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Production Processes

Production processes naturally fall into two groups

2 t
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g t
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ttfusion: H W,Z {
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Strong Production Electroweak Production,
Fermion Coupling Vector Boson Coupling

Higgs candidate events are selected from their decay signatures,
independent of production.

Disentangle the production processes using the production signatures
(independent of decays) to study couplings.
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Cross Sections and Branching Ratios

Not all production processes and decay modes have been established
or even studied.

But they need to be included in the global analysis. This is particularly
true for decay modes expected with sizable decay branching ratios such
as H—>gg, cc since they affect the BRs of other decays.

Theoretical predictions at m, =125.09 GeV

Decay channel Branching ratio [“c]

Production Cross section [pb] Order of

process \s =7 TeV \s =8 TeV calculation
ggF 15.0+ 1.6 19.2 +2.0 NNLO(QCD)+NLO(EW)
VBE 1.22 +£0.03 1.58 £ 0.04 NLO(QCD+EW)+~NNLO(QCD)
WH 0.577+£0.016  0.703 £ 0.018 NNLO(QCD)+NLO(EW)
ZH 0.334 £ 0.013 0414 +£0.016 NNLO(QCD)+NLO(EW)
lggZH] 0.023 £0.007 0.032 £ 0.010 NLO(QCD)
bbH 0.156 £0.021 0.203 £0.028 5FS NNLO(QCD) + 4FS NLO(QCD)
ttH 0.086 = 0.009 0.129 £ 0.014 NLO(QCD)
tH 0.012+0.001 0.018+0.001 NLO(QCD)
Total 174+ 1.6 22.3+£2.0

H — bb 575+1.9
H—-WW 21.6 £0.9
H — gg 8.56 + (.86
H—r1r 6.30 £ 0.36
H — cc 2.90 +0.35
H—-ZZ 2.67+0.11
H — yy 0.228 +0.011
H— Zy 0.155+0.014
H — uu 0.022 £ 0.001

arXiv:1307.1347 (LHC Higgs XS Working Group)

Jianming Qian (University of Michigan) 3



H->yy Analyses

arXiv:1408.7084 (ATLAS )

Simple topology: narrow diphoton resonance over a continuum background
- Determine background from data side-bands;

- Full reconstruction with a typical mass resolution 1-2%;

- Categorization to improve S/B ratios and to disentangle different production

processes.
> T T I T T T T | T T T T I T T T T I T T T T I T T T T 1 03 1 9‘7 fb_T (8 Tev) + 5.1 fb_1 (7 Tev)
| - — X N
G 180 [Ldt=45f"vs=7TeVv ATLAS - % = CMS _
P c [Ldt=203m" \s=8Tev 1 ¢y 35F S/(S+B) weighted sum
£ 160— -4 Data — - H— vy —_
= Y S/B weighted sum ) 1 ~ - ¢ Data w
O;’ Signal h . — Signal+background - ¢n 3 2
ol 140 = ignal strength categories + -+ Background —: g : —_— 2+B fits (weighted sum) 8
120 — Signal g 3 25F TNe oo component o
: : qJ S 1'10- Ln
100 m,, = 125.4 GeV d 5 B ThNa, e 126 N
c 1 9 - o
80— S < 3 I~
C 1 O 1.5 o
= = . <
60— =4 2 1 -
= 1 =~ F [0 =1.1470% 2
40— — m 05 -~ X
C 1 + Q[ m,=124.70 £ 0.34 GeV —
C N i ©
20— -0 < ot l | | | | | !
C ] (D T
PR |
g E 200
v  10E = |
g 5; + E 100 _
@ + 6
g 0F = 0
§ s $ E
N E " ; : 1 - : 100 | | | | | | |
110 120 130 140 150 160 1 1 1 L1 1 1 L1 1 | 1 1 1 L1 11 L1 1 1 i1 1 1 L1 1 1
[GeV] 110 115 120 125 130 135 140 145 150
m e
Y
m,., (GeV)

Jianming Qian (University of Michigan) 4



H->ZZ">4¢ Analyses

Clean signature: a narrow resonance over small background
Background: mainly irreducible SM ZZ contribution

Full reconstruction with a good mass resolution: 1-2% similar to H>yy
High signal-background ratio, very small background

arXiv:1408.5191 (ATLAS)

> LU L L L O R I CMS (s=7TeV,L=5611";{s=8TeV,L=19.71b"
) C Data _] LT ' ' ! ! oo

(O] 35 - ATLAS é | 7 %} 35 — ¢ Data > 16 T T T 1 ]
L0 - H>ZZ* > 4 senalfm,=tzGevi=1h 1 G COm=126GeV &t D 505 ] -
N B0F o7y J‘Ldt=4.5 o' o zz 1 30 Blzy.2z 21af g &
1Z] E 5 6 TeV _I‘Ldt=203fb" - Background Z+jets, tt E ; E h [ Z+X gﬂ.‘r- - E

QCJ 25 - . ;////% Systematic uncertainty -] = 25 n 2 8F - 1

> f 1 87k ek 11 @

L N : > B aF 4 E

201 4 Waof 1 23:}}_ Y l | S

C ] N ) =50 120 130 140 150 . ] o

15F . 15k m, (GeV) 1

C ] Z 1w

- . - 1o

10F ERERLS 15

- . : 1<

L [ - 4 >

i 5 1%

; e iy
80 90 100110120130 140 150 160 170 80 100 200 300 400 600 800
m,, [GeV] m,, (GeV)

Jianming Qian (University of Michigan) 5



H->WW*->{vlv Analyses

No full Higgs decay reconstruction, - i ATLASH%WW*
. (] — —
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e = - =7TeV, 4.5fb" .
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H->tt Analyses

Three final states of the 7z decays: Sensitivity mostly from VBF and boosted

- lep-lep channel: H— 77 —2/+4v (12.4%) ggF production, good tt mass resolution
-lep-had channel: H— 77— (+7,,,+3v (45.6%) s the key

- had-had channel: H— 77 — 27, ,+2v (42%)

CMS, 4.9fb" at 7 TeV, 19.7 fb ' at 8 TeV
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H->bb Analyses

No triggering on leptons or photons from Higgs decays, rely on associated
objects such as V (W or Z) in the VH production or on unique topology

of VBF production. :

i : W.Z W.Z
Three distinct VH final states: ‘

O-lepton: vvbb (ZH); G
1-lepton: vbb (WH); W, Z bremsstrahlung
2-leptons: (¢bb (ZH)

HEI
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Small BR(H — pu)=2.2x10™* @ 125 GeV,
good mass resolution ~2 GeV, 10 times
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larger background dominated by Drell-Yan
production.

Observed limit is about 7 x the SM prediction.
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ttH with H->vyy, bb and leptons

Searches for additional Higgs boson in tt events g
— allow direct study of top-Higgs Yukawa couplings!tsion:

but large backgrounds from SM tt production.

g9

The H— vy decay has the cleanest signature, but the smallest rate.
The H—>bband H —> (WW*,ZZ*,’C’C) — ('s decays have higher rates,

but suffer from large background.

ttH(H — vv)

ttH(H —» WW/xt/ZZ)

ttH(H — bb)

ttH Combination
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arXiv:1604.03812 (ATLAS)

Best fit u for m =125 GeV

: HD

CMS Is=7TeV,5.0-5.1 fo";1s = 8 TeV, 19.3-19.7 fb’
Y 4
bb [~ ——
ThTh [— L
4 .
3l i
Same-Sign 2| — — R
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Best fit 6/cg,, at m,, = 125.6 GeV

arXiv:1408.1682 (CMS)
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Mass Measurements

H—yy

LI B B AL I AL B N IR LR B AL B
ATLAS and CMS —e— Total Stat. 1 Syst. *
LHC Run 1 Total  Stat. Syst. H % ZZ % 4/€
ATLAS H—yy F——e——4 126.02+0.51 (+0.43 + 0.27) GeV .
The largest systematic
CMS H-yy —— 124.70 £ 0.34 (£ 0.31+ 0.15) GeV
VT R — 126515 0,52 (£ 0.52 £ 0.04) GeV effects are those related
CMS H—ZZ —4l ——— 125.59 + 0.45 ( + 0.42 + 0.17) GeV to the determinations of
ATLAS+CMS yy I—EIH 125.07 + 0.29 ( + 0.25 + 0.14) GeV the energy/momentum
| ATEASsels 4 ] i BRIMRENINEE ) scales of photons and
ATLAS+CMS yy+4l = 125.09 + 0.24 ( +0.21 + 0.11) GeV
e e e ey leptons.
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Small tensions between individual g oL Ralpest] =
® -l ]
measurements: ;:‘ ]
155 7
ATLAS cMS E oS ]
— — —+ L il ]
m’"* —m’"* =1.3+0.6 GeV (2.10) | :
ATLAS cMS 5 ]
m,, " —m;" =-0.9+0.7 GeV (1.30) : :
0.5

arXiv:1503.07589
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Spin/CP Properties A

— e Observed s=7TeV, 451"
------- Expected s=28TeV,20.3 fb'
= ggm;‘; H— WW* - evuv
1 H . 0'SM+3¢6 s=8TeV, 203 ft'
Spin/CP properties have been tested in — e H oy
Ejpfg" s=7TeV,451"
the yy, ZZ and WW decay mOdes. The 1o 40l - s=8TeV, 203 fb'

30

data strongly prefer the SM hypothesis 20

Ay
SN

of J° =0". Almost all alternative hypotheses 0 -
studied have been excluded at 95% CL. 200

-30F

=0 =0 Kg=2Ky
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Kq=Ky L Ky Kg=2Ky
p. <300 GeV  p <125 GeV pT<300 GeV p'<|25 GeV

arXiv:1506.05669 (ATLAS)

cMS H-ZZ 19.7 b (8 TeV) + 5.1 b (7 TeV)
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3{, of b L r s me il s L8 01 couplings are also studied
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1 I'lE ]| L .I I'l I I I .8 decays, no deviations from

LI TH-.il’_._1 |iL~thi inH—ZZ ,WW' and t1

i
wl?
—
!
e—

R B 1 B B
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-60-+EE NE P Emi '\E Emi 0 EE c“E Pl Emi hi Emi .3 EE NE P Ewi NE : EE been found.

- T SR < B =S - I - - R - =S + 2 42 410+ 22 2 F
[ VI & VI & VIR o VIR 4 V] (S VIR & VIR o VIR VAR &V I & VN o U a VN A Lo VT &V N o T o I | & N T o U & V&V & U AV a V aV N &Y
gg production : qqd production : decay-only discriminants

arXiv:1411.3441 (CMS)
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Signal Rate Characterization

At the LHC, only the products o -BR are measured, there is no
model-independent way to determine the cross section and the
branching ratio separately.

ana (k) = L (k) X Z Z lor; x Al (k) x &] (k) x BR'}.

—L(/\)XZZHH { M x A (k) x ] U‘)XBRSM}

Signal strengths:

;
a . f BR
pi= sy and p F
i BRgy-
s o;-BR ,
wp = —— =l X

(-U_f . BRT )SM

Only ,u,f are determined from the Higgs signal rate measurements.

Jianming Qian (University of Michigan) 13



Assumptions and Global Signal Strength

The Higgs boson is assumed to have a narrow width, such that the
production and decay factorize.

The signal event kinematics are modeled using the SM Higgs boson

Global signal strength combining

all production and decay processes
both 7 and 8 TeV data

Combined p = 1.007015 = 1.09700% (stat) 700 (expt) T0oa (thbed) oo (thsig)
ATLAS o = 120508 = 1.205010 (stat) 2908 (expt) 00t (thbed) F098 (thsig)
CMS o= 0.98701F = 0.9879:80 (stat) T0e (expt) 003 (thbed) 008 (thsig)

(ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002)
Consistency with SM expectation of 1/=1.0 with a p-value of 34%.

Uncertainties:
Roughly equal statistical and systematic contributions;
Theory systematics is already the largest systematic component.
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Production Signal Strengths

Assuming uf =1, i.e., SM values

for branching ratios

— explore potential BSM physics
in production.

Production Combined ATLAS CMS
hr 030 125703 0S40
MV BF 1185035 1.21%5y 113403
[ i 0.887540 1257038 0461537
1zH 0.80%535 0301535 135103
e 2.3107 1.970% 2.975%

(ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002)

O;
Hi = (G )
i) sm
ATLAS and CMS Preliminary ——ATLAS
LHC Run 1 - CMS
- ATLAS+CMS
— ; —t 1o
i —+
Hoor — Heo
_.+—
B Significance [o]
U8 = VBF 5.4 (4.7)
VBF ———— \WH 2.4 (2.7)
— ZH 2.3 (2.9)
V) VH 3.5 (4.2)
WH .- ttH 1.4 (2.0)
— : Expected in parentheses
i
ZH o
l'tl'tH
H ———
——
IIIIII|I|||I|I|I|I|||I|||IIII|I|I|I|I|I

0 0.5 1 15 2 25 3 35 4
Parameter value
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Decay Signhal Strengths

f
f_ BR
. s BR' )
Assuming 1, =1, i.e., SM values ( iy
for production cross sections
—> explore potential BSM physics ATLAS and OMS Preliminary - ATLAS
: o ~CMS
In decays' - _ -0- ATLAS+CMS
Y e —+ 1o
g -
Decay Combined ATLAS CMS nzz _.._ —m
! e——
7 1165020 115702 112802 -
. pay W ——
;IZZ lglfg%z lfilfgg?l 1”5:8%% H — Significance [o]
W - i 0, — H — vy > 5
PV LG 123753 091553 . ; B2z >
T 1.12f8j%§ 1.41t8;f§§ [_J_SD_S:% | g: g; ;E EL;[T}%
060703 062703 081708 WP =S Feeedn pemies
IIIIIIIlItlllllllllIIIIIIIIIIlIIIIIIIII

0 0.5 1 1.5 2 2.5 3 3.5 4
Parameter value

(ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002)
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Boson vs Fermion Mediations

The Higgs boson production processes
can be associated with Higgs Boson HogrttH VS Hygrivm
couplings to
- either Fermions - S
i [ ATLASand CMS :
=~ g LHCRun1 .
C Preliminary
2r 5
| PO
i U __
C CIH-yw ]
- (JH>Z2Z -
7 . 7 1= [JH->ww ]
. e L. . . K SM —68% CL H— 1t
Potential deviations in these couplings C :Bestﬁt o D.be
- . _IIII]IIlIIIIJIIllItlIIIJIIlIIlIIII]IIlIIIIJIIIIIl-
can be tested using two production _2_1 050 05 1 15 2 25 3 35 4
strength parameters: TR

Hggrsttn @ nd Wyge, vy

(ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002)
measured for each decay mode separately.
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Generic o and BR Parameterization

Because only the products (6xBR) of cross sections and branching
ratios are measured at the LHC, the cross sections and decay branching
ratios cannot be separately determined in a model independent way.

However, the ratios of cross sections and the ratios of decay branching
ratios can be extracted with minimum assumptions.

Using gg > H — ZZ as a reference, the Higgs boson rate of other
production processes and decay modes can be parameterized as

f
o 2z G, BR
c.-BR —(Ggg_m-BR )X(G JX(BRZZJ

gg—H

Thus the ratios of cross sections and ratios of branching ratios can
be extracted in a largely model-independent way.
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Generic Parameterization

SM compatibility: 16%,

ATLAS and CMS Preliminary :é&é‘s
( | LHC Run < ATLAS OIS but...
c(gg— ; — 20
H—)ZZ) B —"'"— Th.cuncert. Ottr — |:3 31%8 j| x Ot
Oypr/ Oggr +—| = O ggr OgaF Jopy
GWH‘/GggF .. GZH — |:3.2iii ] X GZH
B i ] ' c
GZH‘/GggF - gg:b ggf bbSM
B i BR BR
St Oggr : . = [0.193; ] X —
ST : BR BR™ ).\,
BR""/BR -~ .
W g ttH excesses mostly from multi-/'s
BR /BR B —~+— categories (both ATLAS and CMS);
BR™/BR* =T ZH excess mainly from CMS H — 77
I B two jet category;
BR™BR™| T ) gory
q '(',' I 2' - :',, - 'i' - 5' B Higher ttH and ZH cross sections coupled
Parameter value norm. to SM prediction with smaller measured VH —> Vbb rates
(ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002) lead to small BR?"/BR?.
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Beyond Signal Strengths

Signal strength mixes different production processes, production and decay,
tree- and loop-level Higgs couplings. Consequently it could obscure potential
new physics.

g 0600000
t P HO__ H'Jr
g \J009%0) W
same couplings, but a mixture a mixture of fermion and
of production and decay vector boson couplings

Higgs couplings to fermions and vector bosons are at the heart of all these.
Potential deviations from SM can be studied from these couplings.

Using scale parameters |k (SM: K=1) to parametrized the deviations:

\/Emf 2m? \/Emf 2m?
Gy = ’ Guw = = Guy = | K¢ | v Gaw =Ky |7
U ¥ U
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Rate Modifications

Example: R o
L%FH - — |“~~.ilxﬁJ
g9 >H—=yy T T (m
. . z,r‘é\_g/ \'E';_"/M
Treat loops as effective couplings & L
gl’fbc" “1 A
K, K, 1
(G-BR)(gg—>H—>77)=[0(gg—>H)-BR(H—>7/7/)} x|
M k, 1-BRg,,

Kf, is the scale factor to the SM Higgs decay width:
Kf, :ZK]% -BRq,, (H —)f)
f

and BR;,, is the total branching ratio to non-SM decays.

k's can then be extracted from fits to the measured rates. Note |/c|2

are usually extracted. Relative signs between different couplings are
relevant only if there are sizable interference effects.
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Decomposing Loops...

In SM, the gg — H cross section can be broken

g 6600000 into three pieces: o, =0, +0,, + 0,
A t/b - HO . . . o . .
With coupling modifications, the cross section
g 0999099 becomes = ¢ = k0, + k.0, + K,K,0,

2 2
. . K2 _ o _ K Oy + Kb Opp + KiK,Oy
The effective Hgg coupling g ~

; o c,+0, +0
scale parameter is e oo
~1.06x, +0.01x, —0.07k,k,

I 7 2y-tt 2 ww twW
oo o L2 I, b+, " v,
_______ W t y o pSM tt ww tw
Y t |y Lo+ " +1)
v Y ~0.07x” +1.59x, —0.66K.x,,

" m, =125.09 GeV

Jianming Qian (University of Michigan) 22



Cross Section and Width Decompositions

Production Loops Interference Multiplicative Lu.tor
o(ggF) v b—t kg~ 1.06- Kt +0.01 - k5 — 0.07 - kx5
o (VBF) - - ~ 074k +0.26 - k5
o (WH) - - ~ K
a(qq/ge — ZH) — — ~ K%
o(gg — ZH) v Z-1 ~ 227 k% +0.37 - k7 — 1.64 - kK,
a(ttH) — — ~ K?
o (gh — WtH) - W—t ~ 184 k2 + 1.57 - kiy — 2.41 - kyky
o(gh — tHq) - W—t ~ 3.4k +3.56 - Ky — 5.96 - KKy
o (bbH) - - ~ ki
Partial decay width
l—-ZZ N 2

Ww - - K%
r — — . i K"W |
e v W—t Ky~ 159 kg, +0.07 - k7 = 0.66 - Ky,
" _ _ N KE
l—-bb 5
o - - ~ K,
Total width for BRggpy = 0 ]

0.57 - Kh-l-'[. KW + 0.09 §+

Iy v - ki~ +0.06 - & +0.03- KZ—I—'[!H K2

+0.0023 - k2 + 0.0016 - KZT

+0.0001 - k5 +0.00022 -

(ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002) Jianming Qian (University of Michigan) 23



Fermions and Bosons

k, : for all fermions (k. =x, =k, =k, =...)

K

Fr K

v x, : for all vector bosons (x, =k, =k, )
K, and x, are decomposed to their tree-level couplings

= x; ~0.75x; +0.25x;

Insufficient to resolve the relative sign

. . . e LU [T I I T T T T | T | I I T T ]
between x, and x, from individual “ 2 ATLAS and CMS ' =
. . C LHC Run 1 .
analyses, but the combination excludes 4 5F preliminary 3
the relative negative sign. ' E,ﬂ o E
~ 0T T g EDH—)WW :
3 - ATLAS andCMS  [x.x, E 0.5F 11 - bb -
E 455 LHC Runi === SM expected E - .H .
~  40F Preliminary T Obsened E Ok Elc %;’E d —
! 352_ _; E ombine E
305 \/ 3 —0.5F E
25— = £ =
20 = - -
15 = -1.5 =
10E- E - *SM  —68%CL :
c ] —2F + Best fit -=-95% CL —

5:_ \ / _: AT A T T TR T A T N M A [ TN N N N
0255 =1 05 0 05 1 15 2 0 0.5 1 1.5 2

(ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002) ) ) ) ) ) o
Jianming Qian (University of Michigan) 24



Vertex Loops

- k, and x, for gg > H and H— yy couplings;
K, K « All other tree-level scale parameters x, =1;

g’ "y
« No Beyond-Standard-Model decays.
= K}, ~0.91+0.09; +0.0023«;
- R B L B B I L L )
| of. ATLAS and CMS %gﬂl@s E Probe gg — H production and
T 'F-:'ecﬁrsi‘rilgr; Datasiows | H — yy decay loops, sensitive
1.6F E i ics i
6; ] to potential new physics in these
.40 E loops.
1.2F .
1 — : :
: Consistency with the SM
0.8F = :
- . expectations (Kg =1, K, :1)
0.6 -
[ xSM  —68%CL i at 82%.
0.4 + Bestfit ---95% CL —
_I I 11 1 I L1 1 l 11 1 J 111 I 111 | L1 1 | 111 | 11 I_
04 06 08 1 121416 18 2 (ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002)

Ky
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Up- and Down-type Fermions

ﬂ’du ’ u’ Kuu

e all up-type fermions have equal couplings;
e all down-type fermions have equal couplings;
« No Beyond-Standard-Model decays.

2
A, = Ky = Ky k= Ky Up-type couplings: gg —H, H— vy,
u Vu uu .
K, K, K, Down-type couplings: H—bb, H— 11
Small sensitivity to the sign from the
ATLAS and CMS Preliminary .
LHC Run 1 "®-Observed + 1o interference between the top- and bottom-
loop ingg > H
A‘du ¢
' ~ 10—y =
: < - ATLAS and CMS (Kowyhy,) 3
- < 95 LHC Run 1 ====. SM expected =
£ 8F Preliminary — Observed =
s ¢ B E
M RE : ]
i 6F E
. 5E: =
- |
Kuu —'— 35_ 3 ; _5
: 2;_ ..'- ;': _;
NP P PP PPE TIPS P Y N P 1E ,." e
0O 02 04 06 08 1 12 14 16 18 2 - el \j. T
Parameter value —Ql 5 0 05 1 15
(ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002) Ay

Jianming Qian (University of Michigan)
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Leptons and Quarks

« all leptons have coupling «,;
e all quarks have coupling K,;

« No Beyond-Standard-Model decays.

X’E

q’ q’ qu

2
Ky Ky Kq :
Mg=—) Ayg=—, Kgg=— Quark couplings: gg —>H, H—>yy, H—>bb
K K K, :
q q Lepton couplings: H— 1t
ATLAS and CMS Preliminary No information to the relative sign between
LHC Run 1 '.'Observed + 1o . . .
- : the two couplings as there is no sizable
lepton-quark interference effect.
q :
E o 10:""I""I""I""I"" 4
e : < - ATLAS and CMS (KagigPyg) E
< 95 LHCRuni = === SM expected =
A i 5 8F- Preliminary — Observed =
Vq -.- ' 7-_. ]
: Bi:
3 i 5F
a s
Raq .- 3F
2t
platatrietietatetrtetati teatetetrie'el ITEPENSN ENUTRNITEN APRTSPENN NUTITEN 1E
-1.5 -1 -0.5 0 0.5 1 1.5 2 -
Parameter value _q‘s I0 . .015.
(ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002) Mg

Jianming Qian (University of Michigan) 27



Standard Model Fit

K,, Ky, K, « resolve all loops;
K K K e Ohe coupllng parameter per SM partlcle;
b’? "“t?
a « no Beyond-Standard-Model decays
ATLAS and CMS Preliminary - ATLAS ~ TTTT] T T T T T T TTTT T T TTTr T

~ LHC Run 1 - CMS e I:‘ B t a
8 B ; o ATLAS+CMS ¥> 15 ATLAS and CMS ]
LN i —+1o - - LHC Run 1 Preliminary Z.-3 3
T = 5 | i
O | ' N - W ]
T S l> 10" — Observed =
£ Ky — N E SM Higgs boson :
S — 107%g 1 E
3 — C T ’
T K = : - b :
S = T 107 0w - E
N : C -
s Kp —_— - N
2 R N— L i
O |
< 107E E
2 KIJ' - L1l 1 1 ||I||l| 1 ||I|l|| 1 ||||||| .
5 L 11 I 111 l 111 | 111 | 111 I L1 | L1 I | I L1 I 111 1 0_1 1 1 0 1 02
< 0 02040608 1 12 1.4 16 1.8 2 ,

Parameter value Particle mass [GeV]

Jianming Qian (University of Michigan) 28



Beyond Standard Model Fit

8 parameter fits:
K,, K,, K, K., « allow deviations in all tree-level couplings;
- allow independent deviations in loop-couplings;
K. K, K, BRggy
- allow Beyond-Standard-Model decays;
 with weak constraints x, <1

2 2
K K
S [, =T, x—"—, BR(H— xx)=BR, (H - xx)x(1-BRy,, ) —
S 1-BR K
g BSM H
F.' ATLAS and CMS Preliminary
O BR,s,, <0.34 (0.35) at 95% CL
I B '
7 Kz <1 -
2 | esst observed (expected)
- — 1 !
£ KW —i2((55 _-.- —~ 8
5 B 5 - 2 [ATLAS and CMS
~ Ki ; - o 7FLHC Run 1 Preliminary
g — =z 6:— — Observed
o K. ——— £ °F ... SMexpected
LN | 5 < F
— ; 8V}
S —
L — 5
b Kg —————
O s
O ~ :
1 ——t—
2 &
> L
sBRBsm' e
Lo e % 0.1 02 0.3 0.4 05

L1l 111 L1l III|II 11 L1l 111 | 11
0 02 04 06 08 1 12 14 16 1.8 2

Parameter value BF{BSM

Jianming Qian (University of Michigan) 29



Parameterization using Coupling Ratios

Since the cross sections and decay BRs are not independently measured

at the LHC, the most model-independent parameterization using couplings
is through their ratios.

The parameterization of cross sections and BRs using gg —> H — ZZ as the
reference can be reparameterized using coupling ratios.

~
()
K, K, ATLAS and CMS Preliminary i
K,, =——— parameterize Hre R ~
K R i o
H —— ATLAS e
Koz| TCwms pa T
the gg > H — ZZ rate | _e- ATLAS+CMS i 2
;\'Z — —lo——— a
, , 9| —zx2 G—
6 coupling ratios: % o 5 %
_ A — —i——— -
oy~ KoK, =" == 2
= — - <
Mz =Ky, /Kz , Muz = i =t
— 55 ; o
e =, \ b s
vZ - =
_ ; =
7\‘12 =K, /KZ ’ \ b3 : 8
Aoz =K, /%5, il el 2
H —
— . o —— -
}\’tg —_— Kt/Kg (7\-41-2 }\"Zg ) lbz : ; | | —-.-—i | | s
1 |-3l 1.1 l-2| Ll I-1| L.l IOJ L1 1 1 11 1 12 111 |3 11
Parameter value

Jianming Qian (University of Michigan) 30



First 13 TeV Results (2015)

pp—>H-yy
\s=13TeV,3.2fb"

m,, = 125.09 GeV

e data
— s + b fit
- - - background, b

.
-
_‘
»
TN I:' III|IIII|III

110 115 120 125 130 135 140 145 150 155 160
ATLAS-CONF-2015-060

c=40+26(stat.)’,’ (syst.)£2(lumi.) pb

m,, [GeV]

[SM prediction: 6=50.9";7

14

16_II]III]II|III[]IIII|IIIIl;]lDlltlllllllllll]ll_
- H H ata
- ATLAS Preliminary = oo (m, =125 GeV)
N * [ oAl
- H— ZZ" — 4] —R
- 13TeV,3.2fb tt+V, VWV

Events/2.5 GeV

2% Uncertainty

Jl]ll][lllll]ll][]]l]l]l

lIIIIIIllIIllIIIIIIlIIl

2
0
8
6
4
2
08

0 90 100110120130 140150 160 170

m,, [GeV]
ATLAS-CONF-2015-059

c=12"2 pb

ob @ 125.09 Gev]

The Higgs signal is yet to be established...
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First 13 TeV Results (2015)

CMS Preliminary 2.7 fb-1 (1 3 TeV) > Cnlns| Pfeliﬁnin?ry| T T | |2.? fb|-1 (|13 —\re\|l)
> L L L L L L L L LA BN s i ]
® [ Hoyy i 46 |t .
) o ~ All categories summed 7 C e Data ]
= 1000 m=125.09 GeV, =07 g/5.m) weighted sum | ¥ 14T 1 H(125) )
= § Data 1 2 [ [ qa—2Z, Zy* ]
o 8001 —— S+B fit sum ] § 12— [ 9922, 2y"  —
U; I Bcomponent 1 W | W Z+X -
L 600~ I +tio . 10 . _
o [ [ ]+20 ] C ]
D 400 — - :
= ] 8- 7
D 200l - - ] i
QL ] 6 ’ —
2 oL | | | | | L i

100 4__
503— B
20
0 L
-50 , , , , , , , 0 80 100 120 140 160 180
100 110 120 130 140 150 160 170 180 m. (GeV
m,, (GeV) CMS-PAS-HIG-15-004 a )

CMS-PAS-HIG-15-005

0.
1=0.69'%% n=0.8270,;
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First 13 TeV Results (2015)

ttH with H — bb

CMS preliminary

£558 Expected +1o
-- Expected +2¢
| -m Observed

3 jets, 2 b-tags

3 jets, 3 b-tags

>4 jets, 2 b-tags

> 4 jets, 3 b-tags

>4 jets, > 4 b-tags

27t (13 TeV)

"

dilepton combined

1 10

95% CL limiton u = G/GSM atm, =125 GeV

n=-2.0+1.8
| 1<2.6(3.6) @ 95% CL |

CMS-PAS-HIG-16-004

10°

ttH with H = multi-?'s

2317 (13 TeV)

-= Observed

8" Exp. (68%)
-3- Exp. (95%)

CMS Preliminary

m,, = 125 GeV

trilepton
n<11.7 (5.4 exp.)

dilepton
u<2.1 (2.7 exp.)

combined
U< 3.3 (2.6 exp.)

2 3456 10 20 30
95% CL upper limiton u = cs/cSM

n=0.67
| 1<3.3(2.6) @ 95%CL |

CMS-PAS-HIG-15-008
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Coupling Projections
Many studies done for US Snowmass process, Europe ECFA studies,
and for the detector upgrades s prjection

ATLAS Simulation Preliminary Expetied uncerlainties on i wem'u gevem |
\s =14 TeV: ILdt:SOO b’ ; det=3000 fb™! Higgs boson couplings i 00w = T saled sy s
rrrrrrryrrrryroroT K'T
Ky ——F————
Ky - 300 fb!
Ky |
K1
lcT
L — L M| L — | L — L | I 1
0.00 0.05 0.10 0.15
expected uncertainty
arXiv:1307.7135 (CMS)

(Extrapolated from 2011/2012 results)

A i i
o m . Two assumptions on systematics:

0O 0.05 0.1 0.15 0.2 0.25 1. no change
=2 2. A(theory)/2, restoc 1/m
ATL-PHYS-PUB-2014-016
At HL-LHC, a precision of ~ 5% is expected for some coupling modifiers,
ratios between some of them can be measured with better precisions.
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Summary

All measurements at 7 and 8 TeV suggest that the 125 GeV
particle is a SM-like Higgs boson. It’s major couplings to SM
particles have been measured with precisions of ~15%.

There are, however, a few “anomalies” in the measurements
that only more data can ascertain their origins. The Higgs boson

has opened a new window for testing SM and for searching for
BSM physics.

If it smells like wine, tastes like wine,

it probably is wine. But it remains to
be seen whether it is French or Spanish
wine...
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ATLAS and CMS Individual Measurements

Channel Signal strength [ ] Signal significance [o ]
from results in this paper (Section 5.2)
ATLAS CMS ATLAS CMS
0.27 0.25
“0:24) Co:32) (4.6) (5.1)
H— ZZ — 4¢ 1.51%93;  1.05%537 6.6 7.0
- 1_p.34 U2 _0.27 - -
Co27) 026 (5.5) (6.8)
H— WW 23%037 09170357 6.8 4.8
0:20) (“0:20) (5.8) (5.6)
H— 1T 1.417532  0.897034 4.4 3.4
Co33) £0:20) (3.3) 3.7)
H —s bb 0.62703  0.817°0°0 1.7 2.0
8B 8 en  es
H — uu —0.7x3.6 08x3.5
(+3.6) (£3.5)
tt H production 1.9%0-5 2.9%0 2.7 3.6
Co.66) Co50) (1.6) (1.3)
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