DESY Particle and Astroparticle Physics Colloquium, 10 Sept 2018

Recent Higgs results from LHC

Bottom, 80 fb-1

qEXPERIMENT



:-:\\":,“' 10.09.18 G. Petrucciani (CERN) 2

L L L L B
- ATLAS and CMS H-yy

LHC Run 1 Fo S 3
» 2012: a Higgs boson i g
discovered at LHC I W4 —§

* Full LHC Run 1 data: L mioew

Eb aTLAS ama GMS N
— H mass measurement o E
125.09 + 0.24 GeV (0.2%) ¢&p ' s
< 12

— Excluded alterative J<P i Is

hypotheses (e.g. 07, 2*)

¢ ATLAS+CMS

. . _3— ------- SM Higgs boson _

— Inclusive productionand " g3
. ’ [ 68%CL
couplings to W/Zy, t/b/t ] 95% CL

10°F o

probed at 10-30% level o1 10 ¢

Particle mass [GeV]




\CERNAY 10.09.18
\™X A
7

* Vs:7-8 TeV — 13 TeV

— x2-4 increase in o(H)

* Higher inst. luminosity:
~ 81033 — ~ 21034

— factor 2 above LHC design

* Larger datasets:
— 2016 data: L., ~36 fb™

Int

(most results based on this)

— +2017: total L, , ~80 fb™
— +2018: L.

Int

~150 fb™"in reach
(x4 compared to 2016 data)
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LHC Run 2
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Higgs boson interactions




10.09.18 G. Petrucciani (CERN) 5

H — Vector boson interactions

* H-yand H-g interaction in SM only

H-W and H-Z are the realized via loops

most essenti.al Higgs — H — yy clearly established in Run 1
boson couplings. — “Inclusive” H production in good
Clearly established from agreement with SM predictions,
WW)/ZZ decays, already dominantly from gg — H

since Run 1

w® ) e
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H - fermion interactions

In the SM, A, =m,/ v for all fermions
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H - fermion interactions

In the SM, A, =m,/ v for all fermions

quark

t 374 generation
up-type

quark
b 374 generation

down-type

quark

2"l generation
lepton up-type

37 generation

(down-type)

lepton
2"d generation
(down-type)
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H—fermion interaction

April 2018
v Direct H-t coupling
observed via ttH
production
(Run 1+ 2016 data)

b August 2018

H — bb observed
(Run 1+ 2016+ 2017)

August 2017
vVH- TT observed
(Run 1+ 2016 data)
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H — tt observation

established with 256 significance
(already achieved with the LHC Run 1 combination)
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O-jet
+0.89
n=0.84 -0.89

Boosted
+0.47
=117 35 20

VBF

+0.34
w=1112435

Combined
+0.27
u=1.09 ;5 5%

35.9fb" (13 TeV)
—

€9z (9102) 6ZZg1d

.2.

3

Best fit u = G/GSM

+0.27

G/Ogpy =1.097 7
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H—TT

Boosted cat.

VBF cat.

Combination
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top - Higgs interaction

in several production and decay processes:

gluon fusion

1

Largest Yukawa interaction in SM, important

* gg — H has the largest cross
section among all Higgs boson
production modes at LHC

* Inthe SM, the top quark loop gives
the dominant contribution

* Production cross section is
sensitive to any heavier BSM
particles with QCD interactions
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top - Higgs interaction

* Largest Yukawa interaction in SM, important
in several production and decay processes:

gluon fusion
J t

g
* ttH: direct assessment of top-Hig

ttH production coupling at tree level

* also, final state similar to that of
many BSM physics searches
(e.g. supersymmetry)
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top - Higgs interaction

* Largest Yukawa interaction in SM, important
in several production and decay processes:

gluon fusion H — yy decay H — gg decay
g t ¢ Y ¢ 9
t -- H H- - t H-- t
t
9 ‘ Y ‘ 9

* BR’s sensitive to heavy BSM particles

* top quark second largest contributor
to H — yy (after the W loop), and
dominantin H — gg
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top - Higgs interaction

* Largest Yukawa interaction in SM, important
in several production and decay processes:

gluon fusion H — yy decay H — gg decay

* probe interference
between t-H and
V-H couplings at
tree level
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ttH ob ti
CMS,
S ATLAS
M PRL 120 (2018) 231801 PLB 784 (2018) 173
5110 (7 TeV) + 19.7 o™ (8 TeV) + 35.9 fb™ (13 TeV)
. Observed I I I I | T T I I | I I T I | I I I | I [ I I I I I
CMS = 11G (Stat ® syst) ATLAS
B : S et e Total Stat. [0 Syst. — SM
fEHWW?) e — (s @y fs=13TeV, 36.1-79.8 fb"
g2 Total ~ Stat. Syst.
ttH(ZZ") ( 3 , o
| | ttH (bb) H . | H 0.79% gg (% o3 »*0.53)
ttH(yy) ~——-o-——
] - | ttH (multilepton) H=—H 156+ g5 (% 03 » % 037 )
ttH(t'r) [———t————
{iH(bb) . tiH (rv) —==— 139+ 028 (0% £ 0%)
748 TeV ————— 259000 | tHED K <1.77 at 68% CL
13 TeV ' 1.14 tgg; : 0.28 0.21
: Combined H=—H 132+ % (£0.18,+ <)
Combined —-.-— 1.26 tggé
| L i PRI PRI | [ ... L | | | | | | | | | | | | | 1 I | | | | I | | | | | | |
—1 0 1 2 3 4 5 6 7 -1 0 1 2 3 4
ttH SM
1 +0.28 Gttl—/ OitH
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H — bb

* Largest BR among all the decays:
— Dominates total width of SM Higgs

— Once the decay is established, it can be used to
probe Higgs production at very high p-

* Probably the only Yukawa coupling to a
down-type quark within LHC reach
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VBF

ttH

WH

ZH

Combined
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H — bb observation

CMS,
=

= | arXiv:1808.08242, acc. by PRL
<51f"'(7TeV)+<19.8fb" (8 TeV) +<77.2fb" (13 TeV)

CMS e Observed
— 1o (stat @ syst)
H—bb = 116 (Syst)
stat  syst
2.80 +2.08 + 1.30
| ————— 2.53+0.98 +1.17
e 0.85 + 0.23 + 0.37
e 124 +0.29 +0.24
- 0.88 +0.24 + 0.16
. 1.04 £0.14 + 0.14
e b v b b b b b b b
1 2 3 4 5 6 7 8 9
Best fit u

0/0¢y = 1.04 £ 0.20

VBF+ggF

ttH

VH

Comb.

EXPERIMENT

arXiv:1808.08238, sub. to PLB

T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T
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Total Stat 4.7 6!, 20.3 fb”', and 24.5-79.8 fb™!
—Tota at.
(Tot.) ( Stat., Syst.)
1.16 1.01  +0.57
F o H 1.68 "5 (5oos Zos1 )
0.56 0.28 +0.48
——e —i 1.00 "o (%057 046 )
0.22 0.14 +0.17
[P 0.98 f0_21 (“014 » 016 )
0.20 0.12 +0.16
o4 1.01 fo.zo (%6412 » Z015 )
1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
1 2 3 4 5 6 7
l'LH—>bb

0/0¢y =1.01%0.20
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What next?

Bottom, 80 fb-
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H — uu

* In principle, an easy analysis: muons are the
easiest object to identify and measure.

> 10
* BR(UM)sm =2.2x 1074 S oppiitiyme. e
) s H— pu analysis [ Diboson
. o 107 76 <m,, < 160 GeV @ Top
°* Main challenge: the  =© —theiad
irreducible Z*—uu 10 e
10*
background

— oxBR(H—up)=121b 10

— 0xBR(Z—puu) ~ 1.9 nb
(1.6 x 10° times larger)

920-810C ANOD SY'I1V

Data/MC

80 90 100 110 120 130 140 150 160
Dimuon Invariant Mass [GeV]
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* Good muon momentum
resolution is critical

— Categorize events
according to muon |

g 0.01

0.008

0.006

0.004

0.002

e
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H — uu: methods

best mass resolution

both muons |n| < 0.9

I

CMS Preliminary Simulation

Cat. 6

FWHM
2.8 GeV

) Y
o s i il AR I NI b obd
115 120 125 130 135

m, [GeV]

50.012F
©

0.008

0.006

0.004

0.002

both muons |n] < 1.05

Entries / 0.5 GeV

| : 5.7 GeV

all categories,
S/(S+B) weighted

L CMS Preliminary Simulation

5 ATLAS Slmulatlon

. j Central medium pT

—-ggF

FWHM

— Signal model

\s=13TeV,36.1 10" 1

EEEEEEEEEEEE

0.01

3.9 GeV

Entries / 0.5 GeV

| 71Gev

oz

F ATLAS Simulation

— . [y
' Non-central medium P;

FWHM

o= ggF

— Signal model

EXPERIMENT ]

1s=13TeV,36.1 10" ]
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H — uu: methods

* Suppress tt—uuvvbb using b-tagging, E,Mss
* Select phase space regions with best S/B:
— high p;(up) or VBF production

* Different approaches in ATLAS & CMS:

— ATLAS: MVA selection to target VBF events,

simple p-(up) categorization for the rest,
b-jet veto and E ™S cuts against tt

— CMS: inclusive MVA discriminator using muons,
jets, b-tag, E;™ss trained against all backgrounds
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H — uu: a look at the data

ATLAS : plot of two categories
with highest dtscovery sensitivity g

[0 oA AR RARE RS RN RN RS LR LA B
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H — uu: results

* ATLAS result based on 2016 + 2017 data,
CMS result on Run 1 + 2016 data

— Comparable sensitivity

* Best fit values of signal strength u = /o,
— ATLAS: L =0.1 £1.0
—CMS: u=0.9%1.0

* Observed & expected upper limits (95% CL)
— ATLAS: u< 2.1 obs (2.0 exp.for u=0)
— CMS: 1 <2.90bs (2.2 exp. for u=0)
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H—cc?

* Charm coupling A_~ A_, but
way harder to probe:
— BR(cc) ~ 0.05 x BR(bb)
— and, H — bb background!

* Three approaches have
been explored so far:

— Direct searches for inclusive
H — cc decays,as H — bb

— Searches for charmonium
decaystH — J/Wy

— Extract constraints on A_
from kinematics

—

107'E

1072

107°E

107

25

= ATLAS and CMS
- LHC Run 1

¢ ATLAS+CMS ]
------- SM Higgs boson |
— [M, g] fit :
[ ]68%CL
[ ]95%CL

| 1 1 |

10 102
Particle mass [GeV]
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inclusive H — cc

So far attempted only by
ATLAS, to demonstrate
charm tagging performance

Much simpler approach
compared to VH—bb:
— use only Z(¢¢)H production
— fit m(cc) distribution in cut-
based categories, instead of a
full MVA-based analysis
Limits on w = 0xBR [ 65, xBR¢,
from analysis on 2016 data
— W < 110 obs. (1 < 150 exp.)

Events / 10 GeV

Data/Bkgd.

26
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H— JWy

* Very rare decay in the SM:
BR(H— J/¥Yy)~3x107°
—1.8 x 1077 with BR(J/WY — up),
factor 13000 /180 smaller
than H — yy/4u

* Resonantsignal,andno ™
H — bb background
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Signal and backgrounds
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H—J/Wy

* Currently the most recent & advanced
analysis is by ATLAS, on 2016 data

— signal extraction using bi-dimensional fit in

m(up) vs m(ppy) plane
— background model for continuum pupyand J/¥ y
built by sampling probability densities extracted

in data from re

* CMS performec
with simpler ap

axed selection

same search on 2016 data,
oroach, 1D fit of m(uuy)

* Both analyses a

so searchforZ — J/Wy
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H—JW¥ y look at the data

]
|—
m
=
—
>
©n

=xﬁ;2\m rrrrrrrrrrrrrr

> L B 1 > = L I I R L I
0] N ] [0} = + Data _
S 60 ATLAS — O - == Background fit t1c ATLAS -
10 N s=13 TeV, 36.1 fb i 9 100~ 3 Combinatoric (s=13 TeV, 36.1 fb"  —
% _ ¢ Data ] P | =ZFSR i
2 30 --Backgroundfittic ] & %‘é’((lr_‘ls) biCkSg)“;uTg . §<
o n [ Combinatoric . c 80 — W)Y v -1 =
i 40 [ w(nS) background L?>j - OB winS)y)= 13
[~ —ZFSR = 4 &
N o
- [1B(H- w(nS)y)=10" 601~ I
SOF C1B@Z- w(nS)v)=10’6—_ X 138
u N B 1 o
L , 40— — o
20— ~ — 1R
- - 1 W
- * ] === 1<
10 H = 20F - c:
: 4 i - 3
B { }I _..|...|...|...|...|...|...|...|...|...|...--.|~U
: % ) +#W WW‘W ) -5 TOTRNINTRTHIANITIE b
o 1 : o 1 bty e ¢ ¢
S 05F £ # kA Y AR BRAROROR:
8 50 150 200 250 300 (DU 2 22242628 3 32343638 4 42

M, [GeV] m,.,- [GeV]

* 1D projections on m(puy) and m(uu)
» Higgs signal shown for BR 1073 (~300 x SM)
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H — J/W y: results

69

* ATLAS upper limit on BR(H—J/V y) e 3
— BR < 3.5x1074 observed (3.0x10™* expected), 8 5
corresponding to < 120 (100) x BR,, i

* CMS upper limit on BR(H—J/V y)

— BR < 7.6x10™* observed (5.2x107* expected),
corresponding to <260 (170) x BR¢,

— Combination with Run 1: < 220 (160) x BR,,

i

z00-L1-dNS
SYd SWD
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constrain A_ from H kinematics?

& g g
3: A, A,
T ZD.H + »H +

g g g i

g g
:D iz?c
c H o+ |+ £ -H

g

* o(ggH)and p(H) dependenton A, A, A_

— O(1%) effects from charm, mostly at low p;

— Possible extra contact term ¢, from heavy BSM
physics, at scale A >>m,, can be probed at high p;
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constrain A_from p-(H)

CMS analysis, 2016 data: sishara. Haisch Mo Re

* p{(ggH) predictions PR mbon(aon)
provided by theorists : =-10 ]
in terms of
Kgi=Agf AqS’V‘

— prrange|o, 120] GeV,
well below m,,

* Parameterization as
quadratic polynomial
in Ky, Ky, K. at each p;

e
N
[
$
|
|
P
o

(1/a daldpr,p)/(1/a daldpy y)sm
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measure p-(H)

CMS PAS HIG-17-028
CMS Preliminary 35.9 b (13 TeV)

* Combined fit of p;(H)

g 10
measurements from & | B
yyand ZZfinal states & & = F 5 e
— H—bb measurement Iéfm_zz_ + o L
starting from 350 GeV S 10_ o T

- Likelihood unfolding, . "2 . } """ 7
no regularization. : 1OZ;°SMI”°T"..D?.':,1.° wowmorer ] ]

* Theory uncertainties E %}q i
on p(H) included R SRR, 50%%600] >

pl! (GeV)
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Model assumptions

* Vary only k,, K. fix kK, = 1in o(ggH)
— VBF, WH, ZH, ttH as in SM (with uncertainties)
— o(bbH) scaled from SM prediction as k>

* Modifications to couplings also affect BR’s.
Considered two extreme scenarios:

1. Only SM decays, all other coupling modifiers k.
fixed to 1: BR(yy, ZZ) strongly sensitive to Kk, K.

2. BR(yy) and BR(ZZ) considered free parameters
i.e. rely only on p+(H) shape information
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CMS Preliminary  35.9fb' (13 TeV)
E — Combination

H—H — 22
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Results

Scenario 1: BR = BR(ky, k)

Ke
-4.3 < K_< 4.3 observed
(-5.4 < K. < 5.3 expected)

36
Scenario 2: free BR’s
. 40CMS Preliminary  35.9 fo'' (13 TeV) |
AV E — Combination f=
BOH—H=2ZZ | e s &
F—H-yy
20~ i 5
10 —4
N Q)
- <
(0] 3 @
: >
—10__ —2 -
: >
—20F 13
F[#Bestft ©SM -2c —1c | i S
_30_1 [ I BT BT B B SR B 0 Co
-60 -40 -20 0 20 40 60
Kc

-18 < K_ < 23 observed
(-16 < K_ < 19 expected)
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Results

Scenario 1: BR = BR(ky, k)

2CMS Preliminary  35.9 fo (13 TeV) 40CMS Preliminary  35.9 fo'' (13 TeV)
¥Q E —~‘\~czjm|5)'m_a~'[‘i~(‘)~r‘]~ n \‘\\\M-Q E — Combination
160—Ho2z | —6 30—
E —HoY | e e
L: el 20F
0-55_ —4 105—
OF -
n 1° U
-0.51 -
- 2 =10
= S -
: o =20F
_1-5]+Bestfjt I ~~~~ - [+Best fit SM 26 —10 |
T I I 0 _30||I||1I|||I|||I|||I|..I|||I.|
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< K. < 4.3 observed

(-5.4 < K. < 5.3 expected)

Scenario 2: free BR’s
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-18 < K_ < 23 observed
(-16 < K_ < 19 expected)
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Higgs boson self-coupling

38

* Self-coupling essential in the EWSB potential
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Higgs boson self-coupling

* Trilinear A can be probed in HH production
— With a caveat: other couplings affect HH too!

SM HH diagrams

g g H g
//H )/ Q_QQ_Q_Q/ ---""
/ H //
Z@ - jk’@ IR
g g M g Q00 B
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HH production

* SM o(ggHH): 33.5 fb:
— factor ~200 smaller
than o(ggH)

* Smallness of SM HH
due to destructive
interference

— LargeroforA=0

40

[ PLB 732 (2014) 142-149 ]

10° pasis

I I I I I B
HH production at 14 TeV LHC at (N)LO in QCD 1

=

My=125 GeV, MSTW2008 (N)LO pdf (68%cl) |

O/Ggp ~ 2.09 Kt — 1.36 K, K3 + 0.28 K,%K,>
[Ke = A AM Ky = A Agy ]

MadGraph5 aMC@NLO
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HH production

* Smallness of ¢
requires using
larger BR decays

* Currently best
sensitivity for
SM-like HH in:
bbtt (ATLAS),

B(HH—xx yy)

myg = 125 GeV

bbyy (CMS)
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CMS HH — bb yy

* Ogguy*BR=0.0871b
— expect ~ 3 events [ 2016 dataset
* Rely on the two invariant masses:

— m(yy): discriminate between signal
and continuum yy + jets
— m(bb): discriminate against H + jets
(including VBF, VH, ttH, ...)
* Exploit tools developed forthe Y
H — yy and H — bb analyses:

— vertex selection, photon MVA
identification & energy calibration

— b-jet energy regression: dedicated Y
version using also E;™** to balance
the event (as Z,H,,)
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* Build additional variables to improve purity:

—
o
[<2]

Events/(30.0 GeV)
(@)

L Myi=my;

G. Petrucciani (CERN)

CMS HH — bb yy

+ (my-m;) + (m,-m

YY

35.9fb™ (13 TeV)

------ Grav. m, = 300 GeV [l ttH(yy)

------ Rad. m, = 600 GeV [l VH(yy)

= —— 99— HH (x107) ggH(yY)
F —— VBF HH (x10°)

;I_I|IIII|IIII|IIII|IIIIIIIIIlIIIIIIIII_z

300 400 500 600 700

I—I'.==E | o : Lol
800 900
M, [GeV]

correction to reduce
correlation with my, m,,
and improve resolution
(simple approximation of
a kinematic fit)
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CMS HH — bb yy

Build additional variables to improve purity:

L Myi=my; vy
2. MVA discriminant using b-tagging, helicity
angles, p;*Y/ My pr°l Myvi

+ (my-m;) + (M, -m

, CMs 35.9fb" (13 TeV)
?10 _E| T T T T T T T T T T T T T T T T T T T lﬂ_
; S E e Grav. m, = 300 GeV [l ttH(yy) 4D 3
CMs 35.9fb" (13 TeV = X ata .
= gl\lll\ll({el % 5— ------ Rad.mx=6004GeV B VH(yy) 1
= S F e Grav. my = 300 GeV [l ttH(yy) D 2 = —
s 1@ o[ -~ Rad. mxx= 600 GeV [l VH(yy) + Data h S 10 = 99 — HH (X1g ) ggH(yy) 3
€ S 10 E —— gg — HH (x10%) agH(Y) S - —— VBF HH (x10°) 3
g & [ —— VBFHH (109 . ] w re i
104 . * = 104|5_ .o iE|
g : : E ; ..°oo E
10°F 3 i *e ®ee |
F 10°F ®eceq, |
i g ................'......' 3
10°E E - ]
; = 10°F =
10 = - L et 3
o L ]
1 10 F Sy E
0 01 02 03 04 05 06 07 08 09 1 - B = =
10 | cos 655 | B - .

0 01 02 03 04 05 06 07 08 09 | -1 -0.5 0 0.5 1

| cos 9u|

Classification MVA
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CMS HH — bb yy

* Signal extraction: 2D fit of m,, vs my, in
categories defined by M, & MVA

CMS 3597 (13 TeV)
14 LELEL) L) I L) LI | I LI | L] I L) LI | I LI LI I LN B B I LI LI I LA l-
pp—HH-b 4 Daa .
12 High-mass region Full background modsl |
10— High-purity category ~  ....... Nonresonant background |
——— SM HH signal (x20) i
8 —
6 s ¢ ]
4 o o9 L] —]
() ]
2 * -
LICAINIR A ol .

) 10 120 130 140 1 160 1 80
m,, [GeV]

Events/(5 GeV)
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CMS 35917 (13 TeV)
30 N I I 1 1 I -l 1 1 1 I I 1 1 | 1 I 1 I 1 1 1 I 1 _
- pp—HH-bbyy . ]
251~ High-mass region Full background model  —
E High-purity category ~  weeeeen Nonresonant background E
20— —
u ~——— SM HH signal (x20) N
15~ -
104 =
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HH — bb yy results

* CMS upper limit on 04,,: 0.79 pb
(expected upper limit 0.63 pb)
— Corresponding to 24 x 6y, (19 x Ogy,)
— Further ~1.3% improvement if including also
expected signal from VBF HH
* ATLAS bbyy analysis, simpler approach:

— no m(bb) regession, mostly cut-based
categorization, 1D fit of m,,

— Upper limit 0.73 pb (expected 0.93 pb),
corresponding to 22 x G, (24% Gy)
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ATLAS HH — bb tT

* Analysis in bbt,T,, and bbt, T, final states
— Relying on 10, ¢ + T, 1T,, 2T}, triggers

— m__ reconstruction with 3 *F 7™ Vom T
u —— NR HH x 200
. S - 13TeV,36.11b" Top-quark
MMC algorlthm P 2501~ ThadThag 2 D-1AQS je(t)p—?l:i: fakes (Multi-jets)
c Z — 1t +(bb,be,cc) 7]
:>j I jet — 1, fakes (tt)

I~ NN

- N
200 C § I Other
P SM Higgs

— my,, reconstructed with :
3 555 Uncertainty i

_ _ . 150 «+ees Pre-fit background =

m_. = My, =My, constraint S 5

Main backgrounds from "t
tt, Z__+ b/cjets, fakes
(jets mis-id as t},)

Data/Pred.
o
01
T

0” 50 100 150 200 250 300 350 400 450 500
m“C [GeV]
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ATLAS HH — bb tT

48

BDT to separate HH from all backgrounds
(t,,T,,), or dominant tt background (T,T,):

— inputs: m_,

Mppy Mypy ARpp, AR

centrality (t,t,,) or m:® (t,T})
AR(tT)

mbb
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120
100
80
60
40
20
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ATLAS HH — bb tT

Signal extraction from BDT output distribution

107 T T "'I"'I"'l"'ThTh
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HH — bb tt results

* ATLAS upper limit on 6 ppee: 30.9 b
(expected upper limit 36.1 fb)

— Corresponding to 12.7 x o, (14.8 x G¢y)
— Most sensitivity from t, T, (exp. 17 x o<,

* Earlier CMS analysis, simpler approach:

— Fit to m, instead after BDT cut (t,T,),
or after cut-based selection (T, T},)

— Upper limit 75.4 fb (expected 61.0 fb),
corresponding to 30 x Gy, (25% Ogyy)
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Conclusions

* Higgs boson coupling to all 37 generation
fermions have now been observed (>50)

— all results comparible with SM predictions

* Good prospects for H = uyu

— analyses now approaching O(1)xSM sensitivity,
with only a fraction of run 2 data analyzed

* Several analyses exploring Higgs-charm
couplings and HH, but it’s a long way to go
— currently at 0(100)xSM and O(10)xSM
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