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“big unanswered questions”
about fundamental particles & their interactions
(dark matter, matter-antimatter asymmetry,
nature of dark energy, hierarchy of scales...)

V.

“big answerable questions”
and how we go about answering them
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Higgs boson existence long known to be

consistent with older ete- collider data
(cf. LEB 1989-2000 + SLD).

Tested through the small effect of
virtual Higgs bosons on high-precision
(per-mil) measurements.

Could be interpreted as a
weak Higgs mass constraint.
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The Higgs boson
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Che New ork Times

By DENNIS OVERBYE JUNE 19, 2017

[...]

What if there is nothing new to discover? That prospect is now
a cloud hanging over the physics communaty.

[...]

https://www.nytimes.com/2017/06/19/science/cern-large-hadron-collider-higgs-physics.html



what Is the Standard Model?
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This equation neatly sums up our
current understanding of fundamental
particles and forces.
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This is what you get when you buy one
of those famous CERN T-shirts



STANDARD MODEL — KNOWABLE UNKNOWNS

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

This is what you get when you buy one
of those famous CERN T-shirts

“understanding” = knowledge ?

“understanding” = assumption ?

This equation neatly/sums up our
current understanding of fundamental
particles and torces.




NOTATION

A, : gauge field
 : termion field

¢ : Higgs field
= ¢o(VEV) + H(Higgs)

D, =0, +1eA, etc.
F,LLI/ ~ [D,uaDl/]

e.g. YD — YA, — fermion-fermion-gauge vertex

1.e. terms of £ map to particle interactions
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This equation neatly sums up our
current understanding of fundamental
particles and forces.

GAUGE PART

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

e.g. qqy, 994, qqg, evW, ggg, interactions
— well established in ep, ete-, pp

collisions, etc.
= KNOWLEDGE
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GAUGE PART

e.g. qqy, 994, qqg, evW, ggg, interactions
— well established in ep, ete-, pp

collisions, etc.
= KNOWLEDGE

Many SM studies probe this part.

In some respects dates back to 1860’s, i.e.

Maxwell’s equations.
This equation neatly sums up our

current understanding of fundamental
particles and forces.

If you test another corner of this (as one
should), don’t be surprised if it works



This equation neatly sums up our
current understanding of fundamental
particles and forces.

Higgs sector
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until 6 years ago none of these
terms had ever been directly
observed.
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what terms are there in the Higgs sector? [
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(HWW, HZZ): A gauge interaction, with scalars rather
than fermions; much like other gauge interactions;
indirectly probed in LEP EW precision tests

(Hbb, Htt, etc.): not a gauge interaction, and
unlike anything we had probed before (m ~ y)

(-p29? + A4, HHH) the keystone of the Higgs
mechanism and Standard Model, familiar as QFT
toy model, never probed in nature

Gavin Salam 13
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concentrate on
Yukawa Interaction hypothesis

Yukawa couplings ~ fermion mass

first fundamental interaction that we probe at the quantum level where
interaction strength is not quantised
(i.e. no underlying unit of charge across particles)



(1) Because, within SM conjecture, they re what give masses to all quarks
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proton

Why do Yukawa couplings matter?

Up quarks (mass — 2.2 MeV) are lighter than
down quarks (mass ~ 4.7 MeV)

(up+up+down): 2.2 + 2.2 + 4.7 + ... = 938.3 MeV

neutron (up+down+down): 2.2 + 4.7 + 4.7 + ... = 939.6 MeV

Gavin Salam

So protons are lighter than neutrons,
— protons are stable.

Which gives us the hydrogen atom,
& chemistry and biology as we know it
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Why do Yukawa couplings matter? TR

e )/—; (5() 7"3 ¢ ‘i‘L\,C_

(2) Because, within SM conjecture, they re what give masses to all leptons

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

47T€()h2 h
M €2 Me C

ay =

electron mass determines size of all atoms

it sets energy levels of all chemical reactions

Gavin Salam 18
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st generation (us) has low
mass because of weak
interactions with Higgs field
(and so with Higgs bosons):
too weak to test today
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mass because of weak
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(and so with Higgs bosons):
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ATLAS & CMS
@LHC

~up to 2 hillion
l collisions/second

(+ lower rates at
LHCh and ALICE)




what underlying processes tell
us about Yukawa interactions?



gluon in from proton I
—

9 0000C

9 0000C

—
gluon in from proton 2

virtual
top-quark
pair: not actually

seen in detector

Higgs production: the dominant channel

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Higgs out

Expected to happen once for every
~2 billion inelastic

proton—proton collisions

LHC data consistent with that
already at discovery in 2012

23



gluon in from proton I

—_— Higgs production: the dominant channel

9 0000C
—_—
virtual Higgs out
‘ top-quark
2aYaYaVaYaYa pair: not actually
but how can you be sure the tor Expected to happen once for every
Higgs is really being ~2 billion inelastic

radiated off a top-quark, i.e. proton—proton collisions

= that you'’re really seeing a
e Yukawa coupling?

LHC data consistent with that
already at discovery in 2012

eeeeeeeeeeee
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gluon in from proton I

—_—

9 505000C

9 500000

—_—

gluon in from proton 2

- H

Higgs production: the ttH channel

00000000000000000000000000000000000000000000000000000000000000000000000000000000000

—_—

Higgs out

real top-quarks
seen in detector

t

I[f SM top-Yukawa hypothesis is
correct, expect 1 Higgs for every
1600 top-quark pairs.

(rather than 1 Higgs for every 2
billion pp collisions)

24



the news of the past months: ATLAS & CMS see events with top-quarks & Higgs simultaneously

ATLAS > 5-sigma ttH
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the news of the past months: ATLAS & CMS see events with top-quarks & Higgs simultaneously

CMS > 5-sigma ttH ATLAS > 5-sigma ttH
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gluon in from proton I

gluon in from proton 2

couplings to leptons?

0000000000000000000000000000000000000000000000000000000

Higgs
- = = = decay
— products

Higgs out [

For Standard-Model Higgs—tau
Yukawa coupling:

~ 1 in every 16 Higgs bosons
decays to T1-

26



ohservation of H = Tt

a year ago: a few weeks ago:
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35.9 fb' (13 TeV)
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what could one be saying about it?

The >50 observations of ttH and H — 11, independently by ATLAS and CMS,
firmly establish the existence of a new kind of fundamental interaction,
Yukawa interactions.

Yukawa interactions are important not merely because they had never before
been directly observed, but also because they are hypothesized to be
responsible for the stability of hydrogen, and for determining the size of
atoms and the energy scales of chemical reactions.

Gavin Salam 28



what could one be saying about it?

The >50 observations of ttH and H — 11, independently by ATLAS and CMS,
firmly establish the existence of a new kind of fundamental interaction,
Yukawa interactions.

Yukawa interactions are important not merely because they had never before
been directly observed, but also because they are hypothesized to be
responsible for the stability of hydrogen, and for determining the size of
atoms and the energy scales of chemical reactions.

Is this any less important than the discovery of the Higgs boson itself?

My opinion: no, because fundamental interactions are as important
as fundamental particles

Gavin Salam 28



EFT approach
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2nd & 1st generation Yukawas

» the hierarchy of masses between generations remains a mystery
(even if it’s one that some people consign to the “hopeless” category)

» Does not necessarily come from hierarchy of dimensionless Yukawa coefficients

» E.g. the Giudice-Lebedev mechanism (and follow-up work) 0804.1753

qﬁqs)””‘
M2

» smallness of certain masses is consequence of vevZ/M?2 suppression, not small ¢;;

—Ly = Y;(¢) i + h.c. Yij(9) = ¢y (

» measured Hqq interaction larger by factor (2n; + 1)

» cf. also various more recent discussions, e.g. by Bauer, Carena, Carmona

1801.00363
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» keystone of standard model
» so far @* only ever seen in textbooks!

> can be tested through triple-Higgs interaction

g H
e 2
g =y
1 ———H°>+ ...
h 2v
g " H

» probably needs a bigger collider
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for much of Higgs sector, we know what to do to get answers.
What about other “big” questions

Nature of dark matter
Fine-tuning (e.g. supersymmetry and similar)

Matter-antimatter asymmetry of the universe

... ]
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Finding dark matter and studying it will be the
biggest challenge for the Large Hadron Collider’s
second run

-a large LHC experiment’s
https://www.pbs.org/newshour/science/large- Sp O keSp e 7’5 On [ 2 O 1 5]

hadron-collider-gears-find-dark-matter-new-
particles-second-run
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Looking beyond the SM: searches for dark matter at LHC & elsewhere

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Classic dark-matter
candidate: a weakly-
Interacting massive
particle (WIMP, e.g.
from supersymmetry).

Masses ~ GeV upwards

(search interpretations
strongly model
dependent)

o, (DM-nucleon) [cm?]

_37 DM Simplified Model Exclusions
10

ATLAS Preliminary July 2017
L ' ' L

107"
10k 6\
10740 ;_ ‘ *
E 0< E—TISS+X
107 &
E— Dijet
—42
10 _D E
107 & + w .
10~ \ =
LHC LIRS
10°%°
107*°
Vector mediator, Dirac DM . .
10 g =025, =0g =1 direct detection
48 A'?'LAS limits at 95% CL, direct detection limits at 90% CL
10— I I L0 g aal I I L0 g aal Lol
1 10 107 10°

DM Mass [GeV]

= Dijet

Dijet 8 TeV ¥s =8 TeV, 20.3 fb™
Phys. Rev. D. 91 052007 (2015)
Dijet ¥s = 13 TeV, 37.0 fb™
arXiv:1703.09127 [hep-ex]

Dijet TLA Vs = 13 TeV, 3.4 fb™
ATLAS-CONF-2016-030

Dijet + ISR ¥s = 13 TeV, 15.5 fb™
ATLAS-CONF-2016-070

TTEMSS4X

ET+y Y5 = 13 TeV, 36.1 fb”
Eur. Phys. J. C 77 (2017) 393
ET*+jet Vs = 13 TeV, 36.1 fb”
ATLAS-CONF-2017-060
ET*+Z Y5 =13 TeV, 36.1 b
ATLAS-CONF-2017-040

—— CRESST I

arXiv:1509.01515v1

— XENON1T

arXiv:1705.06655v2

— PandaX

arXiv:1607.07400

— LUX

arXiv:1608.07648; arXiv:1602.03489
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LHC searches only a subset of dark matter phase-space

Snowmass non-WIMP dark matter

Cross Section (Xenon for Reference)

report, 1310.8642

10—8 |
10—12 |
o161 /

10—32 L

Axion
Black Hole
Gravitino

sl LHC & direct .
al _ Moduli
1068 : deteCthn Q_bal]
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<
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Sterile Neutrino
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WIMP
WIMPzilla

)

10—108 | | : | | |_ | | | | | | | | | . l | | |
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

"Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified moadels, c.f. refs. for the assumptions made.

Mass scale [TeV]

December 2017 Vs=7,8,13TeV
Model & T Y Jets EU™ [radm™ Mass limit Vi=7,8TevV | Yi=13TeV Reference
i, §—9%) 0 26jets  Yes  36.1 m(F’)<200 GeV, m(1% gen. §j=m(2° ger. 7 1712.02332
449, q—u}i‘l’ (compressed) monc-jet  1-3Je1s  Yes 396.1 m(g)ymit])<5GeV 1711.03301
8 %, g—iqqfo 0 26jels  Yes  36.1 m(E))<200 GeV 1712.02332
g 88, 21947, HgqWE| 0 2'6} jets  Yes  36.1 m[le<2OOGeV. miE" 1=0.5(mE") m(e)) 1712.02332
2-gQ(E6X | ee. 2jets  Yes 147 m(E}) <300 GeV, 1611.05731
‘8 gg. 2—";3((&'.% ey 4 jels - 36.1 m(k})=0 Gev 1706.03731
5 &8, i—=aqW7E] 0 711jels  Yes  36.1 m(E}) <400 Gev 1708.02734
GMSB (¢ NLSP) 1-27+0-1¢ 0-2je18  Yes 3.2 1607.05979
E GGM (bino NLSP) 2y " Yes  36.1 er{NLSP)<0.1 mm AILAS-CONF-2017-080
GECM (higgsino-oino NLSP) Y Ziets  Yes  36.1 m(E])=1700GeV, er(NLSP)<0.1 mm, 4>0| ATLAS-CONF-2017-080
Gravitino LSP 0 monc-jet  Yes 20.3 m(5)>1.8 x 107 &V, m(Z)=m[J)=15TeV 1502.01518
§§ 2%, 5—+bbT) 0 3b Yes 361 m(E’) <600 GeV 1711.01901
T w2 ity 0-1eu 3h Yes  36.1 m(k)<200 GeV 1711.01901
by, bi—bXy 0 2b  Yes 361 _ m(¥})<420 GeV 1708.09256
.g g By, Byt 2¢.4(88)  1b Yes 361 |5 - 275700 GeV m(E})<200 GeV, m(F} )= mUE)1+100 Gev 1706.03731
iyfy, i b 0-2e.u 126 Yes 47133 |& M7-470GeV [ 200720 GeV M(ET) = 2mi¥]), m(¥})=65 Gev 1203.2102. ATLAS-CONF-2016-077
§"§ i, i WhYS or b 026 0215125 Yes 20.3/36.1 |#  90-198GevV. 09510 TeV m()=1GeV 1506.08616, 1709.04° 83, 1711.11520
E S 0 moncjel  Yes 361 60450 Gav m(7.)-m(¥})=5GeV 1711.03301
1 fj(natural GMSE) 2¢,u(Z) 1 b Yes 203 |7 150-600 GeV m(E})> 150 GeV 1403 5222
S g by, ;= + Z 3e,p(7) 1b  Yes 361 |& .~ 290-790GeV m(E})-0 GeV 170603936
faf, 1z 2 t h 1-2e.u 4h Yes  36.1 i ~ 320-880 GeV m(F})=0 GeV 1706.03986
Znlin, I ¥ 2eu 0 Yes 6.1 m(i})=0 ATLAS-CONF-2017-039
X vf X | —'lv(t’V) 2eyp 0 Yes 361 miE})=0, m(Z. 7)=0.5(mi¥; j+miE] ) ATLAS-CONF-2017-039
TR 429, XL mv(ew), Ky ar(v) 27 . Yes  36.1 m(E})=0, m(F, #)=0.5(mif; )+m(E’)) 1708.07875
> xlx’-‘-»hv?l L), 658 £v) 3eu 0 Yes  36.1 miEE =i ), mid] =0, m(Z, 3)=0.5(m(¥; Jem(e])) ATl AS-CONF-2017-039
T E )?f,\"”-.wxc'al 2-3e.u 0-2jets  Yes 36.1 m(ET)=m(¥3), -n(’l X1)-0, ¥ decoupled ATLAS CONF-2017-039
;55 ~> VhX 1, h>bbI WW Tt jyy e iy 026  Yes 203 mE7 )=m(¥>). m(¥1)=0, £ decoupied 1501.07710
m’a,k‘" a —lré 4 e p 0 Yes 203 635 GeV mEsi=mied), mic}1=0, m(£, $)=0.5(m(x2)+mix})) 1405 5006
GGM (wino NLSP) weak prod.,,( =G leu+y - Yes 20.3 115-370 GeV er<imm 1607.06433
GGM (bino NLSP) weak prod., )?? G 2Y - Yos 36.1 er<imm ATLAS-CONF-2017-030
Direct.X1X; prod., lenglived ¥ Disapp. trk 1 jet Yes  36.1 mEE;) ML) -180 MeV, Tik ) )=0.2 ns 1712.02118
Direct.X1.¥; pred., long-lived X7 dE/dx trk - Yes 184 mE)-miEY)~ 180 MeV, 7(E7)<15 ns 1506.05332
Stable, stopped & R-hadron 0 1-5jels  Yes 279 m(E])=10C GeV, 10 us<1i(g)<1000 s 1310 6584
'E £ Stable E R-hadron otk . - 3.2 1606.05'29
S 9 Metastable g R-hadron dE/dx trk 3.2 mﬁ‘h-m GeV, 7>10ns 1604.04520
s § Metastable  R-hadron, §—agt" displ. vix . Yes 328 1(#)=0417 ns, m{¥}) = 100 GeV 1710.04901
- GMSB, i{]aue 7, V=7, p;;m ) 1-2u - - 19.1 10<laryi<50 1411 5795
GMSB, 1 —y G, long-lived X 2y Yes 203 440 GeV 1<7(i11<3 re, SFS8 model 1409 5542
g, b | =reev) ey pay displ. eefepfup - - 20.3 1.0 Tev 7 <cr (@ )< 740 mm, m(g)=1.3TeV 1504.05° 52
LFV pp e | X v repjeriur e eT T - - 32 A3y =011, diwj111,233=0.07 1607.08079
Bilincar RPV CMSSM 2¢p(88) 03h Yos 203 m(Z)=ri@). erysp=<1 mMm 1404.2500
)'C'Ti" 1.X —oWiI,‘ f? —ree, ey, ity dep - Yes 133 m(E))>400GeY, A #0 (k= 1,2) ATLAS-CONF-2016-075
S NnLa —»Wiﬁ X? —TTVe, ETVr Je T - Yes 203 m(e))>0.2xm(1), 1,3370 1405 5086
E i—qe X0 = quy 0  4-5large-Rjets - 36.1 m(¥})=1075 GeV' SUSY-2016-22
g8, 51, X} — qqq Tep 810jets/0-40 - 36.1 miE))= 1 TeV. 4,240 1704.08483
22, =1, [ —hs Teu 8-10jets/0-4h - 36.1 m( )= 1 TeV, 132#0 170408433
116, 1; »hs 0 2jpts +2bH - 367 1710.077 71
nh..h—bt 2e,u 2b - 36.1 BR(f) —ie/u)>20% 1710.065514
Other Scalar charm, E—oci’? 0 2¢ Yes 203 m(¥) <200 GeV 1501.01325
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LQ1(ej) x2
LQ1(ej))+LQ1(v)) B=0.5
LQ2(pj) x2
LQ2(pj)+LQ2(v)) B=0.5
LQ3(tb) x2
LQ3(vb) x2
LQ3(tt) x2
LQ3(vt) x2
Single LQ1 (A=1)
Single LQ2 (A=1)

0 1 2

RS1(jj), k=0.1
RS1(yy), k=0.1
RS1(ee,up), k=0.1

B 13Tev [ ]8Tev

Leptoquarks
3

4 TeV

RS Gravitons

CMS Prelimin

SSM Z'(t)

SSM Z'(jj)

SSM Z'(ee)+Z'(up)
SSM W'(j))

SSM W'(lv)

SSM Z'(bb) * ]

e* (M=A)
u* (M=A)
Q" (qg)

q* (qy) f=1
bt

0 1 2 3

é 4 TeV

ary

3 - 5 TeV

Excited

Fermions

4 5 6 TeV

coloron(jj) x2
coloron(4)) x2
gluino(3j) x2
gluino(jjb) x2

ADD (y+MET), nED=4, MD
ADD (jj), nED=4, MS

QBH, nED=6, MD=4 TeV
NR BH, nED=6, MD=4 TeV
String Scale (jj)

QBH (jj), nED=4, MD=4 TeV
ADD (+MET), nED=4, MD
ADD (ee,uy), nED=4, MS
ADD (yy), nED=4, MS

Jet Extinction Scale

dijets, A+ LL/RR
dijets, A- LL/RR
dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dielectrons, A- LLIM
single e, A HhCM
single y, A Hn\CM
inclusive jets, A+
inclusive jets, A-

Multijet

Resonances

0 1 2 3 4 TeV

Large Exira
Dimensions

TeV

Compositeness

01234567 8 910111213141516171819 TeV

CMS Exotica Physics Group Summary — ICHEP, 2016
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flavour anomalies

the current place where there are hints of something happening



charged current neutral current

B(B® — D*~7"u.)
B(B° — D*~putv,)

B(B = KWyt pu~)
B(B — K& ete)

R(D*) = R(K™)) =

R(D*) and R(D) combination R(K) and R(K*) results (See Andrea Mogini's talk on Mondz

Combine LHCb's R(D*) results with results from B factories:

BaBar: PRD 86(2012)032012 Belle: PRL 103 (2009) 171801

——[LHCb —=—BaBar —Belle

Ve 1 1 1 1 1 1 1 1 1 1 1 2.0 T T T T
% '_I BaBar PRILIO9 101802(2012)I | I_' LI S L B S B B S S R B B R S - LHCb: JHEPC
A 0.5 ’ : 2 _ 4 [ ] |
- N Belle, PRD92,072014(2015) Ay = 1.0 contours - = - LHCb: PRL 113(2014)151601 LHCbH - <
v u LHCb, PRL115,111803(2015) SM Predictions ] - ] S
045~ —— Belle, PRD94,072007(2016) = FEIeHo _ 1 5E - ol
"~ ——— Belle, PRL118211801(2017) R(D)=0.300(8) HPQCD (2015) . i [ : :
[ ——— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) - I L
04 [ [] Average R(D*)=0.252(3) S. Fajfer et al. (2012) __] 1 LO
“E - - SM Fg I
- e - [ H 0.5 F
0.35F - 0.5 o I
n I e 3 I [ LHCb
O 3 __ \\\. \\‘: \\"__ : OO | [T S R B
~ L - . ' o—— 0 5
- [ - s 0 5 10 15 20
C . 2/ A7
025 e - g% |GeV</c4
00 _
2 P(x2) = 71.6% _
| L L » All LHCb results below SM expectations:
0.2 0.3 04 0.5 0.6

R(D) > R(K)=0.745T0%7 £ 0.036 at central g°, ~ 2.6 ¢ from SM;
» R(K*)=0.66"0% £0.03 at low g*, ~ 2.2 from SM;
» R(K*) = 0.6970¢> 4 0.05 at central g°, ~ 2.4 0 from SM;

» B factories have less precise but compatible results.

Humair @ LHCP’18

= R(D*) and R(D) average ~ 4 o from SM
(latest SM computation: JHEP 11 (2017) 061)
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flavor generic | minimal
RK(*) lree 30 TeV o eV
Ry loop | few TeV | 0.5 TeV
Ry. tree | ~aleV | 0.3 TeV

Hiller @
LHCP’18

Linking the anomalies is intriuging however not straightforward,
lower deviation in R, In particular Rp* more "natural”.

In general the main observable generating tensions is R(()), with

EW precision tests and Bs-mixing.

Still work has to be done to find a completely satistying NP model

for the B-anomalies.

LHCP ‘18
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how Is all of this made
gquantitative?




UNDERLYING EXPERIMENTAL
THEORY DAIA

how do you make
quantitative
connection?
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UNDERLYING EXPERIMENTAL
THEORY DAIA

how do you make
quantitative
connection?

through a chain
of experimental
and theoretical links

[in particular Quantum Chromodynamics (QCD)]

L4
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written 850 articles since 2014

links = papers they cite
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experimental & statistics papers
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.e. proton structure
[rich Oxford involvement]

knowing what goes into a collision
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Q\v *4
S Mg
Sup, O

.e. proton structure
[rich Oxford involvement]

knowing what goes into a collision

1 proton-proton collision
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predicting full particle structure
that comes out of a collision

i
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(‘Jets’)

10N

t informat
[Cacciari, GPS & Soyez, 2007-12]

organising even

o o o o
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@y W

Bk

T § = | organising event information (‘jets”)
= [Cacciari, GPS & Soyez, 2007-12]

Plot by GP Salam based on data from InspireHEP
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heavy-ion collisions

the highest-temperature plasmas in the laboratory

kKinetic
freeze-out

lumpy initial hadronization 3 distributions and
- = B e oy correlations of
energy density L SEpiE e\ produced particles

QGPFP phase

quark and gluon
degrees of freedom

collision
overlap zone

—5—1 fim/c <

Florchinger @ LHCP’18: “Little bangs in the laboratory” 49



Pb+Pb E.,=5.5 TeV t=15.20 fm/c

Hot (5 x1012K), dense system,

which evolves on timescales
~0.3-10 fm/c
~1—-30x 104%s

H. Weber / UrQMD Frankiurt/M
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a key probe of the medium: jet quenching

As a parton goes through the quark-gluon plasma, it loses energy.

Amount (and pattern) of energy loss tells you about the medium.
Interpretation of existing data is still an open topic.

A29 1's0g ‘D ier

Au+Au

A3 0°0L 3 'L I8r

6P :U0NISS 1w
DZSEZEL / 92DLG 1 uATuUNY

Ve .
1S300L0Z 6E'LEEL #1 AON UNG ‘papi0d2l EjeQ %\‘
NN32 ‘OH1 1B Juawuads3 S0 SWH

o1



magnitude of effects? Look at jet recoiling against a Z hoson

ATLAS Preliminary

Pb+Pb \s,, =2.76 TeV

Data 2011

— PYTHIA L. =0.15nb"
® Data nt

® Data (All Centrality)

N
-
o]
~
=y
o
e
-
Q.

Jet loses 10-20% of

07 its energy through
interactions with
the medium
0.6 [ Anti-k, Jet R=0.3 jet

. 100 200 300
(Nparl
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putting together heavy-ion physics and particle physics? Apolonario, Milhar,
heavy Standard Model particles as time-delayed probes oL 01s

Pb+Pb E.,=5.5 TeV - - - ; t= 29,00 fm/c

A

Y A e S
a ™ b .
Eaidanl e
. - » .' . - 'S
e 3. "0g2 . . -

:.. '4.. L] |
. A T i ‘
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M sk TR

The Higgs boson decays quickly into other particles that are measured in the detector.

H. Weber / UrQMD Franklurt/M

Hot (~5 x1012K), dense system,

on timescales ~
0.3-10 fm/c ~1 30 x 1024
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putting together heavy-ion physics and particle physics? Apolonario, Milhar,
heavy Standard Model particles as time-delayed probes oL 01s

Pb+Pb E.=5.5 TeV Y ) t=29.00 fm/c

The Higgs boson decays quickly into other particles that are measured in the detector.

H. Weber / UrQMD Franklurt/M

Hot (~5 x1012K), dense system, top quark lifetime: ~0.25 fm/c
on timescales ~ W boson lifetime: ~0.1 fm/c

0.3-10fm/c ~1-30x 10245 Higgs boson lifetime: ~50 fm/c




Concentrate on top quarks: easy to detect, even with hadronic decay products

(&)
—
—
—
g
—
—
—
—
—4
—
—e
—
—
—
—
—d

—
—y
—
—t
—

—d
—
—
—
—

—d
—
—
—
—

e
—
—
—d
—

A
—d
e—
—
—

—e
—l
—
—
—

%

tt—>WWbb

’a _

O s

& - +— Total delay time and std. dev (q = 4 GeV* fm™) -

q*:-' > - Coherence Time - Lop 'quark decay p roducts
-8 [ [ Wdecay Time - ‘ ‘ °
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top-quark momentum [GeV] 54
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1eco (n b)

do/dm

x107°

examine reconstructed mass of top—W — jets

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

LHC Vs, =5.5 TeV
simulation

0.04F Jﬂ; -

0.05F

W in vacuum (“unquenched’)
20.03;— TF /
0.02" W decay products travel
0_012_ through full quark—gluon

plasma (“quenched’)

o %Y %
= ISR AKX *e
O ARG RGBS

20 40 60 80 100 120
mreee (GeV)
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FCC Vs, = 39 TeV:
2 fb™' pp, 30 nb™! P

top-quark momentum [GeV]

W in vacuum (“unquenched’)

different characteristic medium

lifetimes
o 1,=10fm/c = o T1,=5fm/c
e 1,=2.5fm/c m=ewE 1,=10 fm/c

W decay products travel through full
gquark—gluon plasma (“quenched’)
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85
> Offers access to new dimension, time, in study of
so, hottest matter produced on earth.

» Ultimate sensitivities need large numbers of heavy-

75] - . o . . m/C
~1on collisions, or higher collider energies.

, fm/c
70, > Other groups examining potential of using Higgs as |
. aprobe

65, (Berger, Gao, Jueid, Zhang 1804.06858, d’Enterria et al) 1 ull
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conclusions



[ personally expect supersymmetry to be
discovered at the LHC

-a Nobel prize-winning
theorist [2008]

http://cerncourier.com/cws/article/cern/35456
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Che New York Times

GRAY MATTER

A Crisis at the Edge of Physics

By Adam Frank and Marcelo Gleiser

June 5, 2015

“the standard model, despite the glory of its vindication, 1s also a
dead end. It ofters no path forward [...]”
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€he New Hork Times | disagree.

Because the non-
gauge part of the

Opinion
standard model is
GRAY MATTER far from being fullly

A Crisis at the Edge of Physics cxplored

2 Yukawas out of 9

By Adam Frank and Marcelo Gleiser We know nothing
about the self
June 5, 2015 coupling

“the standard model, despite the glory of its- 1s also a
dead end. It offers no path torward |[...]”
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it would be so much more exciting if we'd discovered new physics, right?

not everyone would agree

Beyond the
Standard Model [V

Back in 1995:

1. The Desert. A fun aspect of supersymmetry is that it allows us to obtain ex-
TohtL F Goion act results about strongly interacting gauge theories. However in the MSSM
Tao Han we have nothing but boring perturbative physics to explore below the Planck
James Ohnemus scale and the interesting dynamics of supersymmetry breaking is hidden.

Editors




one musnt underestimate our ignorance about the Higgs sector
nor the value of exploring and establishing it

e.g. accessing the triple-Higgs coupling,
to establish to the Higgs-field potential, keystone of SM
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meanwhile, the search for new physics continues

with much scope for inventing ingenious search techniques,
identifying novel models that could be probed

And finding other things to do with the particles we have
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BACKUP



some
theorists

it’s interesting if
it’s what everyone

is thinking about right
now

both have a point

it’s interesting if
it’s never been
measured before

experimenter

(don’t let one side dampen the other side’s interest)
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[ think Nature is smarter than physicists. We
should have the courage to say: "Let Nature tell
us what is going on."

-Carlo Rubbia [2008]

http://cerncourier.com/cws/article/cern/35456

66



EFT (expressive formulation of constraints) or not?

» If you’ve observed a given channel, and it agrees roughly (+30%) with SM, then go
to EFT

» if you’ve not observed it, e.g. charm Yukawa, Higgs self coupling, then use of EFT is
more debatable

establish then use (lack of) any deviations to
(constraln) chracterlse new phy5|cs

d1men81on 6 E dlmensmn 8
d=06 = 8
A2 =¥ gt Z £a)

BSM eftects SM particles
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Figure 11.5: Feynman diagrams contributing to Higgs boson pair production
through (a) a top- and b-quark loop and (b) through the self couplings of the Higgs
boson.
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[c-B] Z'/ [c-B] Z

don't underestimate the value of luminosity

77317 (13 TeV, ee) +36.3 fb" (13 TeV, uy)

10 oy e e » Suppose we had a choice between
gxﬂ%ﬂar — Obs. 6% CLImit - > HL-LHC (14 TeV, 3abl)
""" EXp. 95% CL limit, median - > or going to higher c.o.m. energy but
B Exp. (68%) E limited to 80fb-L.
EXp. (35%) 1 » How much energy would we need to equal
S S the HL-LHC?

today's HL-LHC energy needed

- reach reach for same reach
- = (13 TeV, 80fb-1) (14 TeV 3ab-) with 80fb-
; A 47TeVSSMZ 6.7 TeV 20 TeV
10—8...I....I....I....I..‘.“‘L..
1000 2000 3000 4000 5000

M [GeV]
estimated with http://collider-reach.cern.ch , Weiler & GPS
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http://collider-reach.cern.ch

don't underestimate the value of luminosity

» Suppose we had a choice between
» HL-LHC (14 TeV, 3ab!)

» or going to higher c.o.m. energy but
limited to 80fb-1.

35.9 fb' (13 TeV)

~+~0 ~0~0
400| PP = x.x, = WZx X,

= Observed = 10, NLO-NLL excl.
===Expected+ 10

experiment

300 | > How much energy would we need to equal
| - the HL-LHC?

200 > B today’s HL-LHC energy needed

O S reach reach for same reach

(13 TeV, 80fb-1) (14 TeV 3ab-!) with 80fb-!

10014 N 4.7 TeV SSM Z' 6.7 TeV 20 TeV

m_=m_, [GeV] 680 GeV
Lo X chargino
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