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Quo-vadis: colliders?" . Plan

e Current status of particle physics Presentation of the
LHC paradox.

e How did colliders help us on this journey?

e What are the next steps? Whither(how and what) /\Whether
[Wither?] Colliders?

e Where next? through known unknowns (In the context
of particular BSM models) and unknown unknowns( Model

independent analyses).
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Quo-vadis: colliders?" . Plan

P Chappatte/Globe Cartoon
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Quo-vadis: colliders?"” . Important mile stones in Physics

Over the last decade three important experiments have presented
us with historic discoveries which have firmed up our fundamental
understanding of the universe functions and also how it came into
being:

1) Discovery of the Higgs boson at the Large Hadron Collider (LHC).
The last step towards establishing the SM

2) High precision cosmology with the PLANCK satellite. Further
nailed down the standard model of Cosmology

3) Detection of Gravitational waves: Ultimate verification of Ein-
stein’'s theory of gravitation.
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Quo-vadis: colliders?"” . Important mile stones in Physics

i) How did colliders help us on this journey.

Ii) Implications of the Higgs discovery and (non) discovery of anything
elsel Mostly what does it say about our theoretical perceptions of
both the SM and beyond!

iii) How do we go ahead and what role can the colliders play?

ITi) Indicate ways of probing the SM and BSM indirectly through the
studies of Higgs and the heavy flavours t and b!
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Quo-vadis: colliders?" . LHC paradox

We have found a ’'light’ Higgs boson which looks/smells like a SM

higgs boson but no NP which we thought must exist to keep the
Higgs light!
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Quo-vadis: colliders?". Particle Physics today

Particle physics finds itself in a very peculiar place.

To steal from 'A tale of two cities’: (Apologies to Charles
Dickens!)

It is the best of times , it is the worst of times

It is the epoch of belief |, it is the epoch of incredulity

It is the season of 'Light’ , it is the season of Darkness
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Quo-vadis: colliders?". Particle Physics today

It is the spring of hope, it is the winter of despair

We have everything before us, we have nothing before us.

We have found the SM Higgs, proved the SM, we
have no glimmer of BSM that the Higgs properties
promise!
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Quo-vadis: colliders?" . The times!

So we all can feel a bit like Lord Kelvin who thought that

"There is nothing new to be discovered in physics now, All
that remains is more and more precise measurement.”

Mere mortals today:

All that remains is more and more precise measurement of the
Higgs, top properties and B decays OR Higher and higher energies?
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Quo-vadis: colliders?" . Is BSM Optional?

One question : Is BSM only a theorists dream or do we have obser-
vations that force us to believe that BSM should exist?
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Quo-vadis: colliders?" . Observational reasons for BSM!

e Dark Matter makes up 27% of the Universe.!

e Need quantitative explanation of the Baryon Asymmetry in the Uni-
verse!

e Observed Cosmic Acceleration.

e \We have found a light Higgs boson at the LHCI

e \\We have direct evidence for the nonzero v masses

e \We feel the force of gravity but do NOT have a QUANTUM de-
scription!
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Quo-vadis: colliders?”. Mass generation

A variety of mass generations:

1)Nonzero mass of the gauge boson: Spontaneous Symmetry Break-
down via the the celebrated Higgs Mechanism! Elegantly makes
nonzero fermions masses also consistent with gauge invariance! The
highly successful Standard Model!

2) Generation of the ’'invisible’ mass in the universe, picturesquely
called the Dark Matter DM.

3) Mass of the Higgs boson itself! Why is it light?

4)However the masses are generated at the cost of many more free
parameters of the SM. Even worse they span at least 15 orders of
magnitudel. No real understanding of the generation of this hierarchy
of masses! The non zero masses of neutrinos has even more additional
facets. flavour issue

All these require BSM ideas!!
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Quo-vadis: colliders?" . Last bit

The last un-understood bit of mass is the generation of mass of the
protong:

5) Generation of the mass of the proton! One of 8 problems in the
list of Clay Mathematical Institute.

This is very much in the perview of the SM and not relevant for
this talk! No 'in principle’ new theoretical development seems to be
necessary... we still can not compute it for sure! May be Lattice will
deliver one day?
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Quo-vadis: colliders?" . Which BSM in this talk?
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Quo-vadis: colliders?" . How well it works!

SM works very well indeed!
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Quo-vadis: colliders?" . LHC X-sections predictions.
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Quo-vadis: colliders?" . CMS/SM

_May2017 CMS Preliminary

« P i i i P i O 7 TeV CMS measurement (L < 5.0 fb™)
a®: oo @ 8 TeV CMS measurement (L < 19.6 fb')
0. B - O 13 TeV CMS measurement (L = 35.9 ib™)
cnjet® ¢ ;¢ b i — Theory prediction

B kT A : L L Z. CMS 95%CL limits at 7, 8 and 13 TeV

i

, o [pb]

— — — —
o o o o
o w S 3

=n jet:{s)
] "

=1
HEH
a
L

JRE S WAL, BLESUL IOLY
I T R Y

E=3
=]

Bl
5
-

==
v
-]
a
=]
I~
-]

—
HH
=]
HeH
SEPETEREEY,
I~

107

Production Cross Section

o

ElI

a

;l

Ha

T

1=}

—
= 8
W 3%

—

_|-|'|'|'|'|'|'|'| ||l||||'|'| |||||!'|'1 T
] |||||||I ] |||||||| ] ||||1d L

1074 =

All results at: http://cern.ch/go/pNj7

T T T T T ) EW TEW 1T —~TEW EW TEWITEW p— ] ] ] ] ] ] T ] T T VBF] T T T
Z Wy Zy WWIWZ U ZZ e e WalssWW 2y 27 Wy Zyy Wey ft Tt W Tttty tZg tW #Z |ttt ggH f VHttH T HH
EW: Wby, Z—I, I=an Th. Aoy in exp. Ao

22 January 2019



Quo-vadis: colliders?" .

Status : SM

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016}

In the following HO refers to the signal that has been discovered in
the Higgs searches. Whereas the observed signal is labeled as a spin
0 particle and is called a Higgs Boson, the detailed properties of HO
and its role in the context of electroweak symmetry breaking need to
be further clarified. These issues are addressed by the measurements

listed below.

Concerning mass limits and cross section limits that have been ob-
tained in the searches for neutral and charged Higgs bosons, see
the sections “Searches for Neutral Higgs Bosons” and “Searches for

Charged Higgs Bosons [H:': and Hii}", respectively.

H° MASS

VALUE [(GeW) DOCUMENT 1D TECN COMMENT

125.094-0.214+0.11 1.2 aAaD 158 LHC pp, 7, 8 TeV |
VALLUE [(GeW') CL 25 DOCLUANENT 1D TECN COMMAENT
<1.7 a5 1 KHACHATRY..15AMCMS pp. 7. 8 TeV
3.5 = 10— 12 g5 2 KHACHATRY...15BA CMS  pp, 7. 8 TeV, flight distance
<5.0 a5 3 AAD 14w ATLS pp. 7. B TeV, ~~
<2.6 o5 3 AAD 149w ATLS pp. 7.8 TeV, ZZ* — 4¢f
HTTP://PDG.LBL.GOV Page 4 Created: 10/1/2016 20:06

Next steps: couplings and CP! Still
of precision measurements

not in the PDG! Makes the case
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Quo-vadis: colliders?" . Why did we believe?

Why did we believe the Higgs signal when it came first even if it was
somewhat tenuous?

T he signal had all the connections with the top that we expected the
SM Higgs to have.

Note the intimate connection between the top and the Higgs!
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Quo-vadis: colliders?". Higgs was at the right place!

-— — :
[T -  68% and 95% CL contours Bkt
- , - my = 173.34 GeV
80.5 — [ fit w/o M, and m, measurements i1 —- 5 =0.76 GeV T
; u fit w/o M,,, m _and M, measurements i —c=0763 0—50_3;..;39“
[ direct M, and m, measurements :
80.45 — i
80.4 |-
— My world comb. + 1z
80.35 [— m,, =80.385 + 0.015 GeV
80.3 [— -
_ - o «a
: {}B.E. '-__..-“" rf;\b.ag o | '
80.25 — .- (S - 3 2 fitter|:
B "I" 1 1 1 1 1 1 1 l-‘# i 1 | I I 1 I
140 150 160 170 180 190

m, [GeV]

sM rocks! At LOQOP |evel connection with top absolutely
essential
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Quo-vadis: colliders?". Higgs mass and the SM!

T hree lessons to be learnt from the plot
1) SM works really spectacularly!

2) Space allowed for new physics contributions very limited. But this
can be indeed the way to probe BSM ! Recall after all there was a
time when top was not found and the mass was 'predicted ' from the
same precision studies!

3) We know the Higgs mass as well (or better) as we will ever need
for this exercise! If anything we will need to increase precision of
m¢ and my,y to probe the BSM through this kind of plot.. Makes
the case for precision measurements of mg, my: higher precision at
the eTe™ colliders. Compare HL LHC with eTe™ machines!
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Quo-vadis: colliders?". Higgs couplings and the SM7?

- ATLAS and CMS
- LHC Run 1
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JHEP)
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Quo-vadis: colliders?". Higgs rates and simplest BSM

Ideas like sequential chiral fourth generation were almost ruled out
the day Higgs was discovered!

This was simply the result of the fact that the ggh Icoupling induced
by heavy fermions is non decoupling in nature.

However vector like fermions are still very much allowed. Vector like
Fermions: This is a BSM that is present quite often in Brane world
models.
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Quo-vadis: colliders?" . Higgs mass and BSM

Observed Higgs mass is small enough to believe in SUSY miracle.
It also implies that Sparticle masses need to be large ! Which is
consistent with the fact that we have not seen any so far!

Extended Higgs sector: additional doublets/singlets preferred but
doublets have to be 'aligned’! This comes NOT from higgs mass
but its couplings! 2HDM. Perhaps one model under the least ten-
sion!

In composite Higgs models (SILH)JHEP 0706 (2007) 045, the ob-
served Higgs mass implies lower scales for BSM, but nothing seen at
that scale. The basic idea under tension and needs extension!
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Quo-vadis: colliders?". Higgs mass and the BSM

The mass of the observed state very very interesting!

Small enough to keep us still thinking of a mechanism like SUSY
to stabilize it.

But large enough to already provide some interesting constraints on
SUSY breaking ideas.

M; = 125 GeV points at large values of SUSY scale and large mixing
in the stop sector and large A; values.

So GMSB, which was liked pre Higgs discovery days for providing a
'natural’ solution to flavour problem in SUSY became disfavoured.
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Quo-vadis: colliders?". LHC and BSM: Status

BSM Status report
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Quo-vadis: colliders?”

ATLAS SUSY limits: simplified models

ATLAS SUSY Searches™*

- 95% CL Lower Limits

ATLAS Preliminary

May 2017 Vs=7,8,13 TeV
miss — - =
Model e T,y Jets ENSS [ranm) Mass limit Vi=7,8Tev [V5=13TeV Reference
MSUGRA/CMSSM 0-3 e‘u/1 2T 2-10jets/3b Yes 20.3 7,2 1.85 TeV m(g)=m(&) 1507.05525
g 7 2-6 jets Yes 36.1 m(¥?)<200 GeV, m(1% gen. §)=m(2" gen. g) ATLAS-CONF-2017-022
Q g7 (compressed) mono-jet  1-3 jets Yes 3.2 m(@)-mE?)<6 GeV 1604.07773
i —>qu| o 2-6jets  Yes 36.1 m()?',’)<2oo GeV ATLAS-CONF-2017-022
% —ga¥; —>qu‘,\,’1 o 2-6jets  Yes 36.1 m()(.)<200 GeV, mF*)=0.5(m(¥?)+m(z)) ATLAS-CONF-2017-022
& 22, g—)qq(t’é’/w Beu 4 jets - 36.1 m()(,)<400 GeV ATLAS-CONF-2017-030
© 88, 3—>qqWZX o 7-11jets  Yes 36.1 m(EY) <400 GeV ATLAS-CONF-2017-033
% GMSB (2 NLSP) 1-27+0-1¢£ 0-2jets Yes 3.2 1607.05979
= GGM (bino NLSP) 2y = Yes 3.2 cr(NLSP)<0.1 mm 1606.09150
= GGM (higgsino-bino NLSP) Y 1b Yes 20.3 4 1.37 TeVv m(¥y)<950 GeV, cT(NLSP)<0.1 mm, u<0 1507.05493
= ggm E:iggsino—ﬁi:;;\;LSP) 5 @ : jets Yes 13.3 m¥?)>680 GeV, cr(NLSP)<0.1 mm, x>0 ATLAS-CONF-2016-066
iggsino e (Z jets Yes 20.3 z m(NLSP)>430 GeV 1503.03290
Gravitino LSP o mono-jet Yes 20.3 FY/2 scale m(G)>1.8 x 107* eV, m(g)=m(g)=1.5TeV 1502.01518
ST 2z o050 o 3b Yes  36.1 m(E9)<600 Gev ATLAS-CONF-2017-021
Sl Zz. g—m‘??l O-1e.p 3b Yes 36.1 m(EY)<200 GeV ATLAS-CONF-2017-021
'Eﬂ wo  3Z, bIN] O-1e,u 3b Yes 20.1 1.37 TeV m(¥?)<300 GeV 1407.0600
= b1b1, by b 2b Yes 36.1 m(X| )<420 GeV ATLAS-CONF-2017-038
% S biby, by kT 2e,u (SS) 1b Yes 36.1 . 275-700 GeV m(¥?)<200 GeV, m(¥})= m(¥})+100 GeV ATLAS-CONF-2017-030
S S an,a—bY 0-2e,pu 125 Yes 4.7/13.3 117170 Gev [ 200-720 GeV' meE) = 2mee?), m(F?)=55 GeV 1209.2102, ATLAS-CONF-2016-077
&8 an, H—>WhE] or 8} 0-2e,u 0-2jets/1-25 Yes 20.3/36.1 90-198GeV [ 205950 GeV. m(E})=1Gev 1506.08616, ATLAS-CONF-2017-020
$ S an,h—ck o mono-jet  Yes 3.2 m(#)- mE))=5 GeV 1604.07773
S S 77 (natural GMSB) 2ep(2) 15 Yes 20.3 A 150-600 GeV m(¥)>150 GeV 1403.5222
B S bbb .hoh+Z Be.u(2) 10 Yes 36.1 i .~ 290-790 GeV mE?)=0 GeVv ATLAS-CONF-2017-019
B, b—oh +h 1-2epu 4b Yes 36.1 23 ~ 320-880 GeV m(¥))=0 GeV ATLAS-CONF-2017-019
e,__Rt’._,R. fﬁafl 2e.pu o Yes 36.1 m(E?)=0 ATLAS-CONF-2017-039
)(,)(. )(, ﬁt’v(t’v) 2epu o Yes 36.1 m(E?)=0, m(Z, #)=0.5(m(¥T)+m(¥?)) ATLAS-CONF-2017-039
x,x /Xz. Xl —TV(TY), izﬁﬁ(v?) 27 - Yes 36.1 B n_n(,%‘,‘):gb m(z, 7)=0 5(m(if)+?1(i‘,’)) N ATLAS-CONF-2017-035
= g x,x *)f]_Vfo(gV). EVELEGY) 23;.,41 o 20‘ y Yes 36.1 mEET)=m(¥9), mED=0, m(Z, ) .5(MXT)+m(ET)) ATLAS-CONF-2017-039
= X,X —WX | ZX -3 e.pu -2 jets Yes 36.1 m(FT)=m(¥2), m(¥?)=0, Z decoupled ATLAS-CONF-2017-039
WS xéx *)Wth/\,’?, h—bb/WW/tT /vy ey 025 Yes 20.3 T 270 GeV mEET)=m(¥3), m(¥})=0, Z decoupled 1501.07110
XoRS, XS5 —Ert dep [¢] Yes 20.3 635 GeV mEES)=m¥3), m(¥?)=0, m(Z, %)=0.5(m(¥9)+m(¥?)) 1405.5086
GGM (wino NLSP) weak prod., XolayG lepu+y - Yes 20.3 115-370 GeV cr<1mm 1507.05493
GGM (bino NLSP) weak prod., X1 —>yG 2y = Yes 20.3 590 GeV cr<1mm 1507.05493
DlvectX1X; prod., long-lived Xl Disapp. trk 1 jet Yes 36.1 m(FT)-m(¥7)~160 MeV, 7(¥1)=0.2 ns ATLAS-CONF-2017-017
Direct ¥1 X7 prod., long-lived X1 dE/dx trk - Yes 18.4 495 GeV m(FT)-m(¥?)~160 MeV, 7(¥i)<15 ns 1506.05332
« Stable, stopped g R-hadron o 1-5 jets Yes 27.9 m(¥Y)=100 GeV, 10 us<7(z)<1000 s 1310.6584
= & Stable g R-hadron trk - - 3.2 1606.05129
Eg Metastable g R-| hadron dE/dx trk = = 3.2 m¥?)=100 GeV, >10 ns 1604.04520
S g GMSB, stable 5 )(1—>T(F: ﬁ)+‘r(e ) 1-2 pu = o 19.1 10<tanB<50 1411.6795
= GMSB, Xlﬁ’yG long-lived 2y b Yes 20.3 X 440 GeV 1<7(¥9)<3 ns, SPS8 model 1409.5542
88, X\ —eev/euv/uuy displ. ee/ep/pp - = 20.3 ,\'/L 1.0 Tev 7 <cr(¥))< 740 mm, m(z)=1.3 TeV 1504.05162
GGM gg, ¥/ >2ZG displ. vix + jets - N 20.3 2 1.0 Tev 6 <cT(¥)< 480 mm, m(z)=1.1 TeV 1504.05162
LFV pp—sv, + X, Vr—ep/et/ut ep.et.ut - - 3.2 A4,,=0.11, A132/133/233=0.07 1607.08079
Bilinear RPV CMSSM 2 e,pu (SS) 0-3b Yes 20.3 @ crisp<i mm 1404.2500
X]Xl ,X1 T WA, Xbﬁeev‘ epv, ppv 4epn - Yes 13.3 m(x. )>400GeV, A,2:#0 (k = 1,2) ATLAS-CONF-2016-075
-~ Xl)(l X > WL, X >11ve, etve Bep+T - Yes 20.3 mF)>0.2xm(ET), 1330 1405.5086
a §—qad 0 4-5large-Rjets - 14.8 BR(1)=BR()=BR(c)=0% ATLAS-CONF-2016-057
oc g '—>qu1 le — gqq [o] 4-5 large-R jets - 14.8 m(E})=800 GeV ATLAS-CONF-2016-057
28, g—1%7, X} — qqq 1e,u 8-10jets/O-4b - 36.1 m)= 1 TeV, A112#0 ATLAS-CONF-2017-013
8%, g—ht, hi—bs 1e.u 8-10jets/0-4b - 36.1 m(i)= 1 TeV, 2323 %0 ATLAS-CONF-2017-013
fif1, fi—bs [ 2jets+2b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084
fif, {1 —be 2epu 2b - 36.1 BR(fi —be/u)>20% ATLAS-CONF-2017-036
Other Scalar charm, é—c¥} ] 2¢ Yes 20.3 e 510 GeV m(¥?)<200 GeV 1501.01325
*Only a selection of the available mass limits on new states or 10-! 1
phénomena is shown. Many of the limits are based on o Mass scale [TeV]

simplified models, c.f. refs. for the assumptions made.

Simplififed models
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Quo-vadis: colliders?" . CMS: SUSY

Selected CMS SUSY Results* - SMS Interpretation ICHEP '16 - Moriond '17
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Quo-vadis: colliders?" . PMSSM

ATLAS \s=8TeV, 20.3 fb
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Attempts to quantify results against the 'branching ratio’ warning!

Analysis in PMSSM: more about this later.
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Quo-vadis: colliders?". Limits, limits
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Quo-vadis: colliders?" . Fine tuning etc!

All the big questions gave rise to some big ideas!
Almost all of them indicated scale of physics to be TeV.
LHC results have constrained them!

Light Higgs AND NO BSM till now!

is challenging (for example) the 'hierarchy’ folklore or 'fine tuning’
folklore!
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Quo-vadis: colliders?" . DM also does not make it easy!

DM : the direct detection experiments and astrophysics both are chal-
lenging usual DM folklores just as much as LHC "paradox’ is challeng-
ing the "hierarchy’ folklore or 'fine tuning’ folklore!

DM at the colliders is throwing out results that too we do not seem
to understand! Are the results from direct detection and colliders

compatible?

Does the DM have ANY THING to do with particle physics?
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Quo-vadis: colliders?" .

DM direct detection

Soudan COMS-lite
SuperCDMS Scudan Low Threshold

10-3% T
10~
10—41
1042
10-43.
10441
10-45!
1046,
10—4? |

10—48 !
1 0—49

(Green ovals) Asymmetric DM
(Violet oval) Magnetic DM
(Blue oval) Extra dimensions
(Red circle) SUSY MS5M

A M55M: Pure Higgsino

- 4 M55M: A funnel

@ MSSM: Bino-stop coannihilation
* MS!‘I-M: Bino-squark cuannihilatitl:hn

WIMP-nucleon cross section [cm?]

10759

XEMOMN 10 52 (2013)
- COMS-| Ge Low Threshold (2011)

WIMP-nucleon cross section [pb]

1 10

100
WIMP Mass [GeV/c?]

Older result. Limits now pushed further down ®
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Quo-vadis: colliders?" . Model independent

There has been a lot of activity in analyzing Higgs, Top couplings
and B-physics results in an effective field theory framework! Even
DM results are being analysed in the so called simiplfied models.

General studies in terms of effective operators is the most popular.
Particularly since the scale of new physics is being pushed higher!

EFT fits for Higgs: Handbook 1610.07922, SMEFT,C. Degrande et al, Eur. Phys. J. C
77 (2017) no.4, 262, 1803.03252, Falkowski 1505.00046, Falkowski et al 1611.01112

Topfitter: J. A. Aguilar-Saavedra et al., arXiv:1802.07237 [hep-ph], A. Buckley et al, JHEP

Various studies exist. Operators involving Higgs expected to have

smaller suppression! Hence the top and Higgs study can probe BSM!
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Quo-vadis: colliders?" . Fine tuning, naturalness?

Higgs mass close to the upper limit of 132 GeV in MSSM means
larger values of SUSY breaking scale Mg!

This smells of 'unnaturalness’! For example Dine: “Naturalness Un-
der Stress”

Achilee’s heel of SUSY theories: SUSY breaking mechanism?

Basically this is where we theorists are ignorant. We have different
biases , pointers.
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Quo-vadis: colliders?" . Fine tuning, naturalness?

X. Tata et al: Our measures of naturalness have high values as we
see it now. But it is possible that correlations among parameters of
the SUSY models can make the value of the measure small for the
same particle spectrum!.PRDS87, 115028, 2013

So they construct a measure, which if large definitely points towards
losing naturalness!

With this they claim theory can be natural with heavy stops, heavy
gluinos but light electroweakinos.
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Quo-vadis: colliders?" . New ideas

Post LHC paradox there are newer model ideas as well. Those which
try to keep somehow still 'naturalness’ idea in some form or the other
have connections with Higgs and top sector always.

Examples: 1810.09467: N. Craig et al, "Twin Turtle Models: essen-
tially carrying the composite Higgs idea further’: predicts many new
scalar/pseduoscalar states and hence precision study of the Higgs
sector is indicated.

1810.09467:. Tim Tait et al: Propose some new physics in the anom.
magnetic moments in the = sector, which due to SU(2); invariance
modifies the Higgs couplings!

1811.01961: C. Csaki et al: 'Naturalhess sum rules’: top partners
same spin or zero spin
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Quo-vadis: colliders?" . New DM stories?

Various DM models: additional (pseudo)scalars: modify Higgs phe-
nomenology or top phenomenology.

Freeze-in (FIMP) DM models: change the story completely (talk by
G. Belanger)

Nonstandard Cosmology: DM not themal relic. (Can this have traces
at colliders?)
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Quo-vadis: colliders?" . Intermezzo

We have some hints in flavour physics which may signal new physics
if confirmed with higher significance.!

B -physics:

In general one expected the FCNC decays of B mesons to give some
clue about new physics. (remember we learnt about the charm from
K — ;ﬁ‘u—) This has been studied with high precision and high ex-
pectations.

Right now we have a few anomalies in B-physics which might be the
harbinger of new physics

Ratios of BR of B -+ K® 7)) to B - K(®ete™ as well as a global
fit fo data on B — syt~ show deviations from the SM predictions.
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Quo-vadis: colliders?" .

Rk
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Quo-vadis: colliders?" . Ry

R(K®) = BKOpn /BoK®erer o

m 2.2-2.60 deviation from the theoretically rather
clean SM expectation
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Quo-vadis: colliders?" .

Global fit to b——»su*tu- data (A=)

m Global analyses give a very good flt to data

m Good fit to data: 3 S T AR :
2] {
" C9 15 %%%S_
o gr e &%
9 9 _1:_;
_
O, = E}/*”PLb Ej/ﬂf _3;“ ] '

= U ) > NP

— C,
B. Capdevila, AC, S. Descotes-Genon, J. Matias
and J. Virto, arXiv:1704.05340 [hep-ph].

Fit is 5-6 o better than the SM
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Quo-vadis: colliders?" . Where can BSM hide?

In some cases we do have limits which are not so tight.

Interesting because if the DM provides right relic density through

Higgs interactions then it can contribute to decays of Higgs into DM
and hence 'invisible’!

Limits on BSM decay branching ratios of the Higgs from the Higgs

production rates typically ~ 10%. However it is indirect and ambigu-
ous.
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Quo-vadis: colliders?" . Make 'invisible’ visible!

R. M. Godbole, M. Guchait, K. Mazumdar, S. Moretti and D. P. Roy
(2003) “Search for 'invisible’ Higgs signals at LHC via associated production with

gauge bosons,” Phys. Lett. B 571, pp. 184-192
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Quo-vadis: colliders?" . More recent

After the Higgs was discovered, we revisited the analysis, Included
other processes (first suggested by Zeppendfled etal) as well.

D. Ghosh, R. Godbole, M. Guchait, K. Mohan and D. Sengupta,
(2013) “Looking for an Invisible Higgs Signal at the LHC,” Phys. Lett. B 725,

arXiv:1211.7015 [hep-ph]
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Quo-vadis: colliders?" . More recent

Limits on invisible branching ratio for the Higgs possible from direct
searches via VBF, VH and Higgs + jet production:

CMS: 24 9% EpPJC 74, 2980, 2014: JHEPO02, 135, 2017 With 35.9 fb —1 data The
limit is now 23 %. 1809.05937, talk at Higgs couplings 2017

ATLAS: 28% JHEP11, 206, 2015:JHEPO1,172, 2016. 37% for 13 TeV data,
WW Fusion: 1809.06682
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Quo-vadis: colliders?" . How did we reach here?

What have the Colliders taught us?
p decay, v expts used to predict Mw . DIS expt info impacts
Collider design.

and Mz in the Standard Model.
CERN SppS discovered W and Z as per prediction
LEP,Tevaton Rubia, van der
Precision Z phys. at LEP & Tevatron Meer Nobel Prize

Top observation

LEP Prediction of top mass agrees with value measured at Tevatron

Tested formalism accur t'Hooft and Veltman
Nobel Prize

LEP-Il, Tevatrg

Further precision measurements of Mw,Mt

LHC to look for ch‘[g_s_n

' Predict Mh ;
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Quo-vadis: colliders?". Intensity frontier

1.5IIIIIIII | N I U I U A I O D I |

1.0

PEP-1I
Rings ™

Positrons

0.5

= 0.0 | - g

Low Energy Ring -
BABAR Detector 05
Electrons 1.0 :_
High Energy Ring _1 5 i | I | | | I | i I I | | | | | I | N I |
1.0 -0.5 0.0 0.5 1.0 15 2.0

p
BABAR/BELLE/LHCb helped us get herel!

Theory driven paths!

22 January 2019



Quo-vadis: colliders?" . LHC paradox!

One way ahead has to be through a precision study of the two heaviest
particles the top and the Higgs that the nature has provides us!

The mass and the couplings of this light state and top might
be the window through which we can get a view of BSM at
present!

Model independent analyses the best story of the day! (Data driven!)

Remember the SM started its life as an effective theory: Fermi’s
theory of 8 decay!
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Quo-vadis: colliders?" . Flavour window!

Same from B physics: LHCb and BABAR,.....

In fact B physics has potential of probing very high scale physics!

Again only model independent ways of looking at it are worthwhile!

Situation is now data driven and NOT theory driven!

In a specific model framework, already BSM scale constrained to
values not easily reached at 14 TeV LHC!

Recent signals of lepton flavour universality violation may be
the thin edge of the wedge. We need to wait and watch
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Quo-vadis: colliders?" . This path was theory driven!

'Anticipating’ the scale of BSM physics is a bit like anticipating the
Higgs mass in the SM. We had no prediction for it, but then there
were constraints from precision measurements which were given by
comparison with established theory.

T here was almost always a No-lose theorem!

Can we probe BSM like this: through the mass of the Higgs and
through the Higgs couplings, through vacuum stability?

The 'Big Ideas’ are many! Ideas like SUSY had (have) a lot of appeal!
BUT NO OBSERVATION SO FAR!

May be time has come for a new paradigm for collider physics!
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Quo-vadis: colliders?" . New paradigm for collider physics!

To quote Michelangelo Mangano

® The days of “guaranteed” discoveries or of no-lose theorems in
particle physics are over, at least for the time being ....

® .. but the big questions of our field remain wild open (hierarchy
problem, flavour, neutrinos, DM, BAU, ....)

® This simply implies that, more than for the past 30 years, future
HEP’s progress is to be driven by experimental exploration,
possibly renouncing/reviewing deeply rooted theoretical bias
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Quo-vadis: colliders?" . Test the SM using Higgs?

What is left?

Precision measurements of Higgs couplings to fermions and gauge
bosons .

Tensor nature of the same and hence the CP property of the Higgs.

Self coupling of the Higgs!
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Quo-vadis: colliders?" . Window to BSM?

So properties of the Higgs sector may be the window to the BSM
land |

Whenever, one starts analyzing the observed features of the Higgs
sector, the ubiquitous top plays an important role everywhere!

Remember! Within the SM, for the measured mass of the observed
scalar, the conclusion about the state of the vacuum depends on my
due to its large Yukawa couplings.

Top quark has an important role to play in almost all the ideas of
BSM! Along with the Higgs properties the Top properties may
carry the imprint of the BSM physics!

Studying the top properties can be ONE MORE way towards
BSM!
22 January 2019




Quo-vadis: colliders?" . Flavour physics: B physics

As already said FCNC historically have been of great utility.

Before the discovery of the top quark B——B mixiing had given indirect
information on ¢ mass!

That is why B-physics with its anomalies is the third window!

22 January 2019



Quo-vadis: colliders?". Higgs-flavour-DM

Peeping at the BSM through the known Higgs and Top/bottom
and through the unknown: DM if it has anything to do with particle
physics. Look for the 'unknown' through the 'known’' or 'unknown’.

Absence of Evidence is not Evidence of Absence!
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Quo-vadis: colliders?" . Higgs window!

Explosion of the Higgs Physics Landscape!

. Since the discovery of the Higgs boson, an entire new field has emerged.
Rare / BSM decays
Precision measurements = HZup
. Mass and width z Ho>Zy
. Quantum numbers (spin, CP) " Ho=> Jiyry, Y(ns)y
. Coupling properties O H LFV H°Sur, er, e
- Differential cross sections 2 H%>aa
. Off-shell couplings and width
. Interferometry ...and more!
. FCMNC t=>H"q decays
s _a - Di-Higgs production
Is the SM minimal? - Trilinggr ::i;upl'lng
= 2HDM searches = et
- MSSM, NMSSM searches
- Doubly-charged Higgs bosons
Tool for discovery
See Anna Goussiou's talk . Portal to DM (invisible Higgs) See Farid Ould-Saada
. Portal to hidden sectors and Bjoern Penning’s talks
. Portal to BSM physics with H?
in the final state (WHY HYHY) 16
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Quo-vadis: colliders?" .

Top-window!
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Quo-vadis: colliders?" . Higgs mass and the SM

Higgs and top mass critical as far as SM is concerned.

Just large enough to think imply that the SM is all there is till the
Planck scale!

M;, and M; values just on the borderline for vacuum stability all the
way to Planck scale.
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Quo-vadis: colliders?" . Need to know M; precisely!
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Quo-vadis: colliders?" .

Top mass measurement?
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Quo-vadis: colliders?" . The t Yukawa coupling!

a)t effects on loop induced Higgs couplings

b)tree level processes affected by ¢ Yukawa couplings
Sensitive observables:

LLoop:

h — ~vv, gg — h

Tree level:

o(pp — tth)

olpp =W +b+ X —t+ h) (fabio),

o(pp — thj)(S.Rindani), o(pp — hh).
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Quo-vadis: colliders?" . EDM'’s constrain CPV in t sector

In principle edm’'s HAVE put big constraints if we assume CP violation
to be universal in all couplings.

Hence depends on the models for CPV in the fermion couplings

D. Stockinger, J. Phys. G 34 (2007) R45,J. Brod et al JHEP 1311 (2013) 180,A. Arbey et al Eur.

Phys. J. C 75 (2015) no.2, 85

Such CP violation is allowed only if it happens only in the couplings
to third generation of fermions!

Further strong constraints on scale on new physics assuming maximal
CPV phases. Can one probe this at the LHC?
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Quo-vadis: colliders?" . be model independent

Move away from models is the current line of attack.
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Quo-vadis: colliders?" . what can one study?

a) Precision measurements of the Higgs properties which also need
of course Precision calculations. Masses of Higgs and top already tell
about the BSM! Example P% for the Higgs produced inclusively in
gluon fusion as well as in association with W/Z/top!

b) More neutral and charged Higgses? 2HDM, NMSSM..... LHC 13
TeV has produced big limits!

c) Use deviations from the SM values to probe the BSM. Are devia-
tions only modification of the existing couplings from the SM values
(x formalism ) OR does deviation mean additional operators?. Focus
here on CP violation/CP mixing.

d) What is the best framework to study these? EFT, pseudo observ-
ables? Top fitter and Higgscision
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Quo-vadis: colliders?" . what can one study?

e) Exotic Higgs decays? Example of the 'invisible’ Higgs decays.

f) Effect of top coupling on rates of associated production of Higgs
with top.

g) Probing Higgs sector through properties of the top produced in
association with Higgs bosons : tth,th, hjet,Hit OR produced in H/A
decays!
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Quo-vadis: colliders?" . Precision Higgs
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High accuracy measurements possible. Improvement over HL-LHC.
ILC 250 GeV can in principle attain results similar to ILC 500. Polar-

isation plays important role. 1710.07621 (Peskin et al)
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Quo-vadis: colliders?" . Redundancy

With polarization one can have additional observables such that num-
ber of observables is bigger than the number of parameters. As a re-

sult one can test the EFT and this can yield information about light
particles.
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Quo-vadis: colliders?" . Precision Higgs comparison

precision reach of the 12-parameter EFT fit (Higgs basis)
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Courtesy : Lian Tao Wang , CEPC CDR (in preparation)
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Quo-vadis: colliders?" . Light LSP7?

A light LSP is still allowed in PMSSM, along with the relic con-
straints. For example, see R.K. Barman, G. Belanger, B. Bhattachar-
jee, R.G., D. Sengupta, G. Mendiratta,: PRD 95, 095018. Difft. from
1612.06333v1, considered non thermal DM as well.

This light LSP will mean invisible decay of the Higgs. Possible to
probe it at LHC and future colliders. For example, D.Ghosh, R.G., M.
Guchait and K. Mohan, PLB 725, 344, 2013 .
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Invisible width and Direct Detection

Quo-vadis: colliders?" .
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served. Most of the times one needs ad-
ditional DM component.

Searches for invisibly decaying Higgs hold
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LUX. (from PRD 95, 095018)

Connection between Higgs, BSM and
DM! Connections between the LHC,
ete~ colliders and Direct detection

experiments.
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Quo-vadis: colliders?". Summary

We need to still learn how to use LHC optimally.

Many studies of the Higgs, top and the DM sector possible. ete™
precision studies will help for sure.

We need to still learn how LHC can also test new ideas which are still
coming around, but to be honest we need to be guided by experimen-
tal results now more than ever!
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Quo-vadis: colliders?" . Reminder

Remember:

More than two decades required to achieve the performance for the
beam and acceleration gradient that is required for the ILC to deliver!

This is the typical time scale!

Remember also: Higgs postulate : 1968

Machine design: 1984

Machine building start: 1998

Experiments : 2012!
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Quo-vadis: colliders?" . Whither Colliders?

LHC: 13 TeV: current
SuperBelle : certain.
LHC(HL): Quite certain

ILC: Technology available and can be undertaken once money is avail-
able. CLIC technology studies in advanced stage. (Linear Collider
Board: LCB). 250 GeV ILC extendable to 500 GeV on cards!

FCC (ee) and CEPC are perhaps near future machines! FCC(hh)
seem even further in 'future’ !

Results form LHC 13 will play a role in deciding what we do!. May be
in a few months we will have forgotten that we were agonizing over
this 'absence’ of new physics at LHC!

One thing for sure: we need precision calculations and precision mea-
surements!
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Quo-vadis: colliders?". Of course many other fronts!

Of course we can probe and study BSM on many fronts at the high
intensity frontier!

Neutrino experiments, low energy but high precision experiments..that
is a different road and a road which holds many promises!
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Quo-vadis: colliders?" . Information from the sky essentiall!

Connections with Cosmology : Some can be tested through precision
measurements at the Colliders! for example the Invisible branching
ratio of the Higgs.

The Higgs mass and (in)stability of the Vacuum may say something
about high scale physics and MAY have connections to some Planck
Scale physics ideas!

This potential was also exemplified by the (now disproved) BICEP2
results!

The progress has to come through the joint investigations on the
earth and in the sky!
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Quo-vadis: colliders?" .

Road ahead!

So Colliders will do their bit! By
precision measurements: either at
hadronic colliders or at leptonic
colliders!

The road may be very long but
'physics case’ for colliders is not
'withering’ just yet!
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Quo-vadis: colliders?". Backup

BACKUP
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Quo-vadis: colliders?" . Asthetical reasons for BSM!

e TO cure instability of the EW scale under radiative
corrections and to keep the Higgs light!.

e Need to get a basic understanding of the flavour issue:
why the masses of fermions span at least 15 orders of

magnitude!

e Unification of couplings

e Inclusion of Gravity in the picture?

e Dark Energy!
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