HIGGS @ HL/HE-LHGC



Higgs @ HL-LHC

What do we need to know? Where will the HL-LHC impact?

* Precision Measurements (Couplings to ~5%, Cross Sections,
Differential Distributions, Width, assessment of the top Yukawa)

* Rare & Exotic decays

* Di-Higgs production = self coupling




Couplings @ HL-LHC

* EXxisting studies: comprehensive, but mostly based on extrapolations of Runi/
early Run2 results, plus specific analyses with parametrised full simulation
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Rates can be measured at

the few % level (10-20%
for rarer modes)

Coupling can be
measured at the
few % level

(%)

(%)

Overall update needed to take in consideration the
latest analysis improvements and revisit the
uncertainty scenarios (example: kt prospects)

Ratios of couplings: cancelation of uncertainties

Goal: clear summary plot that shows the prospects
for the couplings which is as accurate as possible.




Couplings @ HL-LHC

ATLAS Simulation Preliminary

S=14 TeV

H—YY comb

(0]

ATL-PHYS- . ]
PUB-2014-016 ',/ . "

(WH-like
ZH-like
tH-like
H—ZZ (comb

(ttH-like

(VBF-like
qgak-like)
H-WW (comb.)
0j
1)
(VBF-like
HoZy  (incl
H ) Ub comp
(WH
ZH
Hott (VBF-Iil
Houu comb
INcl.
ttH- il
0

77

L[ oy WW
300 | [6,12] | [6,11]1 ] [7, 111
3000 4,8] | [4,7] | [4,7]
LD « | xw | k2 Ko
300 | [57] | [4,6] | [4 6] [6 8]
3000 | [2,5] | [2,5] | [2,4] | [3,5]

Coordination critical for the YR
report! Exp. results will be
combined w. theo. studies on EFT

Cy I Acy=0.03 [+ -

Ct I Ac;=0.053 [F—+— —

Cpr —— —
: Ac; =0.039

C-F Ac,=0.04/— ——- —

: Ac,=0.075
Cq- —4— —
Ac,=0.041

| I | l 1
-0.2 -0.1 00 0.1 0.2

de Blas/Eberhardt/CK [1803.00939]

S — T




Differential & Fiducial Cross Sections

Ratio

o fid
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» Exploit the large dataset and go beyond inclusive measurements
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* Sensitive to ko/ke (low p1) k/BSM (high)
* At high pt, dominated by statistical uncertainty even @ 3000 fb-1
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ratio to SM

Differential & Fiducial Cross Sections
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Rare decays

- High statistics: rare decays become
accessible

« Probe coupling to 2nd generation
 H—uM: prospects for cross section and
coupling measurement — 8% & 5%

uncertainty @3000fb-1 respectively
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e L | | 7
~N - _
D B LHCDb preliminary s =8 TeV m

R expected 7
0.8 —
I - i
0.6 .
: observed :
04 —
021 _
o -

0 50 100

o(pp — W/Z + H%) B(H’ — b b)
[o(pp = W/Z+H") B(H® = b b,

10k ATLAS Simulation -
oL \s=14TeV, 3000 o™, <> =200 [ H-spp (ggF+VBF) ]
: B WWtt+Z/y* 3
108 ATLAS TDR-025 WW-+t =
10’ —w E
10° E
10° :
10*
10°

80 100 120 140 160 180 200 220 240 260

D: 0.050
<€ 0.045
0.040
0.035
0.030
0.025
0.020
0.015
0.010
0.005

o
o
S
-

m,, [GeV]
14 TeV, 200 PU
: T 1 T T I 1 I T T T T :
= CMS pnase-2 simulation E
E— barrel-barrel category |:| H-u*u, Phase-2 —E
[~ mass resolution: 0.65% 3
:_ Gauss Fit, Phase-2 _:
E_ —— -+ Gauss Fit, Run-1 _E
3 CMS-TDR-17-001 3
E . = E
10 120 130 140
m,, [GeV]




DiHIggs Productio
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DiHiggs Prospects @ 3000 fo-

CMS ATLAS
g 1.50
HH->2b2g 1430 0.2 <MinH/ Asm< 6.9 (95%CL)
' 1.6xSM ? 0.60

HH->2b2tau 52.2xSM for VBF mode alone -4.0 < AiHH / Asm < 12.0 (95%CL)

-4.1< Mn / Asm < 8.7 (ggF, 95%CL)
FFE=4D 0390 (0.5 for ttHH, HH->4b)

HH->2b2W 0.45 0

* |Incomplete picture. Update needed to incorporate latest
analysis improvements and increase robustness

* On the plans: combination to obtain the full picture both in
terms of SM sensitivity and A reach

* What about HE? —> large rates!
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e Existing prospects for direct searches:
How much BSM phase- H->pp, H->1T, A->Zh

space will we cover e What about low / intermediate mass

with 3000 fb-1 ? scalars? (example: CMS low mass YY)
¢ What about H->tt ?
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Prospects Plans

e Complement the existing prospects aiming for a coherent approach
of the ATLAS and CMS studies. Obtain the combined performance of
ATLAS+CMS for key cases, if possible. Explore the LHCb reach.

® \We cannot cover all the phase space in time for the report—>
cooperation with the theory community is key to broaden coverage

¢ Extrapolations from Run 2 analyses to give more realistic projections,
supported by TDR-based understanding analyses with realistic detector
performance; plus a number of dedicated Delphes-based analyses

e Extrapolation to 3000 fb-1 based on a double approach:
conservative (current experimental uncertainties) vs optimistic
(expected floor values for uncertainties)

® Joint discussion on how to deal with these floors already started

e HE-LHC: Only selected analyses (extrapolations with no account taken for
effects such as a different detector and PU conditions) -> Mostly rely on
theoretical studies for now!
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Experimental V_\/ish\ist er 2013

CMS ATLAS LHCb
Couplings Studies Vv k Vv ok
Differential
CrossSections vk vk
Width %
Anomalous
couplings vk v
Rare Decays HH,CcC Z2V,J/Py,FCNC Hcc/Hbb
: HH,PY,CC

Exotic Decays LFV; Invisible,

DarkSusy; 4jets
DiHiggs Vv ik Vv k

L : A->Zh, high mass tt,; W, ZZ, A->Zh,
Additional Scalarsé ttbar, low mass yy T, WW

Legend: Past Studies, 2017 TDRs, Wishlist for 2018
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GeV

Events/1

Impact of the Upgrades

» Technical Design Reports of 2017 -> Focus on detector performance with
full simulation updates that complement & inform the physics reach shown
In the studies presented here

« 200PU, 3000fb-1 -> but improved detectors -> impact on reach! (eg:
forward performance, resolution (TK), timing, trigger)
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Conclusions

* Higgs studies are central to the HL(HE)-LHC program:
« Measurement of the Higgs couplings possible to few percent

« Differential distributions and fiducial cross sections: probing
interesting phase spaces and reducing dependence on
theoretical uncertainties

* High statistics: rare processes become accessible

* Enhanced sensitivity to New Physics involving Higgs bosons

 The 2018 Yellow Report aims to present a coherent view of
the experimental and theoretical prospects for Higgs studies
at the HL-LHC, and broach for the first time the HE-LHC

« Common effort for all the Higgs community!
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Future Higgs Studies are key today!

https://twiki.cern.ch/twiki/bin/ gl AVPAETLE
view/LHCPhysics/HLHEWG?2 [Raaslsiy




Structure of the Higgs Chapter

Introduction: Main goals and timeline
Precision Higgs physics
Di-Higgs production and Higgs self couplings
Other high energy probes
The higgs boson mass and width
Invisible decays of the Higgs boson
Higgs flavor and rare decays
Global view with HE/HL-LHC
BSM Higgs
. Conclusions and outlook

S © © N O O~ WN =

Detailed outline in: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHEWG?2
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHEWG2

HL-LHC/HE-LHC Workshop:
towards a Yellow Report iIn 2018

e Objectives of the workshop:

* Prepare a synthesis of current status of the HL-LHC physics program.
Reappraise past projections, perform new analyses, complete partial
analyses and combine to provide the most complete picture.

* Begin a systematic study of the physics potential of the HE-LHC (27 TeV)

e Harmonize results between LHC experiments and projections from the
TH community.

e Gather and discuss new ideas from the community and revisit prospects
in the light of increased precision in SM measurements with the much
larger data sample.

e The results of the workshop will be summarised in a Yellow Report to be
submitted to the European Strategy group by the end of 2018.
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Technicalities

e Five working groups: WG1 (SM), WG2 (Higgs), WG3 (BSM), WG4
(Flavour), WG5 (HI)

e Two volumes YR: first volume devoted to a coherent and
comprehensive review of the physics at HE/HL-LHC, second
volume collection of experimental public notes on analyses.

e Budget of approximately 150 pages for Higgs in Volume |
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHEWG2
mailto:hllhc-wg2@cern.ch

ttH, VH, VBF/VBS

* Probe higher energy scales
* NLO (in SM and BSM) are necessary

« VBF (WW, 1T, YY, ZZ channels) recently used as a example case in the
ATLAS and CMS upgrade TDRs (showcase of the detector performance vs
PileUp)

* Plans for the report: expand coverage with special focus on ttH and
Incorporate the latest analysis techniques
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Widtn

® Probe New Physics in the Higgs domain at large momenta
® Direct measurement will be challenging also with HL-LHC statistics
® |Indirect methods —> prospects for the HL-LHC prepared by ATLAS (2013/2015)
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Rare and Exotic decays

* High statistics: rare decays become accessible,

beyond Hup
* H->J/Y y (ATLAS) -> probe c coupling
BR (H->J/Wy) < (44*1° ,,-x 106) @ 95% CL

 H->®vy / py (ATLAS) -> probe light-quark
couplings. py already close to expectation.

Run2: B (H - ¢y)< 4.8 x 1074, exp SM (2.31 + 0.11) x 106
B(H - py)<8.8x10%, exp SM(1.68 + 0.08) x 10~

* An increasing number of Run2 studies
targeting exotic decays of the boson are
becoming available, from Invisible decays to
2HDM signatures

* Few HL-LHC prospects ready so far! (example:
h(125)-> dark photons - displaced (CMS) )

* The yellow report will extend the experimental
coverage using some example signatures (LFV;
Invisible Higgs)
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H—CC

e First direct inclusive search for H—=>cc in LHCb, LHCb-CONF-2016-006

e Search for WH/ZH with H—bb and H—cc final states

* Require two |ets with inclusive secondary vertex tags

H—_g 1'5 —_ I LHCIbsimuIation prelirlliinar:|E=;T¢3VI | | I | | | | I | | | | I——

g — B vv/z++'(— bb) ]

o - [ wes'co ]

B - T L T T T T T T T 1 1 hem

- - T

- ---------I — i

B L N B F-1-]-[=]=]=] l

05E === .

St =ooDooDDDDSoEE —

B oo D DODEEOaEaEmaomaeE B

- - =N NSy sl = == (-] [ .

- = R BN Rl lele]=|=]|=|-1

O_ O = =" EEEEEEEDOOBEEEE |

- ER N ENE RN Eelswl=1=1 | .

N LB BN RN RSl sST==1 | T .

: sEESSEIEEEREEEC

_05_ P Ren === N § B

. B m = O = | - N N _

B o - - _

_1 B | 1 1 1 1 | 1 1 1 1 | 1 | 1 ] |
) 0.5 0 05 1

J, BDTy

0.8

0.6

0.4

0.2

LHCb preliminary (s =8 TeV

------ expected

;-

-

 Possible reach for H—cc : 5xB(SM) with 300 fb-1 dataset

* Note: LHCDb acceptance presents a challenge when using integrated cross sections and

uncertainties

* Recent Run2 ATLAS ZH, H—cc result: arxiv:1802.04329: p<110(150+80_40) @ 95%CL (36fb-1)
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Runi-based couplings study

ATL-PHYS-PUB-2014-016
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Runi-based couplings study

« Comprehensive study of Higgs couplings at HL-LHC
* Run1 extrapolations for the main decay channels and production modes

Snowmass13 Document
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Hortt = | K, | |
1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | l 1 | | | | | | | | | | | I | | | | I |
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
expected uncertainty expected uncertainty
L{b Y| 4y WW | ZZ bb T Z uu inv.

300 | [6,12] | [6,11] | [7,11] | [11, 14] | [8, 14] | [62, 62] | [40,42] | [17, 28]
3000 | [4,8] | [47] | 471 | 1571 | 58] | [20,24] | pi6.16]| | [6, 17]

Lb™) | &y | kw | kz | Ik Kp Ki Kz Kz Kup BRsm measured at the
300 [5,7] | [4,6] | [4,6] | [6,8] | [10,13] | [14,15] | [6, 8] | [41,41] | [23, 23] | [14, 18] few ¢% |eve|

3000 |[2,5]][2,5] 1241|135 | [47] | [710] |[2,5]][10,12] | [8,8] | [7 11]
example: kt expected to improve substantially with the inclusion of latests

(%)

Coupling can be
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ECFA16 Update: H—=yy and H—=ZZ

Update based on 12.9 fb-1 of data at 13 TeV

Effect of high pileup and detector performance considered based on the CMS Upgrade TP (LHCC-P-008)

CMS Projection 3000fb'(13Tev)  CMS Projection. L S000iT(18TeV)
| T T 1 I T T 1 | T T 1 | T T 1 l T T 1T 1 l T T 1
H— ECFA16 S1+
B YY ECEA16 S24 B H— ZZ* — 41 — ECFA16S1+4 —— ECFA16 S2+
T
— + 0.01 (stat.) = 0.08 (exp.) = 0.06 (theo.) Uz +0.02 (stat.) + 0.04 (exp.) = 0.07 (theo.)
+ 0.01 (stat.) £ 0.02 (exp.) = 0.03 (theo.) + 0.02 (stat.) + 0.03 (exp.) = 0.03 (theo.)
YY
Y4
B IJggH N uggH —+
/7
Ly — Hyer H
Hygr
[ ] /7
Hun H
RS N -
Hir M H
CMS-PAS-FTR-16-002
| | |1 | | ] ] | | | | 1 | | | | 1 | | | ] | | | | ] | | | | | | | | I | | | I | | I

-0.1 0 0.1 0.2 0.3 0.4 0.5 0 0.2 0.4 0.6 0.8
Expected uncertainty Expected uncertainty
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Differential & Fiducial Cross Sections

» Exploit the large dataset and go beyond inclusive measurements

T I | |
ATLAS Simulation

> B i
(O]
01— : — . _ )
o " H—>2Z >4l ] CMS Phase-2 Simulation 3000 fb™, 14 TeV, 200 PU
e} _ 14 TeV, 3000 fb’ - o 200
- = = + —
<.0.08— == Expectation HL-LHC — cC L . Z+X
Q"_ - [ Syst. uncertainties — Q 180 —
— Total unc. Run 2, 36 fb™ — — *
% SO e PowHeg (ggF) +XH - Lﬁ 160 F Zy ,ZZ
06—  __ M. =0 eeeses XH = VBF+WH+ZH1tH+bbH — —
R H} ﬂ]' - - — m,=125 GeV
I "'m“i _ 140 [—
0.04—_ e — - CMS-TDR-17-003
:[{} i 120
B - - - - 118 <m,, <130 GeV
0.02— S — 100 |—
B ATLAS Muon TDR A, _ —
P jm=mmnn - Aeleleieiele v v V7 ) 2IIIPZ. 7 oty B 80 [—
2 30 =-Optimistic scenario g;a;trli);grluml_; 60 :_
= lumi 3 u
S 20F mm HRes 2.3 n
> 10i:"f:r:ﬁ‘:::‘::}—————“___ ___L__ U N N N S E 40 L
2 1 W T, T D Dsss Aass Vs L
L 30 —Run2 scenario = 20— _Iﬁ
o 20 E hﬁ%u...lll.llnn.nln--.
S hrrrrrrn, E 0 50 100 150 200 250 300 350
D 10k D it et :::_‘_‘/_i,‘_‘_‘_‘_‘_i:-‘-‘,—_—_—;t_-_—:--/t—"‘ =
%// //i?////l’///" /}/// s D, A, I, #0iss; i pT (GeV)
0 45 60 80 120 200 1000 4y
Py 4 [GeV]
T —

* Sensitive to ko/ke (low p1) k/BSM (high)
* At high pt, dominated by statistical uncertainty even @ 3000 fb-1
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Key channel for constraining extended Higgs Sectors

Plan to update it for the YR taking into account latest analysis improvements

Sensitivity at high mass dominated by statistics even at 3000fb-"

MSSM parameter space can be heavily constrained, even up to 2 TeV of mass

Limits on ggH / bbH cross section

95% CL limit on o(bbo)-B(6—tt)(pb)

CMS PrOJect/on MSSM ¢t (13 TeV)

: . HIG-16-006 (2.3 fb" ) Projections

103 E_ ............................. ....... _____ Scenario 1 (300 fo") —E
: — Expected ---------- Scenario 2 (300 fb™) E

& - [ +toExpected | --- Stat. Only (300" ]

10 3 o SETRPD Scenario 1 (3000 fb")é“g

P Scenario 2 (3000 fb )
= Stat. Only (3000 fo )

Ij +2c Expected

CMS PAS-FTR- 16 002

Limits on mmod+ benchmarks

CMS Projection MSSM ¢0—1t (13 TeV)
95% CL Expected exclusion: Projections:
l:| 13 TeV Expected (HIG-16-006) ===-~ Scenario 1 (300 fb™) === -~ Scenario 1 (3000 fb™)
[ +icExpected e Scenario 2 (300 fb) e Scenario 2 (3000 fb™)
+ 26 Expected - - Stat. Only (300 o™ = - - Stat. Only (3000 fb™)
60 l T | T T T I T T T | T T T I T T T I | T I | I"![
R
m"°%* scenario o
o :"/~
50 P
L Rl
R4 B
Q4
L 7 _
L R 4
R
401 Ny I
i B e
L xr,’ R
- Re ol
307 ra P §
e '/
- Lol v
i B2 S
20 2 = 7
o N I 34
10 ) 1
i el ,;;:» CMS-PAS-FTR-16-002 j
T ./ T' L ! | | | | | |
200 400 600 800 1000 1200 1400 1600 1800 2000

m, (GeV)
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* H—»ZZ—4l and A—»Zh—IlIbb searches in the 2HDM context
* Cross Section limits, and interpretation in terms of tanf3-cos(f3-a) exclusion

 Complementary approach to precision measurements of the SM-like Higgs
boson couplings in constraining the 2HDM phase space, for sufficiently
low masses of the heavy Higgs bosons

6 CMS Simulation 2013 /s =14 TeV  L=3000 fb"
§10 ; 100" o .
’H‘“ 1 05 :_CMS Simulation 2013 95% CL exclusion 50k R-13-024
N = {s=14TeVL=3000fb © —— 50 significance
I1 0* ;— c [tan(B)=1, cos(B-0.)=-0.06] :

% —

X 10° & S I Type |

=~ E = A-Zh

T r s Y
- my = 500 GeV

T10%E _

- =

3 \

© 10 -
— . —05% CL exclusion
N \ — 50 Significance

1 E L1 1 I L1 1 1 I L1 11 I L1 1 1 I L1 11 I L1 1 1 I L1 1 1 I L1 1 1 I " N ..A];lo‘.ve.d (.cqup.]itl .gS).

200 300 400 500 600 700 800 900 1000 . 0.2 0.4 0.6

my, [GeV] cos(f-a)
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bbtt (arXiv:1707.02909, 36 fb™)

bbbb (CMS-PAS-HIG-16-002, 2.3 o)
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Projections from
2015 4b analysis

Median expected O'II{\[ LOAR =1 TeV) | Ar (TeV)
limits on o (fb) (fb) excluded
mx(TeV) | ECFA16S2 | Stat. Only ECFA16 S2
0.3 46 41 7130 13
0.7 7.3 3.4 584 8.9
1.0 4.4 2.4 190 6.6

CMS-PAS-FTR-16-002
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oxBR(H—ZZ—4l) [fb]
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Indirect BSM probes and EFT

e Thanks to HXSWG for developing the SM EFT framework for
parametrisation of EFT effects

e Specific theoretical projects within HL/HE working group:
o differential measurements of tth
 differential measurements of WH/ZH at high energy

e exploit polar and azimuthal distributions in WW and WZ
pProcesses

e longitudinal VBS and di-Higgs

e improved global fits at high-energy/luminosity
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BSM Higgs Searches

eThanks to HXSWG for the study of benchmark models to be adopted by
ATLAS+CMS and proposing new channels to search for additional
Higgs bosons/new Higgs decays

eTheoretical developments planned for the HL/HE workshop:
* interpretation of Higgs coupling measurements in SUSY and 2HDMs
e study of Higgs rare decays to NP particles (particular focus on HE)

e study of light (m<125GeV) new Higgs bosons. What can the HL and
HE offer?

* New techniques for highly boosted new Higgs bosons \
roqres®

33



DiHiggs at HE?

el arge rates at HE (NLO xsec
127.88+-11%fb, G. Heinrich)

eRecent theory study for the | " 2K ,‘"’“,“’“’i
prospects at HE: https:// Toomoww ez,
arxiv.org/pdf/1802.04319.pdf NN s
(~30% accuracy in the O NN i

\\ \\
N S
TS SS

measurement of the Higgs self-
coupling using pp->hh->bb
gamma gamma, 15ab-1
luminosity assumed).

os/osm S0 CL
T T g T T T T .

o
n

00. 7
) 1000 2000 3000 4000 5000

L [fb™1]
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2017 Phase Il Upgrade TDRs
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Higgs Studies in the Report

1. Precision Measurements 2. Rare Higgs Processes &
(indirect BSM probe through EFT) New resonances

1.1 Low energy 1.2 High energy 2.1 SM Higgs 2.2 New Higgs
Higgs couplings differential measures. boson bosons

RN

High lumi High energy

From Stefania Gori's Summary talk at
the KickOff meeting in November
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