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SM Higgs boson production

Introduction Production cross section at LHC
® Higgs boson with 125 GeV mass 102!““\““!““\““\““\‘I\‘/I‘(‘lw_l‘)‘_‘q‘z‘é‘éé‘\/‘!
discovered by CMS and ATLAS 9 ¢ | |
® 4 main production mechanisms T o . |
at the LHC f 10¢’ | : -
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Higgs boson decay

Comments Decay branching ratios

® Observation of fermionic decays o AR AAMEAM AN RN A
would be a test of the Yukawa S —@— 2
couplings > [ ww
» Generate fermion masses |§ 10" | =k

® Fermionic decay channels less ré m
sensitive than bosonic channels 2 - — i
» Suffer from large backgrounds 210°F 3

® Could provide insight into
possible new physics 10°

-
- =

» BSM searches not considered “
— -o— ]
Searches presented 10750 o1 i2s l{a‘»él 124" 2‘5 | 2‘6 o7 l{zlél | 2‘9 130
Hbb  ttH Hrr Hpp i M [GeV]
125 GeV
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H—Dbb: Reconstructing m,,

VH, H—, bb I
Regression method (VH & VBF) Higgs mass — Run |l Dec 15
] App“ed tO b'tagged jetS CMS Simulation (13 TeV)
= Improves the standard CMS jet o T octes Gov
calibration to better extract the 1:22 el

true b-quark energy =162 CoV

. : 14000
® Uses a multivariate BDT -
. . 1200
> Several input variables related to -
the jet structure and nearby 1000F"
leptons 800F-
— Targeting semi-leptonic b decays 600
> Output is the corrected jet p; 400F-
® |mproves the di-jet invariant 200F g
i ~ 0 |||||||||||||||||||||
mass reSO|Ut|0n by 15A) %0 4|O 6|0 8|0 1(|)0 1£0 14|10 1é0 180 200 220
» Improves VH analysis sensitivity b et i m (GeV)
by 10-20% —bb candidate invariant mass

without (black) and with (red) b-jet regression
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Entries / 0.05

Data/MC

VH, H—=bb

. . FRD 89 (2
Analysis overview Results — Run | 014) ¢,
2003
®m Event triggered by leptonic decay 2 BT T T
C L i
of vector boson S | emrmuissom’ g
. . é 5 Vs=8TeV,L=18.9 o' L. CL: Expected
= b-jet energy regression = °F pp - VH; H- b o Gl Expected= 10
. O i CL Expected = 2 o]
> Improves m,, resolution o 4 .
B . . . § i |
BDT final discriminant 5 | Obs. (Exp) @125 GeV: ]
» 18 input variables, best = 3 1.89 (0.95) x SM 1
o [
discrimination: my, N, CSme, AR; 2 f
S of
5 l’qnf‘sBTV‘L_w‘Sfb‘ée‘;m"Eksimg‘lelop “““ g 10;7?MS7TVL 5.0fb" i\‘:ﬂ S I err
e S, B 4 feproecee S o
EE, me | RTetee,| w o 1 ]
1(: :I 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 Ii
: 110 115 120 125 130 135
3 % e my [GeV]
e L ey 5 e H, 7 2.1 (2.1) sigma excess observed (expected)
[T DD R e @125 GeV
555 06 065 07 075 08 085 o.gBDt%%i‘pj T R -%S(S/B? Best fit M= O'/O'SM = 1.0%£0.5
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Hadronic

Analysis overview Results — Run i

m 2 scattered light jets
» Expected to be close to beam line
» EWK process = little QCD activity
m 2 b-jets from Higgs

-2AInL

» Regression method reconstruction
> m,, final discriminant
- 26'CMS Preliminary 2.32 b (13TeV)
8 z C?TD“ata
Hadronic triggers 8 2 + g
a 2 --QCD
c ) 20 bkg. unc.
QuadJet92,76,64,15, 1xCSV ¢ Jf 'm,k:
AN >4.1, my;>460, Ad,,<1.6 J(
QuadJet92,76,64,15, 2xCSV e
Ange>1.2, M >200 2 5 |
g e
O-15’Hmumumumumu
80 100 120 140 160 180 200
m,, (GeV)

0

CMS Preliminary 19.8 b (8TeV) +2.32 b (13TeV)

\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\‘\\\l\
VBF H—bb

—— 8TeV Observed
- 8TeV Expected
—— 13TeV Observed
- 13TeV Expected
—— 8TeV + 13TeV Observed
- 8TeV + 13TeV Expected

95%

X
(@]
=

R
N .
IR ETATEN I TR AW P I A

-12-10 -8 6 -4 -2 0 2 4 6 8

u
Combined Run | & Run Il results:

Obs. (Exp.) limit: 3.4 (2.3) x SM
Best fit y = o/og,, = 1.3 +1.2/-1.1
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ttH

\l\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ \\\\‘\\\\l\%
Seartct:nes presented 102k M(H)= 4 25 GeV =
% : K (NN\—O+NN\—L aco g = i i g
T 10 . =
o Ew) | E
g | W :
= NLO QCD + NLOEW)
© 1 % =
I s ]
107'F ° E
10_25_ | =
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| % ttH, H—bb

Analysis overview Results — Run i

m  Small cross section, but direct probe g LTy M Mt M
§ 2000 1lepton, 26 jets, Bbtags & 0ae  iHEds é opton, =6 s, =4 b-tags 2 0% -@w(gxs .
H H 0 1801 =:::§5 =g'i+f;,mpf w BDT>0.1 ' e Top ]
of the Higgs/top Yukawa coupling y, - 2D B 2
: -g 140— 7: -E 7;
o |2 F MEM: :3 E
m 2 channels: SL and DL bog | in 3 ;
[ 3
Vo, 3 BDT - E
= BDT and = | = E
. 2 ’ :
Matrix Element Z = |
discriminants used H.< BTN
o° '7' 0 * ¥ A H o
b -08 06 -04 02 0 02 04 06 08 0 01 02 03 04 05 06 07 08 09
q’v BDT (incl. MEM) discriminant MEM discriminant
Run I results at 8 TeV: . , oCMSPemay 27w )Tgy) CMS Prefminary = Ei’;;;:;izv)
.. § édilepton, >4 jets, =4 b-tags ¢ Data *%1‘5’"5 EN I . . Expected +20
Obs. (Exp.) limit b 5 b BDT Smoetr 1| Lepton+Jets -m- Observed
BDT: 5.2 (4.1) CMS-PAS-HIG-13-019 g
Matrix Element: 4.2 (3.3) EPJC 75 (2015) 251 c 2 ¢
8
/ % Dilepton
Run Il results at 13 TeV: 5
Obs. (Exp.) limit: 2.6 (3.6) x SM
. Combined
Best fit y = olog, = -2.0+1.8 Jf ]
3 1 (i 1 %T%%%% i L
1.7 sigma below SM expectation _/4,_8 PR i e 1 1‘0
BDT discriminant 95% CL limitonu = o/cSM atm, =125 GeV
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Analysis overview Results — Run i
® 3 channels: H — Z2Z*, WW*, 1t

CMS Preliminary 231" (13 TeV) CMS Preliminary
e T e

1814 Data T

2.3 (13 TeV)
e

dilepton

Events

trilepton E

Events
g

» 2 same sign leptons, or 3 leptons

> 1 hadronic top and Z,W,t allowed

® S/B binned final discriminant

» Based on two BDTs: vs. tt and ttV £ 2 ‘ e &
g T T &
- 7 mpUt variables each TP % (ttH?tt/ttV)ebin et ﬁ/lVA%ifH,tt/t?V) bin
CMS Preliminary 23" (13 TeV) CMS Preliminary 231" (13 TeV)
‘ -=- Observed ‘ m,, =125 GeV
F&E Exp. (68%)
Obs. (Exp.) 3.3 (28) x SMEcs i) |  Best fit i = 0.6 +1.4/-1.1
Run | results at 8 TeV: L
T trilepton ~
Obs. (Exp.) limit: 6.6 (2.4) 117 (5.4 exp) | oot
Excess observed in di-muon channel - = 5,893 —_—
dilepton 27
CMS-PAS-HIG-13-020 w<2.1 (2.7 exp.) L
B dilepton
combined W= 0510
u<3.3 (2.6 exp.) -0.7
No di-muon excess observed in Run I 2 3as6 1o 2030 B R R S
95% CL upper limit on u = O/OSM Best fit u = O/OSM
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Combines: | ttH, H—vyy ttH, multileptons ttH, H—=bb

[ =10 Expected

(V) A = -
95% CL upper limit on pyy ttH signal strength
LT 125 GeV 2.3-2.7fb” (13 TeV) g M= 125 GeV 2.3-2.7 1" (13 TeV)
= = 87
= N CMS < C CMS ttH combination
< 181 a 70 .. HIG-15-005 H—yy
o t  Preliminary o~ F Preliminary HIG-15-008 H—leptons
‘e 16F v b Observed: 04505 HIG-16-004 H—bb
= [ ttH production limits 6 served: 015 o
g_ 14  _e— Observed P Expected: 1.00 ' 22
¥ ———— 50
g_ 12F Expected
_
(©)
2
o
o

[ ] 20 Expected
3
of
i
Combined H—leptons H—bb H—yy u

ttH

Observed p;yy = 0.15 +0.95/-0.81
Expected pyy = 1.00 +0.96/-0.85

Other SM signal processes fixed to SM rates

HIG-15-008 HIG-16-004 HIG-15-005

Observed limit on py, = 2.1 x SM
Expected limit on py, = 1.9 x SM

Run I results at 8 TeV:  Obs. (Exp.) limit: 4.5 (2.7) Best fit y = 2.8 +1.0/-0.9 JHEP 09 (214) 087
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H—tt

Searches presented s 1 | =
o = : 3
Htt < bb : §
e wWw : _%
© 10l | |3
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H—7t: Reconstructing m_.

Likelihood method

= Tau decay produces invisible v_
» Leptonic decay produces further v
> m., is left unconstrained

® |f no other source of neutrino,
construct a likelihood f(z,y,x)

> ETmiss: Z
> Visible decay kinematics: y
» True tau-tau kinematics: x

Plmz) = [ 8(mz, = me () 2.y, %)dx

® Take m__that maximises P(m_.*)

CMS Simulation Vs = 8 TeV

ut, I

If another source of v (i.e. WH —
production), take visible m_Vis

< 0.16p
g o —— H—1tm,; =125 GeV
\ = 014
g 0.12;
0.1
0.08] JIIEP oRlIII I
0.06] ( 20 Ji 4 )
0.04[ 1 04
0.02
c0 50 100 150 200 250
m, [GeV]
ut 221" (13 TeV) er, 2.2 b7 (13 TeV)
% C T ] % 4500 T
© 10000 -CMS No Fit Jd O 4000 No Fit
=) [ Preliminary iz - ] =] Preliminary CJZ-m
Z r mz- T 3500 —E e
o 8000 [ tt + jets -] 2 3000 [ tt + jets
g o [ Electroweak ‘g [ Electroweak
- —aco q _1acp
Lﬁ 6000 — —- H = 11 (x30) ] 3 2500 - H — 17 (X30)
—4— Observed 2000 —4— Observed
r Exp. unc.
4000F 1500 =
2000 o 1000
C T e 500
0 = Y s .. 0 e e =
g I g i
LI\J_ 1:0 el gy —— o] E 1:0 ++++__+
2 05 2 05
o 0.0 o 0-0
: 50 100 150 : 50 100 150
Visible di-t mass / GeV Visible di-t mass / GeV
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H—tt

Analysis overview

® |ncludes 3 main production
channels

= All tau decay modes allowed

® ATLAS + CMS combined
observation in Run |
> No single experiment has yet
made an observation
— More data needed

Run | ATLAS+CMS combined H—7r:

5.5 (5.0) sigma observed (expected) significance
ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002

Results — Run |

Local p-value

P

CMS H—tr, 4.9 b at 7 TeV, 19.7 fb' at 8 TeV

1 T T T T T T T T T T 3
o \ ,-/_5 -
107 e \ / P

n \s \\././( /'Ax 30

.
~
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~ »
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..........
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e
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—h —h

Q <

£ w
'|111|1—|-rrm|1—|—111m|—rrn'rm|'-rrmq|—l1'rrm|| TTT

—r
Q
(<2}

100

3.2 (3.7) sigma excess
observed (expected)
@ 125 GeV

120

Best fit y = 0.78 £ 0.27

04
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H—pup
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Events/1.0 GeV

Data-Fit
Fit

o
(=3
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S
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o
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- bhloinw ©
T

H—puu/ee

Analysis overview

®= Small branching ratio
» Cleanest of fermionic decays

» Test of Yukawa coupling to
second/first generation fermions

m Search for peak in m,, spectrum

H— u'w
T

» Over smoothly falling background

19.7 b (8 TeV)
T

T T
[ 0,1-Jet Tight BB —e— Data

.

CMS ]
Background model

SM Higgs boson x 20

= v?/NDF = 45.7/48 = 0.953; p-value: 0.566

160

Data-Fit

Results — Run |

4o

P
< oy,

%2/NDF = 60.8/48 = 1.27; p-value: 0.101

10 120

130 140
Mg, [GeV]

150

For H—ee:

160

60 H—u'u 19.7 b (8 TeV) + 5.0 fb™ (7 TeV)
I/\ T | T T T T | T T T T | T T T T | T

Z [ ]

=3 [ —e— Observed limit CMS

£ 50 :— ------- Median expected limit —:

b% E - +10 expected limit E

B 4o +2 o expected limit B

5 i ]

'E' 30f @ 125 GeV -

P Obs. (Exp.): .

H-ee , 197 10" (8 TeV) S L 7.4(6.5)xSM _

0,1-jet BB —e— pgata CMS 1 >S5 - i

E I r ]

T Background model 4 (@] : :

"""" SM Higgs boson x 106_5 § 10 N 7

2 @ T 1

:_ 0 _I | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | I_

= 120 130 140 150
3 my [GeV]

Best fit p = o/og,, = 0.8 +3.5/-3.4

95% CL limit on p = o/og, ~ 4 x 10°

1 84

SUSY 2016 — Daniel Salerno

15



ATLAS.

ATLAS+CMS combination

Runl: ~5fb' @7 TeV, ~ 20 fb"' @ 8 TeV

Coupling modifiers

ATLAS and CMS Preliminary - ATLAS
LHC Run 1 - CMS
- . = ATLAS+CMS
: —=+ 1o

K- | Measurements ——— K2=T T

Z : -
include all —’— 4 H-ZZ'" SM
relevant .

K processes ——_ K.2=T T
w : W H—-WW'" SM
K —— K 2 = O..lo

t t ttH'~¥ SM
_ 2 =
Ke ——— K‘I: = rH—>'r1:lrSM
Ky Kp? = Moo/ T sm
2 =
u o v Kp - rH_,'JPIFSM
[ [ N e R Lo laad

0 02040608 1 12 14 16 1.8 2
Parameter value

Vector — fermion CM contours

K, = Ky = Ky K=K, = K,= K
.,._MLI_ 2_57\ T ‘ T TT ‘ T TT ‘ T TT ‘ L ‘ 1T ‘ MTT ‘ T TT ‘ T TT ‘ T \7
- ATLAS and CMS ClH—v
" LHC Run 1 ClH—2zz -
oI Preliminary 3 CIH—-ww ]
g Hebb -
- ClH—w ]
L [] Combined -
1.5 .
8 .
0.5 -]
- *SM  —68%CL .
|+ Bestfit ---95% CL i

O 1 |1 ‘ 111 ‘ 111 ‘ 111 ‘ 111 ‘ 111 ‘ 111 ‘ 111 ‘ 111 ‘ 111

0 02040608 1 12141618 2

f
Ky

Data consistent with Standard Model predictions for all parameterisations
However, more data needed to better constrain these parameters
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Summary

Strong Run | results for CMS and ATLAS:
> Significance (c) CMS Obs. (Exp.) ATLAS+CMS Obs. (Exp.)

ttH production 3.6 (1.3) 4.4 (2.0)
H—bb 2.0 (2.5) 2.6 (3.7)
H—tt 3.2 (3.7) 5.5 (5.0)

» H—pu/ee low sensitivity — still needs more data
Early Run |l results show good sensitivity

More data in 2016
» Expect ~ 30 fb-! by year end
> All analyses will reach higher sensitivities than Run |

First results for VH, H—=bb, H—11, & H—=pu/ee in Run Il
Updated ttH, H—bb results — including fully hadronic channel
Observations of new physics?

SUSY 2016 — Daniel Salerno
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VH, H—=bb

PRp
. . 8
Analysis overview Results — Run | ? oyq) 0129,
3

® Channels include: W(uv)H, W(ev)H, e B B e o R o EMRRERS s

S 10°s cms ® Data W E

W(IV)H, Z(IJ“)H, Z(ee)H, Z(VV)H e - s=8TeV,L=18.9f," HEEVH _ [ Single top 3

: : 8 10° & Z(vv)H(bb) &8 w+ bb I acp -

= Major backgrounds: V+jets, tt, 2 = High p(V) B Wadseg I VWW(udscg) 3

single-top, VV (simulated) 0 4ot b ==2iP ) Vi 125 cev

. ) = [ Z+udscg %24 MC uncert. (stat.) E

m  Associated vector boson triggered 10° _

using leptonic or tau decay = -

. 10 =

= H—bb reconstructed from pair of b- 5 o

tagged jets with highest p+(jj) 10

> B-jet energy regression to improve m; 1

resolution 3

: 10 =

® Boosted p; of V or H required oy B e Ty T

- Major SyStematiCS: b-tagglng Scale %1 gg_ ¥/ dof = 0.74 [ ] MC uncert. (stat.+sy1) B33%] MC uncert. (stat.)_;

factors, MC statistics, data estimate é% 18 wHotttest ittt dophiegmtegt

of background yields S .

. .. -1 -08 -06 -04 -02 O 02 04 06 038 1

= BDT discriminant BDT output
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Fully
Hadronic

VBF H—=Dbb

Analysis overview

Results — Run |

19.8 b (8TeV)

PRp
9
S

= Major backgrounds: QCD multijet > 450 cuis Category 4
. . . (O] F * Data
(polynomial), V+jets, tt, single-top o 400F ; _(?m‘g%gignﬁl
(Simu|ated) P B L — BKg. + signal
. g 300; ~~~~~ -
m 2 forward light quarks 0 2s0f o . une
) 2005_ o bkg. unc.
> |Ang,[>1.2, 4.1 (trigger dependant) o0}
> mg, > 200, 460 GeV
®= H—Dbb reconstructed from pair of b- 3
tagged jets with A¢,, < 2.0 g
o
> B-jet energy regression to improve m; T R R T T R T R
resolution P -1 ) my, (GeV)
. . . . Qw [ CMS —e- Observed B
®m BDT discriminant for signal/QCD : Z; e | ObS. (EXp.) @ 125 GeV:
separation and categorisation ET —fssmpodl 1 5.5 (2.5)
. ) L 0 e ] .
m  Major systematics: QCD description, O st 1 2.2(0.8) sigma excess
. . B ] observed (expected)
JEC, b-tagging, trigger scale factor 2o ] @ 125 GeV
® |nvariant mass final distribution S T 1 Bestfit p = ology, =
B Os o s o 1% 2.8 +1.6/-1.4
Higgs Boson Mass (GeV)
SUSY 2016 — Daniel Salerno 20



ttH, H—Dbb

) [
8 G_ﬁm £pye %

L] - S‘ _ 0
Analysis overview CN\S‘YB Results — Run | 3 25,
= Major backgrounds: tt+jets (including BbT Matrix Element

tt+bb), single-top, V+jets, VV, tt+V g pOMSPreimnay o=pTevL-10shl, g ] L SL";: "
(simulated) Sar e g || EnE
= 1 or 2 opposite sign leptons =

tt+W,z

®m Atleast 4 (I+jets) or 3 (DL) jets
> Including at least 2 b-tags
» Boosted top and Higgs in Run Il
m Several event categories

> Based on Ny and Ny, s

W Fit +10 Fit +20

Data/MC

Data/Bkg
o n‘a

08 06 04 02 0 02 04 06

= Major systematics: JES, b-tagging, T o s ]
theory uncertainty on tt+hf — ETe R " B
® BDT and Matrix Element Obs. (Exp.)
discriminants used 5.2 (4.1) | Obs. (Exp.)
4.2 (3.3)

10 15 20 25 30 35
95% CL limit on o/og,, at m, = 125 GeV

Best fit y = 0.9 +2.5/-2.4 Best fit p = 1.2 +1.6/-1.5

SUSY 2016 — Daniel Salerno 21



lepton + jets

dilepton

% ttH, H—bb

Results — Run I

-1 08 -06 -04 -02 0

02 04 06
BDT discriminant

1 10
95% CL limitonpu = o/oSM atm, =125 GeV

CMS Preliminary 2.7 " (13 TeV) CMS Preliminary 2.7 67 (13 TeV) CMS Preliminary 270" (13 Tev)
P L I o AR e e S T T T I T T g T T T e CMS Simulati
S 200E~ 1 lepton, =6 jets, 3 b-tags SiReds) 3§ 221 1lepton, =6 jets, >4 b-tags S 3§ 30 1 lepton, boosted Fihuas o imulation
@ 180/ s o BDT>0.1 42D = T s ] = 6 jets, 2 b-tags 4 jets, 3 b-tags 5 jets, 3 b-tags = 6 jets, 3 b-tags
- E @ Single Top fous 2D msSingeTop 1 o WWSingle Top | P ot
o £ [ V+ets o [ V+ets v = o mV+ets —
H 160 EmDiboson 7 Tot. unc. 5 EmDiboson EZTot.unc. 5 mEmDiboson EZTot.unc.
o C o | o
E 140 S 9 E B
=3 | =3 3 =3 —
Z F MEM z 4 Z MEM; S
E H - H ] . B e B et
100 In E n - o
E E ] $/B=0.004, SNB=0.324 $/B=0.003, SNB=0.137 $/B=0.006, S/B=0.252 $/B=0.011, SNB=0.430
E B DT E B DT A 4 jets, 4 b-tags 5jets, = 4 b-tags =6jet, = 4 b-tags Boosted
E = | = Lo wr
3 1 2D y 2D
E ) e
METS MENS
w wc w
B +BD +BD
o 9} o P ot ey Py P d
% E % % /B=0.016, S/B=0.121 $/B=0.028, S/\B=0.275 $/B=0.035, SNB=0.456 S/B=0.019, S/VYB=0.204
s 1o Ciasaasas ae o easas e vw‘y"v 5 3
.
-08 -06 -04 -02 O 02 04 06 08 0 01 02 03 04 05 06 07 08 09 -08 -06 -04 02 0 02 04 06 08 B n HI
BOT (incl. MEM) discriminant MEM discriminant BDT (incl. MEM) discriminant OOSted top a d ggs
MS Preliminal 2.7 6" (13 TeV)
CMS Preliminary 271" (13 TeV) cms Y B Eooct (d . )
B B B B e e T B e LA B o e o B B S . . xpected =10
2 E Glopton, o4 jots, o4 bags e 0eta i s CMS simuiation P
S pton, =4 jets, =4 b-tags B e N AN AU Expected =20
u>.| B DT - 3 jets, 2 b-tags 3 jets, 3 b-tags =4 jets, 2 b-tags = 4 jets, 3 b-tags P -
5 E@Single Top Lepton+Jets - Observed
jets ttV ol
9] boson  ZZTot. unc. .
Qo
£ Best fit
z lkg;'K i /
l Gl — —
e . IJ - O' GSM -
. 45 o, it 2.0+1.8
$/B=0.000, S/NB=0.026 $/B=0.005, SNB=0.047 $/B=0.003, S/VB=0.148 $/B=0.014, S/VB=0.223 p _—
' ' ' ' Dil n -
=4 jets, = 4 b-tags epto o bs . Exp ) " - "
Ittt
- 2.6 (3.6) 17 si
[ ) . S | g m a
W2
,,,,,, o below SM
EWK
Q [ [ Combined A
H smooi, S50z expectation
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