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Introduction ETH:..:

*  Cross sections measured inclusively and differentially in fiducial phase spaces:
*  Extrapolation to full phase space minimized
*  Reproducibility in calculations for future comparisons

*  Higgs inclusive measurements approaching precision era in Run2 —
explore Higgs production differentially, in order to:

* test SM predictions for full spectra of observables of interest

w H—yy submitted to JHEP

* |In this talk, selected results on 35.9fb-1 of 2016 data from: H—=>ZZ*—=4L JHEP 11 (2017) 047

*  probe for BSM hints

. H—bb PRL 120 (2018) 071802
e Qutline: (2018)

« Combination of channels (HIG-17-028) W
e QOverview of H—=yy results w
* [nterpretation in terms of coupling modifiers W
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https://link.springer.com/article/10.1007/JHEP11(2017)047
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.071802

Higgs decay channels ETH i

o H—ZZ* 44, (t=e.1)

H—yy H—-ZZ*—40 H—bb
* Fit to m4e mass e Fittom
. . . . sD Mass
* Fit to diphoton invariant mass SUTI L
« Categorization in mass resolution * Categorization in lepton
J flavogrs P * Measurement of boosted
» Most comprehensive and precise | - inclusive H production
set of measurements * Inclusive precision close 0 ith categorization in jet
_}
(>25 observables): H=yy substructure
H kinematics, jets, b-jets, leptons, * Measurements as functions | o |
- . . £ 4 0b ol  Combined in differential
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Inclusive cross section ETH:..:

H—-yy H—»ZZ*—420 Combination

Lepton kinematics and isolation

Leading lepton pr pr > 20GeV ¢ EXtrapO|at|On tO fU”
Subleading lepton pr pr > 10GeV
Additional electrons (muons) pr pr > 7(5) GeV
pT 1 / m > ]_ / 3 Pseudorapidity of electrons (muons) ln| <2.5(2.4) p h aS e S p aC e
) 7Y Sum pr of all stable particles within AR < 0.3 from lepton <0.35pT .
pT,Q/mfny > 1/4 Event topology ¢ TOtal CrOSS SeCtlon
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above ,
ISOgenl 2 < ]_O GeV Invariant mass of the Z; candidate 40 < mz, < 120GeV measu red Wlth ~ 1 1 %
‘ < 2 5 Invariant mass of the Z, candidate 12 <mgz, <120GeV
. Distance between selected four leptons AR(4;, £;) > 0.02 for any i # j 1
771 ? 2 Invariant mass of any opposite-sign lepton pair l 7]1’1[+ o > 4GeV u n C e rta | n ty
Invariant mass of the selected four leptons 105 < myy < 140 GeV

* Precision still
statistically limited

. . . .. -1
 The fiducial cross section are measured to be CMS Ppreliminary  35.9 fb™' (13 TeV)
Ogm from DOI: 10.23731/CYRM-2017-002

|
A A E SO Stat. uncertainty
Gﬁd(H — }/y) — Gﬁd(H — 41) — <] ————— Combination
R Rl U oY E g

= 84 £ 11(stat) = 7(syst) fb =290+ 5(stat) T3 (syst) fb

no theory uncertainties, only experimental

O, =61.1 6.0 (stat.) +3.7 (syst.) pb

INn agreement with the theory predictions

S (H — yy) = o (H — 41) =

=734 1b =2.72+0.14 1b

70 80
Oy (PD)
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Combination results: pt(H), y(H) ETH:i
pr(H) y(H)

sensitive to perturbative QCD modelling,

production mode, Yukawa couplings, ... probe of PDFs, production mode
CMS Preliminary 35.9 fb™' (13 TeV) CMS Preliminary 35.9 b (13 TeV)

9 1O§ ’ fe) - ¢ Combination
o : Ao(p!! > 600) / 250 o - .
SN—" ySt. unc.
C\') e Ao(p!> 200) /120 — [ b
;8/_ 10_1:_ Ao(p!> 600) / 250 %’ b hezz
I I_ E + Comblnatlon ---------------- \D > %aaaiaaaaa- aMC@NLO’ NNLOPS
% - - g 107 o, from DOI: 10.23731/CYRM-2017-002
< 10?2 = Syst.unc. | 2§ B
2 ~ ¢ H-bb I -
1073 3 ‘i* H—yy &
- Y Hezz T T
107 = ///////, aMC@NLO, NNLOPS
B Ogm from DOI: 10.23731/CYRM-2017-002
10_5 =1 1 1 | | | | L 111 | | | | L 111 | | | | L 111 |
§ 4F S
o 3E °
8 2 it E
o B R R = o
I"C-'_D _15_ H H H H H H H i |yl 'g
& 0 15 30 45 80 120 200 350 600 * s
pt (GeV)
~10-20% improvement from combination
. o ol
H—-yy allows 30-40% precision up to 350GeV, 30-50% precision across the spectrum

H—bb contributes at high pr
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Combination: Njets, pt(jet) ETH ..

Niets pr(jet)

test of modelling of QCD radiation, production mechanism

i -1 . -1
CMS Preliminary 35.9 fb™' (13 TeV) CMS Preliminary 35.9 fb™' (13 TeV)
3 10° = ¢ Combination ; B ¢ Combination
& - . Syst. unc. 8 - . Syst. unc.
_*‘q_% . b Heyy S 108 boHen
Z 2| Y H-zZ Q a Y H-zZ
< 1 O - ) N = .
S ;. [/ awcenoors 5 . i awcenLo, nnLops
3 o G4, from DOI: 10.23731/CYRM-2017-002 ReX 1 gy from DOI: 10.23731/CYRM-2017-002
- < g |
~~ ~ jet
10 %?} 5 5,,,,?}{,, Ao(ptT > 95) / 40
- < - Ao(pt" > 200) / 80
: | 1 0_1 E_ 11Ty 71'1%1'17171'171 """"" % """""""""""
i ; 1
- ! e i I
S 4 §
© 3E A I3
° = °
S 2 I % L | S
Q— : dHHHA TN AR A b ettt Q_
o (;E_ i-i-i }% ....... FECEEEE T---i..i ....... o
£ 0 1 5 3 =4 s
Njets

20% precision in 0-jet bin, ~100% In
high multiplicity bins
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"\G Ge \
eV . o? S X\
666@66 6Q o\ . e\e Qf\e\‘? :\‘\V~e '\\\&Gs
Q\\ | \,\0 Qf\ | \\e | N\ |
relative size I I | | | | | I | | | | | I | | | | | -
1 10~ 1072 10°°
pra/mo~y | >1/3 > ljet > 2jets 2 jets +

VH : N, = 1, pf™* > 100 GeV
pr2/Myy | >1/4

j > 30 GeV m.. > 200 GeV
Isogen1,2 | <10 GeV pr>30GeV 1 g

ttH: Ny, 2 1, Np_jp, 2 1

71,2 <25 7| < 2.5 || < 4.7 | Al > 3.5
Total cross .

. . Total cross section
section and Kinematic of Kinematic of 2-jets phase In regions enriched
characterization ot iof fret to Tt space, enriched s gecific
of H inclusive in J WO | in VBF events P ,

. production modes
production mode

In the following, a selection of the vast campaign of measurements is shown
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Double-differential measurement

m Zirich

* Double-differential measurement as a function of pt(H)xNijets

CMS 35.9fb" (13 TeV)
S oL H _
(O] = —— HX =VBF + VH + ttH amC@NLO!
< = —¢— Data, stat @ syst unc. .
o) = . N\ ggH amMc@nLO, NNLOPS + HX
= > [ [ Systematic uncertainty
o 107 o o Y/ 9gH amMc@NLO + HX
T E pT >30GeV,ln 1<25 .
- - ZZ ggH POWHEG + HX
Z 10 E o, (H~1vv) from CYRM-17-002
;S]_" ] i f A 0,4 (p]">45 GeV)/30
~ - —=
s
10—2 EI 11 | I 11 1 1 I 11 1 1 I 1 1 1 I 1 1 1 I 11 1 1 I 1 1 I 11 1 | I 1
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CMS 35.9 fb' (13 TeV)

- H—yy
10__—+—Dt ot ® X ——— HX = VBF + VH + ttH aMC@NLO
= y nc. Q
SRSl T
- y y Y/
- piet>30 GeV, Inje'l<2.5 %ggH aMC@NLO + HX
T %% ggH POWHEG + HX
1 = 0g,(H = 1) from CYRM-17-002
B o, (pf>1 20 GeV)/40
107" & * ﬁ
E FYa . 4ttr—]
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e = e e
05 ;_ ............................................................ SN SN coeooooosoormooorn, ST
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Ratio to prediction

p", N_=1 (GeV)

CMS 35.9fb™ (13 TeV)

S 1P E

3 H—-w :

O] L 4 Data, stat ® syst unc —— HX =VBF + VH + ttH amC@NLO

ala, - Y

o 10 oSyt NN ggH amc@NLOo, NNLOPS + HX

= = | Systematic uncertainty

— et ot % ggH amC@NLO + HX

A 1€p_r >30GeV,In" 1<25 .
- = ZZ ggH POWHEG + HX

=z 1 - O, (H =) from CYRM-17-002
~ 10°

T - E

Q $

ﬂo st o, (p!'>350 GeV)/150

2; ( —_—
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* 9 kinematic bins, with uncertainties ranging between 35% and 60%
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| -jet measurements ETH i

> ljet
» Characterization of the highest-pT jet produced in association withthe H P~ 30GeV
17i] < 2.5
CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
£ 45 H-—vyy £ 50—_H—>yy
— 4OE—+—Dt ot ® svst ~— HX = VBF + VH + ftH amC@NLO — :—+—Dt ot & svat — HX = VBF + VH + ttH amc@NLO
_ — ata, sta syst unc. o : - ata, sta syst unc. o
= = | Systematic uncertainty NN ggH aMc@nLo, NNLOPs + HX "> 40 || Systematic uncertainty NN ggH amMcenLo, NNLOPS + HX
So 35— 30 Gev, 11 <25 Y/ 9gH aMC@NLO + HX < T 530 Gev, i1 <25 Y/ 9gH amc@NLO + HX
o) - p' > ev,m'l<2. . - p'> ev,n'l<2. .
v 30 - %% ggH POWHEG + HX < 30 —_pT %% ggH POWHEG + HX
< - Og,,(H —vy) from CYRM-17-002 \S - o,,(H—vy) from CYRM-17-002
25 | S -
B o,, (1A y""1>1.9)/0.7

—_
o1
‘ I
,

om}
J*
h
B
55

0.5 1 15 2 2.5
I S
Y S S — o — 5
2 1E g W Mgt ks
T ) | a
o [ R — 9
o E '
§-0.5 e b 3
T 0 0.5 1 15 2 2.5 s

e Spectra are measured with 50-70% uncertainty
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> 2jets
* Measurements related to the second jet associated with H pl > 30 GeV
- T
and to the dijet system NI
0| < 4.
CMS 35.9 fb" (13 TeV) CMS 35.9 fb" (13 TeV)
—~~ = —~~ 5
o 102 H—=vy % o H
(_\g = 4 Data, stat ®systunc,  HX=VBF + VH +{iH amcenLo (_\g ot 4 Data, stat ®systunc,  HX=VBF +VH +iH aucenLo
= 0 ~ || Systematic uncertainty “ ggH aMC@NLO, NNLOPS + HX = i [ Systematic uncertainty “ ggH aMC@NLO, NNLOPS + HX
—~ = 10, i, . —_ 1 i, i, R
o = P >30GeV. It <47 7/ agH amc@nLo + HX TE 1o P> 30 Gels il <4.7 7/, agH amc@NLO + HX
SO B GSM(H —yy) from CYRM-17-002 < 1 GSM(H —yy) from CYRM-17-002
2 o
@) 1 R
< S | Sw0E
I Oy (P;>90 GeV)/4S 1072 “—\—“§ o, (m"'>1000 GeV)/550
e E———— 10 S |
- J = 10
1072 & L IR AN RN BN B A B AT 107 N R R RR S B
30 40 50 60 70 80 90 100 110 120 0 2000 400 600 800 1000 1200 1400
I T — 5
L2 .. i'’iseHl i i Mitiiiin Ly G S W Hr—
° N % /N - e Elip =L ®
e ~E 1]l o i I
e Lo S (S S
L o 9 E
B B 5 e S S
o 60 70 80 90 100 110 120 o

800 1000 1200 1400
p2 (GeV) m*: (GeV)

» Uncertainties in the range between 70 and 90%

* A set of the 2-jets observables is measured in the VBF-like phase space as well
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Exclusive production processes ETH i

_ CcMms 35.9 fb' (13 TeV) CMS 35.9fb" (13 TeV)
2 E H— vy
\JS 10° £ ~ HX = VBF + VH + fiH aMC@NLO Ogp(H —vy) from CYRM-2017-002
E} \ = : zat?’ :atti ® int:?:; N\ ggH amMc@NLO, NNLOPS + HX 7
Z 107 g Syslemate uneetany. ) qgH amcento + HX _ .MC@NLO, NLOPS
ﬂc 10° & %% ggH POWHEG + HX
2:: . E Og,(H—r) from CYRM-17-002 —e— Data, stat ® syst unc.
10° B——t———
10 ; - Systematic uncertainty
1; B /
- Inclusive e84 1310
E : miss B %
0 1 >1 100 < p™ = 200 GeV - 03672 fb
§ B [ % )
S S S py'*® > 200 GeV 2—0-03*3’33 fo
o s L= 7
"c')' 0 :_ ........................................................................................................................................
E 0 i >7 Nlepton=1 =0.5:1.:,34 fb
7
NIepton NI epton>1 / 0 20?0.'37 fb
* H production is measured as a function of il
lepton and b-jet multiplicities and of prmiss S L
N >1
* The total cross sections is measured for VH- R
. 1-lepton, low-p™
and ttH-enriched phase spaces P sl
VH : Nlep =1, p%liss > 100 GeV 1-lepton, high-prTmss
_ -l _ 0,04
ttH : Nlep Z 1’ Nb_']et Z 1 21-Iepton, 21-b-let | IIIIII% I-OI.I0I4I-I-I(I;;1262IftI)I IIIII| | 1 IIIIII| | 1 IIIIII|

 All measurements are found in agreement with o' 1 10 1 40P
the standard model predictions Ojq ()
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 Variations of couplings not only affect total cross section and BR,
but they distort the shape of pr(H)

 Different models are provided by theorists to describe the shape distortions

coupling to t, b, ¢ quarks in k-framework coupling to gluon ¢4
.................... : do/dpr(H) [pb/GeV]  with dim-6 operator

- Bishara et al. _ ' 100 [ QQH@'LHC'13'T'é\/' NNLLANNLO s

1.4+ — K.= =10 : e C=1.2,0p=-2.98,64=-0.03

¥ PRL 118 (2017) 121801 0=1.2.0,=-4.89.4=0.04

--=-— €=1.3,c,p=-0.85,c4=-0.03
- ¢=1.3,cp=-3.34,c4=-0.04

i —_— — Kc= —5 | 100 s -
- =1.4,6,=3.31,C4=-0.03

- c=1.4,05=-3.67,C4=-0.05

' K.=0 p - G=1.5,05=1.88,C4=-0.04
1.2 B 10 e ct—1scb—17909—005
[ e — KC = 5

1.0

103

Grazzini et al.

o arX/V 7705 05143

(1o daldpr,)/(1lo daldpr ;)sm

........
- memssememmwe e —-———— -

R LR LA YT PR LT Y P T LT TR T Pl L

LK T S e EEa
___________________________________

NAD= RN

50 100 150 200 250 300 350 400
prn [GeV] pr(H) [GeV]

The combined measurement of the pt(H) spectrum is used to set
constraints on the coupling modifiers

V.R.Tavolaro 6.7.2018


https://link.aps.org/doi/10.1103/PhysRevLett.118.121801
https://arxiv.org/abs/1705.05143

Coupling modifiers ETH i

* Results are dependent on the assumptions about BR under coupling variations,
two scenarios studied:

1. BR freely floating —> purely shape information

Scenario 1

coupling to gluon cg4
with dim-6 operator
CMS preliminary  35.9 b (13 TeV)

coupling to t, b, ¢ quarks in k-framework

CMS Preliminary  35.9 o' (13 TeV)

CMS Preliminary 359 fo' (13 TeV)

o 40

-1 O b - (2 -
| ¥4 -|— Combination c ¢ ” |[— Combination / c &) 0.15F — Combination =
30—H=2Z | e —6 <§ 10i—H—>vv ' -6 <§ §
F—H=y " E—H—>ZZ 0.1 —H-2zz
20 i k. -5
- 0.05
10 —14
oF —3
- ~0.05
-10
F e N ~0.1
—20F -10 ;
F|[#Bestft  ©SM 20 —10 | —0.15#Bestft ©SM 20 —10 | )
_30_||||||||||||||||||||||||||||| |||||||||||||||| v v Py T v T v v N e N
-60 -40 -20 20 40 60 -2 -1 0 1 2 -3 -2 -1 0 1 2 3

K¢ K4 Ky
—28 <k, <99 (-3.7 <k, <7.3 expected)
—18.0 < k. <229 (—15.7 < k., < 19.3 expected)
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Coupling modifiers ETH i

* Results are dependent on the assumptions about BR under coupling variations,
two scenarios studied:

1. BR freely floating —> purely shape information

2. BR scaling with couplings —> full knowledge from SM of Higgs decay modes

Scenario 2

coupling to gluon cg4

coupling to t, b, ¢ quarks in k-framework with dim-6 operator

CMS Preliminary  35.9 fo' (13 TeV) CMS Preliminary  35.9 fo' (13 TeV) CMS rpreliminary 359 fb™ (13 TeV)
o 2r 17 40 o J— -7 4 D 7 4
| ¥4 - | — Combination c ¢ | |— Combination c o -08__ — Combination c
1.5H—H-2z 6 & 2§—H—>YY g R —H-—yy 6 &
Fl—H = yy [ —H—2z 0'06:_ —H-2Z

.
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i .
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~ I D
- * L \
0 5_ ......... \ N ;
—4 . —4
'
C o 02 k
- \
\ :
- I \
O L \;
- - " -~
C —3 : —3
'
[ '
- '
\
B O_ \
-~ \. S
05 AU N i N .
. O 3
- .
. . 2
- - R B
u O 02 " 5 “
- - ' ‘
1 : 3 :
- -~ “
[ . ]
'
'
1 1 1

—0.04f#Bestit =sM 20 —10 |\
I I M T

F[#Bestfit  mSM .
1 1 1 1 1 I 1
0 0.5 1 1.5 2

~1.50#Bestit  wSM 20 —10 |
L. | I T A _3||/|||||||||||||||||||||

' T [ B 1
8 6 -4 -2 2 4 6 8 °3 2 1

—-09 <k, <09 (—-1.2<k, < 1.2 expected)
—43 <k, <43 (=54 <k, <5.3 expected)
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Conclusions ETH: ...

 Run2 data sets allow extensive study of Higgs boson cross sections
differentially and for phase spaces enriched in specific production
mechanisms

« New measurements are reported using the H—=yy channel alone and in
combination with the H—=»ZZ*—=4£ and the H—=bb (high-pt only)

*  p1(H) distribution provides a handle to set limits on coupling modifiers
variations

*  Precision on measurements is still largely statistically limited —
improved results are expected from analysis of full Run2 data sets

* No significant deviation from SM Higgs boson is observed, inclusively
and differentially
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Observables and measurements ETH:..:

Hoyy  H-ZZ"-42  H-bb
rolusive (T
oT(H)

y(H)
Njets

Combination

oT(j1)

kinematic ji

kinematic jo

additional
objects

production
modes

NS NN S
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Inclusive fiducial cross section
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5.1 fb (7 TeV), 19.7 fb™ (8 TeV), 35.9 fb™ (13 TeV)

3 _| | T | T T | ITTTT | ITTTT | T T | ITTTT | T T | ITTTT | T |_
£ 6 CMS E
D:g - ¢ Data (stat. @ sys. unc.) i
5 B Systematic uncertainty -

B \\\\}\% Standard model -

4 - LHC HXSWG YR4, m =125.09 GeV -

3 Sl

: D i

2 E

N = :

B sged = |

Ly 52555 -

: pp =~ (H—>4a)+X |

O T_ ] | L 111 | L1 11 | L 111 | L 111 | L1 11 | L 111 | L1 11 | L 111 | 1| :

6

7 8 9 10 11 12 13 14
/s (TeV)

1.5

0.5

35.9 fb' (13 TeV)

| ST
&x H—vyy, profiling m,

o.,,= 84+131fb

N aMC@NLO, NNLOPS
N m,=125.09 GeV

OSM(H —yy) from CYRM-2017-002

\N\...I. ! S R BN PR

75 80 85 90 95 100
T (T0)
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35.9 b (13 TeV)

CH—yy

L~ —¢— Data, stat ® syst unc.
— || Systematic uncertainty
E

—

—— HX = VBF + VH + ftH aMC@NLO
N ggH aMC@NLO, NNLOPS + HX
YW agH amc@NLo + HX

&% ggH POWHEG + HX
Ogyy(H 1) from CYRM-17-002

Ay —

04 (P >350 GeV)/150

P
v

(pr(H) > 450 GeV) = 74 £ 48(stat)*] /(syst)fb

V.R.Tavolaro

6.7.2018



o4 (fb)

Ratio to NNLOPS

—
<

—h

<
N

o - N
o Ul 1L

Combination inputs: Njets

CMS 35.9 o (13 TeV)
| | | . s
i ¢ Data (stat. @ sys. unc.) ] =
= —— Systematic uncertainty 3 = 4
- SN gg—H (NNLOPS) + XH 3 - 10
. s gg—H (POWHEG) + XH ’ <
u [[Z22777] XH=VBF + VH + ttH (POWHEG) _ ~ 10°
§ (LHC HXSWG YR4, mH=125.09 GeV) § b'-.:
i s~~~ 227 i <
ST pT(jet) > 30 GeV, n(jet)l <2.5 10?2
=TE |
3 - | 10
K
&2 1
KX
5 9
0.0, 0.0,
I s Uovvov— | ]
Y Y I 1 s 4
R - g 3
K J i NN\ | X 5 . . 8
NN\ t ; T 5 & NI 4 1 o 2
- | | ________________ | o 1
)
| ° 0
0 1 2 >3 g

V.R.Tavolaro

6.7.2018

CMS

m Zirich

35.9fb™" (13 TeV)

- H—yy
-4 Data, stat @systunc. HX = VBF + VH + tH aMc@NLO
- | Systematic uncertainty “ ggH aMC@NLO, NNLOPS + HX
— p*'> 30 GeV, m*1 < 2.5 )
S T % ggH aMC@NLO + HX
- Ogy(H— 1) from CYRM-17-002
i_‘*
= — 1
- |
i |— * ﬂ
B | | | |

0 1 2 3 >3
S e S — —
i $ ' s i - —hﬂ—_&_—%_ o —%_
0 1 3 >3

Njet



Combination inputs: pr(jet) ETH i

-1
MS 359f'(13Tev) _ CMS 35.9 fb” (13 TeV)
AN 1 O — I | I I I I | I I I I | I I I I | I I I I — > —
> g ¢ Data (stat. ® s . - H — YY
- . @ sys. unc.) . ) v -

() i — Systematic uncertainty i (\D __—+— Data, stat @ syst unc. s X = VBF + VA + ttH amcento
(2 s SN gg-sH (NNLOPS) + XH e 10 B Systematic uncertainty NN ggH amc@nLo, NNLOPS + HX
S 2 Y4444  gg—H (POWHEG) + XH 1 T - . YW ggH aMCc@NLO + HX
G . [227777] XH=VBF + VH + ttH (POWHEG) 1 "o N p’T' >30 GeV, 'l <2.5 I
~ - (LHC HXSWG YR4, m =125.09 GeV) 1 <« e %2 ggH POWHEG + HX
= 1 0—1 — = ~c = Ogy(H— 1) from CYRM-17-002

m E . . E D; — N
. - t) > 30 GeV, m(jet)l <2.5 - |
~ ;E_LE_ P.{jat) > 30 GV, Inieth < 1 < ;#_L 0, (P>200 GeV)/80

Q 102k e = 10 =
RS - ] S e S

-9 3 I 2 ﬁ - i T —\“\—Mi
o 10° | E 1072 3
U E | 1 1 | 1 1 1 1 |
(@p)] | | I | | I I I I I I I I I | I I I -
o e b e e e, E
5 ° S 4
I ST B 5 3
< ISl SS N N 05)_ 2F
9 SSS | S F /1 N N P 1 =
Y S o I 2 o
o oL | ol b § -1 __5'0 """ E— 160 """ == 15'0 """ E— 260 """ = 25'0 """ B 300
50 100 150 200 250

p_(jet) (GeV) " (GeV)

V.R.Tavolaro 6.7.2018



E’H Zirich

o -

I &

o

Phase space Observable Bin boundaries
p17 (GeV) 0 15 30 45 80 120 200 350 oo
Njet 0 1 2 3 4 00
7Y 0 015 03 06 09 25
Baselin 77|
asfme > 1/3 |cos(9*)| 0 01 025 035 055 1
P;z/m'w 2174 ; 7 (GeV), N; et=0 0 20 60 00
|17"| <“’2"5 2“’ (GeV),Net =1 0 60 120 oo
T 7(GeV),Net>1 0 150 300 oo
[sogen < 10GeV N—Ji’ 0 1 5 o
Nlepton 01 2 o
piss (GeV) 0 100 200 oo
et P (GeV) 0 45 70 110 200 oo
Baseline + >1 jet Iy" IW 0 05 12 2 25
: o AQTTH 0 26 29 303 =«
Pr > 30GeV, || <25 |A$'r%i1 0 06 12 19 oo
P2 (GeV) 0 45 90 oo
. |y2| 0 12 25 47
2-jets | Agivi2 0 09 18 =«
Baseline + >2 jets |ApYTz | 0 29 305 =
Pr>30GeV, [/| <47 |7, = 1y 0 05 12 o
mhiz (GeV) 0 100 150 450 1000 oo
|Agiviz| 0 16 43 o
VBE-enriched P2 (GeV) 0 45 90 oo
2-jets + |Agivz| > 35, |A¢2| 0 09 18 =«
mii2 > 200 GeV |ApY T2 | 0 29 305 m

V.R.Tavolaro

6.7.2018



E’H Zirich

Ao, /A lcos(0)l (fb)

Ratio to prediction

300

250

CMS 35.9 b (13 TeV)

— HX =VBF + VH + ttH aMC@NLO
N\ ggH aMc@NLO, NNLOPS + HX
YW agH amc@NLO + HX

%% ggH POWHEG + HX
O'SM(H —yy) from CYRM-17-002

—e— Data, stat @ syst unc.

0p]
<
%
ol
@
3
o
=
o
c
=
0
®
—
Q
=
—
<

V.R.Tavolaro

6.7.2018



H—yYy differential measurements ETH i
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H—yYy differential measurements ETH i
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CMS Preliminary 35.9 fb™' (13 TeV)
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Coupling variations (i) ETH i

BR freely floating
¥ CMS Preliminary 35.9 b (13 TeV) N 5C|\/|S Preliminary 35.9 b (13 TeV)
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Coupling variations (ii) ETH i

BR scaling with couplings
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Alternative scenario: BR fixed to SM values (as done in Bishara et al. PRL 118 (2017) 121801)

* Expected results from Asimov fit

CMS Preliminary 35.9 fb™ (13 TeV) , 5CMS Preliminary 35.9 b (13 TeV)
o) N 1 4 —l -
< 8:—H—>yy+H—>ZZ = - 453_
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61— ' <] =
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* From Bishara, limits set on k¢ in [-16,18] at 95%CL using 20fb-! at 8TeV from ATLAS
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https://link.aps.org/doi/10.1103/PhysRevLett.118.121801

Differential fiducial cross sections ETH:..:

» Signal strengths provide measurements with best sensitivity, but short lifespan since:
e assumptions on signal characteristics have to be made
* non trivial (re-)interpretation as cross section due to complicate acceptance selection

- Differential fiducial cross sections:
* Test SM predictions for full spectrum of observables of interest
* Probe for hints of BSM physics
* Different observables are sensitive to different Higgs properties

* Restriction to a phase space as close as possible to the detector acceptance,
simpler signal selection and categorization:

* minimal theory dependence and extrapolation

* improved longevity of the results
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Fiducial cross section extraction ETH ..

e

* Definition of fiducial phase space,
aligned to detector acceptance

* Migration of events from outside to
inside (contamination) and inside
to outside (efficiency)

* Observable binning at fiducial
and detector level:
bin-to-bin migrations — fiducial-
@—reoonstruction response matrix

* Unfolding to particle level

* Interpretation of the measurement
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\/2-( 1 — - - Calorimetric energy resolution
- Vertex ID
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« Backgrounds: irreducible yy, reducible y-fake and tfake-fake
— multivariate Photon ID to reject fakes

* 3 event categories defined using a relative mass resolution estimator,
fully decorrelated from the mass itself to prevent shaping of m yy distribution
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10> CMS 35.9 fb' (13TeV) 10> CMS 35.9 fb' (13TeV)
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* Relative mass resolution estimator in Z—ee events
* Sensitive to photon position in the detector and calorimetric shower shape

* The red band shows the impact of the systematic uncertainty on the photon energy
resolution
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CMS 35.9 fb™ (13 TeV) .CMS 35.9 fb" (13 TeV)
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* Photon identification BDT built with kinematic variables and isolations of photons as inputs
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CMS Simulation 13 TeV
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H—YyY: selection and photon ID ETH i

Double-photon trigger selection based on transverse energy, myy, isolation and
electromagnetic shower shapes variables

 Minimal pre-selection, similar to but tighter than trigger selection

Photon ID input variables: shower shape variables, particle-flow isolations, kinematic of
photon, median energy density (p)

Pure sample of photons from Z—puy used for validation of multivariate photon D

CMS Supplementary 35.9 fb™ (13TeV) CMS Supplementary 35.9 fb” (13TeV)
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| CMS _simuiation 13 TeV
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. Electro-magnetic calorimeter (ECAL) response: I k
. corrected for change in time o T i
- FWHM = 3.38 GeV -
* Inter-calibrated to be uniform in n/¢® oo} -
e adjustment of absolute scale | 7o LS ]
Q05170 115 120 125 130 135 140
m,. (GeV)
: : eMS e 382107 (13 TeV)
* Energy and its uncertainty corrected for local 31:;;_ Barre-Barrel 4 owe i
and global shower containment: S Ry>0.94 Wz - e'e simutation
a . || simulation stat. ® syst. unc. |
. . S 80+ —
e regreSS|0n targe“ng Etrue/Ereco L%J i
) i ) ) 60__ —
 Scale vs time and resolution calibration: Z—ee :
peak used as reference 40 -
V « Corrected energies and resolutions used in the 20/~ .
analysis i

_I 1 | 1 11 | 1 11 | 1 11 | 1 11 | 1 1 | | 1 11 | 1 11 | 1 11 1 | I_
%O 82 84 86 88 90 92 94 96 98 100
m,, (GeV)
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H—YY: photon Energy ETH:.

CMS 35.9 fb" (13 TeV) CMS 35.9 fb"' (13 TeV)
> X103_I [ | [ | LI | L | [ | [ | LI | L | [ | T T_] > >(103_I [ | [ | [ | [ | LI | L | [ | [ | LI | [ I_
o J00L Barrel-Barrel $ Data . & | NotBarrel-Barrel 4 pata i
g - Rg >0.94 .Z — e*e” simulation — LCOD : Rg >0.94 .Z — e*e” simulation :
B i Simulation stat. ® syst. unc. | ; 20 B DSimuIation stat. @ syst. unc. |
c 80 — c - T
) _ ] ) - .
o F ] & F i
B i 15— —]
60— — . |
L - 1 O __ __
40 7 i -
20— ] ) B -

_I L1 | L1 1 | LI | L1 | L1 1 | L1 1 | LI | L1 | L1 1 L1 I_ I | | L1 1 | L1 1 | L1 1 | LI | L1 | L1 1 | L1 1 | (| I

%O 82 84 86 88 90 92 94 96 98 100 %O 82 84 86 88 90 92 94 96 98 100

m,, (GeV) m,. (GeV)
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Vertex identification ETH:..

] 1CMS Simulation 13 TeV
. B T T T T | T T T T | T T T T | T T T T | T T T T

H — vy (m, = 125 GeV) i
Data pileup scenario (35.9 fb™") |

My =/ 2F1 Eo(1 — cos )

* Vertex assignment correct within 1 cm — T ook
negligible impact on mass resolution

Z,.,.l <10 mm

selected

5 [
S F
g 0.7~ —+— True vertex efficiency
. . . . - B - Average vertex probability
* No ionization in the tracker for photons 0.6 .
- Multi-variate approach for vertex identification 0% "8 foo 150 200 (G 'ziso
pw eV
» exploit kKinematic correlations and track . (CMS simuation 13 TeV
: : : = e o L L B L B B B R
distribution imbalance E | H— 7y (m, = 125 GeV) -
o i Data pileup scenario (35.9 fb™")
. . . \
e direction of conversion tracks, when 0
present 509
H—'jgo.s:
(@)
S
: . 5 07
* Method validated on Z—pp (y+]j for converted y) - —}— True vertex effiiency

o
o

N - Average vertex probability

events, where vertex found after removing muon
tracks O5o:é|||||||:

Number of vertices
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H—ZZ*—4| overview

m Zirich

* Very small branching fraction (1.2 10-4)

» Small background from ZZ and (reducible)

from Z+X

* Two same flavour, opposite sign lepton pairs,
reconstructed with excellent ms, resolution

* No use of matrix element discriminants, to

reduce model dependence

Signal + background fit to ma.distribution

Events / 2 GeV

Lepton kinematics and isolation

Leading lepton pr

Subleading lepton pr

Additional electrons (muons) pt

Pseudorapidity of electrons (muons)

Sum pr of all stable particles within AR < 0.3 from lepton

pr > 20GeV
pr > 10GeV
pr > 7 (5) GeV
7| < 2.5(2.4)
<0.35p7

Event topology

Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above

Invariant mass of the Z; candidate

Invariant mass of the Z, candidate

Distance between selected four leptons
Invariant mass of any opposite-sign lepton pair

Invariant mass of the selected four leptons

40 < mz, <120GeV
12 <mz, <120GeV
AR(4;, £;) > 0.02 for any i # j
Mp+pr— > 4 GeV

105 < myy < 140 GeV

70

60

50

40

30

20

10

35.9fb™" (13 TeV)

¢ Data
[ ] H(125)
? [ ] q9—zz, zy*
B 99—22Z, zy*
- [ z+X

IIII|IIII|IIII|IIII|IIII|IIII|Illll_o

0
70 80 90 100 110 120 130 140 150 160 170

m,, (GeV)

Full response matrix in signal
extraction

More complex fiducial phase
space definition
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H—bb overview (i) ETH i

e Largest branching ratio (58%) channel
T-axisq

* Overwhelming background from QCD
production of two b jets (107)

 Boosted H regime to reduce background (pr>450 GeV)
—> select one ‘fat’ jet, with two-prong structure

e Hadronic transverse energy (Hr) or jet pr above thresholds

* Double-b tagger to identify signal jet: ‘passing’ and ‘failing’ region

« Soft-drop grooming of jet mass removes soft and wide-angle radiation

« /—=bb as SM candle, allows validation of the measurement
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H—bb overview (ii ETH:..:

*  QCD background shape estimated from events failing the double-b tag
requirements

mass scale variable

* Transfer factor R as a function of p and pr of the jet 5 = log(m2, /p)

CD CD
N](,)ass = p/f(papT) Nj%il

A0 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
mSD( eV) Mgp (GeV)

* R determined simultaneously with signal extraction u, =0.78 + 0.14(stat)+8}§(syst)
«  Simultaneous fit of Z=bb and H—=bb signal strenghts py = 2.3 £ 1.5(stat) 5 3(syst)
35.9 fb' (13 TeV) <10° 35.9 b (13 TeV)
> il T L L e e > L L B B L BN |
8 80005 CMS 450<pT<1000GeV ----- W = 8 500_— CMS 450<pT<1000GeV ----- w ]
N 7000 ks double-b tagger T ﬁ = ™~ A doublesbtagger tZt -
E - passing region Ultie - E - failing region Multiie ]
CICJ 6000 - !\F/Iot:llj btackground = GCJ 00 B He TOt;IJ btackground ]
S - I H(bb) ] > - I H(bb) -
T 50005— ¢ Data _E H 300:— + Data _:
4000} = - ]
30002— —i 200|~ =
2000 = - -
B . 100 —
1000~ = ] .
0 - . "f.'.'.;._._._. MY N N L 0 L 0
= - - - | ' ' ' = 60F ]
. 10 . |
5 Vens ® - ~o= ]
Sy sr L - Sy 0 -
gle st % """ : e Elss 20 : g .
qub 0#.*:#-*‘ . e éb . _.J_..,"‘"
o o
G
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CMS detector ETH i

E—
CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0 m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m?> ~9.6M channels
Magnetic field  :3.8T =
SUPERCONDUCTING SOLENOID 3
Niobium titanium coil carrying ~18,000A g’ §
5
MUON CHAMBERS 2
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers c 2 E—
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers g §
5
PRESHOWER
Silicon strips ~16m* ~137,000 channels §—
FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels
2 &7
%
o9
538
Ey
E—
g
Q
£
CRYSTAL §
ELECTROMAGNETIC
CALORIMETER (ECAL) E4
~76,000 scintillating PbBWO, crystals
E

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Muon

Electron

Charged Hadron (e.g.Pion)

— — — - Neutral Hadron (e.g.Neutron)
""" Photon
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Other approaches to Higgs physics ETH i

(EWggH) (H + leptonic V)

Cva | W e | [ E

| | —~{e7> ZH |
* generalize production process to sub-process [eg > ZH |

« Simplified template cross sections: -

(Runi-like)

* measure cross sections in mutually exclusive regions of the phase space

* several stages of partitioning, evolving with size of datasets

* Pseudo-observables:

* On-shell amplitudes described through a momentum expansion around physical
poles

 Effective Field Theories:

* Describe deformations of SM through bases of higher dimension operators
(Warsaw, BSM primary bases)
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H—yy: simplified template cross sections ETHziric

» Stage-0 cross section ratios in the Higgs Simplified Template Cross Section
framework, for profiled mH .The signal strength modifiers are constrained to be non-

negative.
CMS 35.9 o' (13 TeV)
| I I I I I I I I | I I I | I I I | I I
H—yy —l— Per process 68% CL
ggH [1.0227 . SM Prediction
VBF | o08%° my, profiled
ttH | 2.0 —a—
WH leptonic | 3.0 | | :
ZH leptonic | 00®’ wm—
VH hadronic | 5.1 | = :
I ! I I I I
-2 0 2 4 6 8
Gproc/Gtheo
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H—ZZ*—4l: simplified template cross sections ETH ziic

» Stage-0 cross section ratios in the Higgs Simplified Template Cross Section

framework,
CMS 35.9 fb”' (13 TeV)
IIII|IIII | I I|IIII|IIII|IIII
_ +0.20 H—ZZ"— 4]
OggH/ Otheo - 1'20-0.20 |yH| <25
stage-0 subprocesses
m, = 125.09 GeV
_ +1.02
Ovgr | Opreo = 0-0455, @ "' SM prediction
+2.80
Oyrinad’ Tineo = 0-0075 00 @
+2.65
OVHiep / Oeo =0.00 5, @
+1.18
O/ Otneo = 0-0005¢5 ¢
IIII|III III|IIII|IIII|IIII

o 05 1 15 2 25 3
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H—ZZ*—4l: model dependence

m Zirich

Signal process Asig € Fronfid (1 + fronfid )€
gg—H (POWHEG) 0.398 0.592 4+ 0.001 0.049 + 0.001 0.621 £ 0.001
VBF (POWHEG) 0.445 0.601 +=0.002 0.038 4+ 0.001 0.624 4+ 0.002
WH (POWHEG MINLO) 0.314 0.577 £0.002 0.068 £ 0.001 0.616 £ 0.002
ZH (POWHEG MINLO) 0.342 0.592 £0.003 0.071 £0.002 0.634 4 0.003
ttH (POWHEG) 0.311 0.572 £0.003 0.136 4 0.003 0.650 % 0.004

V.R.Tavolaro
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H-— WW*(Z | 2V) ETH i

CMS 1auwwnw
c o r T T
e - 4D —H | . CoL .
2 ool + 0= P45, 85) GeV/ _ e Broad signal distribution
2 | Bwzzzvww [ wajets my[12,75] GeV
() (] _ .
g [Ew TP _ «  Backgrounds (WW, tt) from control regions
400_.2/7 —1T |:|WW |
i 4 1 * Large non-diagonal distribution in response matrix
200 e ] » Regularised unfolding through single value
i 1 decomposition
CMS 19.4 b (8 TeV)
0 g [ | | | I_+_I D'ml | | | __
= I statistical uncertai -
% 1‘g = CMSI I | I 1 J‘:ag;_ Systematic uncem:::lyly :
Q 1 : & 0000 0.000 0000 0015 0.180 09 .8- - Model dependence _
-og 08 . . . : 3 §, } “~ ggH (POWHEGV2+JHUGen) + XH |
a 100 150 200 250 = 08 B g (i) +
my [GeV] 0.7 5] xn=vBF+VH

0.6
0.5
G rig = 39 £+ 8(stat) = 9(syst) tb 0.4

0.3

0.2

0.1

[0,15] [1545] [45,85] [85,125][125,165] [165,c]

theor
ooy = 48 £ 8 fb

[0,15] [15,45] [45,85] [85,125][125,165] [165,c]
pt [GeV]

T,reco

[
Ratio to HRes+XH
N W

O
TT

0 20 40 60 80 100 120 140 160 180 200
P! [GeV]
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m Zirich

CMS Simulation Supplementary (13 TeV)

22
= 350 35 =350
20
200-350 30—~ 200-350 18~
‘© S
__120-200 o5 X ___120-200 16 x
> c > c
8 5o 8 145
~ 80-120 c = < 80-120 C
3 203§ s 128 8
£ 4580 15 2 g £ 580 108 §
:o.'_ § E :Q_n— 8 § E
30-45 o E 30-45 L 5
102 6 2
15-30 - 15-30 4 -
5
0-15 0-15 0.65 2
0 0
15 7539 g5 %550 90-12,720.2,500.555 350 O-15 7839 0-q5 9589 0-12,720.5,200-35 350
pYTY (gen) (GeV) CMS Simulation Supplementary (13 TeV) pYTY (gen) (GeV)
> 350 0.093
200-350 0.18 0.89 —
30
__120-200 0.49 1.1 x
=> 25 c
S 80-120 0.4 1.1 c &
’9'; 205 8
2 4580 1.3 1.7 g 38
- _T
>—Q_I— 15 § g
30-45 1.5 1.4 Q2 £
10
15-30 | 2.2 2.4 -
5
0-15 1.9
0

015 T8:3p 045 #5:8p 90-12,720.2,500-355 350
p.' (gen) (GeV)
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H—YY: response matrices, Nijets ETH ..

CMS Simulation Supplementary (13 TeV) CMS Simulation Supplementary (13 TeV)
16 18
14_ 16
12 c'i 14

—_k
o

Efficiency per gen bin (
decorr

cat0
cat 1

10

decorr

o, /ml
o,/ml

Efficiency per gen bin (x 10?)

o N OB~ OO
o N B~ O

CMS Simulation Supplementary (13 TeV)

=4
30~
o
h
3 X
25.5
o)
P (aV}
O CH
o
8, 208 s
o) CTJ §
o o
z 15 5. _%
o £
cC <
1 G_,) OE
102
L

0.13

0.087

0 1 2 3 =4
N, (gen)
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H—YY: correlation matrices ETH:. .

* Matrices showing the correlation between signal strengths across bins of the differential
Cross section measurements, for the diphoton transverse momentum (a) and the jet

multiplicity (b)

CMS Supplementary 35.9 fb™ (13 TeV) CMS Supplementary 35.9 fb™ (13 TeV)

~~ @) =
> o} @)
0 >350.0 | 0.019 0.04 0.026 0.0062 0.012 0.017 0.017 o = o
O - @ =4 ol
~— Q Q
= . 200.0-350.0| 0.054 0.1 0046 0.057 0.057 0.017 = =
120.0-200.0 | 0.037 0.061 0.034 0.027 0.017 0.034 0.017 3
B —0.2
80.0-120.0 | 0.051 0.073 0.045 0.017 0.057 0.012
— —0 2
45.0-80.0 | 0.028 0.056 -0.012 0.027 0.057 0.0062
B —-0.2 -0.2
30.0-45.0 0.038 -0.012 0.045 0.034 0.046 0.026 0.4 1 0. 0. 0.4
15.0-30.0 0.056 0.073 0.061 01  0.04 -0.6 -0.6
-0.8 0 -0.8
0.0-15.0 0.036 0.07 0.028 0.051 0.037 0.054 0.019
| | | | | |
00.7~ 15.0.5.900., %5.0.5.%00., 720, <00 .35 -1 0 1 2 3 >4 -
VY
p; (GeV) Niet
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H—yY: preselection ETH i

e p1>30 (20) GeV, pr/myy > 1/3 (1/4) for (sub)leading-pr photon
* |n|<2.5, removing 1.44<|n|<1.57, electron veto

* either R9>0.8, or charged hadron isolation < 20 GeV, or charged hadron isolation
relative to pr <0.3

H/E Ty Rg9 | photoniso. | tracker iso.
ECAL barrel; Ro> 0.85 | <0.08 — >0.5 — —~
ECAL barrel; Rg<0.85 <0.08 | <0.015 | >0.5 < 4.0 < 6.0
ECAL endcaps; R9>0.90 | <0.08 — >0.8 - =
ECAL endcaps; R9<0.90 | <0.08 | <0.035 | >0.8 < 4.0 <6.0
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m Zirich
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m Zirich
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