 L 2 0z P08 R 2 38 3 P 3 OE I S TNREYTE R 2 Blo%0%o 08 05 ¥F ®3 @8
~I — —~I — AN SN o A = R o i,
3O UUUUUUU§USUUUUUUUUUUUUUWWQUU

Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779
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All coefficients allowed to
be non-zero

Bounds significantly worse
IN a marginalised fit

For weakly coupled
theories A\ bound below the
TeV scale: EFT Validity???
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What do we learn from global fits?

Bounds on new physics scale vary from 0.1 TeV e m 22
(unconstrained) to 10s of TeV. Bounds depend constraint: — =— <X
on A2 M2
* the operator .
» assumption of a strongly or weakly coupled Non-pert.
theory
* |ndividual or marginalised bounds (reality is <
somewhere in-between) Allowed
* [inear or quadratic bounds

M
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From EFT to the UV

Model | Cup | Cy Céy Chi ChHe | Cuo | Cra | Cita | Cpy
s =
S 1
> 3 7
Name | Spin | SU(3) | SU(2) | U(1) Param. Name | Spin | SU(3) | SU(2) | U(1) Param. ¥ —% —113—6 ¥
s [ o [ 1 1 0 | (Mg, k) Ay | L 1 2 | 1 [ (Ma,2a,) N i i _
S 0 1 1 1 (A/Ibl ,ysl) Ag % 1 2 - % (A/IA:s 7’\A3) o — — 1 é
Scalars o | 1 > | I | (MyZecosB) || = | L | 1 3| 0 | (Mg)y) | VEE A1 2 2
2 ¥ 2 A _1 Yr
= 0 1 3 0 (Mz=,k=) 21 % 1 3 -1 (Ms,,A\s,) B3 ] 2 i 2& m m
= 0 1 3 1 (M=, k=, ) U : 3 1 % (My,A\v) :1 — _f I N
7' B 1 1 1 0 (Mp,i5) D | 1 3 1 | -1 | (MpAp) = 1 T
| . - ; . « 1 4 8 - - 8
WL B ! . 1 1 (l\/fBl,_?Bl) Q1 % 3 2 ég (Mg, ,Aq,) ” : ) —yST —;t —;,,
% 1 1 3 0 (Mw,g%) Qs 5 3 2 —5 | (Mg;,Aqs) (B, B} 3 =y | —w | — W
W1 1 1 3 1 (]VI;.gl,g‘,‘,]) Q? % 3 2 (Z; (A/[Q.. )\Q ) \/LQ {Q17Q7} : Y
N : 1 1 0 (My,AN) T ! 3 3 —% | (Mp,2ny) = - = -
X ! Model U
VLL FE % 1 1 -1 (l\/f A E) 15 % 3 3 % (A/I T, ; ) ([)] - Cqu Cifq (Cqu) = (Cqu ) o | O Cha C;H Cor
vlQl T | 5 | 3 L3 (Mrst) | TB | 5 | 3 2 | I | (Mrpsy) ot 4 =
4 4 4 4 2
0 I T
Q 1 t
T7 _1 [ 3 _1 _3 i 7 us
— . 1 116 316 116 316 }Z i
* EFT bounds translate to constraints on parameters of CENE NI N i
T T2 | 247 Ye 2
JV models
* Simplest case: single-field extensions of the SM Tree-level matching dictionary
de Blas et al. JHEP 03 (2018) 109
Ken Mimasu STFC HEP school 2026
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From EFT to UV

M4 = 1) Mass limits (in TeV) AM = 11eV)
N | An[? <38 x 102 1.6 0
Name | Spin | SU(3) | SU2) | U(1) | Param. Name | Spin | SU(3) | SU(2) | U(1) | Param. W1 | ' 'gf“'21<18'612_12“;v2) }g g
- kg < 1.1 X & ool
S 0 1 1 0 (Ms, Kks) Ay 2 1 2 —5 | (Ma,,Aa,) S1 P <16x102] 120
S1 0 1 1 1 (MSI ’ysl) Az % 1 2 _% (MA:H)‘A:;) T :l (s2)" < 0.04
Scalars 7 0 1 2 ! (M, Zg cos ) > : 1 3 0 (My,Ax) VLL AS - &g 721.72(36\?) -
p— 3 | Agl” < 2.9 x 10~
= 0 1 3 0 (Mz,kz=) 21 : 1 3 -1 | (Mg, A\s,) O - | o <024
=1 0 1 3 1 (Mgl ,Iigl) U % 3 1 % (Mu,Au) 3 - IAs|? < 4.5 x 102
/' B 1 1 1 0 (Mp,5%) D : 3 1 ~% | (Mp,Ap) T | lmlj S0090)
wi B L O oy s e | (Mauda) : | et
A 1 5 U 2 X
Wi 1 1 3 1 (MW1 ,gaq ) Q7 2 3 2 6 (MQ7 aAQ?) Q1 Q7  — Aa.@-|* < 0.88
VLL N % 1 1 0 (MN;)\N) T % 3 3 - % (MT1 ,/\Tl) Q7 [Aq.|? < 0.14
E | } 1 1 [ -1 [ (Mg T, | 53 | 3 3 2 | (Mg, )n) BBD - Dol <8810
1 2 t 1 1 b 11 | g%5, <0.92
VLQl T ! 3 1 ; (Mr,s%) TB ; 3 2 Lo (Mrp,st) B G F o0
T11 |Ap |2 < 0.22
31 |Ag, |2 < 2.7 x 1072
A; - | Aa, > < 1.7 x 1072
 EFT bounds translate to constraints on parameters of UV models 0 é , é : . .

* Simplest case: single-field extensions of the SM
Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779

Fix coupling and set bound on mass or the other way round
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THANK YOU
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