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Higgs studies at the LHC

» The discovery of the Higgs boson at the LHC was a milestone in
particle physics

- Higgs boson is the only fundamental scalar particle ever
discovered. Its study at the LHC is new territory

» |t is clear that this will be a long research program at the LHC
[in comparison the b-quark was discovered forty years ago and,

Belle Il at SuperKEK, will now further study hadrons containing
b-quarks]
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An extremely rich program

Precision measurements
- mass, width
- spin, CB couplings
- off-shell coupling,
width interferometry
- differential
distributions

Rare / beyond SM decays
- H— 2y

- H = pp

- H = cc

- H = T, Te, el
- H= ¥y, Yy, ...

/e

... .and much more SM minimal or not!
- Higgs potential - 2HDM
- di-Higgs
- other FCNC decays

Tool for discovery
- portal to BSM
- portal to hidden
sector
- portal to DM

- MSSM, NMSSM
- extra Higgs states,
doubly-charged Higgs
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Production and decay

2 I | TT T B | T T 11 | TT T | T T T | TT 11 T T 11 l T 11T I Ig .9 1 __ll L I LI LI L LI L L L LI [l II_— E
—10°F M(H)= 125 GeV =2 [ — 1¢
8 F ew) — o o 15
= I oD N2 18 o g
— (N3O = c | ww g
X+ M ¢ = [ — z
T 10F - 10" el =N
i) : OEW) . S fw -
o 4 (L0 QOD EE - @k —
a PP~ - - ¢ ____—— | .
- — 0 QCDInSES: . ; -
B o — bbH (NNL ] N ]
- : . - Yy .
10_1 = /—5 -3 
g z 0F 7y ;
1072k, = - uu .
I_l L1l | L1l | L 111 | L1 | L1 | L1l | L1111 Ll l Ll I_I 10-4 111 I L1l l L1l l 1111 l L1l L1l l L1l l L1 [ L1 1| I |-
6 7 8 9 10 11 12 13 14 15 120 121 122 123 124 125 126 127 128 129 130
/s [TeV] M, [GeV]
Decay channel Branching ratio  Rel. uncertainty
Vs (TeV) Production cross section (in pb) for myg = 125 GeV
ogF VBF WH ZH ttH  total H — vy 2.27 x 1073 o0
+17% ~+8% +8% +8% +10% H— 272 2.62 x 102 +4.3%
1.96 0.95T17¢  0.06578%  0.1378%  0.07975%  0.004710% 1.3 - T41%
+5% +2% +3% +4% +8% H— WHw- 2.14 x 107! +4.3%
7 16.972%° 124720 05815% 03473 009708 191 42%
+5% +2% +3% +5% +8% H +r— 6.97 %102 +5.7%
8 214735 16072%  070f3%  0.4273% 01315 242 - T S5
+5% +2% +2% +5% +9% H — bb 5.84 x 10~1 +3.2%
13 48,6750 3787t 1377 0.88TEr  0.507Y%, 551 — TS50
< = — 9.0%
14 54.7H0%  42872%  15142%  0.99t0%  0.6019% 621 H — Zy 1.53 x 1073 oo
H— ptp~ 2.18 x 10~ o0
G. Zanderighi — LHCP2018 4




Production and decay
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Theory vs data

ATLAS and CMS —e— Observed =10
LHC Run 1 0 Th. uncert.
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Conclusion 1: a coherent picture emerges, with good

consistency between data and theory
p = 1.09 £ 0.07 (stat) £ 0.04 (expt) £ 0.03 (th. bkg) =+ 0.07 (th. sig)
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Conclusion 2: theory is good enough (errth << errexp), any

Theory vs data
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further improvement does not bring in much ...
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Why theory needs to improve

Take more exclusive measurements (ptH, jet-binned cross sections, ...):
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* errtH already closer to errexp

 experimental error will be reduced considerably, systematic error will
decrease too
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Since the Higgs mechanisms was proposed in the 60s’, the Higgs
boson production and decay has been at the center of theorists
attention. Accordingly, the literature on the subject is immensely
vaste. In this talk | will concentrate on presenting just

A few very recent
(2018) highlights
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NSLO Higgs

HEFT beyond the threshold expansion of 2015:
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* threshold expansion works very well for gluon-initiated channels, less so for
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* the estimate of the missing higher-order terms in the threshold approximation
covers the difference to the exact result well (3% of the corrections)
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NLO QCD to QCD-EW gg — H

NLO QCD corrections to mixed QCD-EW contributions to gluon fusion
production in the soft-gluon approximation

Bonetti, Melnikov, Tancredi 1801.10403
/\45‘0/0

ogep = 20.6 Pb,  ogop/pw = 21.7pb,
oaed = 32.66 pb, | ‘

\—/-I-?'? %
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NLO QCD to QCD-EW gg — H

NLO QCD corrections to mixed QCD-EW contributions to gluon fusion
production in the soft-gluon approximation

Bonetti, Melnikov, Tancredi 1801.10403
/\*‘5‘%)

ogép = 20.6 pb,  0G¢ 21.7 pb,
oNES = 32.66 pb, '

Findings consistent with estimation in Anastasiou et al 0811.3458
(relied on unphysical approximation Mw >> MH)

Result further supports the factorisation of QCD and EW corrections

Further improvements require exact calculation of real corrections
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HIQQS Pt

Beyond inclusive cross-sections, accurate predictions for differential
distributions crucial for Run |l

= signal significance optimized by categorizing events according to
kinematic properties (e.g. jet bins, Higgs pt ... )

= a |large fraction (30-40%) of Higgs events come with at least one
jet

= kinematical distributions used to extract/constraint couplings and
guantum numbers

The most basic distribution: transverse momentum of the Higgs boson
It is inclusive on radiation, not sensitive to definition of jets, relatively insensitive to
hadronization effects
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Why is Higgs pr so diffucult

Higgs pt is shaped by many different and competing effects

= dominant contribution due to top-quark loops. HEFT employed at
small ptH, but top-loop must be resolved at high ptnH (leading order
description of high-ptHinvolves already a one-loop 2 to 2 process)

= non-negligible shape-distortions due to interference effects of
amplitudes with top and bottom or charm quarks

= new types of logarithms when light quarks are present

= resummation of soft logarithms at small p:;,n and combination of
resummation with bottom-quark effects
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Higgs at N°LL+ NNLO

Chen et al 1805.00736 Bizon et al 1805.05916
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‘ NEW: includes decay to ',
t photons and fiducial cuts _

- Calculations in HEFT
« Resummation important below about 40 GeV

- At this level of precision results with scales mn or mu/2 are very similar (but mu/2
might suffer from unphysical cancelations)
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Boosted Higgs: full NLO
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Current CMS
data up to here

 one of the largest sources of uncertainties in the description of the high-pt region
finally removed. Opens up the possibility to use high-pt region to search for BSM
(e.g. disentangle point-like to top-induced ggH coupling)
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Bottom mass effects
INntermediate Py

Caola et al 1804.07632 (see also Lindert et al 1703.03886)
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- top-bottom interference effects known to NNLL+NLO can lead to distortions
up to 5%

- about 20% residual uncertainty
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Improvements in VH (— bb)

New: NNLOPS for VH + NLO H — bb

10°,
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Large higher-order corrections in H — bb decay in mpp and other observables
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Theory issue in H — bb@ NNLO

Caola et al 1712.06954
Decay in the massless approxma’uon extract Yukawa and then set mp =0

FH—>bb — Yp (Fmb=0 + O ( 2 )) |

Above is OK at LO and NLO but falls at NNLO as it neglects contributions that are
of the same order, i.e. Yy C\f? , that arise in diagrams with a helicity flip (and hence a
mass insertion)

Standard NNLO correction: @(y?a?)} New NNLO contribution: -
P

Requires helicity flip
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QCD correction H-=-=-=-=--

Heavy top Wilson coefficient
~ o Jv

Bottom Yukawa

~ Yp ~ mb/v Bottom Yukawa
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Two examples, out of many, where
theoretical precision brings new
opportunities in the Higgs sector
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1. H coupling to light quarks

e couplings to 2"d (and 1s!) generation notoriously very difficult
because they are very small

* a number of ways to constraint the coupling of Higgs to charm:

> rare exclusive Higgs decays | 1
> Higgs + charm production § 1 .. A =
» constraint from VH (H —bb) } SR

including charm mis-tagging §
» constraint from Higgs width §
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global analysis

still largely unconstraint 4

. é T |

G. Zanderighi — LHCP2018 19



1. H coupling to light quarks

* Higgs produced dominantly via top-
quark loop (largest coupling)

* but interference effects with light
quarks are not negligible

* provided theoretical predictions are
accurate enough (few%?), constraint
on charm (and possible strange)
Yukawa can be significantly improved
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1. H coupling to light quarks

* Higgs produced dominantly via top-
quark loop (largest coupling)

* but interference effects with light
quarks are not negligible

* provided theoretical predictions are
accurate enough (few%?), constraint
on charm (and possible strange)
Yukawa can be significantly improved

. | Ax*=2.3 Ax*=5.99
| LHC RunII -
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2. Ihe Higgs potential

The Higgs boson is responsible for the masses of all particles
we know of. Its potential, linked to the Higgs self coupling, is
predicted in the SM, but we have not tested it so far

[J Double Higgs [] Triple Higgs
very hard out of reach
O(45fb) O(0.1fb)

[4 Single Higgs
done O(45pb)

Bounds on A today from LHC data still very loose (about a factor 10)
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2. Ihe Riggs potential

Traditionally: suggested to measure it through the production of two
Higgs bosons (but difficult because of very small production rates)

Doulis Singl is

New idea: exploit indirect sensitivity to A of single Higgs production
Provides a wealth of new measurements (many production processes,
many kinematic distributions), but theory and measurements must be
accurate enough
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2. Ihe Higgs potential

¥ Bizon et al ’16
1 Vs =13TeV

=

=

78}
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See also

De Grassi et al 1702.01737
Di Vita et al 1704.01953
Maltoni et al 1709.08649
Di Vita et al 1711.03978

...]

New idea: exploit indirect sensitivity to A of single Higgs production
Provides a wealth of new measurements (many production processes,
many kinematic distributions) to be used in a global fit (but theory must
be accurate enough)
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Conclusions

2 Precision physics at hadron colliders is already there
2 Precision Higgs studies in their infancy, much more to come

2 Not just precision measurements of couplings but possibility to
address key outstanding questions (Higgs potential, minimal
Higgs, fine-tuning, portal to hidden sectors, DM...)

2 Fervid theoretical activity. This talk focused on selected results of
the last few months, many other results that | did not have time
to cover ...
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- validation of previous calculation using P2B method

Dryer et al
1506.02660

* NNLO important (large, shape distortions) in fiducial regions
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Boosted HIggs

+ At high pt hierarchy of modes
changes but ggH remains
dominant up to about 1 TeV

Channels

VBF
H+Z
ttH

Vs =13 Tev
All channels LO
NNPDF3.0
pR=pF=Hr/2

|
o)

.............................
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. 4 2
dp?  p? (n-,g + Kt géf) , Pl >4m;
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d in percent level at LHC8
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* High pt interesting as it allows

to disentangle a point like and
a top induced ggH coupling
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